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“Man will fly through the power of his mind, not through the strength of his muscles” 
Nikolay Yegorovich Zhukovsky (1847-1921) 
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Nomenclature 
 
 
 

Formulation 

 = total anergy rate, W 
 = viscous anergy rate, W 

 = thermal anergy rate, W 
 = shockwave anergy rate, W 

CD = drag coefficient  
 = exergy-based drag coefficient  
 = induced drag coefficient  
 = profile drag coefficient 

 = vortex drag coefficient 
 = viscous drag coefficient 

 = wave drag coefficient 
CL = lift coefficient 
Cp = pressure coefficient 
c = airfoil chord, m 
D = drag force, N  
dc = drag counts (1dc=0.0001 CD)  
δ( ) = ( ) – ( )0, local variation of a parameter respect to the upstream value 
Δ( ) = δ( )/( )0, non-dimensional δ() 

 = axial kinetic exergy, W 
 = transverse kinetic exergy, W 
 = pressure exergy, W 
 = mechanical exergy, W 

 = rate of propulsive exergy supplied by the engine, W 
 = rate of heat exergy supplied by conduction, W 
 = thermal exergy, W 

F =  i,  j,  k, force, N 
 = potential velocity function, m2.s-1 

G = Green function 
Γ = circulation, m2.s-1 
Γh = weight specific aircraft energy height, m 
i, j ,k = unit vectors along the aerodynamic x-, y- and z-axes 
L = lift force, N 
L/D = lift-to-drag ratio 
(L/D)ε = exergy-based lift-to-drag ratio 
 =  i,  j,  k, Lamb vector, ( = ×  ) 

n =  i,  j,  k, local surface normal 
Ψ  =  stream function, m2.s-1 
S = surface, m2 

 = side force, N 
()∗ = isentropic (inviscid) component 
() = non-isentropic (viscous/wave) component 
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Fluid and Flow Properties 

a = speed of sound, m.s-1 

α = angle of attack, Degrees  
β = angle of sideslip, Degrees  
cp, cv = mass specific heat at constant pressure and volume respectively, J.kg-1.K-1 
e = mass specific internal energy, J.kg-1  

 = effective dissipation, W.m-3 

γ = ratio of specific heats (=cp/cv) 
ht = mass specific total enthalpy, J.kg-1  

 = Fourier law’s coefficient (= + ), W.m-1.K-1 

M = Mach number (= / ) 
μ, μt = laminar and turbulent dynamic viscosities, kg.m-1.s-1   
μeff = effective dynamic viscosity, kg.m-1.s-1  (=μ+μt) 
Pr = Prandtl number 
Ps, Pt = static and total pressure, Pa 
Pd = dynamic pressure, Pa 
R = gas constant, J.kg-1.K-1 

Re = Reynolds number (= c/ ) 
r = radial distance, m 
s = mass specific entropy, J.kg-1.K-1 
σ = in-plane velocity gradient (2D flow source/sink), s-1  
Ts, Tt = static and total temperatures, K  
θ = elevation angle, Degrees  
V =  i,  j,  k, local velocity vector, m.s-1 

V = domain volume, m3 

qeff = effective heat flux by conduction, W.m-2 (-  ) 
ρ = air density, kg.m-3 
ξ  =  axial vorticity, s-1  
τ = viscous stress tensor, Pa 

 = i, yj, zk, coordinates vector in the aerodynamic reference frame, m 
 = i, ηj, ζk, local vorticity vector in the aerodynamic reference frame, s-1 

 

Subscripts 

0 = upstream values 
b = body 
i = induced 
lat = lateral 
out = outlet section (survey plane) 
ref = reference 
sw = shockwave 
TE = trailing edge 
w = wake 
 

Acronyms 

ACARE= Advisory Council for Aviation Research and Innovation in Europe 
AGARD= Advisory Group for Aeronautical Research and Development 
BLI = boundary-layer ingestion 
CFD = Computational Fluid Dynamics 
CRM = Common Research Model 
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DAEP = Aerodynamics, Energetic and Propulsion Department  
DAQ = Data acquisition 
DMSM = Mechanics of Structures and Materials Department 
EDF = Electric Ducted Fan 
ESC = Electronic Speed Controller 
FFM = Far-field method 
ISAE = Institut supérieur de l'aéronautique et de l'espace 
LHS = Left-hand side 
LLT = Lifting Line Theory 
NACA = National Advisory Committee for Aeronautics 
NFM = Near-field method 
PIV = Particle Image Velocimetry 
PWM = Pulse width modulation 
RANS = Reynolds-Averaged Navier Stokes 
RHS = Right-hand side 
RPM = Revolutions per minute 
SabRe = Low-Reynolds Wind Tunnel 
SWWI = Shock Wave Wake Ingestion 
TFN = Through flow nacelle 
TRL = Technology Readiness Level 
UHBR = Ultra-high bypass ratio 
VDV = Van Der Vooren airfoil 
VTK = Visualization Tool Kit 
V/STOL = Vertical/Short Takeoff and Landing  
WTT = Wind Tunnel Testing  
WWNI = Wing-wake nacelle interaction 
2D = two-dimensions 
2D2C = two-dimensions, two-velocity components 
2D3C = two-dimensions, three-velocity components 
3D = three-dimensions 
3D3C = three -dimensions, three-velocity components 
5HP = Five-hole probe 
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Introduction 
1 Context 

Until recently, the performance prediction of aircraft was entirely based on the classical 
thrust-drag bookkeeping [1]. As a matter of fact, most of the current civil transport aircraft are 
of type “tube & wing”. For this classical architecture, the engine streamtube traverses the 
engine without interacting with the airframe as shown in Figure 1-1-left. Hence, an 
unambiguous definition of thrust and drag is possible, which allows applying the classical 
performance prediction methods. Nevertheless, over the last decades, an increasing number 
of disruptive aircraft architectures have appeared, aiming to overcome the drawbacks of the 
classical architecture (in particularly, the target was to reduce the NOx/CO2 emissions as 
required by the ACARE objectives [2]). These novel aircraft configurations are characterized 
by the fact that the propulsion system tends to be highly integrated into the airframe (e.g., 
boundary layer ingestion and/or distributed propulsion concepts like the blended wing body 
aircraft [3]). In these architectures, the engine streamtube strongly interacts with the 
surrounding airframe as sketched in Figure 1-1-right. This leads to a strong ambiguity in the 
definition of thrust and drag and then it is no longer possible to use the thrust-drag 
bookkeeping. Hence, researchers had to look for an alternative method in order to 
circumvent the usage of thrust/drag to establish a proper performance assessment of 
disruptive aircraft configurations. One of the most powerful current methods is the exergy 
analysis.  
 

 
Figure 1-1: engine streamtube in a classical aircraft (left) and in a distributed propulsion 

aircraft (right) 

In 2017, SAFRAN and ISAE joined forces in a partnership to explore new multifan distributed 
propulsion concepts that could be integrated into the existing tube & wing transport aircraft. 
This led to the creation of an innovative propulsion system known today as the Multifan [4], 
[5] which was conveniently integrated into a CRM aircraft model [6] as shown in Figure 1-2. 
The key features of this concept are summarized as follows: 

• UHBR multifan engine with high propulsive efficiency and low specific fuel consumption. 
• Flattened two-dimensional nacelle with multiple fans inside, driven by centripetal turbines. 
• Behind-the-wing engine integration with advantageous aero-propulsive features. 
• Unique lifting nacelle concept. 
• No BLI, instead a SWWI (Shockwave wake ingestion) is exploited. 
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Figure 1-2: CRM-Multifan aircraft concept 

 

2 Problem Statement 

Since the Multifan architecture involves new highly-complex aerodynamic phenomena that 
do not exist in the classical architectures, the level of physical understanding was found to be 
very limited in several areas:  

• Lifting nacelle concept: As shown in Figure 1-3, the nacelle behaves as a small wing. 
However, a significant amount of longitudinal buoyancy effect due to the engine integration 
leads to a misinterpretation of the real drag value of the nacelle and the wing. Hence, before 
the start of this PhD, it was difficult to confirm whether this lifting surface was efficient or not. 
Even worse, there were no guidelines available to design the nacelle since the wing-nacelle 
interaction from a lift/drag point of view was unknown. 

 
Figure 1-3: lifting nacelle concept 

• Wing wake nacelle interaction (WWNI): it was found during the development phase that 
the nacelle’s vertical position must be set in order to make impinge the wing’s wake onto the 
nacelle’s lower surface (Figure 1-4). This reduces the profile drag of the wing, the profile drag 
of the nacelle and the nacelle’s wave drag. Although the physical phenomena was correctly 
identified and understood, its related advantages in terms of drag could not be properly 
assessed due to the strong coupling of the phenomena involved. More information is 
required about this feature and also a suitable analysis method. 
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Figure 1-4: wing-wake nacelle interaction 

• Shockwave wake ingestion (SWWI): the BLI architectures are designed to re-energize 
the velocity deficit of the boundary layer. In the Multifan architecture this concept was 
extended in order to re-energize the velocity deficit region lying inside the wake coming from 
the shockwave by using the engine. Then, a new aerodynamic analysis method must be 
developed to properly bookkeep the related phenomena.   

• Aero-propulsive coupling: the “behind-the-wing” architecture used in the Multifan leads to 
a significant increase of the aircraft’s lifting capabilities under power-on conditions. However, 
the physics behind this aero-propulsive coupling seems to be very complex and no model 
was established yet which prevents any practical application of the Multifan. 

From this quick review, it is clear that the Multifan architecture is a promising solution for the 
integration of UHBR multifan units into the existing tube & wing aircraft, but there are still 
missing some important steps to confirm its potential.  

The current PhD program was created as an answer to the problems found during the early 
development stages of the Multifan project. At that time it was acknowledged that the current 
state-of-the-art aerodynamic analysis methods were not fully suited to understand and 
characterize such a complexity. Then, in order to further advance the project, a new 
theoretical framework had to be developed. This will allow a proper assessment of the 
performance of such an aircraft compared to other (classical or disruptive) aircraft 
configurations. 

The tube & wing architectures are typically analyzed with a combination of the classical near-
field and far-field methods. For complex architectures (especially, those involving BLI) these 
methods are no longer suitable and an alternative must be used. Two methods are currently 
used for those cases (although they could also be used for the analysis of classical aircraft 
architectures). One is the Drela’s power balance [7], [8] and the other is the Arntz exergy 
method [9], where the latter is a generalization of the former since it also takes the 
thermodynamic aspects into account. 

However, the Arntz formulation is not powerful enough for the analysis of complex aero-
propulsive phenomena like those involved in the Multifan case, simply because its 
formulation is just limited to quantify the energetic impact of generic/global physical 
phenomenon. Instead, what is really required for the assessment of close-coupled 
aerodynamic cases (where multiple phenomena are present at the same time) is to perform 
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a breakdown of the physical sources of energy waste in order to identify and quantify each 
contribution separately. Only this approach will allow understanding complex aero-propulsive 
systems and, most importantly, it’s the only way to further develop those technologies. 
 
The way to achieve such a desired breakdown of the different physical sources of drag is by 
developing the so-called wake-reduced methods (Figure 1-5). The far-field wake-reduced 
approach was originally developed to measure drag in a wind tunnel from wake data, but it 
was quickly recognized its potential to identify the different sources of drag. Moreover, a 
spatial correlation is also possible with this method, which allows relating the body geometry 
features with the different drag sources (a key information for design purposes). That is why 
this approach was used to further develop the original Arntz method in this PhD work.  

  
Figure 1-5: drag distribution for full survey plane (left) vs wake-reduced (right) approaches 

The Multifan architecture will be used as a test case of the new theories and methods. 
Indeed, this architecture is quite challenging for any existing aerodynamic analysis method 
(far-field, lamb-vector, power balance or exergy) since it involves highly-complex aero-
propulsive coupling effects which, to the author’s  knowledge, has never been studied before 
by using any of these aerodynamic analysis methods. The main challenge is to properly 
breakdown the complex wake information (depicted in Figure 1-6) to retrieve the thrust and 
drag components as well as their relationship with lift (which can, in turn, have several 
distinct physical origins due to the aero-propulsive coupling). As it will be shown later in this 
manuscript, the wake-reduced exergy analysis will shed more light into the physical 
understanding of such a complex architecture, revealing several new promising features 
(other than those already mentioned before). 

 
Figure 1-6: Multifan wake evolution at high-angle of attack in subsonic conditions (power-off) 
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3 Objectives 

Based on the previous discussion, a series of objectives to be addressed during the PhD 
have been identified. These objectives will be tackled by using a combination of theoretical, 
computational and experimental approaches, as follows: 
 
• Theoretical developments: 

o Wake-reduced exergy formulation: a new theoretical framework must be developed 
by combining both, the Arntz method and the wake-reduced far-field methods. 

o Drag breakdown: the new formulation must provide a deeper phenomenological 
breakdown than the baseline Arntz formulation. 

o Survey plane dependence: the new formulation must circumvent the typical limitations 
of the far-field methods regarding the position of the survey plane. 

o Exergy-based metrics: the new formulation must be used to develop new 
aerodynamic and performance metrics. 

 
• Experimental validation:  

o Wind tunnel testing: powered and unpowered configurations must be studied, with 
and without aero-propulsive coupling. 

o Uncertainty analysis: the bias and precision associated to the PIV/5HP techniques 
applied to the wake-reduced exergy formulation must be assessed. 

o PIV vs 5HP: both wake survey techniques must be compared in order to establish the 
most suited measurement approach for future wake surveys. 

o Measurement requirements: a rule-of-thumb must be established for the amount of 
image pairs and the spatial resolution of PIV images in order to satisfy the typical 
drag accuracy requirements. 

• Application test case:  
o Confirmation of previous results: the experimental data must be used, whenever 

possible, to confirm the findings obtained by the previous studies carried out at ISAE-
SAFRAN [4], [5]. 

o Explore the multifan aerodynamics: in order to find some other physics features that 
has not been yet identified.  

o Multifan aerodynamic model: a comprehensive aerodynamic model of the wing-
nacelle architecture must be developed from WTT and CFD data by using classical 
methods. This model must put into evidence all the physical mechanisms involved in 
the complex aero-propulsive coupling (from both lift and drag point of views). 

o Implementation case: the wake-reduced exergy formulation must be implemented for 
the study of the Multifan configuration in order to validate the aerodynamic model 
(and further develop this model) as well as to find the possible limitations of the 
method. 

4 Thesis Outline 

In order to address the thesis objectives, the manuscript was organized in several parts by 
following a systematic approach. 

• First part: State Of The Art 
This part summarizes all the theoretical background and the existing aerodynamic analysis 
methods that will be used to develop a novel formulation later on. It contains two chapters: a 
first one about the Arntz exergy method and another one with the wake reduced far-field 
formulations.  
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• Second part: Theoretical Development of a Wake-Reduced Exergy Formulation 
In this part, the formulations presented in the previous part are combined to obtain the new 
wake-reduced exergy formulation. This required a multi-step systematic approach which is 
covered in several chapters. Firstly, the existing Arntz method is used to generate the 
baseline characteristic curves against which the new formulation will be compared. Then a 
physical breakdown method is developed to retain the wake exergy parameters only: this is 
the core of the new formulation. Later, in several chapters, this method is further refined to 
cover different aspects of the drag breakdown components (viscous drag, wave drag and 
induced drag). Finally, the thrust effects are taken into account for the study of powered 
models. The final wake reduced formulation is summarized in the last chapter of this part. 

• Third part: Experimental Validation of the Wake-Reduced Exergy Formulation 
In this part, a thorough validation of the wake-reduced formulation is carried out. The first 
chapter covers the experimental setup and wind tunnel model details. The next chapter 
specifies the data processing techniques and the uncertainty analysis. Finally, an 
experimental assessment of the wake reduced formulation is carried out by comparing 
different measurement methods. 

• Fourth part: Wake-Reduced Exergy Analysis of the Multifan Configuration 
Once validated the formulation, we are ready to use it in our selected application case, but 
before, a baseline reference point is required. This is made by determining the aerodynamic 
model of the Multifan configuration by following a classical approach. The first chapter 
achieves this with experimental data and the second chapter further develops the model by 
using CFD data. Chapter three presents the usage of the new wake-reduced formulation for 
the analysis of the same test case but from an exergy point of view in order to highlight its 
advantages to assess complex close-coupled aero-propulsive cases. 

• Appendices 
The first appendix presents all the details about the CFD data that was used all along the 
manuscript to develop the formulation. The second appendix presents “Epsilon”: the 
aerodynamic analysis tool used in this research. The final appendix covers some extra 
experimental aspects that are not directly related to the exergy method, but that may impact 
the quality of the gathered experimental data. 

5 Publications And Communications  

The aerodynamic analysis by the exergy method is a very powerful tool although it is not yet 
widely used in the research or industry areas since it is a quite recent method. The room for 
improvement of the approach is very high and the potential applications are endless. This is 
reflected in the final results of the research [4], [5], [10]–[16] as follows: 

5.1 Patents 

[4] P. Gonidec, M. A. Aguirre, S. Duplaa, B. Robic, B. Rodriguez, and N. J. J. Tantot, 
“Propulsion Distribuée À Modules Propulsifs Déportés,” WO2021074521A1, Apr. 22, 
2021[Online].Available:https://worldwide.espacenet.com/patent/search/family/069104760
/publication/WO2021074521A1?q=pn%3DFR3101856A1 

[5] P. Gonidec, M. A. Aguirre, B. Beutin, S. Duplaa, B. Robic, and N. Tantot, “Avion À 
Nacelle Déportée Affleurant Le Sillage De L’aile,” WO2021074516A1, Apr. 22, 2021. 
[Online].Available:https://worldwide.espacenet.com/patent/search/family/069468755/publi
cation/WO2021074516A1?q=pn%3DFR3101853A1 
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and Astronautics, 2019. doi: 10.2514/6.2019-2925. 

[12] M. A. Aguirre, S. Duplaa, X. Carbonneau, and A. Turnbull, “A Systematic Analysis of the 
Mechanical Exergy of an Airfoil by Using Potential Flow, Euler & RANS,” presented at the 
CFM 2019, Brest, France, 2019. https://cfm2019.sciencesconf.org/245465/document 

[13] M. A. Aguirre, A. Arntz, S. Duplaa, X. Carbonneau, and A. Turnbull, “A Better 
Assessment of the Recoverable Energy Behind a Body by the Exergy Method,” 
presented at the Aerospace Europe Conference 2020, Bordeaux, France, May 2020. 

[14] M. A. Aguirre and S. Duplaa, “Epsilon: An Open Source Tool for Exergy-Based 
Aerodynamic Analysis,” presented at the Aerospace Europe conference 2020, 2020. 
Accessed: Jul. 09, 2021. [Online]. Available: https://oatao.univ-toulouse.fr/27143/ 

5.3 Journal papers 

[15] M. A. Aguirre and S. Duplaa, “Exergetic Drag Characteristic Curves,” AIAA Journal, vol. 
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[16] M. A. Aguirre, S. Duplaa, X. Carbonneau, and A. Turnbull, “Velocity Decomposition 
Method for Exergy-Based Drag Prediction,” AIAA Journal, vol. 58, no. 11, pp. 4686–
4701, Nov. 2020, doi: 10.2514/1.J059414. 
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Chapter 1  
 
Review of Exergy Methods  

In this Chapter, the exergy analysis is briefly introduced from a Thermodynamics point of 
view. Then, the existing exergy approaches suited for external aerodynamic analysis are 
presented, with emphasis on the Arntz formulation, since this is the method chosen to be 
further developed in this PhD. A detailed physical explanation of each term of the Arntz 
formulation is provided as well as the inherent limitations of the method. 
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1.4 The Arntz Method ........................................................................................ 26 
1.5 Aspects To Be Improved ............................................................................. 32 
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1.1 Thermodynamic Concepts 

Exergy is a Thermodynamic concept that arises after combining the 1st and 2nd laws [17]–[19] 
as depicted in Figure 1-1. 

 
Figure 1-1: the origin of the exergy analysis 

Accordingly to the exergy concept, the total energy of a system is given by the sum of the 
exergy (useful part of the energy) and the anergy (useless part of the energy) as shown in 
Figure 1-2. 

 
Figure 1-2: the exergy principle 

The exergy of a system may be converted back to work only if the system is not in 
equilibrium with its environment. It does not matter if the system represents a sink or a 
source of energy (high or low temperature for example), what matter is the imbalance itself. 
Thus, in an aerodynamic system, any disturbance of the flow field has an energy potential 
(more precisely, an exergy potential): an increase of air velocity inside a jet or the low speed 
inside a wake contains an amount of energy that can be recovered (i.e., exergy). Hence, 
exergy represents the maximum theoretical amount of work that can be recovered by 
bringing the system back to thermodynamic equilibrium with its environment by following a 
reversible transformation.  

1.2 External Aerodynamic Applications 

Even though the exergy analysis is being used for thermodynamic analysis of 
turbomachinery since the 1970’s [20], its usage for external aerodynamics has been 
relatively recent. One of the very first applications of the exergy principle to the analysis of 
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external aerodynamic flows has been in the hypersonic domain. This is because in this flight 
regime the thermal effects becomes an important factor thus, the application of the exergy 
concept was relatively straightforward (as in turbomachinery). Various well developed 
methodologies for analyzing the external flow of hypersonic vehicles have been proposed 
[21]–[25]. However, since the objective of this thesis is to study flying objects in the subsonic 
and transonic regimes, the hypersonic method will not be analyzed here. 

The first attempts to study subsonic/transonic flows occurred in the early 2000’s. The 
pioneering work of Paulus [26] was the very first to pinpoint the link between lift and exergy 
from a very simplified theoretical point of view. Later on, during the 2010’s, Memon [27], [28] 
further explored the link between exergy and lift but this time from an experimental point of 
view. This is the first recorded wind tunnel testing where the local anergy generation was 
measured with PIV. However, its analysis was mainly concentrated in the vortex core region 
and he didn’t provide an overall assessment of the entire model or a methodology suitable 
for an aircraft analysis. It was Hayes that finally provided a proper answer to the link between 
lift and exergy by proposing a practical analysis method based on the lifting line approach 
[29]. This formulation will be used later on to further develop the link between lift and exergy 
for close-coupled aero-propulsive configurations. 

Regarding drag, several simplified methods and formulations have been developed during 
the 2000’s [30]–[33] but the level of refinement was not mature enough to perform accurate 
analyses from CFD data, which is required in industrial technological developments. 
Nevertheless, the interest on the exergy analysis kept growing [34], [35] which ultimately led 
to a research effort to tackle this problem. It was finally in 2014, when Arntz proposed a 
robust and accurate exergy formulation suited for CFD simulations [9], thereby settling the 
very first milestone for the modern exergy-based aerodynamic analysis method. Later on, 
other exergy-based formulations appeared, like the one proposed by Trancossi [36]–[38] or 
Gao [39]. However, the Arntz formulation remains today as the most powerful and developed 
method. In fact, it was considered to be mature enough to be used in industry and research 
[40]–[44] and it is the starting point of the present thesis. This formulation is also being 
currently developed at ISAE (to cover the unsteady flow regime [45]) and by ONERA (to 
cover multiple rotating reference frames [46]). 

1.3 Reference System Definition 

The reference system used hereafter is shown in Figure 1-3.  

 
Figure 1-3: conventional reference frame 
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Where the x-axis is aligned with the upstream flow direction and pointing rearwards, the y-
axis points towards the right-hand side of the body and the z-axis points upwards. Moreover, 
when control volume formulations are used, it is assumed that the outlet section “Sout” of the 
control volume is a plane (called “survey plane”) and it is placed normal to the x-axis. Also, 
the lateral surfaces are considered parallel to the upstream direction and far away from the 
body. Moreover, the infinite upstream flow is assumed to have zero transverse velocities. 

1.4 The Arntz Method 

The Arntz method [9] is conceptually very simple. It combines the momentum conservation 
equation, with the mass conservation along with the 1st and 2nd laws to obtain Equation (1.1): 
 
 + =   + + + + +  (1.1) 

 
Where " " is the exergy supplied by the propulsion system, " " is the thermal exergy 
supplied by conduction, " " represents the airplane’s capacity of accumulation (or 
restitution) of exergy, " " is the residual mechanical exergy that flows out of the domain, 
" " is the residual thermal exergy, " " is the viscous anergy, " " is the thermal anergy, 
and " " is the anergy created by shock waves. The physics behind each term is detailed 
as follows: 

1.4.1 Propulsive exergy 

The propulsive exergy is given by Equation (1.2), where " ℎ " and "  " are respectively the 
total specific enthalpy and specific entropy variations with respect to the upstream flow 
conditions. Moreover, "  ( ∙ ) " is the mass flow rate across the surfaces surrounding the 
propulsive regions “ ”:  

 =   ℎ ( ∙ ) −   ( ∙ )  (1.2) 

 
Since the enthalpy generation is a measure of the power added to the flow by the engine, 
and the entropy generation a measure of the losses involved during this energy transfer, then 
its difference will give the net useful energy, i.e., the propulsive exergy, as depicted in Figure 
1-4: 
 

 
Figure 1-4: the propulsive exergy term 

1.4.2 Supplied thermal exergy 

The thermal exergy supplied by conduction is given by Equation (1.3), where “ ” is the 
heat flux across the body surface “ ” which is at the temperature “ ”:  
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 =  ∙ −  ∙   (1.3) 

 
Again, the left term gives the power added to the system (by heat in this case) and the 
second term is the power waste (entropy generation) associated to this heat transfer. The 
resulting combination gives by definition an exergy: the thermal exergy supplied by the 
aircraft body to the flow (Sketched in Figure 1-5): 
 

 
Figure 1-5: the thermal exergy supplied to the airflow by conduction across the body wall 

1.4.3 Mechanical exergy 

The mechanical exergy “ ” is given by the sum of three components: the axial kinetic 
exergy " ", the transverse kinetic exergy " " and the boundary-pressure work rate " ": 
 
 =  + +  (1.4) 

 
The axial kinetic exergy is given by Equation (1.5) and it is a measure of the variation of the 
axial kinetic energy between a given survey plane “ ” and the upstream reference value. 
Hence, it is a quantity related to the perturbations of the axial velocity component on the 
entire survey plane. In particular, it is strongly associated to the axial velocity deficit inside a 
wake (as shown in Figure 1-6) or the high-speed region inside a jet plume. 
 

 =
1

2
 ( − 0)2( ∙ )

 
 (1.5) 

 

 
Figure 1-6: axial kinetic exergy outflow across a survey plane 

On the other hand, the transverse kinetic exergy is given by Equation (1.6) and represents 
the variation of the transverse kinetic energy from the upstream reference condition to the 
survey plane. Since the infinite upstream transverse velocities are zero by definition, the 
transverse kinetic exergy is then related to the lateral flow deviations created by a body and 
the rotational flow field associated to vortex flows (Sketched in Figure 1-7). 
 

 =
1

2
( 2 + 2)( ∙ )  (1.6) 
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Figure 1-7: transverse kinetic exergy sources 

The boundary-pressure work rate (hereafter called “pressure exergy” for simplicity) is given 
by the product of pressure variations and velocity variations as shown in Equation (1.7). 
Then, it is mostly associated to the pressure-velocity coupling mechanism, where a velocity 
increase is created by the expense of a static pressure drop, as sketched in Figure 1-8: 
 

 = − [( − ) ∙ ]  (1.7) 

 

 
Figure 1-8: the pressure-velocity coupling associated to the pressure exergy (inviscid case) 

In general terms, the mechanical exergy outflow rate “ ” represents the maximum amount 
of mechanical power that could be theoretically recovered by a so-called mechanical exergy 
recovery system. This energy recovery system can be active or passive. The typical example 
of an active device is BLI [47]–[50] whereas the typical passive devices (non-exhaustive list) 
are winglets [51]–[56], wingtip sails [57]–[62], wingtip strakes [63], [64], vortex diffusers [65]–
[67] or wingtip turbines [68]–[71]. Hence, the understanding of the mechanical exergy term is 
key for engineering applications since it provides valuable information about the room for 
improvements of a given design: if this mechanical exergy is not valued (recovered) then it 
will be gradually destroyed downstream, becoming a loss. 

1.4.4 Thermal exergy 

The thermal exergy outflow rate “ ” is given by Equation (1.8) where " " is the variation of 
the mass specific internal energy with respect to the upstream flow conditions. It represents 
the amount of thermal power that can still be recovered downstream of a body, at the survey 
plane. It is then mainly related to the temperature perturbations as shown in Figure 1-9:  
 

 =    + 0  −     ( ∙ )    (1.8) 
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Figure 1-9: temperature perturbations driving the thermal exergy 

1.4.5 Anergy 

The anergy “ ” is given by Equation (1.9) and represents the total amount of exergy that has 
been actually destroyed along a streamline as a result of irreversibilities. The irreversibilities 
are quantified by the entropy generation “ ” which has been convected by the flow “  ” up 
to the survey plane, as sketched in Figure 1-10. 
 

 = 0   ( ∙ )   (1.9) 

 

 =  
 

−  
 

 (1.10) 

 

 
Figure 1-10: total entropy generated measured at a survey plane downstream of the body 

The total anergy generation can be broken-down to highlight its different sources of exergy 
destruction as shown in Equation (1.11), where “ ” is the viscous anergy, “ ” the 
thermal anergy and “ ” the shockwave anergy. 
 
 = + +  (1.11) 

 
The viscous anergy is given by Equation (1.12) and it is related to the effective dissipation 
function “ ” (a parameter linked to the velocity gradients: Equation (1.13)) which 
measures the rate at which the kinetic energy is converted into heat by viscous dissipation. 
As shown in Figure 1-11, the effective dissipation function is non-zero mainly inside the 
boundary layer and wake, hence, dissipation only takes place there.   
 

 =
0     (1.12) 

 
 =  ( ∙ ) ∙  (1.13) 
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Figure 1-11: viscous anergy generation mechanism 

The thermal anergy is given by Equation (1.14) and is related to the losses (entropy 
generation) created by the thermal gradients. In fact, anytime that a heat exchange occurs 
between two sources of energy at different temperature, this heat exchange generates 
entropy [72] (which is proportional to the temperature difference between both sources). In 
the general case where there is a mixing interface between the two sources of energy, the 
related entropy generation is given by the temperature gradient across the interface. This is 
the case of the thermal mixing layer found in jet plumes as sketched in Figure 1-12. 
 

 =  0   ( )   (1.14) 

 

 
Figure 1-12: thermal anergy generation mechanism 

Finally, the wave anergy is given by Equation (1.15) where the integral is made on the 
surface “ ” enclosing the shockwave. The wave anergy is linked to the entropy generation 
across the shockwave as shown in Figure 1-13:  
 

 =  0   ( ∙ )     (1.15) 

 

 
Figure 1-13: wave anergy generation 

Here it is stressed the fact that the anergy can be computed by two different approaches: the 
convective approach of Equation (1.9) or the local approach of Equation (1.11). 
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Understanding the link between exergy and anergy is key for physical analysis, and 
ultimately, for design improvements. In general, if a survey plane is placed just downstream 
of a body there is certain amount of exergy available (related to the velocity, pressure and 
temperature perturbations) as well as certain amount of anergy already created (related to 
the losses occurred upstream). As the survey plane moves downstream, viscous and thermal 
dissipation takes place along the wake, which reduces even more the available exergy. This 
exergy destruction process is equal to the amount of anergy created (which is proportional to 
the entropy generation). Ultimately, when the survey plane is placed at an infinite distance 
downstream, all the exergy that was available at the trailing edge of the body has now been 
destroyed: there is only anergy left. This means that the exergy must be recovered as soon 
as possible (i.e., closer to the body) in order to reduce the energy waste. 

1.4.6 The “ ” term 

The Equation (1.1) can be rewritten as follows: 
 
 =   + +  (1.16) 

 
Where “ ” are the sources of exergy (i.e., the propulsive and thermal exergy supply) 
and “ ” are the thermal and mechanical exergy that flows out of the survey plane 
(which is theoretically a recoverable quantity). In a typical design the outflows are not valued, 
thus becoming a loss downstream (exergy destruction process). However, in an ideal 
energy-efficient design the related energy is recovered thus avoiding this loss generation 
(i.e., drag reduction). 
 
In a general case, the previous equation can be rearranged as follows: 
 
 = − ( + ) (1.17) 

 
Thus, the difference between the sources and the losses (if exergy outflow potential is not 
valued) gives the “ ” term. Hence, this term represents the accumulation/loss of exergy in 
the body, or more precisely, the rate of change in energy height of the body (i.e., potential or 
kinetic energy variation rate). When the exergy added by the sources exceed the losses, the 
result is an increase of energy height of the body, which is materialized as a gain of altitude 
or speed by the aircraft. That is why the “ ” term is given by the following expression 
(widely used in aircraft performance [73]–[78]), where “W” is the aircraft weight  and “ ” is the 
flight path angle: 
 
 =    ( ) (1.18) 

 

1.4.7 Exergy-based drag coefficient 

The Arntz exergy formulation leads to the so-called “exergy-based drag coefficient” when an 
unpowered and adiabatic case is considered (i.e., no sources of exergy in the left-hand side 
terms of Equation (1.1)), which is given by the following expression: 
 

 =  
+ + + +

1
2   

 (1.19) 

 
It must be noticed that this expression automatically performs a breakdown of the drag 
coefficient into its physical components, given by the exergy and anergy terms.  
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1.4.8 Exergy vs power balance 

The Arntz exergy formulation is based on the Drela’s “Power balance” method [7], [8], which 
was extended to take into account the thermal effects, and most importantly, to include the 
2nd Law of Thermodynamics into the formulation. That is why the Arntz method is oftenly 
considered to be just the Power balance method with thermal effects, which is an erroneous 
assessment. The exergy analysis is even more powerful than the power balance: by 
including the 2nd Law of Thermodynamics, it can determine the limit theoretical values of a 
given aerodynamic parameter like drag (e.g., the minimum limit value of drag for a given 
body). It also incorporates the concept of energy recovery which completely changes the 
way of analyzing aerodynamic data. For other methods like Power Balance, Lamb Vector or 
Far-Field, drag is just drag. Instead, for the exergy method, drag is a quantity that can still be 
reduced by recovering the available exergy (by means of passive or active devices). This is 
the major asset of the exergy analysis.  

The typical misconception mentioned above can be attributed to the novelty of the method 
which is not yet fully deployed at the academics, research and industry. A cultural change is 
then required to properly diffuse the exergy method and this may take several years.  

1.5 Aspects To Be Improved 

The exergy formulation proposed by Arntz offers a good starting point for the study of aero-
thermopropulsive problems. Nevertheless, several improvements must be implemented in 
order to study more complex aircraft configurations (like the Multifan), where several close-
coupled aero-propulsive phenomena appear at the same time. 

In particular, the Arntz method has proven to be a relevant tool for analyzing and quantifying 
the aerodynamic losses. However, the residual mechanical energy term ( ) must undergo 
an even deeper phenomenological breakdown in order to explicitly identify and quantify the 
viscous losses, vortex losses, lateral flow deviations and the velocity potential effects. These 
physical phenomena are currently "hidden" in Arntz's formulation. 

Another point to be developed is the link between lift, exergy and anergy. This will enable the 
correct study of aircraft with thrust vectoring, V/STOL configurations [79], powered-lift aircraft 
[80]–[83]  or any close-coupled aerodynamic configuration like canards [84]–[88] or strake-
wing configurations [89]–[94]. 
 
On the other hand, an experimental validation of the CFD findings remains a vital step for 
increasing the TRL of any aeronautical technological development. This is not the exception 
for the exergy analysis, which will require wind tunnel testing to validate any exergy recovery 
assessment previously made by CFD. The current Arntz formulation would require gathering 
experimental data on the entire survey plane (of infinite size) which is not suited for WTT. 
Then, a wake-reduced exergy formulation must be developed in advance, which must also 
be comparable to the original Arntz method. 

We can then see that several developments remain to be undertaken concerning the 
exergetic method and all of these will be addressed in this work. 
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Chapter 2  
 
Review of Wake-Reduced Far-Field 
Methods 

This chapter presents a review of several classical wake-reduced far-field methods. Other 
aerodynamic analysis techniques like near-field and Lamb vector are also quickly presented. 
The key elements of each formulation will be highlighted in order perform a critical analysis of 
the wake-reduced formulations. 
 
 

Chapter 2 Review of Wake-Reduced Far-Field Methods .......................................... 33 

2.1 Previous considerations .............................................................................. 34 
2.2 Momentum Conservation Method ................................................................ 34 
2.3 Betz Method ................................................................................................ 36 
2.4 Oswatitsch Method ...................................................................................... 37 
2.5 Maskell Method ........................................................................................... 37 
2.6 Weston Method ........................................................................................... 40 
2.7 Hackett Method ........................................................................................... 41 
2.8 Cummings Method ...................................................................................... 42 
2.9 Kusunose Method ....................................................................................... 43 
2.10 Meheut Method ........................................................................................... 45 
2.11 Lamb Vector Methods ................................................................................. 45 
2.12 Drag Breakdown Definitions: a historical perspective .................................. 46 
2.13 Summary Of Key Findings ........................................................................... 49 

 
 
 
 
 



 
 

Review of Wake-Reduced Far-Field Methods   
 

34 

2.1 Previous considerations 

The main PhD objective is to develop a wake-reduced exergy formulation based on the Arntz 
method (that satisfies the same applicability framework: steady subsonic/transonic flow). The 
natural way to do that is to follow the same evolution process of the Far-Field Methods 
(FFM), which started using the classical momentum conservation method at the very 
beginning and then gradually proposing new wake-reduced far-field formulations. The 
methodologies used to reduce the information from the entire survey plane to the wake 
region will be critically reviewed and later on improved for its implementation in the new 
exergy equations.  

Note: all the methods presented hereafter are only valid for stationary flows. No unsteady 
formulations will be considered in this work.   

2.2 Momentum Conservation Method 

The momentum conservation equation [95]–[97]  is at the core of the near-field and all the 
far-field method formulations. In order to understand that, let’s apply this equation to an 
arbitrary control volume surrounding a body as shown in Equation (2.1): 

 [   ( ∙ ) +  − ∙ ] =  (2.1) 

 
Where “ ” is the velocity vector, “ ” is the static pressure, “ ” is the viscous stress tensor, “ ” 
is the vector normal to the surface. “So”, “Slat” and “Sout” are respectively the upstream, lateral 
and outlet faces of the control volume (external faces of the control volume) whereas “Sb” is 
the body surface (internal face of the control volume). This expression simply establishes 
that the sum of the forces acting on this control volume must be zero: such an equation, as it 
is, is not of practical use. However, by rearranging it, we can bring to light the forces acting 
upon the body (i.e., the “near-field forces”) and the forces acting on the outer control volume 
surfaces (i.e., the “far-field forces‘’) as follows:  
 

 [  − ∙ ] = − [   ( ∙ ) +  − ∙ ]  (2.2) 

                 
 

           Near-field forces                            Far-field forces               d  

 
The term on the left-hand side is known today as Near-Field Method: it is the classical 
approach used to obtain the net force “ ” that’s acting upon a body. It takes into account the 
pressure and viscous forces on the body surface as shown in Equation (2.3):  
 

 = [  − ∙ ]  (2.3) 

 
The near-field force can be decomposed into the aerodynamic z- and x-axes to give the total 
lift (Equation (2.4)) and drag (Equation (2.5)) respectively: 
 

 = (  −  )  (2.4) 
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 = (  −  )  (2.5) 

 
This approach has the advantage of being very simple and easy to understand. However it 
only allows decomposing drag into its pressure and friction components, which does not give 
a complete understanding of the physics: this represents a drawback for analysis purposes. 

This disadvantage is overcome by the right-hand side of the Equation (2.2), which also gives 
the force acting on the body, but using flow information available at the control volume 
surfaces. That is why this equation is known today as the Far-Field Method: 
 

 = − [   ( ∙ ) +  − ∙ ]  (2.6) 

 
Equation (2.6) is an exact expression that allows obtaining the lift and drag of a body. It is 
valid for compressible and incompressible flows, for flows with or without lifting bodies and/or 
power. Moreover, it does not impose limitations concerning the position of the outlet plane: 
the survey plane can be placed anywhere downstream of the body.  

This equation, as it is, can only be applied to CFD cases, where data is available at the entire 
domain. Nevertheless, it can be further modified to only require survey plane data. Firstly, 
based on the divergence theorem it can be said that: 
 

   =  (2.7) 

 
Also, according to the mass conservation: 
 

   ( ∙ ) =  (2.8) 

 
Then, by combining Equations (2.6), (2.7) and (2.8), we get Equation (2.9) where the 
upstream parameters are introduced for convenience: 
 

 = −  ( − ) ( ∙ ) + −  − ∙   (2.9) 

 
The advantage of this expression is that it vanishes out for “ ”. Moreover, if the lateral walls 
of the control volume are assumed to be far away from the body, the integrand also vanishes 
out at “ ”, leaving only “ ” as integration surface (of infinite size). Now we got a far-field 
expression that only requires survey plane data to compute the forces acting upon a body: 
 

 = −  ( − ) ( ∙ ) + −  − ∙   (2.10) 

 
This is the starting point of all the “wake-reduced far-field methods”. These methods firstly 
neglect the viscous tensor term since the wake measurement is intended to be carried out at 
certain distance from the body. Then the remaining integrand of Equation (2.10) is further 
modified in order to let just wake-dependent aerodynamic parameters, thereby allowing a 
further reduction of the survey plane integral to the wake region only. Another advantage of 
the wake-reduced approaches is that a phenomenological decomposition of drag is achieved 
which provides a good insight into the physics.  
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2.3 Betz Method 

Developed by Betz in 1925 [98], the method calculates the profile drag of a body by only 
measuring wake data. It starts from Equation (2.10) and then, by ignoring the viscous terms 
and by taking the x-component, the drag acting upon a body is determined. However, the 
resulting equation still requires a full-survey plane integration which is not suited for WTT. 
This problem is circumvented by introducing the concept of “artificial velocity”. 

This artificial velocity “ ∗” is a fictitious velocity: it is the velocity that would have the flow if no 
energy losses where present. It is given by Equation (2.11), based on the Bernoulli theorem 
(incompressible flow assumed), where “ ” is the local total pressure: 
 

 ∗ = +
2

−  (2.11) 

 
The artificial velocity is known today as “isentropic velocity” since it represents the velocity 
that would have the flow if a pure isentropic process takes place. Hence, the isentropic 
velocity can be considered as the velocity field of a potential or inviscid flow. The physical 
interpretation of the isentropic velocity is shown in Figure 2-1, where the “ ∗” profile ignores 
the velocity deficit inside the wake, because this deficit is created by non-isentropic 
processes (energy losses, quantified by “ − ” in Equation (2.11)).  
 

 
Figure 2-1: physical interpretation of the artificial (isentropic) velocity ∗ 

Since a potential flow does not create drag [95], the isentropic velocity field is not related to 
the drag of the body. Drag is only related to the viscous losses that occur inside the 
boundary layer and wake, which is given by the velocity deficit, i.e., by “ ∗ − ”. This is best 
observed in Equation (2.12) that is the final Betz profile drag equation which was obtained by 
combining Equations (2.10) and (2.11), along with some potential flow modeling.  
 

 = − +
2

 ( ∗ − ) ( ∗ + − 2 )   (2.12) 

 
Note that the mentioned velocity difference appears on the second term. Since this 
difference is zero outside the wake, this term is only non-zero inside the viscous region (the 
same is valid for “ − ”). Hence, the original infinite survey plane integral has now been 
reduced to the wake (“ ” is the cross-section surface of the wake at the survey station). 

This equation is valid only for incompressible flows ( <0.3) because it uses the Bernoulli 
equation. Moreover, it requires placing the outlet plane only in regions where the viscous 
effect can be neglected (it cannot be placed very close to the body) because it uses the 
simplified momentum equation without the viscous term. Furthermore, this formulation 
performs well only with non-lifting bodies. In fact, its formulation only takes into consideration 
the x-velocity component. Also, Betz assumed that the local static pressure is uniform on the 
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survey plane and equal to the infinite upstream value (i.e., Trefftz plane), which in practice 
requires placing the survey plane far downstream of the body (This restriction was later on 
improved by Jones [99]–[101] but not fully resolved). 

The major contribution of Betz is the introduction of the isentropic velocity to breakdown the 
flow field. This aspect will be retained for the development of our wake-reduced exergy 
formulation (although a more advanced version of this isentropic velocity will be used). As it 
will be shown later in this chapter, the velocity difference “ ∗ − ” is known today as the non-
isentropic velocity “ ”, and it is a key element related to the drag generation.  

2.4 Oswatitsch Method 

In 1956 Oswatitsch [102], [103] developed for the very first time an equation that relates the 
profile drag with entropy generation, based on the momentum conservation approach and 
the small perturbations method. By placing the survey plane far downstream of the body, 
several second-order terms in velocity can be neglected. Under such conditions the profile 
drag equation reduces to: 
 

 =         (2.13) 

 
This expression represents a major milestone from a scientific point of view, but its practical 
application for drag measurement was limited because it can only be used with survey 
planes placed far-away from the body. However, the Oswatitsch expression is, in reality, 
equal to the anergy generation of the Arntz formulation. As a matter of fact, by multiplying 
Equation (2.13) by “ ” in order to get a power from a force, we get the anergy Equation (1.9) 
of Arntz. This explains why the Oswatitsch expression requires placing the survey plane far 
downstream in order to find the right drag value: at that position, all the exergy has been 
destroyed and drag is just given by anergy (Equation (1.19)). 

2.5 Maskell Method 

In 1972, Maskell [104] proposed an improved far-field drag formulation for 3D lifting bodies 
which allows calculating lift from wake data and it also gives a further decomposition of drag 
into profile and vortex drag. 

2.5.1 Drag breakdown 

The previous existing far-field methods only take into account the axial velocity component, 
which leads only to a profile drag prediction. Maskell circumvented this limitation by also 
including the transverse velocity components which ultimately led to the vortex drag 
formulation. This was achieved by considering a more general Bernoulli equation than the 
case of Betz: 
 

 = + 
2

 ∗ + +    (2.14) 

 
This equation was used along with the simplified momentum conservation equation (2.10) 
and potential flow considerations [105] to obtain a total drag expression by following a similar 
approach as Betz: 
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 = − +
2

 ( ∗ − ) ( ∗ + − 2 ) +
2

+ −    (2.15) 

 
Where “ ” is the isentropic velocity perturbation given by: 
 
 = ∗ −  (2.16) 

 
The first two terms of Equation (2.15) constitutes the well-known Betz profile drag equation 
so the third term gives the vortex drag: 
 

 = − +
2

 ( ∗ − ) ( ∗ + − 2 )   (2.17) 

 

 =
2

+ −   (2.18) 

 
This is the baseline Maskell equation, which provides a drag breakdown of a given body into 
its profile and vortex drag components. However, only the profile drag is wake-reduced. In 
order to reduce the vortex drag to the wake, further manipulation is required. 

Firstly, Maskell interpreted the “ ” as a correction to be taken into account due to the 
presence of the wind tunnel walls. Hence, it was treated as typical blockage velocity in order 
to correct data due to the confinement effect (wind tunnel blockage): 
 

 =
1

2 
( ∗ − )  (2.19) 

 
Where “ ” is the blockage velocity and “ ” is the wind tunnel cross-section area. 
Further details of the mathematical analysis behind this interpretation can be found in [104]. 
This correction is then implemented by modifying the reference velocity (used for calculating 
the drag coefficient) as follows, where “ ” is the effective upstream velocity: 
 
 = +  (2.20) 

 
This blockage interpretation allows simplifying Equation (2.18) as follows: 
 

 =
2

( + )  (2.21) 

 
However, a full survey plane integral is still required for the calculation of the vortex drag. In 
order to reduce the integration to the wake, Maskell realized that the rotational flow field at 
the entire survey plane is driven by the axial vorticity shed at the wake. Then it is possible to 
relate the transverse velocity components “ + ” to the axial vorticity “ ”, through the 
stream function “ ” as depicted in Figure 2-2.  

Indeed, the transverse flow field at the survey plane is almost two-dimensional, therefore the 
stream function concept [96] can be implemented according to Fage [106], who did that in 
1926 for the study of wing wakes. Hence, under the assumption of incompressible planar 2D 
flow field at the survey plane, two Poisson equations can be introduced as follows: 
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Figure 2-2: stream function iso-contours at survey plane created by the wake’s axial vorticity  

 

 +  = −  (2.22) 

 

 +  =  (2.23) 

 
Where “ψ” is the stream function, “ ” is velocity potential function, “ξ” is the axial vorticity and 
“ ” the in-plane velocity gradient. The two latter are defined by: 
 

 = −   (2.24) 

 

 = +  =  −  (2.25) 

 
By using these equations, the vortex drag equation (2.21) can be re-written as: 
 

 =
2

(  −   )  (2.26) 

 
Note that only the first term can be integrated just in the wake region because the vorticity 
vanishes outside of the wake. The second term still requires a complete integration on the 
entire survey plane but when the survey plane is placed in the far-wake of the model, this 
term can be neglected [107]. Then, in practice, just the first term is used, leading to a wake-
reduced vortex drag expression (valid only in the far-wake region): 
 

 ≈
2

   (2.27) 

 
As final remark, the Maskell drag formulation was generalized later on by Wu [108] and 
thoroughly explained from a physical point of view, but the formulation development retains 
the same approach, thus not detailed here. 

 
 

 

=  
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2.5.2 Lift 

Maskell also developed a formulation to calculate lift based on wake surveys. He started 
from the momentum conservation equation of lift. Then he introduces the general Bernoulli 
equation (which accounts for the traverse velocity components) along with the lifting line 
relationship between vorticity and circulation “ ”: 
 
  = −  (2.28) 

 
By combining all these expressions, the momentum equation of lift reduces to: 
 

 =     +  ( − )   (2.29) 

 
In practice, the second term is usually neglected because it is very small compared to the 
first one. Hence, a wake-reduced expression for lift is obtained, which mainly depends on the 
axial vorticity created by the body. 

To conclude this section, it can be said that the Maskell formulation represents a major 
milestone in the far-field method development. As matter of fact, several of his proposals will 
be retained to develop the wake-reduced exergy formulation: 

• Keeping all the three velocity components in the development of the isentropic velocity 
(although an improved version will be used) 
• Using the stream and potential functions to breakdown the transverse kinetic exergy term 
(which is quite similar to Equation (2.21)). 

2.6 Weston Method 

In 1981, Weston [109] proposed an improvement of the Maskell’s drag breakdown definition. 
It is based on the previous work of Batchelor [110], which explained the physics behind the 
strong axial velocity excess or deficit that exists at the vortex core region. 

In fact, the rotational flow at the vortex cross section has two distinct regions: the core and 
the external isentropic region. Outside the core, the pressure-velocity coupling is driven by 
the isentropic relations (or the Bernoulli equation in incompressible flow). However, inside the 
core, there is another physical phenomenon acting on the top of that: in fact the centrifugal 
effect requires an extra radial pressure gradient to reach a radial equilibrium, leading to a low 
pressure region at the core. This pressure is driven by the rotational velocity of the core, i.e., 
by its axial vorticity: the higher the vorticity the lower the core pressure. This is sketched in 
Figure 2-3. 

 
Figure 2-3: pressure-velocity coupling in a 2D vortex 
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Along a 3D vortex line, viscous dissipation takes place at the core, which reduces its vorticity 
thereby increasing the core’s pressure. Hence, along the vortex core there is an adverse 
pressure gradient that tends to reduce the axial velocity. This explains the typical axial 
velocity deficit found at the vortex core at some distance from the body. However, at shorter 
distance from the body, a jet-like core can be found. This axial velocity excess is created by 
the same inviscid coupling between the axial vorticity, the core pressure and the axial 
velocity. In this case, during the vortex formation phase, there is an increase of vorticity along 
the vortex core which leads to a favorable axial pressure gradient that axially accelerates the 
flow at the core. Hence, during the vortex formation phase there is a velocity excess, which is 
afterwards reduced and inversed during the vortex dissipation phase. 
 
Batchelor has identified this velocity defect/excess as a source of drag but he didn’t link this 
with the far-field expressions. Weston realized that this drag component is not an extra drag 
source since it is already captured by the Maskell profile drag term. However, since the 
related core’s axial velocity change is driven by the vortex flow itself, it should be computed 
as vortex drag instead of profile drag. That is why he proposed to take away this component 
from the profile drag and to include it into the vortex drag. This led to a more physics-based 
definition of the vortex drag. 
 
Although the work from Weston provides a significant insight into the vortex drag physics and 
represents itself another major milestone in the FFM development, it was not included in the 
FFM formulations that appeared later on. In the present work, the concept of “velocity 
coupling between axial-transverse velocity components through the pressure field” will be 
extended to redefine the vortex drag from an exergy point of view. 

2.7 Hackett Method 

In 1985, Hackett [111]–[113] improved Maskell’s work by measuring the vortex drag in the 
near-wake region. He proposed a similar theoretical development approach but without using 
potential flow modelling. Instead, a simple formulation manipulation is used in order to reach 
the general drag equation as Maskell did (Equation (2.15)). At this point, the theoretical 
development takes a new approach regarding the “ ” term. This time, instead of 
considering it as a wind tunnel blockage (Maskell’s approach), a direct evaluation of this term 
is made in a similar manner as the “ + ” terms: 

 =
2

+ −  =  
2

  −  +   (2.30) 

 
By using potential flow test cases, Hackett demonstrated that the infinite survey plane 
integral of the “ ” term cancels out the “  ” term, since both are just potential flow 
components, and therefore its related drag must be zero: 
 

  +  = 0 (2.31) 

This leaves: 

 =
2

   (2.32) 

 
Note that this relation is exact whereas the equivalent Maskell’s expression (Equation (2.27)) 
was an approximation that relied on the effective velocity blockage correction (Equation 
(2.20)). For the Hackett’s method this velocity correction is no longer needed.  
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Here is stressed the fact that for both, Maskell and Hackett, the vortex drag calculation 
requires measuring the x-component of the vorticity and that the survey plane must be 
normal to the x-axis. However, a key aspect not mentioned by any of them is the impact of 
the streamline curvature on the vortex drag calculation when the survey plane is placed very 
close to the body. In fact, the vorticity vector at the vortex core is aligned with the vortex axis 
as sketched in Figure 2-4. This vorticity vector is tilted down closer to the body (the tilt angle 
increases with the angle of attack) leaving a smaller axial vorticity component compared to 
that of a survey plane placed some distance downstream. A smaller axial vorticity implies a 
smaller vortex drag which is misleading (note that this also affects the predicted lift by 
Equation (2.29)). This aspect will be addressed during the wake-reduced exergy formulation. 
 

 
Figure 2-4: streamline curvature effect 

On the other hand, it is interesting to note that Hackett uses the term “cross-flow drag” 
instead of “vortex drag” or “lift-induced drag”. This terminology was introduced to stress the 
fact that the vortex drag of the original Maskell equation is related to multiple cross-flow 
phenomena (but at the end, only the “  ” term prevailed, and thus the term “vortex drag” 
seems to be the more pertinent so far). Hackett also introduced the terminology of “source 
cross-flow” to refer the “  ” term because he demonstrated that the plot of this term gives a 
2D source/sink flow-like pattern at the survey plane. By following the same reasoning, he 
defined the “ ” term as “source axial-flow”. 
 
Hackett was also the first mentioning the existence of an “energy availability” at the cross-
flow and that the related kinetic energy could be recovered, although no exergy 
developments were made. 
 
The work of Hackett confirms the fact that the potential flow-related terms must be identified 
and eliminated from the far-field formulation, since the related drag is zero. This approach 
will be then exploited during the development of the wake-reduced exergy formulation. 

2.8 Cummings Method 

In 1996 Cummings [114] used a small perturbation approach to develop a wake-reduced far-
field formulation from the momentum equation. Details about the small perturbation approach 
will not be presented here since it limits the survey plane position to a certain distance from 
the body where the flow perturbations can be considered small. This is opposite to our 
objective of placing the survey plane as close as possible to the body in order to capture the 
maximum exergy level, thus, this approach will not be used in this PhD work. However, the 
interesting aspect about the Cummings approach is that he further generalizes the drag 
breakdown by using a Clebsch decomposition [115] of the velocity field: 

 =  + ×  (2.33) 

 
Where “ ” and “ ” are the scalar and vector velocity potentials. This later is a generalization 
of the Maskell’s stream function, which before was a scalar but now it is a vector. In fact, “ ” 
is also obtained by solving a Poisson equation, which can be identified by taking the curl 
product of both terms of Equation (2.33): 

 =  ( ) + ( × ) →  = −  = -ω (2.34) 



2.9 Kusunose Method 
 

  43 

Where the last expression assumes that “ ” is divergenceless. Also note that Maskell only 
keeps the x-component of this solution.  

On the other hand, “ ” has the same meaning as in the Maskell approach and satisfies the 
same Poisson equation. This is best observed by taking the dot product of Equation (2.33): 

 ∙ =  ∙ + ∙ ( × ) →  = ∙  (2.35) 

 
It is clear that Equations (2.34) and (2.35) are equivalent to Equations (2.22) and (2.23) from 
Maskell. However, this method allows for a more general approach to the problem. In 
particular Cummings splits the vector “ × ” into two components (axial and transverse), 
where the transverse component is related to the velocity deficit by viscous effect. Since the 
transverse component of “ × ” is driven by the transverse vorticity component, it is 
possible to use the Crocco’s theorem to further relate it with the entropy generation: 

 ×   = ℎ −   (2.36) 

 
The analysis of Cummings is limited to relating the transverse vorticity (given by the “ ×  ” 
term) with the profile drag (related with the “ℎ ” and “ ” terms) and no exergy analysis was 
made. However, we can further exploit this equation if we realize that the right-hand side fits 
the definition of exergy ( = ℎ −  ) whereas the left-hand side gives the Lamb vector 
( = × ) as follows: 

 − =   (2.37) 

 
Then it is clear that further light into the subject will be gained by using the Lamb Vector 
Method and to relate it with the exergy formulation. The elements of such a relationship will 
be explored in this PhD work. Also, the Clebsch decomposition opens up the possibility of 
decomposing the flow field on the entire domain (and not just the wake plane). This is 
particularly interesting for the analysis of CFD data or 3D3C PIV measurements. Moreover, 
the Clebsch decomposition circumvents the Maskell’s assumption of a pure 2D flow at the 
survey plane, which is valid at the far-wake but not very close to the body. 

2.9 Kusunose Method 

During the late 1990’s and early 2000’s, Kusunose made a series of contributions based on 
the small perturbations theory [116]–[121]. In particular, its general FFM equation of lift is a 
useful result for our purposes: 
 

 =    −  1 − ( − ) +  
 

  (2.38) 

 
Note that it matches the Maskell’s Equation (2.29) for incompressible flow. Also, Kusunose 
didn’t ignore the second order terms but its experimental evaluation shown that they are 
negligible. Nevertheless, the problem of streamline curvature mentioned before is not 
addressed either by Maskell or Kusunose. 

The major contribution from Kusunose is the extraction of wave drag from wake survey data. 
As exemplified in Figure 2-5, a wake survey will properly provide the profile drag distribution 
even in transonic conditions. The objective is then to separate the part of the distribution  
lying on the top of the red wake part (associated to the viscous drag) from the part lying on 
top of the green region (associated to the shockwave’s wake). 
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Figure 2-5: profile drag field for a 2D airfoil in transonic conditions 

Yellow line: survey plane, white line: profile drag distribution along the survey line 

Kusunose realized that the vorticity could provide the key to do that since, as shown in 
Figure 2-6, the vorticity at the shockwave’s wake is very small. Then, by defining a vorticity 
threshold value, it is possible to split the domain thereby separating the pure viscous wake 
region from the shockwave’s wake region.  
 

 
Figure 2-6: field of vorticity magnitude 

These two subdomains can then be integrated separately, thereby giving the pure viscous 
drag and the pure shockwave’s drag. Kusunose also profited this breakdown to define an 
interaction drag (Figure 2-7), but it will not be used in this work. In general, the idea behind 
this approach will be exploited in this PhD work to split the Arntz anergy equation (1.9) into 
its viscous and wave components.  
 

 
Figure 2-7: Kusunose’s profile drag breakdown 
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2.10 Meheut Method 

In 2006, Meheut developed a profile drag formulation for WTT [122]. Although it relies on the 
small perturbation approach, it has shown to be very accurate when the correct survey plane 
position is respected and that is why this profile formulation has been selected as a 
benchmark to control the wake-reduced exergy formulation to be developed in this work.  
 

 =
 
2

  −
2 

 
− + 1 −

4
− − 1 − ( + 2 ∗ )  (2.39) 

 
Where:  

 = − 1  (2.40) 

 

 = − 1  (2.41) 

 

 = − 1  (2.42) 

 

 ∗ = 1 −
( ) 

( )

− 1 −
  

 
− 1  (2.43) 

 
 = − ∗ (2.44) 

 
The small perturbation assumption considers that the variations of total pressure , total 
temperature  and axial velocity  are small (however, it proved to be also valid for high-
lift configurations where the perturbations are not small). Moreover, the velocity perturbation 
Δu is decomposed into a viscous contribution  (also known as non-isentropic component) 
and other component ∗ (the isentropic component).   

The Meheut’s method is also interesting due to the axial isentropic velocity definition 
(Equation (2.43)), that is defined by using the transverse velocity components and the static 
pressure field. This approach turned out to be very convenient to propose a novel isentropic 
velocity definition suited for the exergy analysis, as it will be shown in the next Part.  

2.11 Lamb Vector Methods 

The Lamb Vector formulation will not be directly used in this PhD work; however, the 
concepts behind the formulation will be massively exploited later on for the developing of the 
Multifan aerodynamic model. Also, it will be used as a support for the development of the 
wake-reduced exergy formulation. 

There are a significant number of Lamb Vector formulations, but the one that throws light 
onto the hard spots to be solved is the Wu method [123], [124]. It starts from the NFM, and 
then, by introducing the vorticity (  = i, ηj, ζk) into the equation and performing some 
integration by parts, the following expressions for lift can be found in 3D incompressible flow: 
 

 =     −  ( + ζ) +        (2.45) 

 
Where the first term is the well-known Maskell result, the second term represents the lift due 
to the downwash/sidewash and the third term represents the lift component due to the 



 
 

Review of Wake-Reduced Far-Field Methods   
 

46 

streamline curvature. Note that this equation addresses the problem of loss of lift due to the 
streamline curvature, then, it will be taken as a reference for our formulation developments. 
The same happens with the drag equation under incompressible 3D flow, which is given by: 

 =  ∙ ∇ +
1
2

∙ ∇ + ( − ) +   ( + )   (2.46) 

 
Where “ = i, j, k” is the coordinates vector, “∇ ( )” is the in-plane gradient of the variable 
“( )”. The first term is the drag due to the total pressure deficit at the wake, the second term is 
the pressure drag, the third term is equivalent to the Maskell’s vortex drag and the last term 
is the streamline curvature effect (note that it includes a longitudinal derivative, which fades 
out at some distance from the model). 
 
On the other hand, a modern version of the formulation [125] (that exploits the derivative 
moment transformation approach) allows expressing the lift, induced drag and profile drag 
directly from the Lamb Vector components ( = × ), which is quite convenient for the 
physical analysis: 
 

 = −  (2.47) 

 

 = −  (2.48) 

 

 = − (  +  )  (2.49) 

 
Where “k=n-1”, with n=2,3 being the spatial dimension. 

2.12 Drag Breakdown Definitions: a historical perspective 

One of the objectives of the new wake-reduced exergy formulation is to further decompose 
the mechanical exergy terms of the original Arntz formulation in order to propose a more 
practical drag breakdown. This drag breakdown must be consistent with the well-established 
breakdown approach used nowadays in industry, but, if required, an improved version must 
be proposed and developed. That is why a review of the drag breakdown definition is needed 
beforehand. In fact, establishing a “proper” drag breakdown is one of the most challenging 
aspects of the aerodynamic analysis and even today it is not clearly well defined because 
some ambiguous definitions have been carried out through history and remains present 
nowadays (due to theoretical, practical and/or experimental needs), which makes it difficult to 
establish a clean definition. 

The origin of the drag breakdown lies in the creation of the lifting line theory (LLT) by 
Lanchester back in 1897 [126], [127]. He was the very first person to realize that the 
transverse kinetic energy associated to the vortical flow behind the wing was linked to the 
work required to generate lift. This was the first definition of the “lift-induced drag”. It is 
interesting to note that this energetic explanation was established one century before the 
work of Paulus [26] that related lift and exergy. Also, Lanchester was the first to suggest that 
the lift-induced drag is related to the axial vorticity shed behind the wing at its wake. Hence, a 
more physically meaningful denomination of the lift-induced drag could be “streamwise 
vorticity drag” but this term had not yet been used by any researcher.  
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The original work from Lanchester was improved and theoretically formalized later on in 1918 
by Prandtl during WW1 [128]. He still used an energetic explanation of the lift-induced drag, 
but most importantly, he was the very first person to propose a breakdown of the total drag 
into lift-induced drag and profile drag. The work of Prandtl was further improved by Munk in 
1923 [129] in order to find the minimum value of the lift-induced drag for a given wing. The 
interesting point is that Munk also uses energetic considerations for explaining his findings. 
The LLT was then experimentally validated by Fage in 1925 [106], who settled the base for 
the calculation of the stream function by definition from experimental data (a key element 
used 50 years later by Maskell [104] for measuring the lift-induced drag from WTT data). 

Meanwhile, in 1925, another milestone was achieved: Betz proposed a formulation for 
measuring the profile drag of a body from wake data [98]. This was further improved by 
Jones in 1936 [99]–[101]. However, the major achievement from a drag breakdown point of 
view was made by Maskell [104] in 1973, since he created the first formulation allowing 
measuring lift, profile drag and vortex drag from wake data. Here is stressed the fact that 
Maskell used the term “vortex drag” instead of lift-induced drag, since vortex drag is a more 
generic term that includes the case of drag generated by axial vorticity even at zero-lift 
conditions (e.g., the corner flow created by the horse shoe vortex at the wing-fuselage 
junction). However, no theory at this point allows for a mathematical distinction between lift-
induced drag and vortex drag. Also, the drag component resulting from the difference 
between the lift-induced drag and the vortex drag is not yet defined in any formulation. Even 
worse, the term vortex drag is sometimes used as a synonym of lift-induced drag, which is 
incorrect. Also note that the “streamwise vorticity drag” term (mentioned above) would be a 
more suitable term than “vortex drag” (since a vortex is a particular case of a vortical wake), 
but Maskell retained the latter and that was the nomenclature imposed within the research 
community. 

The previous developments can be summarized as follows: 

Before LLT Only the total drag can be measured (by using a balance) 

After LLT 
The total drag was measured by balance, the lift-induced drag was 
calculated from the theory and the profile drag was computed from the 
difference between total and induced drag 

After Betz 
Total drag was measured with balance, profile drag was measured with 
wake data and the lift-induced drag was computed from the difference of 
both measurements 

After Maskell Each drag component can be measured from WTT data  
Table 2-1: early evolution of the drag breakdown and its practical implications 

Another key point about the vortex drag definition is that it was somewhat arbitrarily defined 
by Maskell: he attributed all the transverse kinetic energy to the vortex drag but it ignores the 
possibility that part of the vortex drag is indeed hidden in the profile drag term and vice versa. 
Several authors have addressed this subject [109], [110], [119], [130] in a partial way but 
even today, there is no a physically robust method for defining this component 
unambiguously. A possible solution to this problem may arise by analyzing the lift 
formulations, since this may allow relating lift with lift-induced drag, thereby removing any 
ambiguity. The initial step in this regard is the Kutta- Zhukovsky theorem that was 
independently developed by Kutta (1902) and Joukowski (1906) [131] and experimentally 
validated by Bryant [132]. Maskell’s lift formulation [104] can be considered as a 
generalization of this expression, which was in turn, improved by Kusunose [119], [120]. 
These lift FFM formulations can also be obtained from the lamb vector theory [123]–[125], 
[133]–[142], [142]–[149], [149], [150]. Then, there is already a solid base to re-analyze the 
subject from a lift point of view and this will be done in this PhD work. 
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The previous FFM development does not hold for compressible or transonic flows. At the 
time of Maskell, a theoretical approach for measuring wave drag already existed (the one 
proposed by Oswatitsch [102], [103]) but it was not in use since it was considered to be 
impractical [151]. Instead, the linear theory was used [152]. Indeed, Torenbeek [153] 
proposes a breakdown of the wave drag into “wave drag due to lift” and “wave drag due to 
volume” since this decomposition can be achieved with the linear supersonic theory, but it is 
actually very difficult to implement that in practice for the analysis of transonic flows from 
wake data. Then, it is clear that a new wake-reduced theory allowing for this wave drag 
breakdown should be developed. 

Until the mid-1990’s only incompressible far-field formulations were developed [67], [108], 
[109], [111]–[113], [116], [117], [154]–[165]. However, during the end of the 1990’s until 
today, several compressible Far-Field formulations are being developed [114], [118], [121], 
[122], [130], [166]–[183]. In particular, it was the approach proposed by Kusunose [118] that 
allowed solving the problem of extracting wave drag from wake surveys, although it cannot 
further decompose the wave drag into” wave drag due to lift” and “wave drag due to volume”.  

On the near-field method’s side, one of the earliest experimental implementation of this 
method was carried out by Eiffel circa 1911 [184], which led later on to the appearance of the 
“pressure drag” terminology. However, due to the difficulty of measuring the wall shear stress 
on an arbitrary model, the near-field method was partially implemented in practice: only the 
pressure drag was measured along with the total drag (balance data), then, the friction drag 
was calculated from the other components [153]. Pressure drag of complex geometries is 
relatively easy to be determined nowadays either in WTT (pressure taps or pressure 
sensitive paints) or CFD. However, the decomposition offered by the near-field method is 
difficult to interpret, in particular regarding the pressure drag term. Then, it is a typical 
practice to further breakdown the pressure drag into its vortex drag and “form drag” 
components. This was first achieved by using Euler CFD solutions ([167], [169]) but very 
recently, a novel formulation developed by Schmitz [185]–[189] offered the theoretical 
framework to achieve this directly from RANS CFD solutions. 

All the previous discussion are summarized in Figure 2-8. 

 
Figure 2-8: formulation-based drag breakdown definitions  

Black: drag terminology, Blue: formulations, Red: yet to be developed 
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A final remark about the FFM: the very first formulation (Betz) was published almost 100 
years ago. During this time a significant evolution has been achieved yet there is still 
significant room for improvement. 

2.13 Summary Of Key Findings 

The FFM evolution process provides the path to follow in order to obtain a wake-reduced 
exergy formulation starting from the Arntz method. Indeed, the Arntz method is equivalent to 
the momentum conservation method, and we are looking for its wake-reduced version (i.e., a 
formulation equivalent of that from Betz, Jones, Maskell, Hackett, etc.). Then it is just a 
matter of selecting the proper procedure to carry forward this task. 

The first key element to address during this new formulation development is the velocity 
decomposition method. The one proposed by Betz or Maskell is just a simplified approach, 
however, the proposition of Meheut is very robust and that is why this approach will be 
selected as starting point. Here is reminded that all the existing velocity decomposition 
methods use only the u* component; however, all the three components of the isentropic 
velocity vector should be considered (i.e., u* v* w*). This is the aspect that must be studied 
beforehand. 

Then, the new proposed velocity decomposition will be used as a tool to breakdown the flow 
field physics, allowing excluding the potential effects (that do not generate drag). This will 
leave the drag generating phenomena only, which are wake-reduced by nature. This is at the 
core of the wake-reduction approach. 

Afterwards, several aspects of the formulation can be explored. The first one in importance is 
the decomposition of the transverse kinetic energy term into its vorticity and source/sink 
terms (in a similar fashion as Maskell). Here, the Hackett/Cummings approach will be used 
along with the Weston’s “pressure-velocity coupling” concept to propose a better definition of 
the vortex drag, based on physical analysis rather on pure mathematical manipulation. 
However, the hard point that must be addressed here is the difference between vortex drag 
and lift-induced drag. A proper answer must be provided in the form of a robust formulation 
by using the Maskell and Kusunose’s expressions alongside with the Lamb Vector concepts.  

Another related aspect to be addressed is the streamline curvature effect, since the final 
objective is to measure exergy very close to the body (where the energy recovery 
possibilities are at a maximum). This will also be answered by using Lamb Vector concepts 
along with the ideas introduced by Cummings. 

On the other hand, the wave anergy extraction from wake data will be implemented based on 
the Kusunose’s approach. However, wave drag breakdown into its lift- and volume-
components will not be addressed in this work since it is currently under development by 
another PhD thesis carried out at ONERA. 

As a final remark, it is reminded that until now all wake-reduced FFMs neglect the “ ∙ ” 
term. This means that using those formulations for measuring drag very close to the body will 
never be accurate due to the absence of this term. However, the Arntz exergy formulation 
includes this term into the viscous anergy, which is included in turn in the total anergy term. 
Hence, by simply measuring pressure and temperature, this viscous effect can be taken into 
account, leading to accurate wake reduced formulations even when the survey plane is close 
to the body. 
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2nd Part:  
 

Theoretical Development of a Wake-
Reduced Exergy Formulation 
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Chapter 3  
 
Exergy Breakdown 

In this chapter, the core of the wake-reduced exergy formulation will be developed in a multi-
step procedure. Firstly, the Arntz equations will be used to establish a family of exergy-based 
characteristic curves which become the benchmark for the remaining research. Then, the 
flow field is analyzed based on the Arntz equations in order to find the physical origins of the 
exergy components. Here, the need of decomposing the flow field is justified which is carried 
out later on by developing a velocity decomposition method suited for the exergy analysis. 
Finally, this velocity decomposition technique is combined with the Arntz equations in order 
to perform an exergy breakdown that is the starting point of the wake-reduced exergy 
analysis. 
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3.1 Introduction 

3.1.1 Research stages 

The research presented in all the chapters of this part, follows a systematic approach to the 
complex task of developing the wake-reduced exergy formulation. This systematic research 
has been organized in several stages that paved the way towards the final formulation:  
  
• Stage 1: exergy-based characteristic curves 
• Stage 2: identification of the exergy’s physical origins 
• Stage 3: velocity decomposition method 
• Stage 4: exergy breakdown 
• Stage 5: bringing the survey plane close to the body 
• Stage 6: modified Arntz equations 
• Stage 7: exergy-based wave drag extraction 
• Stage 8: wake-reduced transverse exergy 
• Stage 9: exergy-based vortex drag definition 
• Stage 10: lift-dependent drag in 2D cases 
• Stage 11: lift and vortex drag 
• Stage 12: wake-reduced propulsive exergy 
 
This chapter only presents the stages 1 to 4 and the related theoretical concepts have been 
published in the references [11], [15], [16]. Hereafter, just an organized synthesis is 
presented but further details are available in those references. 

3.1.2 CFD data 

Throughout this manuscript, CFD data will be used for the development of the formulation 
and other applications. Details about these test cases (Geometry, mesh, solver settings, 
convergence and validation) are presented in Appendix A. 

3.2 Survey plane-based Arntz equations 

The original Arntz formulation was developed for the analysis of CFD data. That is why the 
surface integrals are defined at the entire external surface of the domain (i.e., “ + +

”). Nevertheless, we are looking for a wake-reduced expression, which requires 
integrating data at the wake region of the outlet surface only. In order to achieve that, the 
Arntz equations must be expressed beforehand as an infinite outlet surface integral (i.e., 
“ ” only). In particular, the integration domain of the mechanical exergy terms (Equation 
(1.4)) and the anergy (Equation (1.9)) can be reduced to the outlet survey plane if we 
assume that the inlet and lateral surfaces are far away from the model, and that the infinite 
upstream flow has no transverse velocity components. This allows writing:  
 

 =  ( − ) ( ∙ )
   (3.1) 

 

 = ( + )( ∙ )   (3.2) 

 

 = − [( − ) ∙ ]   (3.3) 
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 = 0   ( ∙ )  (3.4) 

 
For the thermal exergy (Equation (1.8)), the same approach will be retained, however, an 
alternative expression (also provided by Arntz [9]) will be used. This alternative expression 
decomposes the thermal exergy into its pure temperature and pressure components as 
follows: 

 = +  (3.5) 

 
Where: 
 

 =    ( ∙ ) 1 −
 

 
 

 −    ( ∙ )  (3.6) 

 

  = 1 −
 
 

 
( ∙ ) −    ( ∙ )  (3.7) 

 
The interest of using this expression will be evident later, in the next Chapter, since this 
definition of thermal exergy will be reviewed. 
 
Moreover, the wave anergy calculation of Equation (1.15) requires performing an integral on 
the surface enclosing the shockwave “ ”. For simplicity, this will be replaced a volume-
based integral of the shockwave volume “ ”, which is achieved by applying the divergence 
theorem as follows: 
 

 =  0   ( ∙ )   =  . (    )    (3.8) 

 
The remaining equations of the Arntz method rest unchanged.  

3.3 Stage 1: exergy-based characteristic curves 

In this section the survey plane based Arntz equations will be implemented to establish a 
series of characteristic curves for 2D and 3D bodies. The main objective is to compare the 
new characteristic curves against those obtained by classical means (Near-field method –
NFM- or far-field method –FFM-). It will be demonstrated that the exergy-based characteristic 
curves provides the same baseline information that the classical curves, however, it adds 
new interesting physical information and concepts that are of great importance for design 
purposes. 
 
Hereafter, the coefficients of drag, exergy and anergy will be extensively used, and they are 
respectively defined as follows: 

 =  
  

  (3.9) 

 

 =  
  

  (3.10) 

 

 =  
  

  (3.11) 
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The drag coefficient values are presented in drag counts, defined as one ten thousandth of 
CD (1dc = 0.0001 CD). The exergy-based drag coefficient will be displayed in “power counts” 
(pc), defined as one tenth thousandth of “ ”, i.e., 1pc = 0.0001  (The same applies for 
the exergy/anergy coefficients). Since the exergy-based drag coefficient is equivalent to the 
force-based drag coefficient, the power counts and drag counts units will be used 
interchangeably throughout this manuscript. 
 
CFD data of a NACA 0012 airfoil and a rectangular wing (with aspect ratio 8 and the same 
airfoil) were used as test cases to implement the near field, far-field and exergy formulations 
in order to generate the related characteristic curves. Firstly, the cases have been analyzed 
for several angles of attack at M=0.3 and Re=3x106. Later, the angle of attack was fixed at 
α=0° and the Mach number varied from 0.3<M<0.8. For FFM, the survey plane was placed at 
x/C=1 (standard practice [122]) and for exergy at x/C=0 (Since the exergy level is at a 
maximum at the trailing edge). Hereafter, the FFM used will be the Meheut method [122]. 

3.3.1 Varying angle of attack 

3.3.1.1 2D cases (NACA 0012/M=0.3) 

The drag force acting on a 2D body at varying angle of attack is the classical characteristic 
curve widely used in industry and research, thus, it will be studied first. Figure 3-1-left shows 
the airfoil’s drag coefficient obtained by several methods, where a reasonable agreement is 
found regardless the completely different physical ways to calculate the drag value. Now that 
we have confirmed that these methods are comparable, we can tackle the drag breakdown. 
The near-field drag breakdown curves are shown in Figure 3-1-right, where the total drag 
was decomposed into its pressure and friction terms based on Equation (2.5). However, 
analyzing those curves is not straightforward and usually requires taking a look at the 
pressure and friction surface distributions in order to understand the related variations with 
the angle of attack which is not practical for design purposes. Moreover, in complex 
configurations this task can be very difficult and also, when a configuration has strong 
interactions of “buoyancy” type between different components, the near-field drag value can 
be misleading. This aspect will be covered in detail later in Part 3.   

 
Figure 3-1: airfoil drag coefficient for several methods (left) and NFM drag breakdown (right) 

Figure 3-2-left shows the drag obtained by the Meheut’s far-field method of Equation (2.39). 
For 2D subsonic cases, the total drag cannot be further decomposed based on the far-field 
method. However, one may argue that the different terms of Equation (2.39) could also be 
plotted, but, since this expression was obtained by a small perturbation approach, these 
terms are rather mathematical than physical. 
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Figure 3-2-right shows the exergy-based drag breakdown for the Arntz method. This time, a 
comprehensive drag decomposition is achieved. The anergy curve shows the part of the 
energy that has been already consumed (mainly by viscous dissipation). Moreover, the 
difference between the drag curve and the anergy curve gives the total remaining exergy, 
i.e., the amount of energy that can still be recovered. If this exergy is valued, then the 
resulting drag would be actually reduced and it will be equal to the anergy. Hence, the total 
exergy highlights the room for improvement and the theoretical limits. This information is key 
for engineering applications. Moreover, the exergy analysis allows performing a further 
breakdown of this total exergy into its mechanical and thermal components. This gives a clue 
about the method to be implemented to recover that exergy: the mechanical exergy can be 
recovered by using mechanical devices whereas the thermal exergy can be recovered by 
using thermal devices. Then, by simply looking at these curves, a lot of practical information 
can be gathered which highlights the power of the exergy method. 

 
Figure 3-2: airfoil drag coefficient breakdown by FFM (left) and exergy (right) 

Figure 3-3-left shows the total anergy breakdown into its viscous and thermal sources, which 
confirms the fact that anergy has been mainly generated by viscous phenomena. 

 
Figure 3-3: breakdown of anergy (left) and mechanical exergy (right) 

Figure 3-3-right shows the mechanical exergy breakdown. It must be noticed that the 
pressure exergy is negative whereas one may expect having positive values (because 
exergy is a recoverable energy quantity, thus, positive). In fact, this term is negative due to 
the pressure-velocity coupling. The axial and transverse velocity perturbations lead to 
positive exergy quantities as expected, but, part of this velocity perturbations has been 
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generated by pressure-velocity coupling, then the pressure terms must be negative to 
compensate this pressure-driven uncrease of velocity. In fact, the mechanical exergy is the 
net recoverable quantity, thus, the three components must be analyzed simultaneously 
instead of separately.  

3.3.1.2 3D cases (Wing/M=0.3) 

For 3D cases the curves are essentially of the same type but some differences arises. Firstly, 
the drag values for the three methods are compared in Figure 3-4-left where again a 
reasonable agreement in found. On the other hand, the related near-field breakdown is 
shown in Figure 3-4-right which essentially remains similar to the 2D case (with all its related 
drawbacks). Note that pressure drag is not zero at α=0° due to the boundary layer 
displacement thickness effect (This will be covered in detail in Chapter 4).Moreover, by 
simply looking at the NF curves it is difficult to judge if a 2D or a 3D body is being analyzed 
since the vortex drag is hidden inside the pressure term. 

 
Figure 3-4: Wing drag coefficient for several methods (left) and NFM drag breakdown (right) 

Figure 3-5-left shows the far-field method breakdown. It clearly separates the vortex drag 
from the viscous drag which is very convenient for design purposes.  

 
Figure 3-5: wing drag coefficient breakdown by FFM (left) and exergy (right) 

However, for the NFM and the FFM drag is just drag, but for the exergy method drag is a 
quantity that can still be reduced if the exergy is recovered. For 3D cases the related 
recoverable energy is very large as shown in Figure 3-5-right. This massively changes the 
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perspective of an aerodynamicist about the drag reduction possibilities: before the existence 
of the exergy method the drag reduction relied on the intuition of the aerodynamicist whereas 
now, with the exergy method, the drag reduction limits are known (for a given body) and also, 
the way to follow in order to recover this energy is far clearer. Furthermore, as it will be 
demonstrated later on (in Part 4), the new wake-reduced exergy formulation will also allow 
relating the body geometry features with the sources of exergy, which massively simplifies 
the redesigning task. This will enable an exergy based optimization discipline, which will not 
be covered in this manuscript, but that will exploit the theories developed here.  

On the other hand, the relative contribution of the anergy breakdown components of Figure 
3-6-left hasn’t changed from 2D to 3D, but the mechanical exergy breakdown of Figure 3-6-
right presents a major change. The axial and pressure exergies remains similar to the 2D 
case but the transverse exergy is now far bigger. This is because the transverse exergy 
contains the vortex drag. Since exergy is a recoverable quantity one may think that the 
vortex drag is also fully recoverable. In Chapter 5 it will be shown that this is not true. 

 
Figure 3-6: breakdown of anergy (left) and mechanical exergy (right) 

3.3.2 Varying Mach number 

Figure 3-7-left shows the Mach number dependence of the profile drag values of the NACA 
0012 airfoil at α=0° for several methods, where a reasonable agreement is found. 

 
Figure 3-7: airfoil drag coefficient for several methods (left) and NFM drag breakdown (right) 



 
 

Exergy Breakdown   
 

60 

The related NFM drag breakdown is shown in Figure 3-7-right, where the pressure drag 
presents a drag rise at the transonic regime. This means that the pressure component also 
includes the wave drag term (as well as the vortex drag in 3D cases) which makes the 
aerodynamic analysis difficult. That is why a further breakdown would be required by using 
the Schmitt method [185]–[188] (not covered here).  

The far-field drag breakdown is shown in Figure 3-8-left, where the Kusunose method was 
implemented for wave drag extraction from the wake data. This clearly separates the viscous 
part from the wave part.   
 
Figure 3-8-right shows the exergy-based drag breakdown, where the shockwave effect is 
included within the total anergy term. Its related anergy breakdown of Figure 3-9-left clearly 
separates the wave component from the viscous and thermal anergy originated at the 
boundary layer. However, in Figure 3-8-right a weird behavior is found for the mechanical 
exergy term that becomes negative, which is counterintuitive and misleading. By observing 
its breakdown in Figure 3-9-right the origin of the problem is found: the mechanical exergy 
becomes negative due to the large negative pressure exergy values. This issue will be 
solved later by redefining the Arntz equations. 
 

 
Figure 3-8: airfoil drag coefficient breakdown by FFM (left) and exergy (right) 

 

 
Figure 3-9: breakdown of anergy (left) and mechanical exergy (right) 
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3.3.3 Exergy-based lift-to-drag ratio 

The energy recoverability concept related to the exergy analysis redefines the classical lift-to-
drag ratio that is given by: 

 = = =   (3.12) 

 
Since the exergy can be theoretically fully recovered, drag can be further reduced and its 
minimum value will only be given by the anergy. This allows defining an “exergy-based lift-to-
drag ratio” as follows: 

 ( / ) =   (3.13) 

 
The physical meaning of this new parameter is best observed in the characteristic curves of  
Figure 3-10 (left and right) since it defines the theoretical maximum limit value of the lift-to-
drag ratio for a given geometry, if a full exergy recovery had taken place. Then, the 
difference between “( / ) ” and “ / ” represents the room for improvement. 

 
Figure 3-10: classical and exergy-based lift-to-drag ratio for the airfoil (left) and wing (right) 

We can bring the concept even further away, by including it into the exergy-based range 
equation that was defined by Arntz [9] as follows: 
 

 = =   (3.14) 

 
Where “ ” is the exergy-based specific fuel consumption, “ ” and “ ” are the 
initial and final aircraft weights. Note that this equation is an exergy version of the well-known 
Breguet’s range equation [77]. Then, by introducing the “( / ) ” concept we can get the 
theoretical maximum range limit as follows, which represents the maximum range that an 
aircraft can achieve if the total available exergy is fully recovered: 
 

 = = ( / )    (3.15) 

 
As a summary, the stage 1 introduced the baseline exergetic characteristic curves that will 
be used throughout this research. These curves provide the margin of improvement for a 
given aircraft design. This has ultimately led to the “( / ) ” concept and the related 
maximum theoretical range. 

M=0.3/Re=3x106 M=0.3/Re=3x106 
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3.4 Stage 2: identification of the exergy’s physical origins 

In this section a flow visualization of each component of the mechanical exergy is carried out. 
This help to understand the behavior of each component and how one affects the other. Most 
importantly, it is demonstrated that the mechanical exergy’s flow physics is very different at 
the inviscid region with respect to the viscous region. This identifies the physical sources of 
the exergy which helps to understand the energy recovery possibilities. 

3.4.1 Flow visualization of the mechanical exergy terms 

Let’s analyze first the axial kinetic exergy term “ ” of Equation (1.5). Since the integrand of 
this equation is related to the perturbations of the axial velocity, it is easier first to analyze the 
axial velocity field, then its perturbation field and finally the axial kinetic exergy field. The axial 
velocity field for a NACA 0012 airfoil at α=0° and M=0.3 is shown in Figure 3-11. Also, a 
survey line (cyan) is included to get the axial velocity distribution (white curve). This axial 
velocity profile shows the classical velocity deficit inside the viscous wake as well as a slight 
velocity variation outside the wake. The viscous region is one of the parts that will be 
analyzed hereafter. The other two regions of interest that must be identified are the 
stagnation point at the leading edge and the high-velocity region at the maximum airfoil 
thickness zone. These three regions will be identified in the mechanical exergy field. 
 

 
Figure 3-11: axial velocity field 

Now let’s analyze the axial velocity perturbation field of Figure 3-12. The distribution along 
the survey line still shows the strong velocity deficit at the viscous wake surrounded by a 
slight velocity perturbation region that is linked to the potential velocity field. The high-velocity 
region and the stagnation point are also visible.  
 

 
Figure 3-12: axial velocity perturbation field 
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Finally, let’s take (point by point on the entire field) the square of the local axial velocity 
perturbation and multiply it by the local mass flow rate in order to get the axial kinetic exergy 
field of Figure 3-13. Its distribution along the survey line still presents a peak related to the 
viscous region, surrounded by a slight exergy value on the inviscid region (associated to the 
potential flow perturbation). Moreover, the stagnation region and the high-velocity regions are 
also identifiable.  

 
Figure 3-13: axial kinetic exergy field 

It is observed that the axial kinetic exergy field is zero (or negligible) everywhere except at 
the three mentioned regions. According to the current exergy’s state-of-the-art, all these 
exergy regions are fully recoverable, nevertheless, it will be demonstrated that not all this 
exergy is recoverable. In order to explain this, the other terms of the mechanical exergy must 
be studied beforehand since they are interrelated.  

By following a similar reasoning, the transverse exergy field can be built up and interpreted 
as shown in Figure 3-14. In this case with zero angle of attack, the transverse exergy at the 
viscous wake is negligible. The only non-zero transverse exergy regions are present at the 
places where the flow suffers velocity perturbations normal to the upstream flow direction, 
like nearby the leading/trailing edges. These are perturbations of pure inviscid origin 
(potential flow region). 
 

 
Figure 3-14: transverse kinetic exergy field 

On the other hand, the pressure exergy field is shown in Figure 3-15. Since this field is driven 
by the pressure-velocity coupling, it will be non-zero at the places where a perturbation of 
pressure and velocity occurs at the same time. That is why there are three inviscid zones 
with a given pressure exergy: around the leading edge, the maximum airfoil thickness region 
and the trailing edge. Also inside the viscous zone there are positive and negative regions. 
The “ ” sign inside the viscous zone is driven by the sign of the local pressure coefficient. 

 =  ( ∙ ) 

 =  ( + )( ∙ ) 
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However, our region of interest is the wake. As shown by the pressure exergy distribution 
along the survey line, again, there is a negative peak in the viscous zone, surrounded by a 
slightly negative pressure exergy zones at the inviscid region.  
 

 
Figure 3-15: pressure exergy field 

By combining the previous exergy fields, the mechanical exergy field can be built up as 
shown in Figure 3-16. Along the survey line, the viscous exergy peak and the potential 
exergy distributions can be identified. Hence, the mechanical exergy at the survey plane has 
two distinct regions, the viscous and inviscid (or potential) which are merged together in a 
real flow. In fact, as first approximation, the viscous profile is “mounted” on the top of an 
inviscid profile. Moreover, the inviscid distribution has a negative zone close to the wake but 
a positive zone far away, whereas the viscous mechanical exergy is always positive.  
 

 
Figure 3-16: mechanical exergy field 

Another interesting aspect is that there are large regions of positive and negative mechanical 
exergy around the airfoil in the inviscid region. The evident question is: why there are regions 
of negative exergy and what it means? This question is better answered in Figure 3-17, 
where the mechanical exergy is shown along a streamline lying on the inviscid region. It is 
noticed that the mechanical exergy far upstream is zero, which could be interpreted as a total 
absence of recoverable energy, thus it should be impossible to do some work. However, the 
flow particle must go around the airfoil which implies performing some vertical movements, 
i.e., to do some work. Since the flow is isoenergetic, the only way to do that work is by locally 
redistributing the mechanical exergy components in order to have the required energy to do 
the work when it is required. This redistribution leads to local zones with negative exergy and 
others with positive exergy, but the overall exergy should be zero (since it is an isoenergetic 
flow, at least, in the inviscid region). In the negative regions, the pressure exergy prevails 
(because “ ” is always a negative field outside the boundary layer), which means that 
energy is converted from velocity to pressure. This happens for example at the stagnation 
region of the leading edge. Then this locally stored pressure energy is used to move the 

 = ( − )[( − ). ] 

 = + +   
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particle upwards to go around the leading edge. Afterwards, another negative region arises 
which stores the pressure exergy to be used later on to bring the flow particle downwards (in 
order to contour the rear part of the airfoil) and so on. Note that at the end of the process (i.e. 
downstream of the streamline) the magnitude of the local mechanical exergy is back to zero 
since no energy has been exchanged between the airflow and the body.  

 
Figure 3-17: mechanical exergy along an inviscid streamline 

In fact this evolution of the mechanical exergy is solely related to the inviscid perturbation 
introduced by the airfoil to the baseline airflow. A simple way to visualize it is by using the 
classical analogy between the potential flow and the electric potential field. Indeed, the case 
that we are studying is an isentropic incompressible flow which leads to a potential flow. 
Since a potential flow and the electric potential field are ruled by the same governing 
equation ( = 0), a comparison can be made between both fields. This was exploited by 
Relf & Bryant [132], [190] to experimentally visualize the potential flow as sketched in Figure 
3-18-left. The equipment consists of an insulated box filled with water, where the two 
opposite faces have electrodes (metal plates) connected to a battery. This empty field gives 
straight equipotential lines which can be interpreted as a uniform unperturbed potential flow. 
In Figure 3-18-right, the same setup is kept but this time a metal airfoil is introduced into the 
water. Its presence perturbs the electric potential field giving equipotential lines that are 
equivalent to the potential flow around an airfoil without circulation (note that the stagnation 
points are on the upper and lower surfaces of the airfoil). The energy level of the flow (given 
by the battery tension) has been kept constant in both experiments. Then, the perturbations 
of the equipotential lines do not require an external source of energy, i.e., the airfoil do not 
spent energy in order to perturb the flow. That is why the mechanical exergy of the flow starts 
and finishes at zero level. 

 
Figure 3-18: baseline empty configuration (left) and with a metal airfoil (right) 
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3.4.2 Isentropic and non-isentropic origins of the mechanical exergy 

For a streamline lying on the inviscid region, there are local non-zero values of mechanical 
exergy. These exergy perturbations have been created by a pure pressure-velocity coupling 
mechanism which is inviscid by nature. Hence, the related exergy perturbations have been 
created by an isentropic process. That is why the exergy available at the inviscid zone can 
be called “isentropic exergy” to highlight the fact that an isentropic process has taken place 
to generate the related perturbations. As shown before in Figure 3-17, if the flow along the 
streamline remains isentropic (i.e., no losses), the exergy level goes back to zero 
downstream. This means that, for a pure isentropic process, the local non-zero isentropic 
mechanical exergy available at a given survey point is “self-recovered” downstream. In fact, 
this local non-zero isentropic exergy is nothing more than a redistribution of the mechanical 
exergy of the flow (in order to contour the obstacle) and the related net exergy value must be 
zero. Hence, the integral of the isentropic mechanical exergy at the survey plane is expected 
to be zero, which will be confirmed later in this research.  

If we consider this time a streamline that penetrates into the viscous region, the situation 
described above will partially change. As shown in Figure 3-19, such a streamline presents 
the same characteristics as before when it is still outside the boundary layer, i.e., where pure 
isentropic phenomena exist. However, once the streamline penetrates into the viscous zone, 
the mechanical exergy increases becoming positive. It remains positive all along the wake 
but ultimately return to zero far downstream by viscous dissipation (i.e., anergy generation).  

 
Figure 3-19: mechanical exergy along two different streamlines 

In reality, the isentropic behavior is still present but it is masked by a new effect: the 
generation of exergy by viscous phenomena. Indeed, the vorticity lying inside the boundary 
layer will generate exergy according to the Crocco’s theorem of Equation (2.36). This exergy 
is generated by a viscous phenomenon; hence, it is of non-isentropic origin. That is why we 
define hereafter the “non-isentropic exergy” as the exergy created by non-isentropic 
phenomena (in this case is the vorticity but it could be a shockwave as well). Since this non-
isentropic exergy has been created by vorticity, and both quantities are convected with the 
flow, any dissipation affecting the vorticity downstream will also affect the local non-isentropic 
exergy. Less vorticity (due to dissipation) will imply less non-isentropic exergy. Then it is 
clear that the anergy generation along the viscous zone will only affect the non-isentropic 
component. Hence, the non-isentropic exergy is a truly “recoverable” quantity. If its potential 
is not valued, it will be converted into anergy downstream through dissipation phenomena. 

Based on the previous discussion, we have identified two different sources of exergy: 

• Isentropic exergy: it is the local exergy created by an isentropic process. Since it is just a 
local redistribution of the overall exergy, the net related recoverable exergy is zero. It can be 
also interpreted as that the local available isentropic exergy is self-recovered downstream. 
• Non-isentropic exergy: it is the exergy created by a non-isentropic process (viscous or 
wave) and it is a recoverable quantity. 
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Here is worth mentioning that this decomposition of the exergy into its isentropic and non-
isentropic sources do not put into question the characteristic curves presented before, which 
provide the net recoverable exergy quantity. This will be demonstrated later.  
 
As a final remark, the non-isentropic mechanical exergy is the net exergy that can be 
recovered and this is the quantity that must be really observed when a flow field is analyzed. 
In fact, analyzing its separated components without taking into consideration the other 
components can be misleading. For example, the total non-isentropic axial exergy that can 
be recovered (given by its peak in Figure 3-20) would give an over prediction of the real 
recoverable mechanical exergy, simply because a part of the “ ” peak is related to the 
pressure-velocity coupling, which includes the “ ” peak (that is opposite in sign). Then the 
real recoverable amount of exergy is given by the non-isentropic mechanical exergy. 
Analyzing its components is useful just to identify the sources of exergy and how to recover 
it. For example, in Figure 3-20, the non-isentropic mechanical exergy is given mostly by the 
axial perturbations, and then an axial energy recovery device must be implemented in this 
case (e.g., BLI). 

 
Figure 3-20: breakdown of the mechanical exergy distribution along the survey line 

Note that, at a given survey plane position, the same vorticity that has created exergy has 
also created anergy (related to the viscous and thermal dissipation that has taken place 
upstream of the survey plane). Then, it is clear that a link exists between vorticity, exergy and 
anergy. This aspect will be deepened later.  

As a summary, the stage 2 has introduced the very important concepts of “isentropic exergy” 
and “non-isentropic” exergy. These ideas will settle the theoretical base for the development 
of the new wake-reduced exergy formulation. 

3.5 Stage 3: velocity decomposition method 

In the previous section the isentropic and non-isentropic components of the mechanical 
exergy were identified by performing a flow analysis. In the next two sections, that work will 
be mathematically formalized in order to provide a formulation where each component could 
be properly identified. The first step in this direction is to develop a new velocity 
decomposition method. 

As identified during the bibliographical research, the current existing velocity decomposition 
methods considers that only the axial velocity can be decomposed into its isentropic and 
non-isentropic components. In all these works, that approach was motivated by the fact that 
the related profile drag formulation only deals with axial velocity components, thus a 
breakdown of the axial velocity was only required. However, our objective is to decompose 
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the Arntz equation, which includes all the three velocity components. Then a more generic 
velocity decomposition is required. 

In fact, the need for breaking down all the velocity components is based on physical 
observation as shown in Figure 3-21. Indeed, outside the viscous region the three velocity 
components are fully isentropic since a flow particle has followed a pure isentropic process 
along the streamline. Nevertheless, inside the viscous region, a particle has suffered some 
non-isentropic process along its streamline path, so the three local velocity components are 
given by isentropic and non-isentropic contributions. Hence, a full three-component velocity 
breakdown must be developed. 

 
Figure 3-21: Isentropic and non-isentropic parts of the velocity components 

The starting point of this new development will be the original Meheut’s approach [122]. As 
shown in Equation (3.16), it uses a classical isentropic equation relating the static pressure 
with the velocity components. Here, Meheut introduced the assumption that only the x-
velocity component can be considered as isentropic (i.e., the “ ∗ ” term), whereas the other 
components (“ +  ”) are just total components. 
 

 
∗

= 1 +
− 1
2

 1 −
 ∗ +  +  

 
  (3.16) 

 
In our approach we will retain the use of this classical isentropic equation but no assumptions 
will be made, i.e., the isentropic static pressure is related to the isentropic velocity magnitude 
as shown in Equation (3.17). 
 

 
∗

 = 1 +
− 1
2

 1 −
 ∗

 (3.17) 

 
Note that this equation considers that the three velocity components are isentropic. In fact, it 
can be re-expressed as follows: 

 
∗

= 1 +
− 1
2

 1 −
 ∗ +  ∗ +  ∗

 
 (3.18) 

 
Now an assumption is introduced. The isentropic static pressure is assumed to be almost 
identical to the real static pressure, i.e.: 
 
 ≈ ∗ (3.19) 

 
This assumption is based on physical observations. Indeed, as shown in Figure 3-22, the 
static pressure field is not affected by viscous effects since its related iso-contour lines 
traverses the viscous region (delimited by curves in violet) without suffering any visible 
distortion. The “ ” iso-lines are smooth curves.  
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Figure 3-22: Static pressure coefficient field (α=6° ∕M=0.3) 

Indeed, any distortion of the iso-contour lines is an indicator of the presence of viscous (or 
wave) effects as shown in Figure 3-23. Here, the w-velocity field is shown and its related iso-
contour lines are kinked across the wake region (drawn with white lines) which reveals the 
existence of a viscous zone. Then, it can be said that the iso-contour distortions are the trace 
of the existence of a non-isentropic effect.  With this confirmation in mind, we go back to 
Figure 3-22 to further analyze the iso-Cp contours. Here, a black survey line was included 
and the distribution of the Cp gradient along this line is drawn. The gradient of any parameter 
will immediately highlight any distortion of the field, but, as shown, only a very small kink is 
observed. This means that the viscous (or non-isentropic) effects on the static pressure field 
are absolutely negligible and then, the static pressure field can be considered identical to the 
isentropic static pressure field. Note that this observation is also in line with the classical 
Blasius boundary layer assumption (static pressure constant across the viscous region for a 
flat plate) [95]. 

 
Figure 3-23: w-velocity field (α=6° ∕M=0.3) 

Hence, Equation (3.17) can be rewritten as follows: 
 

 = 1 +
− 1
2

 1 −
 ∗

 
 (3.20) 

 
Finally, this equation can be re-arranged to compute the isentropic velocity magnitude from 
the static pressure field: 

 ∗ = 1 −
2

( − 1) 

( )

− 1    (3.21) 

 
In order to better understand the physical meaning of this expression, the isentropic velocity 
field is compared against an actual velocity field in Figure 3-24. It can be noticed that the 
isentropic velocity component takes away all the non-isentropic related phenomena, leaving 
only a pure isentropic flow (that is comparable to the potential flow in incompressible regime). 
As we know from the background theory [95], the potential field has no drag associated with 

   

 

    



 
 

Exergy Breakdown   
 

70 

it. Then it is expected that this isentropic velocity field will also lead to a flow field without 
drag. We will confirm this in the next section. 
 

 

 
Figure 3-24: actual (top) and isentropic (bottom) velocity magnitude fields (α=6°/M=0.3) 

Up to this point, we have achieved our objective: we have an expression allowing 
determining the isentropic velocity field (i.e., Equation (3.21)). However, this expression 
requires measuring the static pressure field, which is not a wake-reduced parameter. Rather, 
it would be more convenient to use the total pressure as an input parameter. This problem 
can be circumvented by using a classical isentropic relation between the static and total 
pressure [122] as follows: 
 

 = ∗ ( ) (3.22) 

 
Where: 
 

 = 1 +
− 1
2

1 −  (3.23) 

 
Note that also the total temperature ratio is now required but it is a wake-reduced parameter, 
hence, it agrees with our objective (wake-reduced formulation). Finally, by introducing 
Equation (3.22) into (3.21) we get the final expression of the isentropic velocity: 

 ∗ = 1 −
( ) 

( )

∗ − 1   (3.24) 

 
However, up to this point we just have the isentropic velocity magnitude but not its 
components. In order to determine the isentropic velocity components a major assumption 
will be made: the isentropic velocity vector is assumed to be aligned with the actual velocity 
vector. This assumption is based on physical grounds because any loss that occurs in the 
flow field is convected with the flow, i.e., with the actual velocity vector. Since the losses are 
related to the non-isentropic velocity vector, we can argue that the non-isentropic velocity 
vector is aligned with the actual velocity vector. Then the isentropic velocity vector will also 
be aligned with the actual and non-isentropic vectors (valid only for attached flows). 
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This assumption allows us to exploit the direction angles of the actual velocity vector to 
define the direction angles of the isentropic velocity vector (which are identical), as shown in 
Figure 3-25 and Equation (3.25). 
 

 
Figure 3-25: velocity vector components. 

 

 

=
2 + 2

 

=

=

 (3.25) 

 
Then, the isentropic velocity components are given by:  
 
 ∗ = ∗ ( ) ( ) (3.26) 

 
 ∗ = ∗ ( ) ( ) (3.27) 

 
 ∗ = ∗ ( ) (3.28) 

 
Finally, the non-isentropic velocity components are given by: 
 
 = − ∗ (3.29) 

 
 ̅ = − ∗ (3.30) 

 
 = − ∗ (3.31) 

 
In order to understand the physical meaning of the isentropic and non-isentropic 
components, two flow field analyses are made, one under subsonic conditions and another 
at transonic conditions.   

The subsonic analysis is shown in Figure 3-26. The distribution of the actual x-velocity 
component “ ” includes all the physical phenomena at the same time. The isentropic part 
“ ∗” takes away all the loss generating phenomena, leaving a pure isentropic flow that is 
equivalent to a potential field in this subsonic condition. In fact, no boundary layer or viscous 
wake is present in this field. All the loss generating phenomena has been sent to the non-
isentropic velocity component “ ”. Since the viscous losses are responsible for the velocity 
deficit in the actual flow, it is expected that the non-isentropic velocity field will have negative 
values inside the boundary layer and viscous wake. Also, since no losses occur outside the 
viscous zone, the related non-isentropic velocity will be zero over the purely inviscid zone. 
Hence, the isentropic field gives the baseline potential field on the top of that the losses are 
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added by the non-isentropic field, which ultimately gives the actual velocity field.   

 
 Figure 3-26: axial velocity field and component distributions along survey line (α=0° ∕M=0.3) 

In transonic conditions (Figure 3-27) the analysis is basically the same but what changes 
now is that the non-isentropic velocity component also includes the velocity deficit at the 
shockwave wake, because the shockwave is a loss generating element. Furthermore, the 
isentropic velocity field is no longer equivalent to a potential flow but rather to an Euler 
inviscid solution (which is also related to a flow field without drag for 2D cases). 
 

 
Figure 3-27: axial velocity field and component distributions along survey line (α=0° ∕M=0.8) 

In this section we have developed a new velocity decomposition method that takes into 
account the three velocity components for the breakdown and that can be computed from 
wake-reduced parameters (total pressure and total temperature). This velocity breakdown 
allows separating the entropy generating phenomena from the baseline isentropic flow. The 
only two assumptions required by the method are the following: a) The static pressure field is 
considered to be identical to the isentropic static pressure, and b) the isentropic velocity 
vector is considered to be aligned with the actual velocity vector. The first assumption is very 
robust but the second is not considered valid inside regions of detached flow (this is a 
subject for further study). 
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3.6 Stage 4: exergy breakdown 

The velocity decomposition previously developed will be implemented into the Arntz 
equations in order to generate a breakdown of the exergy formulation. This breakdown will 
be at the core of the new wake-reduced exergy formulation  

3.6.1 Temperature and density decomposition 

Since the exergy formulation also contains density and temperature, these terms must also 
be decomposed beforehand. Indeed, the static temperature iso-contours suffers a significant 
distortion across the wake as shown in Figure 3-28 which put into evidence the trace of a 
non-isentropic phenomena in this field. Thus, the static temperature field must be 
decomposed and the same applies for the density field. Indeed, density is related to the 
static pressure and static temperature field though Equation (3.32). The “ ” field is not 
affected by the entropy generating phenomena but the “ ” field is affected. Then, the density 
field is also affected and requires a decomposition.  
  

 =
 

 (3.32) 

 

 
Figure 3-28: static temperature field (α=0° ∕M=0.3) 

The decomposition of the static temperature and density is achieved by using classical 
isentropic relations as shown in Equations (3.33) and (3.34), where the respective isentropic 
fields are related to the isentropic velocity (which is now a known parameter). 
 

  ∗ = 1 +
− 1
2

 1 −
 ∗

 
 (3.33) 

 

 ∗ = 1 +
− 1
2

 1 −
 ∗

 
 (3.34) 

3.6.2 Exergy breakdown 

For the following theoretical development, the survey plane-based exergy equations of Arntz 
will be used (Equations (3.1) to (3.8)). Also, hereafter, the survey plane will be considered to 
be normal to the upstream flow direction which allows expressing the “( ∙ )” term simply as 
“u”.  

We will start our discussion with the mechanical exergy components which are given by 
Equations (3.1) to (3.3). In order to obtain the isentropic part of the field, all the aero-



 
 

Exergy Breakdown   
 

74 

thermodynamic parameters involved in these equations must be replaced by its isentropic 
components as follows: 

 ∗ =
1
2

∗( ∗ − )  ∗  (3.35) 

 

 ∗ =
1
2

∗( ∗ + ∗ ) ∗  (3.36) 

 

 ∗ = − ( ∗ − )  (3.37) 

 
The related non-isentropic part is then obtained by simply subtracting the isentropic 
component from the actual exergy fields: 
 
 = − ∗ (3.38) 

 
 = − ∗ (3.39) 

 
 = − ∗ (3.40) 

 
Finally, the isentropic and non-isentropic components of the mechanical exergy are given by: 
 
 ∗ = ∗ + ∗ + ∗ (3.41) 

 
 = − ∗  (3.42) 

 
Previously we have deeply discussed the physical meaning of the mechanical exergy field. 
We are now going to analyze the impact of the decomposition on the mechanical exergy for 
2D subsonic and transonic cases in order to bring out the physical meaning of each 
breakdown component.   

The subsonic breakdown is shown in Figure 3-29. As expected, the isentropic component 
only retains the baseline flow without the effect of the losses and it is equivalent to a potential 
flow (under incompressible flow conditions). The isentropic field presents positive and 
negative zones due to the redistribution of the mechanical exergy. However, as mentioned 
before, the net mechanical exergy integrated at a given downstream survey plane must be 
then zero, hence, no drag is associated to this field (because it is a potential flow). This 
affirmation is exact for a 2D flow without circulation but approximate under lift conditions. 
This subject will be deeply analyzed later on, during the study of lift-induced drag. At this 
point, the reader must only retain the fact that the 2D circulation effects will be included in 
this 2D isentropic field, which leads to a small non-zero drag value, even in potential flow.  

On the other hand, the non-isentropic field will only retain the effects related to the losses. 
That is why this field is zero everywhere except at the boundary layer and the wake, because 
at the inviscid zone the flow is isentropic and then no losses are generated. At the boundary 
layer and the wake, the non-isentropic mechanical exergy becomes positive since the related 
vorticity will generate exergy according to the Crocco’s law of Equation (2.37) (the vorticity 
also generates anergy, although the anergy is not included in this field). This is the exergy 
that has been generated by non-isentropic phenomena and then it is a recoverable quantity. 
Hence, its survey plane integral quantifies the amount of power that can still be recovered (if 
not valued, it will become a loss). For most external aerodynamic applications there are no 
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energy recovery devices, so, this integral represents the part of the drag that resulted from 
the wasted opportunity to do some useful work. Finally, since the value of this field is zero 
outside the wake, its survey plane integral can also be reduced to the wake. This is the main 
concept at the core of the wake-reduced exergy formulation. 
 

 

 

 
Figure 3-29: total (top), isentropic (center) and non-isentropic (bottom) mechanical exergy 

fields (α=0° ∕M=0.3) 

For a transonic case as shown in Figure 3-30 the analysis is similar. What changes here is 
the fact that the isentropic field cannot be considered as a potential flow but rather an inviscid 
Euler solution, which in 2D cases doesn’t have an associated drag (because the infinite 
survey plane integral of “ ∗ ” is zero). Also note that the non-isentropic component includes 
this time the losses associated to the shockwave and that a certain amount of power can still 
be recovered from its related wake. In fact, just downstream of the shockwave a slightly 
positive exergy region is found that is related to the transverse vorticity created by the curved 
shockwave (Note that the scale of the non-isentropic component is different to the others in 
order to highlight this detail). According to the Crocco’s law, this vorticity will create some 
mechanical exergy. However, it is also observed that a negative region arises locally around 
the trailing edge. If there is a locally negative mechanical exergy, it means that this was 
created by the pressure exergy term “ ” because it is the only negative component. Indeed, 
the static pressure field is slightly affected by the viscosity region, which affects the pressure 
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exergy and ultimately the mechanical exergy. Also note that it affects the flow field outside 
the viscous wake, then, it is not a wake-reduced effect. In the next chapter this physical 
phenomenon will be detailed and a way to compute it from wake data will be presented. For 
the time being, since this phenomenon only affects the region very close to the body, we will 
keep on with our theoretical development. 

 

 

 
Figure 3-30: total (top), isentropic (center) and non-isentropic (bottom) mechanical exergy 

fields (α=0° ∕M=0.8) 

Now we can proceed with the breakdown of the remaining exergy terms. By following a 
similar approach, the isentropic thermal exergy component can be obtained as follows: 

 ∗ = ∗ + ∗  (3.43) 

 

 ∗ = ∗  ∗ ∗  1 − ∗ 
 

∗
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Then, its non-isentropic part will be given by the difference of the actual and isentropic fields: 
 
 = − ∗  (3.46) 

 
Finally, we recall the exergy-based drag coefficient of Equation (1.19): 
 

 =  
+ + + +

1
2   

=
+ +

1
2   

 (3.47) 

 
Based on this expression and reminding that the anergy is not related to isentropic 
processes, we can define the isentropic drag coefficient as follows: 
 

 
∗ =  

∗ + ∗

1
2   

 (3.48) 

 
Then, the non-isentropic drag will be given by: 
 
  = − ∗ (3.49) 

 
Here it is important to stress the fact that the anergy is implicitly present inside the non-
isentropic drag component since “ ” contains the “ ” term on it. In fact, we can re-express 
the non-isentropic drag as follows: 
 

  =
+ +

1
2   

  (3.50) 

 
Then, it contains the losses already created by the system (quantified by the anergy 
generation) and the amount of exergy created by non-isentropic phenomena and that is still 
recoverable (given by “ + ”). If this exergy is not recovered it will be indefectibly 
destroyed downstream of the survey plane, becoming a loss. Hence the “ + ” term 
highlights the room for improvement. 
 
In order to deeply analyze the breakdown of the exergy-based drag coefficient, its 
components will be shown for 2D and 3D cases, under subsonic and transonic conditions. 

The 2D subsonic case is shown in Figure 3-31. The total drag coefficient is that issued from 
the Arntz equation. This field mixes all the isentropic and non-isentropic phenomena at the 
same time. That is why the drag distribution along the survey line is non-zero everywhere; 
hence, it requires an infinite survey plane to compute the drag of the body. The new 
proposed breakdown allows separating these components. The isentropic part will retain the 
baseline inviscid flow solution associated to the potential flow, where no drag is expected. 
The related distribution has positive and negative parts, but, when integrated on the entire 
survey plane will lead to a zero drag value in 2D cases without circulation (and a very small -
almost negligible- non-zero drag value in 2D cases with circulation). 

As mentioned before, the non-isentropic part is related to all the loss generating 
mechanisms, i.e., the anergy and the exergy available at the survey plane (that will become 
a loss if it is not recovered). All the potential effects have been taken away and then this field 
is limited to the wake as shown by the survey line distribution. Hence, drag can be computed 
by just integrating the wake distribution. 
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Figure 3-31: total (top), isentropic (center) and non-isentropic (bottom) drag coefficient fields 

(α=6° ∕M=0.3) 

For 2D transonic (Figure 3-32) the situation is similar but the non-isentropic component 
contains this time the shockwave drag (the green part of the field). This wave drag may be 
extracted from the survey plane distribution by using the Kusunose’s method, although a 
more suited approach will be presented in the next chapter.  
 

 
Figure 3-32: non-isentropic drag coefficient field (α=0° ∕M=0.8) 

The subsonic 3D case is shown in Figure 3-33-left. A survey plane has been taken at 1 chord 
downstream of the body. The plane distribution of the total drag coefficient and its 
components is shown in Figure 3-33-right, where the non-isentropic part retains the losses 
due to viscous phenomena and its integral is limited to the wake (as the 2D case). The 
isentropic distribution this time is heavily affected by the vortex drag. Indeed the integral of 
the isentropic field will give a large non-zero drag value that is related to the vortex drag. Also 
note that this field varies on the entire survey plane and then this term is not wake reduced. 
Thus further work will be required to meet our goal of a wake-reduced exergy method.  

   

∗    
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Figure 3-33: wing and survey plane (left) and wake drag breakdown (right) (α=10° ∕M=0.3) 

Under 3D transonic conditions (Figure 3-34) the situation remains similar but this time the 
trace of the shockwave’s wake is present at the survey plane for the non-isentropic part.  
 

 
Figure 3-34: wing and survey plane (left) and wake drag breakdown (right) (α=3° ∕M=0.75) 

Based on the previous discussion, it can be said the only wake-reduced integral is that of the 
non-isentropic part, i.e.: 
 

  = ∗  +    (3.51) 
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Also, since the integral of the isentropic part is non-zero for flows with circulation (both in 2D 
and 3D), it can be argued that it gives the lift-induced drag. In the same fashion, since the 
integral of the non-isentropic part is related to the losses, it would give the profile drag. Then, 
Equation (3.51) can be expressed as follows: 
 
 = +  (3.52) 

 
Here is stressed the fact that the induced drag is the part of the total drag that has been 
automatically transferred to the isentropic component “ ∗” when the velocity decomposition 
is used. This mathematical behavior is not surprising because the same happened with the 
3D far-field formulations where the momentum conservation equation provided the total drag, 
whereas the Meheut’s method (that uses the velocity decomposition) only provided the 
profile drag for 2D and 3D cases. In fact, the transverse flow associated with the wingtip 
vortices is purely isentropic outside the wake, thus, it is already included in the “ ∗” term 
through the “ε∗ ” component. This explains why “C  ” does not contain the induced drag.  

3.6.3 Analysis of the characteristic curves 

In this last section, a numerical analysis of the velocity decomposition is performed for 
several angles of attack. Hereafter, the survey plane used will be placed at one chord 
downstream of the body in order to compare our exergy-based data against far-field data 
(that typically requires placing the survey plane at this position).  

3.6.3.1 2D subsonic case 

The breakdown of the exergy-based drag coefficient is shown in Figure 3-35-left. It can be 
seen that the non-isentropic drag “  ” (whose integral is reduced to the wake) matches the 
Anrtz’s exergy drag curve “C ” (that requires an infinite surface integral). This highlights the 
usefulness of the velocity decomposition: the Arntz equations are now reduced to the wake 
and a proper exergy analysis can be made with wake data from wind tunnel testing or CFD. 

The isentropic drag is obtained by performing an infinite survey plane integral. Its drag 
coefficient is strictly zero only for α=0° but not zero for other angles of attack although it is 
very small and can be neglected for practical purposes.  

 
Figure 3-35: drag breakdown (left) and characteristic curve (right) (2D/M=0.3/Re=3.106) 
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In order to show the accuracy of the new exergy method reduced to the wake, a comparison 
against other methods is presented in Table 3-1, where far-field values (Meheut’s method) 
had required a wake integral and the Arntz method required an infinite surface integral. 

α (°) Near-field Far-field Exergy Arntz Exergy wake Arntz-Wake 

0 91.58 91.12 91.80 91.35 0.45 
2 93.41 92.74 93.51 93.05 0.46 
4 99.08 98.14 98.03 97.60 0.43 
6 109.45 108.06 106.76 106.42 0.34 
8 126.2 124.31 125.48 123.89 1.59 

10 154.07 151.53 153.97 151.90 2.07 
Table 3-1: profile drag coefficient (drag counts) for several methods (2D/NACA 0012/M=0.3) 

Note that a very good agreement is observed: the scatter between the Arntz and the wake 
methods lies within the ±2dc range  (here is reminded that a typical WTT drag measurement 
uncertainty is about 1dc-2dc [191]). This small difference is given by the isentropic drag of 
Figure 3-35-left. Nevertheless, it is worth mentioning here that there are huge physical 
implications behind this small term and this will be detailed in the following chapters. From a 
practical point of view, this term can be ignored in 2D. 

Also note the very good agreement between both wake-reduced methods: far-field and 
exergy. Both formulations provides the profile drag with the same order of accuracy, 
however, exergy analysis is even more powerful since it admits a further profile drag 
breakdown: the exergy-based characteristic curves. 

The related exergy-based characteristic curves are shown in Figure 3-35-right. This 
decomposes the non-isentropic drag coefficient “C  ” (profile drag) into its exergy and anergy 
components. The difference between the non-isentropic drag and the anergy (C  − C  ) 
represents the total exergy, i.e., the maximum theoretical amount of power that can be 
recovered (drag reduction possibilities). Since the thermal exergy “C   ” is negligible for 
external aerodynamic cases without heat transfer, this total available exergy is mainly given 
by the mechanical exergy “C   ”.     

The previous exergy characteristic curves can be complemented by another breakdown of 
the isentropic and non-isentropic exergy terms (Figure 3-36 left and right respectively). The 
breakdown of the isentropic terms shows that the isentropic mechanical exergy “C ∗  ” is 
almost zero for 2D cases, meaning that practically no net energy can be recovered from this 
isentropic field regardless the fact that “C ∗ ”, “C ∗ ” and “C ∗ ” are largely non-zero. In fact, 

those terms are linked by the pressure-velocity coupling mechanisms: “C ∗ ” compensates the 

existence of isentropic kinetic exergy (C ∗ + C ∗ ), leading to a negligible remaining  
mechanical exergy. Also note that “C ∗ ” is absolutely negligible in adiabatic cases. This 
highlights the fact that in a 2D isentropic field around a body there is no net energy to be 
wasted downstream by entropy-generating mechanisms.  

The non-isentropic components are related to viscous/shockwave phenomena, hence related 
to a drag generation. This drag in given by the mechanical exergy (as well as the anergy) 
and that is why the “C ” curve is positive. This net mechanical exergy “C ” is composed by 
the “C ”, “C ” and “C ” fields, with “C ” being a small quantity in 2D cases. Note that the 

airfoil creates a certain amount of axial kinetic exergy “C ” related to the axial velocity deficit 

in the viscous region, however, not all this exergy is potentially recoverable. In fact, part of 
“C ” has been generated at the expense of “C ”. That is why “C ” is the parameter that 
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quantifies the net recoverable amount of energy.  

 
Figure 3-36: breakdown of isentropic-(left) and non-isentropic-(right) components (2D/M=0.3) 

All the curves in this study correspond to a survey plane position of one chord downstream of 
the body. The effect of moving downstream the survey plane is shown in Figure 3-37-left. It 
can be seen that “  ” has the same value regardless the survey plane position (Note: when 
the survey plane is placed at x<0.5C an underprediction problems arise which is covered in 
the next Chapter). Also, the anergy “C  ” increases as the survey plane moves downstream 
due to the exergy destruction process (mainly by viscous dissipation along the wake). This 
demonstrates that the exergy is a maximum at the trailing edge of the body: hence a BLI 
system must be placed closer to the airfoil trailing edge in order to recover a maximum 
amount of energy.  

Figure 3-37-right shows a breakdown of the non-isentropic mechanical exergy “C ”, 
confirming that the total exergy is mainly given by “C ” (related to the velocity deficit inside 

the wake) for 2D cases. The pressure effect “C ” is only present for closer survey plane 

positions due to the potential effect of the body.    

 
Figure 3-37: survey plane sweep for non-isentropic-(left) and isentropic (right) drag (2D) 
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3.6.3.2 3D subsonic case 

 
The exergy breakdown for the 3D case is shown in Figure 3-38-left. The exergy-based drag 
coefficient “C ” is split into its isentropic “C ∗” and non-isentropic “  ” components. Both 
sources of perturbations are linked to drag generation for 3D cases.  

The “  ” distribution matches the Meheut’s profile drag curve “
 
” which confirms the fact 

that the non-isentropic component gives the profile drag. Here is also worth mentioning that 
both the “  ” and the Meheut’s profile drag formulations have been integrated in the wake 
region only (both formulations are well suited for wind tunnel testing).   

Secondly, note that “C ∗” matches the vortex drag curve “
 
” from Maskell (Equation (2.21)) 

which also requires a full survey plane integral. This confirms that the isentropic component 
gives the vortex drag in 3D cases. 

The main advantage of the exergy method over the far-field method is that total drag “ ” 
can be decomposed into its exergy and anergy components (exergy characteristic curves) as 
shown in Figure 3-38-right. The difference between the total drag “ ” and the anergy “C ” 
gives the total exergy (Predominated by the total mechanical exergy since in an adiabatic 
subsonic case, the thermal exergy “  ” is negligible). 

 
Figure 3-38: drag breakdown (left) and exergy characteristic curve (3D/M=0.3) 

The breakdown of the isentropic components of “C ∗” will shed more light on the previous 
analysis as shown in Figure 3-39-left. In fact, “C ∗ ” was close to zero for 2D cases (see 
Figure 3-36-left) but for 3D flows a large positive value arises. In fact, for 2D flows “C ∗ ” and 
“C ∗ ” are compensated by “C ∗ ” leading to an almost zero net mechanical exergy. In 3D flows 

this physical behavior is still present but coexists with additional isentropic phenomena: the 
transverse rotational flow related to the lift. Since this rotational flow field is not concentrated 
at the wake region, it is not of viscous nature, thus isentropic. This explains why “C ∗ ” is very 
large in 3D flows.    

The breakdown of the non-isentropic components of “  ” is shown in Figure 3-39-right. The 
difference of this figure compared to the 2D case (Figure 3-36-right) is that the existence of 
the wing-tip vortex creates an additional pressure-velocity phenomena associated to the low 
pressure at the vortex core. Since the axial vorticity increases with the angle of attack, this 
pressure-velocity coupling is expected to increase as well, which makes increase the 
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magnitude of “C ” and “C ”. 

 

 
Figure 3-39: breakdown of isentropic (left) and non-isentropic (right) components (2D/M=0.3) 

In summary, this stage has introduced the velocity decomposition concept into the Arntz 
equations in order to provide a breakdown into its isentropic and non-isentropic terms. The 
non-isentropic part was proven to be related with the profile drag whereas the isentropic part 
is related to the vortex drag in 3D (or the lift-induced drag in 2D, since no vortex is present in 
2D). The related breakdown has shown to be very robust and only a small non-linearity effect 
was found at the trailing edge region that may prevent placing the survey plane very close to 
the body. This will be solved in the next chapter. On the other hand, the non-isentropic drag 
was found to be a wake-reduced parameter; hence, a wake integral suffices to properly 
compute this term. However, the isentropic term still requires a full infinite survey plane 
integral and then further work is needed to reduce its integral to the wake.  

The starting equations used for the development of this exergy breakdown were modified in 
order to assume that the survey plane is normal to the upstream flow direction for simplicity 
and because in practice (WTT) the survey plane is always measured normal to the tunnel 
axis. However, a more general expression without this restriction can be easily developed. 
Finally, it is stressed here that this section also introduced the temperature and density 
breakdown which, up to the author’s knowledge, it is not covered in the literature. 

3.7 Summary of key findings 

This chapter has established the base ground of the wake-reduced exergy formulation by 
introducing the first four stages of the entire research process.  
 
The previous step was to modify the Arntz equations which required assuming that the inlet 
and lateral surfaces of the domain are far away from the body. This is an important 
assumption that is valid for CFD data but could be questionable for WTT, where the lateral 
surfaces are relatively close to the body. Then, this aspect of the formulation must be verified 
through extensive experimental validation. 

• Stage 1: has introduced the baseline exergetic characteristic curves that provide plenty of 
useful information for design purposes. These curves are unique in the sense that no other 
aerodynamic analysis method can do the same. In particular, these curves highlight the 
energy that is still recoverable (along with its related flow topology). Then, by theoretically 
fully recovering that energy, the limit lift-to-drag ratio “( / ) ” can be achieved, which 
ultimately will allow knowing the maximum theoretical range of an aircraft. 
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• Stage 2: has introduced the very important concepts of “isentropic exergy” and “non-
isentropic exergy” that establishes the theoretical background behind the exergy breakdown. 

• Stage 3: has introduced a new velocity decomposition method that takes into account the 
three velocity components for the breakdown and that can be computed from wake-reduced 
parameters (total pressure and total temperature). This velocity breakdown allows separating 
the isentropic and non-isentropic parts of a flow field. The only two assumptions required by 
the method are the following: a) The static pressure field is considered to be identical to the 
isentropic static pressure, and b) the isentropic velocity vector is considered to be aligned 
with the actual velocity vector. The first assumption is very robust but the second may not be 
valid in regions of detached flow (this is a subject of further study). 

• Stage 4: the velocity decomposition method was combined with the Arntz equations 
leading to an exergy breakdown. The isentropic part gives the vortex drag and the non-
isentropic part gives the profile drag. The non-isentropic part is wake reduced whereas the 
isentropic part requires further work to become wake-reduced. 
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Chapter 4  
 
Improvement of the profile drag 
prediction 

 
This chapter presents some complementary analysis and methods related to the non-
isentropic drag calculation. This will enlarge the applicability range of the formulation 
developed in the previous chapter.   
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4.1 Introduction 

The previous chapter has shown that the non-isentropic part of the exergy-based drag 
coefficient gives the profile drag for both, 2D and 3D cases. This profile drag calculation 
method is already wake-reduced since its integrand vanishes outside the wake region. 
Hence, the final objective of developing a wake reduced exergy formulation was achieved for 
the profile drag component. However, there is still some room for improvement for the profile 
drag prediction and this chapter presents the research stages 5 to 7 devoted to further 
develop this exergy-based profile drag extraction: 

• Stage 5: bringing the survey plane close to the body 
• Stage 6: modified Arntz equations 
• Stage 7: exergy-based wave drag extraction 
 
The related theoretical concepts have been published in the references [12], [13], [15]. 
Hereafter, just an organized synthesis is presented but further details are available in those 
references. 

4.2 Stage 5: bringing the survey plane close to the body 

One of the major interests of the exergy analysis is to perform an assessment of the 
remaining recoverable energy at a given survey plane position. In particular, this exergy was 
found to be at a maximum at the trailing edge of the body as shown before in Figure 3-37. 
Then, our interest is to assess the exergy level at any survey plane but particularly at the 
trailing edge.  

Figure 3-37 also shown that the current exergy-based profile drag expression developed in 
the previous chapter performs well for any survey plane placed at (at least) 0.5 chords 
downstream of the body: the profile drag value remains constant independently of the survey 
plane position. Nevertheless, when the survey plane is placed at a distance smaller than 0.5 
chords, a strong underprediction of the profile drag arises. Such a problem was widely 
documented in the FFM literature and the resulting classical rule-of-thumb used in WTT is to 
place the survey plane between 0.5 and 1 chords downstream of the body [122]. This is 
mainly motivated by two factors. On one hand, the rear position is limited by the accuracy of 
the measurement (because the velocity and pressure perturbations decay downstream 
thereby making difficult the accurate measurement of these small values). On the other 
hand, the forward position is limited by both, the theoretical limitations of the formulation (due 
to the underprediction of profile drag) and the interaction between the flow probe and the 
airflow that it is intended to be measured. The metrological aspects will be reviewed in detail 
in the next Part. In this section only the forward plane constraint due to the formulation 
limitations will be addressed. Here is worth mentioning that, in 3D cases, the profile drag also 
varies along the wake but this variation is not at all related to the physical problem that rules 
the limitation mentioned before. Instead, it is related to the dissipation of the wing tip vortices, 
and the related physics will be detailed in the next chapter. 
 
In this section, two new test cases will be used to introduce the concepts lying behind the 
profile drag underprediction issues. One is the Van Der Vooren airfoil (hereafter designated 
as “VDV airfoil”) with 15% of relative thickness. The other test case is the 2D Multifan 
configuration (given by an airfoil and a nacelle with a hub). Detailed information about the 
geometry, mesh, solver settings, convergence study or CFD data validation is given in 
Appendix A. 
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4.2.1 Variation of the 2D profile drag along the wake 

Figure 4-1-left shows the aforementioned variation of the non-isentropic drag component 
(profile drag) when the survey plane is placed very close to the body. For xTE/C>0.5, there is 
just a small difference between the Arntz exergy-based drag coefficient “ ” (which requires 
an infinite survey plane) and the exergy-based profile drag “  ” (wake-reduced). This 
difference is typically less than 1dc (in this case is of about 0.5dc) which is small compared 
to the typical drag measurement error (±2dc). However, for xTE/C<0.5, a significant 
underprediction is observed: it reaches about -10dc at the trailing edge for 2D cases.  

Figure 4-1-right shows the field of the isentropic drag component “ ∗ ” for the VDV airfoil 
under the same conditions. This time, the distributions of “ ” and “  ” are shown along 
the wake but also along the body. Since the Arntz method integrates data on an infinite 
survey plane, it also captures the isentropic phenomena, which leads to large fluctuations of 
the local drag value along the body. However, it gives a constant drag value behind the body 
and this is the actual drag of the corps. On the other hand, the “  ” distribution does not 
include these isentropic phenomena and that is why there are no fluctuations of this 
parameter along the body. Nevertheless, it is observed that its distribution is not a 
monotonically increasing function. In fact, close to the trailing edge there is a spot where 
drag decreases locally. This should not happen in an “ideal” exergy breakdown formulation 
since the profile drag is expected to monotonically increase along the body because it should 
accumulate the boundary layer losses. Such an ideal behavior is provided by the anergy 
“ ”, which is not affected by this spot at the trailing edge. Since the anergy is one of the 
components of the “  ” (Equation (3.50)), this component is not at the origin of the local 
underprediction of the profile drag near the body. Then, this problem must be related to the 
other component of “  ”, i.e., the non-isentropic exergy “C ”. This is confirmed by looking 
at its distribution, where a monotonically increase is observed along the body (due to the 
vorticity generation –Crocco equation-), but towards the trailing edge there is a local strong 
reduction of “C ”. Then, behind the body “C ” decreases as expected due to the anergy 
generation.  

 
Figure 4-1: drag evolution with distance (left) and chordwise drag breakdown (right) 

Based on our previous discussion, it can be said that the wake contains all the information 
required to compute the drag of a body, except when the survey plane is close to the body 
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where some drag information is missing at the wake. Since “C ” is the responsible of this 
loss of information, then, the missing information should be available at the isentropic field 
“ ∗ ” (because the addition of the two fields gives the total mechanical exergy which is not 
affected by this spot in the Arntz formulation). Then, it seems that an interaction exists 
between the isentropic and non-isentropic components of the mechanical exergy. In order to 
confirm the existence of such an interaction, a more complex test case will be introduced: the 
2D multifan. This case is sketched in Figure 4-2, where the airfoil’s wake is shown in red 
whereas the nacelle’s wake is shown in blue. The interest of this test case is that (for α=0°) 
the airfoil’s wake passes under the nacelle without interacting with the boundary layer or the 
wake of the nacelle, but at the same time, it is subjected to the potential field of the nacelle, 
then, a new spot of drag underprediction should be present towards the trailing edge of the 
nacelle.  

 
Figure 4-2: boundary layer and wake of the 2D Multifan 

This is confirmed in Figure 4-3, where the profile drag “  ” presents two spots of 
underprediction: one very strong at the trailing edge of the airfoil and another one less strong 
towards the trailing edge of the nacelle. Here the black dashed reference curve was 
schematically drawn in order to highlight those spots. It is also observed that the anergy 
monotonically increases along the airfoil’s wake as expected. 

 
Figure 4-3: evolution of exergy parameters along the airfoil’s wake (α=0°/M=0.3) 

The aforementioned interaction between the isentropic and non-isentropic parts of the 
mechanical exergy will be best studied by analyzing the pressure coefficient field, because 
the “ ” field drives the behavior of the isentropic field. In fact, the “ ” is implicitly included 
inside the isentropic mechanical exergy. This is best observed by developing a -based 
expression of the isentropic pressure exergy (one of the components of “ ∗ ”). Since “ ∗” is 
given by “ − ( ∗ − 0)”, we need to develop a -based expression for “ − ” and 
“ ∗ − ”. 
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Firstly, we recall the classical expression of the “ ” for incompressible flows [95] as follows, 
where the isentropic velocity was introduced by convenience.  
 

 = 1 −
∗

 (4.1) 

 
From this equation, the “ ∗ − ” term can be expressed as a function of the “ ”: 
 

 ∗ =   1 −  (4.2) 

 

 ∗ − =   1 − − 1  (4.3) 

 
On the other hand, a -based expression for “ − ” can be obtained from the pressure 
coefficient definition: 
 

 =
−

 (4.4) 

 
 − =    (4.5) 

 
Then, by using Equations (4.3) and (4.5), the isentropic pressure exergy can be re-written as 
a function of the “ ”: 
 

 ∗ = − 0
( ∗ − ) =     1 − − 1   (4.6) 

 
This expression can be approximated by: 
 
 ∗ ≈  −   (4.7) 

 
Indeed, this can be verified by comparing the “ ∗” fields from both alternative expressions 
which gives identical results. This highlights the fact that the “ ∗” field is negative everywhere 
a flow perturbation exists (given by the non-zero “ ” values). This is in accord with our 
findings of the previous chapter. Since the “ ∗” and “ ∗” components are driven by pressure-
velocity coupling mechanisms, they can also be expressed as functions of the “ ” which 
ultimately would allow expressing “ ∗ ” as a function of the “ ” as well. Then, since “ ∗ ” 
seems to be at the origin of the underprediction of the profile drag, this underprediction will 
be better analyzed by simply studying the “ ” field. As a matter of fact, “ ∗ ” and “C ” are 
linked as mentioned before. Since “C ” is related to the viscous losses and “ ∗ ” to the 
potential field, then a coupling must exist between the viscous/inviscid zones. The best way 
to put this coupling into evidence is by comparing the “ ” field for the isentropic case (issued 
from a RANS CFD solution which takes into account the viscosity effects) against a pure 
inviscid case (issued from an Euler CFD solution, which do not include the viscosity effects). 
This “ ” comparison between the Euler and isentropic from RANS is shown in Figure 4-4. 
The “ ” field is shown for the Euler solution along with its distribution for two survey lines 
(upstream and downstream of the body). Here, the “ ” distribution from a RANS solution is 
included for comparison. It can be observed that the pressure distributions are not identical. 
Instead, the viscous RANS solution gives a lower pressure at the trailing edge and a higher 
pressure at the leading edge. 
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Figure 4-4: field of pressure coefficient for the Euler solution (VDV/α=0°/M=0.3) 

 
This difference in “ ” values is a known phenomenon associated to the boundary layer 
displacement thickness that changes the effective geometry of the body and that can be 
modelled as a source distribution [97], [192].  
 
For a 2D case, the Euler solution gives a zero drag value when a NFM is implemented 
(surface integral) but also when the exergy method is applied at any downstream survey 
plane position. However, the “ ” field of the RANS solution is different and leads to an axial 
pressure gradient that acts upon the body (longitudinal buoyancy effect). Then, it can be 
expected that this pressure gradient generates a drag component. The differences in the 
pressure fields can also be traced back to the “ ∗” field (since it is a function of the “ ”), and 
ultimately, back to the “ ∗ ” field. Hence, it is pertinent to perform again the comparison 
between Euler and RANS but from a “ ∗ ” point of view.  

Figure 4-5 shows the “ ∗ ” field for the Euler solution and its distribution along a survey 
plane. The integral of this distribution leads to a zero drag value as expected. However, the 
integral of the RANS distribution is not zero. Instead, a finite drag value is found. 
 

 
Figure 4-5: isentropic mechanical exergy for the Euler solution (VDV/α=0°/M=0.3)  
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Figure 4-6 quantifies this drag value for several survey plane positions. It is observed that the 
Euler solution gives a zero drag value regardless the position of the survey plane. However, 
the RANS solution gives a non-negligible drag value that is equal (but opposite) to the 
underprediction of the profile drag “  ” shown before in Figure 4-1. This confirms the fact 
that the isentropic and non-isentropic drag components are coupled and that the drag 
information lost by the “  ” inside the wake can now be found at the “ ∗ ” component. As a 
matter of fact, the wake should contain all the drag information at any axial position along it. 
However, when the survey plane is close to the body, part of the drag information has been 
transferred to the “ ∗ ” component due to the boundary layer source effect (which is an 
isentropic/non-isentropic coupling mechanism).  
 

 
Figure 4-6: evolution of the infinite integral of the isentropic mechanical exergy (VDV/α=0°) 

Based on the previous discussion, when the survey plane is close to the body, a part of the 
drag information has been sent from the wake to the potential field, where it lies distributed 
(because “ ∗ ”  is not a wake-reduced parameter). However, since this boundary layer 
source effect is created by the boundary layer itself (a wake-reduced parameter), the “ ∗ ” 
drag component should be calculable from wake data. Unfortunately, until today no analytical 
method has been developed to perform such calculation (the only existing way to deal with 
the boundary layer source is by using panel methods [97], [192], which is not suited to our 
purposes of using wake data only). The development of an analytical approach is a matter of 
further work, however, in the next section a simple correction method is provided to deal with 
this issue in an approximate fashion. 

4.2.2 Simple correction method  

A wake-based correction method was developed by following a pragmatic approach in order 
to compute the profile drag from wake data at any survey plane position, even closer to the 
body. As matter of fact, the missing drag information at the wake was found by performing an 
infinite surface integral of the “ ∗ ” component (Figure 4-6). However, by further analyzing 
the “ ∗ ” distributions for Euler and RANS in Figure 4-5, one finds that both distributions are 
identical everywhere except close to the wake. Then this missing drag is, in reality, given by 
the area enclosed by the Euler and RANS distributions (see Figure 4-7). In fact: 
 

  =  
∗ =  

∗ − 0 = (  
∗ −  

∗ )  (4.8) 

 
Thus, the missing drag information is distributed on the isentropic field but not everywhere in 
the field but mainly in a region close to the body: the region where the Euler and RANS “ ∗ ” 
distributions are different. Based on this observation, the integration region can be reduced 
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from an infinite integral to a smaller region called hereafter “viscous effective influence zone” 
(VEIF) which is sketched in Figure 4-7 and that is case dependent:  
 

  = (  
∗ −  

∗ )  (4.9) 

 

 
Figure 4-7: areas enclosed by the isentropic mechanical exergy curves (VDV/α=0°)  

The problem with this expression is that the “  
∗ ” field is not accessible from RANS 

CFD data or wind tunnel data. Then, this integral must be somehow carried out without the 
“  

∗ ” contribution. The target will be to approximate the area enclosed by “  
∗ −

 
∗ ” in the VEIF zone, by just using the “  

∗ ” field. This approximation is explained 
in Figure 4-7, where the red area enclosed by “  

∗ ” inside the wake is similar to the 
cyan area enclosed by “  

∗ −  
∗ ” in the VEIF zone.  

The drag associated to the wake integral of “  
∗ ” is shown in Figure 4-8 where “ ∗ ” is 

shown (Red curve) instead of “  
∗ ” for the sake of practicality (since both are identical for 

adiabatic flows). By taking the absolute value of the wake integral (blue curve), a very good 
approximation of the true missing drag can be obtained for any survey plane position.  

 
Figure 4-8: Comparison of the isentropic drag for two different survey plane sizes (VDV/α=0°) 

Based on the previous discussion, the following correction method is proposed in order to 
compute the true profile drag value from wake data, regardless the survey plane position: 
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 ≈  + ∗  (4.10) 

 

 ≈ + ∗  (4.11) 

Figure 4-9-left shows the implementation of this approximation method for the VDV airfoil, 
where the profile drag underprediction closer to the body has been removed: a better match 
is found between the Arntz and the new wake-reduced profile drag (and the NFM as well). In 
this figure it was also included the FFM curve for reference in order to highlight that this 
method is also affected by the underprediction issue. However, no FFM correction method 
has been developed so far to tackle this problem. Only the wake-reduced exergy method 
allows computing profile drag very close to the body. On the other hand, Figure 4-9-right 
shows the drag curve for all the methods with a survey plane placed very close to the body. 
Note that the classical FFM fails to provide the correct profile drag for any angle of attack 
whereas the new wake-reduced method provides a fairly good approximation on the entire 
angle of attack range. 
 

 
Figure 4-9: drag correction for α=10° (left) and drag curve for xTE/C=1%  (right) (VDV/M=0.3) 

This approximate correction method has been tested under subsonic and transonic 
conditions, from low to high angles of attack, for single bodies (airfoil) and multiple bodies 
(multifan) showing a very good performance despite the simplicity behind the approximation 
method. However, it is only valid for survey planes placed behind the body: this correction 
will not work when the survey plane is placed between bodies because another phenomena 
(not taken into account for its development) will arise, which is related to the longitudinal 
buoyancy effect due to body-body interactions that modifies the “ ∗ ” field (this will be 
deeper explained in Part 4). Also, this correction method is not valid for 3D cases with vortex 
drag because the vortex drag also changes the “ ∗ ” field inside the wake and then the 
conditions under which the correction method was developed are strongly affected.   

In summary, this research stage has explained the physics behind the profile drag 
underprediction when the survey plane is close to the body. Then, based on a flow analysis, 
an approximate method was developed which performs well for 2D and 3D cases (except 3D 
lifting bodies). Future work should be addressed in this topic in order to extend the correction 
method to include the 3D lifting cases. Another research line could be to explore the 
possibility of extracting the “  

∗ ” contribution by using a Clebsch decomposition [115] 
which will allow performing a direct calculation of the missing drag value. 
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4.3 Stage 6: modified Arntz equations 

In this section, the original Arntz equations will be slightly modified in order to solve some 
inconsistencies found during the development of the wake-reduced exergy formulation. 

4.3.1 Problem identification 

The theories developed so far allows calculating drag from wake data as shown in Figure 
4-10-left, where the profile drag correlates reasonably well with the Arntz method (the same 
applies for the anergy). However, the mechanical and thermal exergies extracted from wake 
data do not match at all with the reference values from the Arntz method at high-angle of 
attack. At a first sight one may attribute this problem to the new wake-reduced method. 
However, if we take a closer view to the Arntz thermal and mechanical exergy curves we will 
find that, at high angle of attack, “ ” is larger than “ ”. This seems to be unphysical 
since thermals effects are expected to be negligible in an adiabatic low-speed flow. This 
condition is satisfied in the case of the wake-reduced formulation, where “ ” is negligible 
for the entire range of angle-of-attack. Then, it is clear that there is a problem related to the 
Arntz formulation and this problem somehow does not affect the wake-reduced formulation. 

We can throw some light on this problem by performing further comparisons between both 
methods as shown in Figure 4-10-right. Here, again, the profile drag and the anergy are very 
similar for both methods on the entire Mach range but the mechanical and thermal 
components only match under incompressible regime. This clearly shows that a density-
related issue may be involved. Moreover, it is observed that the mechanical exergy (Arntz) 
goes negative at high-Mach numbers, which is unphysical since the net mechanical exergy 
(integrated at the survey plane) must be a positive quantity. Note that this reduction of the 
mechanical exergy with “ ” is accompanied by an increase of the thermal exergy, then, it is 
clear that both terms are coupled in this problem. Also note that this coupling between “ ” 
and “ ” is also present in Figure 4-10-left. Moreover, the wake-reduced formulation seems 
to be insensitive to this issue, by providing a mechanical exergy that is always larger than the 
thermal exergy (also “ ” only becomes significant in transonic regime as expected). 

From this discussion it is clear that the wake-reduced formulation is free of any inconsistency 
in both analyses and then it will be taken as a reference hereafter. On the other hand, the 
Arntz formulation shows an interdependency between “ ” and “ ” driven by a density-
based mechanism: this problem must be solved. 

 
Figure 4-10: exergy breakdown for M=0.3 (left) and α=0° (right) (NACA 0012 / xTE=1%C) 
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4.3.2 Problem resolution: reformulation of the Arntz equations 

The procedure followed by Arntz to derive his formulation will not be reviewed here since it 
was well done and his final equation contains all the right terms. However, what needs be 
revised is the way in which each term is assigned to a given exergy component, since this 
could be at the origin of the problem. As it was pointed out before, this problem seems to be 
a density-related issue, then, the pure density terms of the Arntz equation must be identified 
beforehand. In fact, a pure density term can be found inside the thermal exergy definition of 
Equations (3.5) to (3.7), which are re-written here again for convenience: 
 
 = +  (4.12) 

 

 =    ( ∙ ) 1 −
 
 

 
 −    ( ∙ )   (4.13) 

 

  = 1 −
 
 

 
( ∙ ) −    ( ∙ )   (4.14) 

 
Since “ ” is always a positive quantity (as demonstrated by Arntz [9]) and since its 
“overprediction” is driven by a density phenomenon, the source of the problem may be 
related to the “ ” term. This term was originally attributed by Arntz to the thermal 

exergy since it can be related to the temperature through the ideal gas law. However, this 
term can also be interpreted as a mechanical exergy since it can be also related to the 
pressure through the same ideal gas law. If we follow this alternative approach, this term can 
then be transferred from the thermal exergy to the pressure exergy, i.e.: 
 
  =  +   (4.15) 

 
  =  (4.16) 

 
If these thermal and pressure exergy definitions are used, the original problems found in 
Figure 4-10 are now solved as shown in Figure 4-11: a) The thermal exergy no longer 
overcomes the mechanical exergy at high-angle of attack or compressible flow, b) The 
mechanical exergy is no longer negative at high-Mach numbers, and c) both methods (wake-
reduced and Arntz) are now comparable. 
 

 
Figure 4-11: exergy breakdown for M=0.3 (left) and α=0° (right) (NACA 0012 / xTE=1%C) 
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The only question that remains to answer is why the wake-reduced formulation was less 
sensitive to this problem? The answer lies in the exergy breakdown. Indeed, the original 
problem of the Arntz formulation was due to the fact that one term was overpredicted 
whereas the other was underpredicted, but the mean value was good. Since this “exchange 
quantity” (i.e., the density) is distributed on the entire field, it mainly affects the isentropic 
component, which is not taken into account in the wake-reduced formulation. 
 
As a summary, in this section the original definition of the thermal and pressure exergies 
have been reviewed in order to solve some inconsistency found during the comparison of the 
wake-reduced against the original Arntz method. The new proposed re-definition of these 
terms leads to physically consistent results and also a better correlation between both 
methods (wake-reduced and Arntz). 

4.4 Stage 7: exergy-based wave drag extraction 

In this section, two methods of extracting the wave anergy are proposed. The first one is a 
volume-based approach that is an improvement of the baseline method originally developed 
by Arntz. The second is a wake-based approach that is based on the original Kusunose 
method. 

4.4.1 Improved volumetric approach 

The original method proposed by Arntz to determine the wave anergy was to compute the 
anergy that flows across the surface enclosing the shockwave. This surface was established 
by using a shock detector criteria [193], but since the resulting surface does not completely 
encloses the shockwave volume, it was required to add some cells around the surface in 
order to completely capture the sources of anergy (further details of this method can be 
found in the Arntz’s thesis [9]). This can be best visualized by replacing the surface integral 
by a volume integral (by using the divergence theorem): 
 

 =  0   ( ∙ )   =  . (    )     (4.17) 

 
Then, the field associated to this volume-based integrand is plotted on Figure 4-12-left, 
where It can be seen that the shockwave as well as the viscous regions have non-zero 
anergy generation. In order to compute the wave anergy, only the shockwave volume must 
be integrated. This is carried out by using the shock detector which takes away most of the 
boundary layer and only retains the wave volume as shown in Figure 4-12-right.  
 

 
Figure 4-12: divergence-based wave anergy (left) and different masking methods (right) 
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However, it can be seen that the shockwave volume resulting from this masking procedure is 
thinner than the actual volume of the shockwave without masking. This is why Arntz added 
some layers of cells around the detected volume before performing the wave anergy 
calculation. However, the amount of cells to be added is case-dependent and a convergence 
study is required, which is not practical for a fast extraction of the wave drag value. 

A way to solve this problem is by changing the shockwave detection method: the simplest 
solution is not to detect the shockwave itself but instead to detect the viscous region. Indeed, 
the divergence-based wave anergy field is only non-zero at the viscous region and 
shockwave. Then, it is enough to mask the viscous zone to retain non-zero values at the 
shockwave only, which massively simplifies the volume integral. The simplest method to 
detect the viscous region is by using the Q-criterion [194]. This is a parameter based on the 
vorticity which is positive at the viscous zones. Then a masking of the divergence-based 
wave anergy field based on a positive Q-criterion value is enough to retain just the 
shockwave volume as shown in Figure 4-12-right. This time, the volume of the shockwave is 
correct and a direct volume integral can be performed without requiring adding neighbor cells 
(and the convergence study that goes with it). Thus, a faster and simpler method is obtained 
for calculating the wave anergy. As a final remark, both methods (shock detector and Q-
criterion) will provide the wave anergy with the same accuracy: the only thing that changes is 
the way to get the shockwave volume. 

4.4.2 Wake-based approach 

The method presented before is well suited for CFD analysis but not for WTT since, in an 
experimental environment, a wake-based approach is privileged. Currently, two methods 
exist to compute the wave drag from wake data. One is a semi-analytical approach 
developed by ONERA [181] which relies on a data base of normalized shockwave wake 
profiles to estimate the wave component of a given measured wake profile. Another method 
was developed by Kusunose (already was presented in Section 2.9) which was retained for 
this work due to its simplicity. 

The Kusunose method is very effective but it heavily relies on the definition of a vorticity 
threshold value to properly clip the wake region into a pure viscous zone and a pure wave 
zone. As shown in the upper part of the Figure 4-13, the vorticity field is not only confined to 
the viscous zone but also a non-negligible amount of vorticity is generated by the curved 
shockwaves.  

 
Figure 4-13: fields of vorticity magnitude and viscous anergy (NACA 0012/M=0.8/α=0°) 
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This shockwave vorticity is convected along the wake up to the survey plane. Hence, at the 
survey plane, the vorticity will be present at the viscous wake but also outside of it (i.e., 
inside the part of the wake coming from the shockwave). Then, in order to clip out the 
viscous region, a large vorticity threshold value must be used (in order to bypass the 
shockwave vorticity level) leading to an overcut of the viscous zone: the clipped viscous zone 
is usually smaller than it should be. Another problem is that, very often, finding a proper 
vorticity threshold value is not an easy task since a lot of trial-and-error is required. Then, the 
idea behind the Kusunose method is very good but its practical implementation requires 
some upgrade. 

A solution to this problem is to change the parameter used to clip the viscous zone. Indeed, it 
was found that the local viscous anergy generation can provide a proper solution. In fact, this 
parameter is only sensitive to the viscous effects since it is based on the viscous dissipation 
function. Then, the vorticity generated by the shockwave will not be captured because this 
vorticity lies in an effective inviscid zone (i.e., it is outside of the boundary layer). This is best 
observed in the lower part of the Figure 4-13, where the viscous anergy is negligible outside 
the viscous region and the shockwave volume: the wake of the shockwave is ignored by this 
parameter. Then, by using this criterion to clip out the viscous zone, the remaining separated 
wave and viscous regions will have the correct size. Moreover, the clipping procedure is far 
less sensitive to the selected threshold value, which simplifies the task. 

Figure 4-14 shows an example of anergy field decomposition by using the new criteria for a 
NACA 0012 airfoil at α=0° and M=0.8. The anergy field is properly separated into its pure 
viscous and wave regions all along the wake. This is impossible to achieve with the original 
Kusunose method because the actual vorticity magnitude decreases along the wake and 
then, at certain position downstream, the actual vorticity of the viscous zone become smaller 
than the vorticity threshold and the clip is no longer properly achieved. Instead, by using the 
viscous anergy function this problem is solved. 
 

 

 

 
Figure 4-14: total anergy (top), wave anergy (center) and viscous anergy (bottom) 
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The final interest of performing a clean separation of the viscous zone from the wave zone all 
along the wake is that the true wave and viscous anergy values can be established. This is 
achieved by sweeping the survey plane all along the wake and, for each axial position, a 
wave integral is performed. The result of this swept integration is shown in Figure 4-15, 
where “ ” is the distribution of the total anergy field before decomposition. Its curve is 
monotonically increasing and presents a step at the shockwave position. The new anergy 
breakdown method allows separating its components into its pure viscous “ ” and wave 
“ ” components. Here it is stressed the fact that a similar distribution curves were 
originally plotted by Arntz [9] but by using volume integrals (which is suited for CFD only). 
This new wake-based method relies on surface integrals and then it is suited for both CFD 
and WTT data. This enables the comparison of exergy analyses made on CFD and WTT (for 
a given test case) which was not possible before. 

Another interesting aspect revealed by Figure 4-15 is that the wave anergy decreases 
downstream. Indeed, the dashed reference line indicates the maximum value of the wave 
anergy and it shows that “ ” is roughly constant up to xTE/C=0.5. Behind this position of 
the survey plane, the measured wave drag value decreases. This reduction is not related to 
the method used to clip the shockwave but to the physics itself. As a matter of fact, upstream 
this position, the viscous and shockwave wakes are well separated one from another. 
However, due to turbulent mixing along the wake, both wake components start mixing 
downstream leaving less and less pure shockwave wake. This result has very important 
practical implications since, in a transonic WTT, the profile drag is measured with a five-hole 
probe on a survey plane placed at a relatively large distance (1 to 2 chords from the trailing 
edge) in order to minimize the interference effect. Hence, by willing to avoid the interference 
effects a non-negligible error is introduced in the measurement of the wave drag. Then, the 
ideal solution would be to place the survey plane as close as possible to the body, which 
requires performing measurements with optical instruments instead of probes. 

 
Figure 4-15: axial distribution of anergy breakdown components (NACA 0012/M=0.8/α=0°) 

Note: Profile drag curve “  ” is not corrected by the survey plane position 

The new wake-based approach was also tested in 3D configurations as shown in Figure 
4-16, where the total anergy is shown at several survey plane positions. Also, the shockwave 
and the wing tip vortex are highlighted for a better interpretation of the physics. Then, at each 
survey plane station, an anergy breakdown can be carried out by following the new method 
as shown in Figure 4-17. The method proved to work fine for 2D and 3D configurations with 
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and without lift, always providing a clean extraction of the wake region. 

 
Figure 4-16: wake cross-sections of total anergy (M=0.75/α=3°) 

 

 
Figure 4-17: anergy breakdown for a wing wake cross-section at xTE=1C (M=0.75/α=3°) 

As a final remark, the wake-reduced method allows extracting the wave anergy with the 
same accuracy as the volume-based approach, if the constraints regarding the survey plane 
position are respected (i.e., survey plane at less of 0.5 chords downstream of the body). Also 
note that the wake-based method can also be used to separate the part of the non-isentropic 
mechanical exergy ( ) lying on the viscous zone from that of the shockwave zone. This is 
required for studying the SWWI mentioned at the introduction of this manuscript.  

In summary, this section has provided an improved version of the Kusunose’s shockwave 
wake extraction method. Instead of using the vorticity magnitude as clipping criterion, the 
local viscous anergy generation parameter is used. This has led to a simpler, faster and 
reliable breakdown of the entire wake into its viscous and wave regions. Moreover, a 
practical rule-of-thumb was established to properly determine the wave drag from CFD or 
WTT data.  
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4.5 Summary of key findings 

This section concludes the developments related to the wake-based profile drag 
determination by the exergy method. Three research stages were involved in this section: 

• Stage 5: The baseline (uncorrected) profile drag method already developed in the previous 
Chapter was improved to deal with the underprediction problems that arise when the survey 
plane is placed very close to the body: a simple approximate (although accurate) fast method 
was developed allowing obtaining the correct profile drag value even very close to the body. 

• Stage 6: the original Arntz formulation was revised in order to eliminate an inconsistency in 
the thermal and mechanical exergy characteristic curves. It was found that the original 
definition of the thermal exergy was not well suited since it included a density-based term 
that generated the inconsistencies. The problem was solved by simply transferring this term 
from the thermal exergy to the mechanical exergy. 

• Stage 7: two different methods of determining the wave anergy were developed. The first is 
a volume-based approach that is an improvement of the original Arntz method. It replaces 
the use of a shock detector to compute the wave anergy by another detector based on the Q-
criterion. Both methods provide the same wave anergy values but the new method is simpler 
and faster. The second method developed in this research stage was a wake-based 
approach based on the original Kusunose method. Here, the criterion used to separate the 
viscous from the wave regions was the local viscous anergy generation (instead of the 
vorticity, as proposed by Kusunose) since this provides a better separation of the regions 
and allows utilizing this method in a WTT. 
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Chapter 5  
 
Lift-Induced Drag, Vortex Drag and 
Lift 

 
This chapter presents the remaining developments of the wake-reduced exergy formulation 
for unpowered flows. It starts with the presentation of a method suited to compute the 
transverse exergy from wake data, followed by the development of an exergy-based 
definition of the vortex drag. Afterwards, a discussion about the link between vorticity and 
exergy is presented. These ideas are then used to establish the difference between vortex 
drag and lift-induced drag for both 2D and 3D cases. Finally, the relation between lift and 
vortex drag is established from an exergy point of view. 
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5.1 Introduction 

In the previous chapters a wake-reduced exergy formulation has been developed for all the 
terms except for the isentropic drag, which is deeply related to the transverse exergy. This 
chapter will address this missing step and this will conclude the development of the new 
formulation for unpowered flows. On the other hand, the exergy concepts developed up to 
this point will be further analyzed in order to deliver a new physics-based definition of the 
vortex drag. Finally, a series of philosophical discussions will be made in order to cover 
several related topics like the difference between vortex drag and induced drag as well as its 
relationship with lift. Although no formulations will be developed in these last sections, a 
series of important definitions and analyses will be carried out which will be exploited later in 
the next parts of the manuscript, during the practical implementation of the wake-reduced 
exergy analysis. In summary, this chapter presents the research stages 8 to 11 as follows:  

• Stage 8: wake-reduced transverse exergy 
• Stage 9: exergy-based vortex drag definition 
• Stage 10: lift-dependent drag in 2D cases 
• Stage 11: lift and vortex drag 
 
Only the theoretical concepts presented in stage 8 have been already published (Reference 
[10]). The discussion presented in stages 9 to 11 was not yet submitted for publication at the 
time of writing this manuscript. 

5.2 Stage 8: wake-reduced transverse exergy 

In this section, a method for calculating the transverse exergy from wake data will be 
presented. It is a method based on the original Maskell approach but combined with the 
Meheut method. For the development of the formulation, the 3D CFD case of the wing will be 
used again (the same case as in the previous chapters). 

5.2.1 Transverse exergy vs vortex drag  

The transverse exergy term “ ” of the Arntz method (Equation (1.6)) is equivalent to the 
vortex drag term “ ” of the Maskell method (Equation (2.21)). The equations are rewritten 
here for simplicity as follows:     
  

 =
1
2

( + )( ∙ )  (5.1) 

 

 =
1

2
( + )  (5.2) 

 
As a matter of fact, the transverse exergy equation is the power-based version of the vortex 
drag (a force-based expression). This is confirmed by comparing both curves as shown in 
Figure 5-1, where a perfect match is observed between both expressions.  
 
The objective of this section is to develop a wake-reduced version of Equation (5.1). Here is 
worth mentioning, that a wake-reduced version of the Equation (5.2) was already developed 
by Maskell as follows, where “ψ” is the stream function, “ ” is velocity potential function, “ξ” 
is the axial vorticity and “ ” the in-plane velocity gradient:  
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Figure 5-1: comparison of transverse exergy and vortex drag (Wing/M=0.3/x=1C) 

 

 =
2

(  −   )  (5.3) 

 
Then, based on the fact that the transverse exergy and the vortex drag are equivalent, one 
may argue that the Maskell method could be used to reduce the infinite surface integral of 
Equation (5.1) to the wake (i.e., Equation (5.3)). However, it will be shown later that this 
original wake-reduced method is not accurate and then an alternative method is required.  

Just before leaving this discussion, here it is reminded the fact that the “transverse exergy” 
as defined by Arntz is coincident with the “vortex drag” as defined by Maskell. These 
definitions will be reviewed later in order to shed more light onto these subjects because 
these definitions are not clear since they involve many physical phenomena at the same 
time, which is better to separate for a better understanding of a given airflow: a proper vortex 
drag expression will be defined at the end of this study.  

5.2.2 Wake-reduced transverse exergy formulation 

The objective is to establish a wake-reduced version of Equation (5.1). As in our previous 
developments, a survey plane normal to the upstream flow direction will be considered, 
which simplifies Equation (5.1) as follows: 
 

 =
1
2

( + )   (5.4) 

 
Let’s develop first the “u” velocity term, which can be decomposed into its isentropic and non-
isentropic components: 
 
 = ∗ +  (5.5) 

 
Then, the surface integral of the u-velocity on the entire infinite survey plane can be broken 
down as follows, where the integral of the non-isentropic part is wake-reduced: 
 

  =  ( ∗ +  ) = ∗ +    (5.6) 

 
These integrals represent the respective flow rates across the survey plane. However, as 
shown in Figure 5-2, the isentropic flow rate is far larger than the non-isentropic flow rate: 
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Figure 5-2: breakdown of the velocity profile 

Then, it can be said that: 
 

 ∗ ≫    (5.7) 

 
Which allows simplifying Equation (5.6) as follows: 
 

  ≃  ∗  (5.8) 

 
Finally, Equation (5.4) can be expressed as: 
 

 ≃
1
2

( + ) ∗  (5.9) 

 
Where the isentropic velocity can be computed from the Meheut method: 
 

 ∗ =  1 −
( )

− 1 −
( )

  (5.10) 

 
With:  
 

 = 1 + 1 − = 1 + 1 −     (5.11) 

 
Now, Equations (5.9), (5.10) and (5.11) are expressed as functions of “ + ”. These 
terms can be replaced by the following equality developed by Maskell: 
 
 + = ψ − Φσ (5.12) 

 
This leads to the final alternative expression of the transverse exergy: 
 

 ≃
1
2

 (ψ − Φσ) ∗  (5.13) 

 

 ∗ = 1 −
( )

− 1 −
( )

  (5.14) 

 

 = 1 + 1 −    (5.15) 

 ∗  

  ∗  
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Note that these three equations are expressed as functions of “ − ”. In particular, since 
“ ” is not a wake-reduced parameter, the integral cannot be limited to the wake. However, 
when the survey plane is not placed close to the body, the “ ” term can be neglected 
according to [107], [108] because it strongly decreases as the plane moves away from the 
body tending rapidly to zero. Under these conditions, the integral can be reduced to the wake 
thereby providing a wake-reduced transverse exergy formulation as follows: 
 

 ≃
1
2

 ψ  ∗  (5.16) 

 

 ∗ = 1 −
2

( − 1)
− 1 −

ψ
 (5.17) 

 

 = 1 +
− 1
2

1 −
+ ψ

  (5.18) 

 
In summary, this approach is a combination of the Maskell, Meheut and Arntz expressions. 
The only difference between this formulation and the Maskell’s wake-reduced expression lies 
in the “ ∗” term. It will be demonstrated that this little change makes the difference, leading to 
a more accurate prediction of the transverse exergy from wake data. 

5.2.3 Field analysis 

Before analyzing the accuracy aspects of the new formulation, it is useful to analyze the flow 
field parameters involved in the equations in order to understand its behavior and to identify 
the possible related constraints. 

Let’s analyze first the “ ” term, depicted in Figure 5-3, where stream function “ ” at a 
survey plane placed at x=10C is shown alongside the axial vorticity “ ” at the wake region. 
Several wake cross-sections as well as the streamlines are added to better understand the 
nature of the flow field.  
 

 
Figure 5-3: stream function and wake vorticity at survey plane (M=0.3/α=10°/x=10C) 

 
The stream function is obtained by solving a Poisson equation which is driven by the axial 
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vorticity. Since the vortex only suffers a small dissipation along the vortex line the stream 
function will also present a mild variation along the wake. Placing the survey plane close or 
far from the body will not produce significant variations of the “ ” field. This observation is in 
accord with the Maskell’s assumption of 2D planar flow at the survey plane and this is the 
typical case of isolated wings. If a more complex geometry is studied (e.g., a wing with a 
strake) a set of co-rotational vortices will be created, leading to a vortex-vortex interaction 
that generates a spiral-like vortex trajectory. In those cases, the stream function will present 
strong variations even between adjacent survey plane positions but the formulation will still 
be valid. This is because the Maskell expression “ − ” is, in reality, related to the 
Clebsch decomposition which is valid for any flow field (hence, the 2d planar flow field 
assumption is not really required). 

For a given survey plane position, the stream function varies over the entire domain but the 
“ ” product is wake-reduced simply because the axial vorticity is a parameter limited to the 
wake. This is best observed in Figure 5-4, where only the right-hand side of the wing wake is 
shown. Also, by comparing the stream functions of Figure 5-3 and Figure 5-4 (corresponding 
to x=10C and x=1C respectively) it is observed that the lines of constant “ ” only presents 
very small changes from one longitudinal survey plane to the other. This confirms our 
previous statement and this will also be verified later with a numerical analysis.  
 

 
Figure 5-4: distribution of the “ ” parameters at the survey plane (M=0.3/α=10°/x=1C) 

On the other hand, the field of “σ” and “Φ” are shown in Figure 5-5, where these fields are 
plotted at each half of the survey plane for simplicity (since these fields are symmetric 
respect to the XZ plane). The potential velocity field “Φ” is obtained by solving a Poisson 
equation driven by the in-plane velocity gradient “σ”. It can be observed that the “σ” field is 
not wake-reduced at all: there are non-zero “σ” values at the wake but also around the wake. 
Even though that the “σ” values are small outside of the wake, it covers a very large area and 
then its integral is not negligible. Hence, a full survey plane integral is required for the “ ” 
product, which is confirmed in Figure 5-6.  

In a WTT it is not practical to measure parameters on such a large survey plane, instead, the 
wake area can only be measured for cost and testing time reasons. By doing so, only a small 
part of the “ ” field will be measured, thereby ignoring most of the field. Hence, one of the 
objectives of this work is to analyze the impact of both survey plane sizes (infinite and wake-
reduced) on the integral of the “ ” term. Here it is stressed the fact that no study has been 
carried out in this sense. Only Brune [107] has suggested to perform the integral of the “ ” 
term in a wake survey. Other authors like Hackett [108], [111]–[113] have directly eliminated 

Deformed iso-  lines 
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the “ ” term based on the axial-transverse cross flow cancellation (this will be discussed 
later). Therefore, there is no real reference explaining the impact of the “ ” term depending 
on the survey plane position and the survey plane size. Hereafter, a detailed analysis is 
presented in order to tackle this aspect and to extract some WTT rules of thumb. 
 

 
Figure 5-5: distribution of the “ ” parameters at the survey plane (M=0.3/α=10°/x=1C) 

 

 
Figure 5-6: field of “ ” product at the survey plane (M=0.3/α=10°/x=1C) 

5.2.4 Survey plane sweep analysis 

In this section, several formulations and several survey plane sizes will be compared. All the 
test cases under consideration are detailed in the following table: 

 

Wake 
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ID Survey plane size Equation Equation # 

C (Arntz) Infinite =
1
2

( + )   Equation (5.4) 

Maskell ( ) Wake =
2

   Equation (5.3) 

Maskell ( - ) Infinite =
2

(  −   )  Equation (5.3) 

New ( ) Wake ≃
1
2

 ψ  ∗  Equation (5.16) 

New ( - ) Infinite ≃
1
2

 (ψ − Φσ) ∗  Equation (5.13) 

New ( - ) cropped Wake ≃
1
2

 (ψ − Φσ) ∗  Equation (5.13) 

Table 5-1: list of cases 

It must be noticed that whenever an infinite survey plane is used, the “ − ” legend will 
be employed. This also means that the full equation has been used (i.e., without neglecting 
the “ ” term). However, whenever a wake-reduced survey plane is used, the “ ” legend is 
employed which also means that a reduced equation has been used (i.e., “ ” term 
neglected). The exception is the “cropped” case that uses the full equation (i.e., including the 
“ − ” term) but a wake-reduced survey plane. 

Figure 5-7-left shows the variation of the transverse exergy along the wake, given by the 
Arntz expression (black curve), which requires an infinite survey plane. This is the reference 
value against which we will compare the wake-reduced Maskell method and the new wake-
reduced transverse exergy expression.  

 
Figure 5-7: survey plane sweep for α=4° (left) and α=10° (right) (Wing/M=0.3) 

In this case, a very small angle of attack is being considered (α=4°) and under this condition 
there is almost no difference between the Maskell method and the new method (in both 
versions: “ − ” and “ ”). Moreover, a reasonable match is found between the “ −

” curves and the reference transverse exergy reference (black curve) for any survey plane 
position. Here is reminded that the typical survey plane positions in a WTT is between 0.5 to 
2 cords behind the body, thus we will center our attention to this range but also very close to 
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the body, where the transverse exergy is at a maximum. It is observed that the “ ” term 
starts being present at smaller distances than 1.5 cords and, for x=0.5C, its value represents 
less than 5% of the transverse exergy. Then, for the typical WTT survey plane positions 
(0.5<x/C<2) the “ ” term can be neglected by accepting a reasonable error. However, if a 
closer survey plane is used, the only way to determine an accurate value of the actual 
transverse exergy is by using an infinite survey plane and the full equation, which is not 
practical in a WTT.  

Figure 5-7-right shows the same set of curves but this time for a larger angle of attack 
(α=10°). Here, the differences between the Maskell and the new method start being 
noticeable: the Maskell method underpredicts the actual transverse exergy (black curve) 
even with the infinite survey plane/full equation (“ − ” case). On the other hand, the new 
method matches the reference curve for the “ − ” case and provides good results with 
the wake-reduced version (“ ” case) when the survey plane is placed beyond 0.5 cords. A 
similar result is found even at very large angle of attack as show in Figure 5-8-left 
corresponding to α=14° (close to the stall angle of attack). 

As mentioned before, Brune has suggested the use of the full equation (“ − ” term) 
even if the survey plane measurement region is limited to the wake. This case will be 
referred as the “cropped” case because in theory, the full “ − ” term should be used 
along with an infinite survey plane but not a wake-reduced measurement region. This is 
presented in Figure 5-8-right for an angle of attack of α=10°, where it is observed that the 
cropped curve provides a better prediction of the transverse exergy than the “ ” case but it 
is still insufficient to accurately predict the true value (black curve). Hence, the cropped 
approach only provides a slight improvement over the basic “ ” case but it doesn’t replace 
the infinite survey plane by no means.   

 
Figure 5-8: survey plane sweep for α=14° (left) and “ ” effect at α=10° (Wing/M=0.3) 

The previous analysis shed more light into the physical understanding of the transverse 
exergy. This exergy term is the superposition of two different phenomena: the rotational flow 
associated to the vortices (i.e., the “ ” term) and the transverse crossflow observed at the 
survey plane (i.e., the “Φσ” term).  

The transverse exergy associated to the “ ” term only presents small variations along the 
wake (even at large distances from the body) due to the axial vorticity dissipation through 
viscosity along the vortex core. Its maximum value very close to the body is the interesting 
value since It represents the total amount of exergy that will be destroyed downstream (we 
want to prevent that from happening, but first we need to quantify it). In Figure 5-8-right we 
observe that, for the typical survey plane positions (x≈1C), there is only a very small 



 
 

Lift-Induced Drag, Vortex Drag and Lift  
 
 

114 

underprediction of the maximum “ ” value (about 2% to 3%). Hence, there is no need to 
develop correction methods for the “ ” term as it was the case of the case of the profile 
drag (Chapter 4).  

On the other hand, the “ ” term (transverse crossflow) is only present close to the body, 
which confirms the fact that it is a potential flow effect because it is generated by a 
source/sink singularity associated to the potential flow around the body. Since it is a pure 
potential phenomenon the related net drag must be zero. The fact that the “ ” term actually 
gives a non-zero drag quantity when measured at the survey plane means that an equal but 
opposite quantity must be present in another term. According to Hackett, this term turn out to 
be the “ ” term (Equation (2.31)), i.e., the perturbation of the isentropic axial velocity field 
observed at the survey plane associated to the flow around the body. Then, this “ ” 
component of the transverse exergy gives an “apparent drag” that in reality is compensated 
by another term and then, it should be taken away from the bookkeeping (This aspect will be 
addressed later in this chapter). 

5.2.5 Angle of attack sweep analysis 

Now we go back to the numerical analysis of the new formulation. This time we will keep 
constant the survey plane position but a sweep in angle of attack will be made as shown in 
Figure 5-9-left, where a wake-reduced survey plane was used. At this axial position (x/C=1.5) 
the crossflow term is negligible and only the vortex term remains. It can be observed that, 
under these conditions, the new formulation matches the reference for the entire angle of 
attack range whereas the original Maskell method underpredicts the reference value at high 
angle of attack.  

If the wake-reduced survey plane is placed closer to the body (x/C=0.5) as shown in Figure 
5-9-right, the new formulation continue to provide accurate results whereas the prediction 
given by Maskell method worsens. If this survey plane position is maintained but an infinite 
survey plane is used (along with the full “ − ” equation), the new method still provides 
accurate results and the Maskell method keeps underpredicting as shown in Figure 5-10.   
 

 
Figure 5-9: vortex exergy for survey plane at x/C=1.5 (left) and x/C=0.5 (right) (M=0.3) 
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Figure 5-10: vortex exergy for infinite survey plane at x/C=0.5 and full equation (M=0.3) 

5.2.6 Verification under transonic conditions 

The wing test case is analyzed under transonic conditions as shown in Figure 5-11 where 
both methods (Maskell and new) presents similar behaviors for the two versions “ − ” 
and “ ”. Also, in a transonic WTT the survey plane is often placed at x=1C in order to 
minimize the interaction of the wake survey probe with the model. In this case, the wake-
reduced survey plane along with the simplified equation “ ” will provide an accurate 
prediction of the transverse exergy because the crossflow effect is negligible. 

 
Figure 5-11: survey plane sweep for α=3°/M=0.75 

The study carried out in this section has assumed a survey plane normal to the upstream 
flow direction since this is the standard practice. If a swept wing is being analyzed, such a 
survey plane will be closer to the trailing edge at the tip than at the root section. This means 
that a normal survey plane is not suited to quantify the maximum available exergy created by 
the body (that is at a maximum at the trailing edge). This problem can be overcome if an 
inclined survey plane (that follows the swept angle at the trailing edge of the wing) is used. 
This implies reviewing the “( ∙ )” term on the previous expressions, however another major 
problem arises: the solution of the Poisson equation. In fact, this equation actually requires 
using the in-plane velocity components that, for an inclined plane, are no longer the v- and w-
velocity components. Rather, the in-plane velocity for an inclined plane will mix the three 
velocity components leading to a difficult interpretation of the physical meaning of the stream 
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and potential functions. This problem can be easily overcome by using a Clebsch 
decomposition which decomposes the entire 3D field into its rotational and irrotational 
components. This approach was suggested by previous researchers [114] but never used for 
this purpose and it is a matter of further study. Also note that the equality “ + = ψ −
Φσ” was not perfectly verified in the cases studied due to two reasons. On one hand, there 
are numerical errors associated to the calculations of the vorticity and velocity gradients 
which impact on the final accuracy. On the other hand, the Maskell method is just a simpler 
version of the Clebsch decomposition, which also takes into account the transverse vorticity 
components (ignored by the Maskell approach). This latter aspect will be solved by using the 
Clebsch decomposition instead of the Maskell approach. 

In summary, this section has presented a wake-reduced formulation for the transverse 
exergy that is equivalent to the Maskell method but more accurate. It involves the “ ” term 
related to the vortices and that dominates the transverse exergy value. It also involves a “ ” 
term related to the in-plane transverse crossflow (potential effect) which is only present for 
x/C<1.5. For practical wake-reduced survey planes (x/C>0.5), the “ ” term can be 
neglected but if the survey plane is placed very close to the body, the “ ” term cannot be 
ignored and an infinite survey plane must be used to achieve accurate results. 

5.3 Stage 9: exergy-based vortex drag definition 

This section presents a novel definition of the vortex drag based on the vortex exergy 
formulation presented before, along with an improved version of the Hackett theory and an 
improved definition of the Arntz’s vortex drag. These concepts are firstly introduced and 
finally, they are combined to deliver a general exergy-based vortex drag definition in its two 
versions: infinite survey plane integral and wake-reduced. 

5.3.1 Verification of axial/transverse crossflow coupling 

Hackett [111] used a 2D potential flow analysis to demonstrate that the transverse crossflow 
“  ” is compensated by the perturbations of the axial isentropic velocity field “ ”, i.e.: 
 

  +  = 0 (5.19) 

 
Where “ ” is given by: 
 
 = ∗ −  (5.20) 

 
However, his analysis was limited to analytical 2D inviscid flows. Then, a study is required to 
verify whether this cancellation is still valid for 2D/3D viscous flows. This will be carried out by 
using the previous test cases: 2D airfoil (NACA 0012) and the 3D wing.  

In theory, this cancellation can be verified by comparing the integrals of “  ” against “ ” at 
a given survey plane position. However, as mentioned in the previous section, the calculation 
of “  ” was not accurate and then the following Maskell equality was not perfectly satisfied: 
 
 + = ψ − Φσ (5.21) 

 
Hence, instead of directly calculating the “  ” term, we will compute it from the difference of 
the “ + ” term and the “ψ ” term as follows: 
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 −Φσ = ( + ) − ψ  (5.22) 

 
Also, the theoretical development carried out by Hackett was based on inviscid flow, where 
the actual velocity components are equal to the isentropic velocity components (since no 
losses are involved in an inviscid flow). This is also in concordance with the development of 
the Maskell equality (Equation (5.21)), which was based on a potential flow development. 
Then, it is suspected that the Maskell equality should be valid for the isentropic field only, i.e.: 
 
 ∗ + ∗ = ψ − (Φσ)∗ (5.23) 

 
Where a star was added to “Φσ” to stress the fact that this term is issued from the isentropic 
transverse velocity field.  Hence, Equation (5.23) can be rewritten as: 
 
 −(  )∗ = ∗ + ∗ − ψ  (5.24) 

 
Thus, the secondary objective of this study is to verify if Equation (5.21) is right or if 
effectively the Equation (5.23) is more pertinent. This is shown in Figure 5-12-left, 
corresponding to an infinite survey plane sweep for the wing at M=0.3 and α=10°. In this 
figure the “ ” curve will be taken as the reference. Then, both approaches for the “  ” 
term are plotted, where the isentropic approach of Equation (5.23) shows a very good match 
with the reference. This confirms that: a) The Hackett’s concept of the self-cancellation 
between the axial and transverse crossflow is correct, and b) This is only valid for the 
isentropic part of the field, i.e., the correct equality is not Equation (5.19) but the following: 

 (Φσ)∗ +  = 0 (5.25) 

 
The 2D case of a NACA 0012 airfoil at M=0.3 and α=10° is shown in Figure 5-12-right. This 
time there is not a noticeable difference between the isentropic and classic approaches. 
Then, it means that the difference between “Φσ” and “(  )∗ ” arises in vortical flows (3D 
lifting cases). 
 

   
Figure 5-12: axial and transverse crossflow terms for wing (left) and airfoil (right) 

This verification allows confirming that the transverse exergy as defined by Arntz includes a 
true drag generating mechanism “ψ ” and a pure potential component “(  )∗ ” (which must 
be taken away from the bookkeeping). 
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5.3.2 Arntz’s expression for the vortex drag in inviscid flows 

Arntz developed a vortex drag expression for inviscid and adiabatic flows under 
incompressible regime [9]. In these conditions, the exergy equation is reduced to: 
 
  =  (5.26) 

 
Where the mechanical exergy “ ” in incompressible regime is given by:  
 

 = + + =
1
2

 [( − ) + + ]  
 

+  − ( − )  (5.27) 

 
Then, since the flow under consideration is incompressible, the Bernoulli equation can be 
used as follows: 
 

 − = −  − = −  ( + + − )   (5.28) 

 
Finally, by introducing the Equation (5.28) into (5.27) and by further manipulation, the 
following expression can be obtained: 
 

  = =
1
2

 [ + − ( − ) ]  
 

 (5.29) 

 
Since in an inviscid incompressible flow there is no profile drag, the only source of drag is 
just the vortex drag. Hence, Equation (5.29) gives the vortex drag for this specific flow field 
type, which is given by the mechanical exergy.  

5.3.3 New exergy-based vortex drag definition 

The Arntz’s vortex drag equation was developed for an inviscid and adiabatic flow, i.e., an 
isentropic flow. However, as demonstrated in the previous chapters, in a pure inviscid field 
the actual velocity components “ , , ” are identical to the isentropic velocity components 
“ ∗, ∗, ∗”. Then, based on this observation, Equation (5.29) should be rewritten as follows: 
 

   = ∗ =
1
2

∗ + ∗ − ( ∗ − )   
 

 (5.30) 

 
Or, equivalently: 
 

  = ∗ =
1
2

∗ + ∗ −   
 

 (5.31) 

 
This is the generic exergy-based vortex drag equation and it requires an infinite survey 
plane. This demonstrates that the vortex drag is a pure isentropic phenomenon. Moreover, if 
a viscous flow is considered, the Arntz’s Equation (5.29) is no longer valid but the improved 
version (Equations (5.30) or (5.31)) remains valid. As matter of fact, the viscous effects are 
linked to the non-isentropic components, and hence, to the profile drag. 

A wake-reduced version or Equation (5.31) can be obtained by reminding that the following 
equality established in the previous section holds for any flow field:  

 ∗ + ∗ = ψ − (Φσ)∗ (5.32) 
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This allows re-expressing Equation (5.31) as follows: 
 

 ∗ =
1

2 0 ψ − (Φσ)∗ − 2  0 
 

 (5.33) 

 
And also by reminding that: 

 (Φσ)∗ +  = 0 (5.34) 

 
It gives the following integral, which is reduced to the wake since “ = 0” outside the wake: 
 

  = ∗ =
1

2 0ψ  0 
 

 (5.35) 

 
This is the wake-reduced version of the exergy-based vortex drag equation and it only 
requires a small survey plane at the wake region. Note that this definition takes away the 
effect linked to axial/transverse crossflow coupling discussed by Hackett which has an 
inherent zero drag value.  
 
This coupling between the “(Φσ)∗” and “ ” terms is also implicitly taken away in Equation 
(5.31) because the “ ∗ ” components (“ ∗ + ∗ + ∗”) already includes the self-cancelling 
isentropic pressure-velocity coupling phenomena (there is no drag linked to this). To be more 
precise, Equation (5.31) can be rewritten as:    
  

 = ∗   = (C ∗ + C ∗ + C ∗ ) = ∗   (5.36) 

 
Where the equality between the isentropic drag and the isentropic exergy is highlighted. This 
demonstrates that the vortex drag is nothing more than the isentropic drag, which was 
developed in Chapter 3. However, the physical implications of the isentropic drag were at 
that time unknown. It was thanks to the development carried out in this chapter that the 
physics involved was thoroughly analyzed leading to a fully understanding of this term.  

This new knowledge also allows us to judge the reference vortex drag curve that was used to 
validate our theoretical development of Chapter 3. As a reminder, the total exergy-based 
drag was broken down into its isentropic and non-isentropic components, and then, these 
components were compared against the reference profile drag and vortex drag. This was 
shown in Figure 3-38-left, which is repeated below for convenience in Figure 5-13-left. 

It is evident that the isentropic drag curve “ ∗” do not match with the reference vortex drag 
curve “ ” (from Maskell’s Equation (2.21), repeated below in Equation (5.37)). Indeed, 
based on the bibliographical research, the Maskell’s Equation (2.21) was selected as a 
reference but now we know that this expression is not exactly the vortex drag simply 
because it do not take into account the crossflow coupling discussed by Hackett. Indeed, a 
more accurate definition of the vortex drag (although still not correct) is the Maskell’s 
Equation (2.18) (repeated below in Equation (5.38)):   
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Figure 5-13: drag breakdown from chapter 3 (left) and new reference (right) (M=0.3/x=1C) 

 

 =
2

( + )  (5.37) 

 

 =
2

+ −   (5.38) 

 
Note that Equation (5.38)) includes the crossflow coupling but it also considers the actual 
velocity components which includes the isentropic and non-isentropic components. Since the 
non-isentropic components should only belong to the profile drag, this Maskell expression is 
not accurate and that is why only Equation (5.31) gives the true value of the vortex drag. This 
was unknown at the start of the research: the Maskell’s Equation (5.37) was the most 
accepted expression for the vortex drag in the research community and that is why it was 
retained for our study. This error led us to consider the Arntz’s transverse exergy as the 
vortex drag as well (because its expression is equivalent to Equation (5.37)) but after this 
thorough analysis it is now clear that the reference against which our exergy breakdown 
formulation of Chapter 3 must be compared is Equation (5.31).  This is shown in Figure 5-13-
right, where a good match is found as expected. 

In order to better analyze the correlation between the isentropic drag and the exergy-based 
vortex drag (in both versions, infinite survey plane and wake survey plane), an axial survey 
plane sweep is presented in Figure 5-14. The exergy-based vortex drag curve “ ” is taken 
as the reference here: a very good match is found between the isentropic drag and “ ”. 
Also, the wake-reduced version of “ ” shows a reasonable correlation with an 
underestimation that never exceeds 5dc for the typical survey plane positions (i.e., less than 
1% of error). 
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Figure 5-14: comparison of the isentropic drag and vortex drag (α=14°/M=0.3) 

5.3.4 Discussion about the vortex drag  

In this final sub-section several conceptual aspects related to the vortex drag are discussed.  

5.3.4.1 Vortex dissipation effect 

The wake-reduced version of the vortex drag equation uses the “ ” term. A physical 
explanation of this product is often difficult to provide due to the abstract interpretation of the 
stream function. However, it is interesting to note that the stream function unit is [m2.s-1] 
which is coincident with the kinematic viscosity unit. Also, here it is reminded that the vorticity 
represents twice the angular velocity of the flow at a given point. Then, the product “  ” 

will give a rotational friction force, which multiplied by “ ” gives a rotational power: this is the 
power transferred from the vortex to the surrounding airflow. Hence, the isentropic rotational 
flow field around the vortex is, in reality, driven by the axial vorticity at the vortex core, which 
in turn, was generated at the body surface. More details about the link between exergy and 
vorticity will be given in the next section. Here we will draw our attention to the vortex 
circulation decay along the wake. In fact, we shown before that the “ ” product is not 
constant along the wake but it decreases at a given rate. This is due to the viscous 
dissipation that takes place at the vortex core that reduces the axial vorticity and then, 
reduces the rotational power transmitted to the surrounding air flow, leading to a reduction of 
the “apparent” vortex drag (i.e., the vortex drag that can be measured at a given survey 
plane position). Then, the dissipation at the vortex core decreases the vortex drag (i.e., the 
isentropic drag) but, since the total drag must remain constant, there must be an equal but 
opposite change in the non-isentropic drag. This is best observed in Figure 5-15, where the 
increase of the non-isentropic drag is nothing than the increase of the profile drag due to the 
dissipation at the vortex core. This is why it is always better to measure data at the trailing 
edge of the body, where the correct values of the profile and vortex drag can be measured 
(and also because the exergy is at a maximum there). Also, the Weston approach should be 
considered as a way to overcome this issue but this is a matter of further study. 
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Figure 5-15: exchange between vortex drag and profile drag  (α=14°/M=0.3) 

5.3.4.2 Streamline curvature effect 

During the bibliographical review we raised our attention to the possible problems related to 
the streamline curvature effect. As a matter of fact, the wake-reduced vortex drag expression 
relies on the calculation of the “ ” term. Since the majority of the axial vorticity is confined at 
the vortex core, it is important to analyze the inclination of the vortex lines because this will 
lead to a reduction of the effective axial vorticity. This is best observed in Figure 5-16-top 
where the vortex core of the delta wing suffers a strong curvature near the trailing edge. The 
vortex strength is constant along the vortex (if we ignore for a moment the viscous 
dissipation) which means that the rotational power transferred to the surrounding flow should 
be constant along the wake, even at the curved vortex region. However, the local inclination 
of the vortex near the body decreases the axial vorticity, leading to a reduction of the actual 
measured vortex drag (See details in Figure 2-4). This vortex core inclination do not occur in 
a classical wing as shown in Figure 5-16-bottom (even close to the stall angle) and that is 
why very little attention has been drawn to this subject.   

 

 
Figure 5-16: vortex core for delta wing at α=25°(top) and wing at α=14° (bottom) 
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A reasonable way to solve this problem is by using the streamwise vorticity instead of the  
axial vorticity, since the streamwise vorticity will be constant along the vortex line even if it is 
curved. The streamwise component can be determined from the helicity “ . ”. On the other 
hand, the streamline curvature generates a vertical component of the core’s vorticity, i.e., a 
transverse vorticity. This transverse vorticity may be mistakenly accounted as profile drag 
with the current formulation which is not correct. Then instead of relying on the transverse 
vorticity for the profile drag calculation, it would be more pertinent to rely on the orthogonal 
vorticity (i.e., the vorticity normal to the streamwise direction, given by the Lamb vector 
“ × ”). Then, it is clear that a Lamb vector based formulation is required to solve this 
problem, which is out of the scope of the current research and it is a subject of future work. 

5.3.4.3 Vortex exergy recovery vs exergy reduction 

In the previous chapter it was explained that the isentropic exergy is not recoverable 
whereas the non-isentropic is recoverable. This concept is difficult to implement for the 
vortex drag case because it can be calculated by two equations: Equation (5.31) that is a 
pure isentropic formulation, and Equation (5.35) where vorticity is involved and, at a first 
sight, it can be considered as non-isentropic phenomenon, which is confusing. However, 
since the vorticity generation is an entropy generating mechanism, its inherent formation loss 
has been already taken into account by the anergy. Then, the axial vorticity available at the 
wake is just being convected downstream and this convection does not involve a loss 
generating mechanism (here we momentarily ignore the vortex dissipation), i.e., the vortex 
drag is a pure isentropic process; the rotational power transferred from the vortex to the 
surrounding flow is an isentropic phenomenon, hence, not recoverable. As a consequence, 
the isentropic vortex exergy is not a recoverable quantity, and then, it can only be reduced 
but not recovered (unlike the non-isentropic exergy, which is a recoverable and reducible 
quantity). 

Note: the rotational energy around the vortex can only be recovered if a rotational corps is 
added to the system (e.g., the Patterson wing tip turbine [68]–[71]) but this implies using an 
unsteady exergy formulation which is out of the scope of the present work. Hence, in steady-
state systems, the isentropic exergy is not recoverable but in unsteady systems it can be 
recovered. Indeed, an unsteady process is always required for changing the stagnation 
enthalpy of a flow through external work. 

The question now is how to reduce the vortex drag in a steady-state flow? Reducing the 
vortex drag implies reducing the net power transmitted to the airflow by the vortex, for a 
given net vortex strength (i.e., at iso-lift, which is the typical aeronautical constraint). There is 
a simple way to achieve this and it is called vortex segmentation. The principle behind this 
approach is the following. In a classical planar wing, the vortex filaments shed at the trailing 
edge roll up very rapidly into a single tip vortex. In this compact and organized flow structure 
all the vortical filaments sum up their strengths in the same direction thereby transferring a 
maximum of power to the surrounding fluid through the velocity induction mechanism (Figure 
5-17-left). If this vortex structure is split into two or several vortices (like in a winglet), the 
resulting vortical structures no longer work in an additive fashion. Instead, the induced 
velocities created by the vortices are antagonistic in some parts of the fluid domain. As a 
result, the net power transmitted to the surrounding flow by the vortices is smaller than the 
original case (single vortex) for a given total circulation (Figure 5-17-right). This means that 
vortex drag can be reduced by following a vortex segmentation procedure, or more 
generically, by spreading out the axial vorticity shed by a body. The vortex interaction 
analysis will be tackled in detail at the end of this chapter. 

In summary, this section has introduced a novel exergy-based definition of the vortex drag in 
both versions: full survey plane and wake reduced. It was developed based on the Arntz’s 
definition of the vortex drag along with the Hackett’s crossflow cancellation concept. 
Moreover, some qualitative aspects related to the vortex drag have been covered like the 



 
 

Lift-Induced Drag, Vortex Drag and Lift  
 
 

124 

vortex dissipation, the curvature effect and the vortex exergy reduction. 

 
Figure 5-17: single vortex (left) and segmented vortex (right) 

5.4 Discussion about vorticity and exergy 

Vorticity was used in the previous sections and chapters to introduce some simple concepts 
and it will be extensively used throughout the remaining of this chapter to explain some 
advanced concepts of vortex drag and lift. Hence, in this section, the link between vorticity 
and exergy/anergy will be deepened in order to establish the baseline reasoning that will be 
exploited later on. 

5.4.1 Generation of exergy and anergy 

The link between Lamb vector and exergy was introduced in Chapter 2 (Equations (2.36) and 
(2.37)). The related expression is repeated here for convenience: 
 
 ×   =  ℎ −  =    (5.39) 

 
Since the upstream entropy “ ” is a constant value, its gradient will be zero, and then: 
 
 = − =  − =  ( − ) =    (5.40) 

 
Then, by developing the total enthalpy expression, Equation (5.39) can be rewritten as: 
 

 ×   =   +
 

− (  )  (5.41) 

 
This means that the vorticity is at the origin of the anergy generation “  ” but also at the 
origin of the non-isentropic exergy. Indeed, the velocity and temperature fields will change 
across the viscous regions as it was demonstrated in Chapter 3 during the development of 
the velocity decomposition method. These viscous-driven field changes are better explained 
by Equation (5.41), where it is explicitly stated that the vorticity generates gradients of 
velocity and temperature across the wake or the boundary layer. Hence, the non-isentropic 
velocity and temperature fields are given by the vorticity field, and then, the non-isentropic 
exergy is also given by the vorticity field. In other words, the generation of the non-isentropic 
exergy is linked to the generation of vorticity. 
 
Viscosity generates vorticity, which in turn creates a Lamb vector force “ ×  ”. This Lamb 
vector force generates non-isentropic exergy and entropy at the same time. This explains 
why the anergy generation by viscous dissipation is always accompanied by a generation of 
non-isentropic exergy. Hence, the same viscous phenomenon promotes the destruction of 
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the existing exergy but it also generates an additional source of exergy.   

The previous analysis also explains why the non-isentropic exergy is a recoverable quantity. 
Indeed, the exergy generated by viscosity can be recovered by cancelling out the vorticity 
that has created the velocity gradient. This is best observed in Figure 5-18, where a 
simplified BLI case is shown (the vorticity of the fan hub is ignored for simplicity). In fact, the 
airfoil’s wake can be modelled in a simplified manner as two counter-rotating vortical regions. 
In the same fashion, the jet plume of an engine can also be modelled as counter-rotating 
vortical regions (that turn in an opposite direction compared to the airfoil wake vortices). 
Then, by combining both fields in a BLI case, the vortical regions cancels out (because their 
vorticity regions are counter rotating) avoiding the generation of velocity gradients, thereby 
eliminating any non-isentropic exergy that would be destroyed downstream. 

 
Figure 5-18: a vorticity-based explanation of the boundary layer ingestion 

Moreover, the link between vorticity and the non-isentropic exergy is also evident since both 
fields follows the same “life cycle”. In fact, it is well known [195] that the vorticity has a 
“generation” phase at the boundary layer of a body, where the vorticity is continuously 
generated at the wall and convected into the boundary layer, followed by a pure “dissipation” 
phase at the wake of the body, where vorticity is damped out by viscous dissipation. Since 
the non-isentropic mechanical exergy field is generated by the vorticity field, it is expected 
that “C   ” also presents the generation and dissipation phases. This was observed in Figure 
4-1and Figure 4-3, where “C   ” increased along the boundary layer and then it decreased 
along the wake (the underprediction peak found at the trailing edge of the body must be 
ignored for this analysis). 

5.4.2 Profile drag 

In the previous chapters it was demonstrated that the profile drag is given by the anergy and 
the non-isentropic exergy. In this chapter it was shown that these two elements (Anergy and 
non-isentropic exergy) are also driven by the vorticity. Then, the profile drag represents the 
amount of power required to generate transverse vorticity at the body surface. In fact, it is the 
viscosity through the no-slip condition which is at the origin of the vorticity generation at the 
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body surface (a continuous process) [195]. This is an important concept in naval applications 
where the no-slip condition can be altered by using hydrophobic coatings, which reduces the 
surface friction leading to a smaller vorticity generation, and ultimately, to a smaller profile 
drag. In aerospace applications (where the no-slip condition cannot be modified) the only 
way to reduce the profile drag is by recovering the non-isentropic exergy and/or by reducing 
the anergy generation (by increasing the extent of the laminar flow region on a body). Since 
the non-isentropic exergy generated by the vorticity is a recoverable quantity, then, the 
minimum theoretical profile drag is given by the anergy alone, as expected. 

The vorticity generated at the wall is continuously deposited into the boundary layer and 
transported by the wake in form of vortex rings as shown in Figure 5-19. Then, it can also be 
said that the profile drag is the power required to generate the continuous succession of 
vortex rings. More precisely, it is the power required to continuously shed transverse vorticity 
into the wake. Here is stressed the fact that profile drag is related to the transverse 
components of the vorticity vector but not to the streamwise component (the latter is linked to 
the vortex drag). Also, since the body considered here do not generate lift, the strength of the 
related circulation is zero (net zero vorticity although non-zero locally). 
 

 
 

Figure 5-19: vortex rings for 2D and 3D cases without lift 

5.4.3 Vortex drag and lift 

The previous discussion was valid for 2D/3D non-lifting bodies. For a 2D lifting body, another 
phenomenon arises on the top of that already described: the generation of vorticity to satisfy 
the Kutta condition. In fact, as sketched in Figure 5-20, a body at non-zero angle of attack 
must generate some vorticity (quantified by its circulation) in order to allow the airflow to 
leave smoothly at the trailing edge. This vorticity is at the origin of the lift and also, it will be 
demonstrated later in this chapter that it has associated a 2D lift-induced drag (a very small 
value but non zero). Hence, for a 2D lifting body, the induced drag is the power required to 
generate transverse vorticity (circulation) in order to satisfy the Kutta condition. Lift is just the 
by-pass product of this phenomenon since it arises as a consequence of moving a vortical 
region at a certain velocity (that produces a lift force given by the Kutta- Zhukovsky theorem).  
 
 

 
Figure 5-20: airfoil without circulation (left) and with circulation (right)  

Γ=0 Γ≠0 
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In 3D lifting bodies, the phenomena described before (profile drag + 2D lift-induced drag) is 
still present but a third phenomenon is added: the generation of streamwise vorticity that 
leads to the well-known vortex ring sketched in Figure 5-21.   

 
Figure 5-21: time evolution of the vortex ring for a lifting body 

In fact, streamwise vorticity is continuously generated at the lifting body surface and shed 
into the vortex ring, leading to an apparent “stretching” of the vortex ring. In reality, this axial 
vorticity is constantly fed by the body to the wake thereby allowing enlarging the area of the 
ring while keeping a constant vorticity value at each point of the vortex line. Then, it can be 
said that the vortex drag is associated to the power required to continuously generate and 
feed the streamwise vorticity into the wake. Again, lift is just the bypass product of the vortex 
ring generation because the bound vortex is attached to the moving body (i.e., the vortex ring 
is first generated and then the bound vortex generates lift). Also note that in order to satisfy 
the Helmholtz vortex theorem, the total strength of the streamwise vorticity (circulation of the 
trailing vortex) is equal to the strength of the transverse vorticity attached to the body 
(circulation of the bound vortex). Since bound vortex is driven by the Kutta condition, then, 
the trailing vortex also does. Also note that the vorticity of the bound vortex corresponds to 
the part of the transverse vorticity responsible for the generation of lift, not the part of the 
transverse vorticity related to the profile drag, which have a zero net circulation. 

In summary, this section has introduced some basic important concepts based on vorticity 
that will be exploited in the next discussions. 

5.5 Stage 10: lift-dependent drag in 2D cases 

In Chapter 3, the drag coefficient was broken down into its isentropic and non-isentropic 
components, where the isentropic part was found to be the vortex drag and the non-
isentropic part corresponds to the profile drag. In particular, the vortex drag for 2D cases is 
expected to be zero according to the classical literature [95]–[97], [192]. However, in our 2D 
study (Figure 3-35-left) the vortex drag was found to be non-zero although very small (less 
than 2dc, or equivalently, less than 1% of the total drag). At that research stage, the 2D 
isentropic drag was neglected because this small value was of about the same order of 
magnitude than the typical drag measurement error in a WTT and also because at that 
moment we were mainly interested on the understanding of the drag breakdown itself. Now 
we can carry out a deeper study of this subject in order to understand the physics behind this 
non-zero vortex drag in 2D. In fact, even though the related drag value is very small, the 
associated theoretical concepts turn out to be very important. 

5.5.1 Characterization 

The non-zero 2D isentropic drag curve was shown for a NACA 0012 airfoil in Figure 3-35-left. 
This curve allowed us to identify the phenomenon but this test case is not useful to establish 
a systematic analysis. Then, the 2D isentropic drag will be studied again but using this time a 
Van Der Vooren (VDV) symmetric airfoil (Details of the airfoil geometry are available in 
Appendix A) because its flow field can be computed with potential flow as well as RANS 
CFD. Figure 5-22-left shows the curve of the isentropic drag “ ∗” for both sources of data.  

 

>  
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Figure 5-22: isentropic drag for a Van Der Vooren airfoil (x=3C) 

It can be observed that “ ∗” is strictly zero at zero angle of attack for both test cases. Then, 
“ ∗” increases as the angle of attack increases. Note that, despite the different nature of the 
numerical data, the two curves are very similar. This takes away any possible source of error 
from the data set itself (like the lack of convergence or wrong flow modelling) and confirms 
that a pure isentropic phenomenon actually develops depending on the angle of attack. In 
order to establish its qualitative law, the angle of attack range of the potential flow was 
extended up to 14° for better observation of the curve. From Figure 5-22-right, it is clear that 
a relation of the following type exists: 

 ∗ =    (5.42) 

 
Where “ ” is the constant of proportionality. Also, since the related lift curve in potential flow 
is linear (not shown for simplicity), this can be rewritten as: 
 

 ∗ =   =   =   (5.43) 

 
Where “ ” is the slope of the lift curve and “ ” the constant of proportionality between the 
isentropic drag and the lift squared. This expression closely resembles to the expression of 
the classical lift-induced drag from the lifting-line theory [95] given by Equation (5.44), where 
“ ” is the wing aspect ratio and “ ” the Oswald factor: 

 =
  

 (5.44) 

 
Then, it is clear that the 2D isentropic drag gives a lift-induced drag. Note that the term “lift-
induced drag” is being used here instead of “vortex drag” because lift-induced drag is a 
particular case of the vortex drag where lifting vortices are only being considered (in this 2D 
case there is no vortex as a structure but rather a non-zero net vorticity that generates the 
airfoil circulation). 

In order to know if this result is dependent on the survey plane position, an axial sweep is 
made in Figure 5-23. It is observed that the 2D lift-induced drag is constant independently of 
the survey plane position (even if it is placed upstream of the body) which means that the 
related energy is distributed on the entire domain. 
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Figure 5-23: axial variation of the isentropic drag for a potential flow (α=10°/V=10m.s-1) 

Since the isentropic drag is linked to the potential flow around a body, its drag value is 
expected to be zero (at least, for zero circulation) if an infinite surface integral is carried out. 
This is not exactly the case for the current CFD domain because its size is equal to 150 
chords which is very large but not infinite. Then, an additional study is required in order to 
assess the effect of the domain size. This will be carried out by analyzing the potential flow 
past a cylinder of diameter D=1m and by continuously increasing the total domain size, which 
increases the survey plane height  “ ”. The domain size effect is then quantified by the ratio 
“ / ”. This parameter allows observing the impact of the domain size on the measured 
isentropic drag at the survey plane (given by “ ∗ ”) as shown in Figure 5-24-left for two 
extreme cases of circulation: “ = 0” (corresponding to “ = 0”) and “ = −5” 
(corresponding to “ = 10”). For the case without circulation, it is observed that the 
isentropic drag decreases rapidly by increasing the domain size and it reaches its 
convergence value for “ = 1000 ”. However, for the case with strong circulation, the 
domain size must be significantly increased in order to reach the convergence. On the other 
hand, these results are compared against the drag coefficient obtained by the far-field 
method for both cases of circulation. Similar convergence tendencies were found with just 
some small differences in the converged drag values. From this simple study it can be stated 
that the CFD domain size of 150 chords is only acceptable for predicting the isentropic drag 
for cases without circulation, but it tends to over predict the real isentropic drag value for 
cases with circulation. However, even when a proper domain size is used, the converged 
drag value for cases with circulation is strictly non-zero, which confirms the previous findings. 
 

 
Figure 5-24: grid convergence (left) and 2D vortex drag (right) for cylinder (“ ” in [m2*s-1]) 

Further exploration of the potential flow past a cylinder is shown in Figure 5-24-right, where 
drag for different circulation levels were extracted with far-field method (FFM) and exergy 
(“ ∗ ”). A domain convergence was carried out at each point displayed. It can be observed 

C ∗ 
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that both curves follows the same quadratic tendency as shown before (There is only a 
vertical shift of the FFM curve related to the numerical accuracy of this method, but the 
polynomic law is very similar in both cases). This allows confirming that, effectively, there is a 
(very small) non-zero drag value when circulation is applied to the airflow. This isentropic 
drag value is really small (about 0.2dc for = 10) and thus, it can be absolutely neglected 
for practical purposes. Indeed, for the typical aeronautical cases, the lift coefficient do not 
exceeds = 3 for high-lift condition, which has associated an isentropic drag of Cd=0.02dc 
that is well inside the numerical accuracy limits. Nevertheless, the linear relation between the 
isentropic drag shown in Figure 5-22-right merits a deeper analysis to fully understand its 
origin which is a matter of future work. 

5.5.2 Physical explanation 

According to the aerodynamic theory that can be found in the classical literature [95]–[97], 
[192] the net drag of a body in potential flow is strictly zero, even if lift is being generated. 
This is known as the “D’Alambert’s paradox”, established in 1752 [95]. In our previous 
discussion we have shown preliminary results which suggest that a 2D lifting body may 
actually generate a given amount of drag in potential flow (it is a very small quantity but it is 
not zero). This result (yet to be confirmed by further study) is also supported by previous 
research on unsteady far-field formulations [196], [197] that has mentioned this aspect for 
unsteady 2D viscous flows. An example from Toubin [197] is presented in Figure 5-25 where 
the unsteady lift-induced drag of an airfoil is shown. Toubin completely attributed the non-
zero 2D lift-induced drag to a pure unsteady phenomenon. However, by taking a closer look 
at Figure 5-25 we clearly identify a mean “ ” value along with a pure oscilating “ ” value. 
This means that the total unsteady phenomenon is given by two different sources: a steady 
contribution (the mean value) and a pure unsteady contribution (that gives the temporal 
fluctuation around this mean value). Indeed, if we compare the mean drag value of this 
unsteady “ ” (≅44dc) against the total drag value (=1900dc) we will find out that the mean 
2D lift-induced drag represents 2.3% of the total drag, which is in accordance with our 
previous results (Here is reminded that the domain size used by Toubin was 150 chords, 
which tends to over predict the induced drag values). 

 
Figure 5-25: unsteady lift-induced drag for NACA 0012 airfoil at α=20°/M=0.2/Re=2.106 

In summary, a very small non-zero lift-induced drag in 2D cases has been found by two 
different approaches: exergy and unsteady far-field methods (Here is worth mentioning that 
in the steady-state far-field theory that has been surveyed it couldn’t be found any study 
supporting the previous findings). The following discussion will provide an attempt to explain 
the physical implications of this small drag value.  

Unsteady 
contribution 
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As mentioned before, the energy linked to the 2D induced drag seems to be distributed on 
the entire domain; therefore it will not be available at the body surface. Since the classical 
textbooks compute the 2D drag by using a near-field approach, it is expected that the effect 
of this distributed energy would not be captured simply because it is not available at the body 
surface but at the entire flow field. We will better understand this aspect and we will also gain 
some insight into the physics by using the hydro-electric analogy based on the early 
experiments of Relf and Bryant [132], [190], sketched in Figure 5-26-left. The experiment 
consisted of an isolating tank (blue) filled with water, having two electrode plates (red) on two 
opposite faces which are linked by a battery. This battery establishes an electric potential 
field through the water that follows the same law as the potential flow. Hence, the 
equipotential lines will be equivalent to the streamlines in a potential flow. If no body is 
immersed in the fluid, the equipotential lines will be parallel to the plates (i.e., equivalent to a 
uniform flow). However, when a conducting body is inserted (like the metal airfoil in Figure 
5-26-left), the equipotential lines will be distorted by the presence of the body, giving a 
potential flow without circulation (a zero circulation is obtained regardless the airfoil’s angle of 
attack). Note that the airfoil just distorts the field created by external source of energy but it 
doesn’t add energy to the flow. If the battery is now connected between one plate and the 
airfoil, the equipotential lines will surround the airfoil as shown in Figure 5-26-right. These 
lines can be interpreted as the circulation associated to a lifting body. Note that this 
circulation was achieved by adding some energy to the airfoil. This means that the circulation 
can only be achieved at the expense of some airfoil’s energy. Finally, if we sum up both 
effects, we will get the typical flow over an airfoil where the Kutta condition is satisfied (Figure 
5-20-right).  

 
Figure 5-26: equipotential lines for airfoil without circulation (left) and pure circulation (right) 

Based on this discussion it is now clear that the airfoil provides energy to the surrounding 
flow through circulation. Then, in order to generate lift, an airfoil must develop a circulation 
and this circulation will consume some power: this is the power associated to 2D lift-induced 
drag. Also, when the airfoil does not deliver this energy the rear stagnation point is at the 
upper surface but when this energy is delivered the rear stagnation point satisfies the Kutta 
condition. Then, the 2D lift-induced drag can be also interpreted as the power required to 
bring the rear stagnation point from the upper surface to the trailing edge. In other words, the 
2D induced drag is the power required to reach the Kutta condition. Thus, the Kutta condition 
is the only source of isentropic drag in 2D cases. 

Note that the energy associated to the circulation in Figure 5-26-right is distributed on the 
entire domain, which is consistent with the isentropic drag distribution shown before in Figure 
5-23. Indeed, this axial distribution is shifted upwards proportionally to the circulation 
squared. This means that the energy level of the flow is increased by adding circulation. 

The previous physical analysis also explains other features of the 2D induced drag. In fact, 
the 2D lift-induced drag is isentropic because the energy has been transferred from the airfoil 
to the airflow by a pure isentropic process (no irreversibilities involved). It also explains why 
the induced drag depends on the square of the lift. As a matter of fact, the lift is proportional 
to the circulation, and, as explained before, the circulation is proportional to the tension 
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applied to the airfoil. Then, since in an electric circuit the power delivered is proportional to 
the tension squared, it turns out that the induced drag (the power delivered by the airfoil) is 
proportional to the circulation squared (i.e., to the lift squared). 

The energy related to the 2D lift-induced drag is distributed on the entire domain and its 
source is the airfoil itself. Then, it is clear that it is impossible to compute this 2D lift-induced 
drag from wake data. Fortunately, it is just a very small value and will not affect the accuracy 
of the total drag measurement by using a wake-reduced exergy method. 

As a final comment, in a 3D case, the 2D lift-induced drag will coexist with the 3D vortex 
drag. As a matter of fact, both are linked through the vortex ring shown before in Figure 5-21. 
Indeed, the bound vortex (attached to the airfoil) generates the 2D lift-induced drag at each 
wing section. Then, when this vorticity is shed at the tip vortices, the 3D vortex drag arises. 
The question here is, why the 2D lift-induced drag is very small compared to the 3D vortex 
drag? In fact, the tip vortex has all the vorticity filaments working together as a single 
coherent structure, where all these filaments sum up their strengths and all of them induces a 
rotational flow field around the vortex in an coherent manner. At the contrary, the wing bound 
vortex is in reality generated by a net non-zero transverse vorticity distributed on the entire 
wing surface. The related vortical filaments are now placed side-by-side along the chord 
which leads to a vortex segmentation approach. This means that all these side-by-side wall 
bound vortex lines will not work in coherence but in antagonistic fashion, significantly 
reducing the power transmitted to the surrounding flow. Moreover, the bound vortices lying 
on the upper surface are aerodynamically “hidden” from those at the lower surface due to the 
presence of the body itself, which further reduce the coherence factor. 

5.5.3 On the lift-induced anergy 

Up to this point we have discussed what happens in a potential flow field. Now, let’s consider 
a real flow and let’s analyze the viscous phenomena associated. 

In a potential flow without circulation the rear stagnation point is placed at the airfoil’s upper 
surface (for α≠0°). In a viscous flow it will also be at the upper surface only just at the very 
beginning of the starting movement of the airfoil. Then, viscosity will force the Kutta condition 
thereby pushing the stagnation point from the upper surface to the trailing edge during the 
initial stage of the airfoil’s acceleration from rest to its final steady-state movement. The shift 
of the stagnation point requires the development of a circulation able to push it to the trailing 
edge and, in turn, this circulation requires the existence of a net non-zero vorticity distributed 
on the entire airfoil surface. Hence, accordingly to the Crocco’s equation, the generation of 
this lift-generating vorticity will also carry the generation of anergy: this is the lift-induced 
anergy. 

 In general, the link between vorticity and anergy is given by [198]:  

 = 0   =  0      (5.45) 

 
Then, if we split the 2D vorticity field into its lift-related part and the remaining (related to the 
profile drag) as follows: 

 =  +   (5.46) 

 
We can define the 2D lift-induced anergy as: 

 =     
2  (5.47) 
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Here it is reminded that the lift-related vorticity will also generate a non-isentropic exergy 
according to the Crocco’s law. This non-isentropic exergy linked to the Kutta condition will 
generate a given amount of non-isentropic drag which will be called ‘’  ”. Moreover, in 

2D cases the non-isentropic drag “ ∗” must also be taken into account as discussed in the 
previous section. Then, the total power required for the generation of lift in 2D is given by:   

  =  ∗ +    +   (5.48) 

 
Where these three terms are driven by the vorticity squared (i.e., the circulation squared). 
This explains why the total drag in 2D follows a squared law as sketched in Figure 5-27-left.  

 
Figure 5-27: classical 2D drag breakdown (left) and approximate approach (right) 

Indeed, the typical engineering approach [153] is to breakdown the 2D profile drag as a 
constant drag plus a lift-dependent drag (also sketched in Figure 5-27-left): 
 

 
 

=  +     (5.49) 

 
Based on our previous discussion, this typical approach is now supported by an aerodynamic 
analysis formulation and can be related to exergy terms as follows, where “ ” is just the 
anergy and the non-isentropic exergy generated by the non-lifting vorticity (i.e., 
“  ”): 

 
 

=  +   (5.50) 

 
Now the problem is reduced to the determination of the “  ” since this will give the 
related anergy. This problem can be solved in an approximate fashion by using the Lamb 
vector theory: according to this theory, the vorticity at the upper surface creates a lift force 
whereas the vorticity at the lower surface generates downforce (Given by the cross product 
of the local velocity vector and the local vorticity vector ) as shown in Figure 5-28-left for a 
zero angle of attack. However, part of the upper surface’s vorticity is, in reality, the 
counterpart of the lower surface’s vorticity and its net circulation should be zero. Hence, this 
baseline vorticity field corresponds to the “  ”. In a 2D case with lift, there is a net 
non-zero circulation which is related to the appearance of an extra non-compensated vorticity 
field associated to the lift generation (i.e., “  ”), shown in Figure 5-28-right where only 
the lift-related component is sketched. These two vorticity fields are merged together in a real 
lifting case, then, the challenge is to find a way to extract “  ” from the total mixed field.  
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Figure 5-28:   (left) and   (right) 

The computation of “ ” requires computing the “ ” field beforehand, which is a 
positive quantity (despite the local sign of the vorticity, which is of different sign for the upper 
and lower surfaces). “  ” is also a positive quantity but, as mentioned before, the 
related vorticity is self-compensated which means that the upper surface’s vorticity will be 
opposite to that at the lower surface. Based on this observation, a simple way to take away 
this “  ” field from the total “ ” field is the following (for symmetric bodies only).  

The first step is to take the vorticity field and then to compute the “ ” field which is positive 
as shown in Figure 5-29 (Steps 1 and 2). The third step is to change the sign of this field at 
the cells where the Lamb vector is negative and finally to compute the viscous anergy field 
from this modified field (Steps 3 and 4). The idea behind the sign change is that the volume 
integral of this anergy field will be self-cancelled (for α=0°) thereby eliminating the 
contribution of the profile drag itself, leaving only the contribution linked to the Kutta condition 
(that is why this field is called “ ”). Indeed, for a non-zero angle of attack, the upper 
and lower regions are no longer compensated and thus its volume integral will no longer be 
zero as shown in Figure 5-30. The resulting integrated values are shown in Figure 5-27-right. 
Note that this first-order method gives a rather linear curve, whereas a squared law was 
expected, but the order of magnitude is correct. In fact, the difference between the total drag 
and this lift-dependent anergy is close to “ ” for any “ ”. This preliminary result provides a 
first insight into the problem but it requires further refinement by developing Lamb vector 
based method, which is out of the scope of the present study and it is a matter of future work.  

 

 

 

 
Figure 5-29: different stages of the “ ” calculation procedure (α=0°) 

 

Step 1 

Step 2 

Step 3 

Step 4 
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Figure 5-30: “ ” field for α=10° 

To conclude this analysis a quick discussion about anergy will be made. From an 
engineering point of view, anergy is unwanted because it represents a loss (drag) but for the 
case of lift generation it is (unfortunately) necessary. As a matter of fact, some systems 
require some friction to work (as an ice skater) and this is also the case. On the contrary, the 
vorticity associated to the profile drag that is absolutely unnecessary because it do not 
generate lift nor thrust. Based on this observation, the total anergy generation can be 
conceptually divided into “necessary” and “unnecessary” (but keeping in mind that anergy is 
always undesired). Hence, “necessary anergy” is the anergy associated to the lift-generating 
vorticity whereas “unnecessary anergy” is the anergy associated to the vorticity that do not 
generate lift.  

The necessary anergy represents the price to pay for generating lifting vorticity in a viscous 
flow (Given by Equation (5.47)) whereas the unnecessary anergy represents the price to pay 
for moving the body throughout the viscous fluid. Then the objective is to avoid or minimize 
generating the vorticity that do not contributes to the lift generation. 

In summary, this section has explained the physics behind the 2D lift-induced drag as well as 
its link with the 3D vortex drag. Even though it represents a very small value, the physics 
lying behind this small term is of primal importance in order to achieve a complete 
understanding of the drag generation mechanisms. 

5.6 Stage 11: lift and vortex drag 

In this section the Maskell’s lift equation will be analyzed together with the new wake-
reduced vortex drag equation in order to establish the relation linking lift and vortex drag. 
This analysis will allow properly defining the lift-induced drag for generic aircraft 
configurations and will also allow defining a series of vortex drag efficiency metrics. 

5.6.1 The link between lift and vortex drag 

Hayes [29] has recently developed an exergy-based expression linking the exergy 
destruction with the lift generation under the framework of the lifting line theory. Although it 
provides very useful analytical solutions, these findings are limited to the assumptions of the 
lifting line theory itself (e.g., planar wing with thin wake). Then a more general approach is 
required and specially an approach that could be used with CFD or experimental data. The 
answer is given by the Maskell’s method which is valid for any generic lifting body and which 
includes the lifting line theory as a particular case (when a planar thin wake is considered 
[119]). This approach will then be retained for the following analysis.  

The Maskell’s lift formulation presented in the bibliographical review (Equation (2.29)) is 
repeated here for convenience: 

 =     +  ( − )   (5.51) 

 
As demonstrated by Kusunose [120] the second integrand represents a very small correction 
associated to the loss of lift due to the downwash. For the purpose of the present discussion, 
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this term can be neglected since it represents about 0.5% of the total lift coefficient for the 
case of a high-lift aircraft configuration [120]. It can then be re-written as: 
 

 =      (5.52) 

 
This expression basically means that the lift is proportional to the vorticity and the lateral 
vortex position. In a real 3D flow, a single vortex at the survey plane cannot exist accordingly 
to the Helmholtz laws [95], instead, it always exists in pairs (i.e., the trailing vortices of the 
vortex ring attached to body). Then Equation (5.52) represents the lift force acting normal to 
a vortex ring lying on the XY plane as shown in Figure 5-31-top.  

 
Figure 5-31: vortex ring creating lift (top) and sideforce (bottom) 

The lift equation can then be generalized for the case of the sideforce “ ” as follows: 
 

 =      (5.53) 

 
Where “ ” represents the normal force acting on a vortex ring lying on the XZ plane, which 
corresponds to a sideforce (Figure 5-31-bottom). In general, for an inclined vortex ring the 
net resultant force will still point normal to the vortex ring plane and its force components are 
given by Equations (5.52) and (5.53).  
 
On the other hand, we recall the equation of the wake-reduced vortex drag (Equation (5.35)): 
 

  =
1
2

ψ   
 

 (5.54) 

 
It can then be observed that both, the normal force and the vortex drag generated by the 
vortex ring are driven by the axial vorticity “ ”. The normal force is directly proportional to the 
vorticity whereas the vortex drag depends on the axial vorticity squared (This was 
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demonstrated by Hayes [29] and it can also be seen in Equation (5.54) if it is reminded that 
“ ” is a function of “ ”).   
 
Since the normal force follows a linear relation with vorticity, the vortex ring will generate lift 
or downforce depending on the sign of the vorticity (i.e., the circulation direction), however, 
the related vortex drag will always be positive regardless the circulation direction. The key 
point here is that the same vortex ring that generates vortex drag can generate lift or 
downforce depending on its circulation sign. Also, if a vortex ring is not generating lift, it will 
generate a sideforce (i.e., a vortex ring will always generate a normal force). This is the 
baseline concept lying behind the difference between the vortex drag and the induced drag. 

5.6.2 Vortex drag vs lift-induced drag 

In a generic vortical system there may be several vortex rings coexisting at the same time, 
where some of these vortex rings could generate lift, others downforce or sideforce as 
sketched in Figure 5-32. In general, the isentropic drag associated to all of these vortex rings 
is what we call vortex drag. Hence, vortex drag “ ” is the isentropic drag generated by the 
entire 3D vortical system regardless the direction of the normal force acting on each ring. 

 
Figure 5-32: generic vortical system for an aircraft in maneuvering (strake ring ignored) 

By following the same reasoning, lift-induced drag “ ” can be defined as the part of the total 
vortex drag that corresponds to the lift-generating vortex rings. Of course, this definition is 
trivial for simple bodies (like an isolated wing) where a single lifting vortex ring exists and 
then the vortex drag is equal to the lift-induced drag. However, in complex vortical systems 
this distinction is not that trivial. Indeed, a certain vortex drag attenuation/amplification may 
arise due to the interaction between the multiple vortical systems and this should be taken 
into account when a breakdown of the vortical system is aimed (i.e., if we separate the lifting 
rings from the entire system and each group is studied separately). If this interaction is 
ignored, then, the sum of the vortex drag values from the lifting rings and the remaining rings 
will not be equal to the total vortex drag. This means that a complex vortical system cannot 
be simply split into lift-generating rings and the remaining, which difficult the task of 
establishing a proper generic definition of the lift-induced drag. The previous discussion can 
be mathematically expressed as follows, where the total vortical system is split into three 
vortical groups (each group may contain multiple vortex rings of the same nature): 

  =  +  +  +  (5.55) 
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The vortex drag of each group is defined as the vortex drag of the isolated group, i.e., without 
taking into account the presence of the neighbor groups (because this presence is accounted 
for by the interaction term). For the case of a simple lifting wing (where a single vortex ring 
exists) it is reduced to: 

  =  =    (5.56) 

 
This gives the classical definition of the lift-induced drag that is widely used in the literature 
but that is not strictly valid for a generic vortical system because in this case the vortex rings 
will interact between them. This interaction could be assigned to the lifting group as follows 
but this is an arbitrary approach that will not contribute to the understanding of the physics, 
thus, discarded.   

   =  +   (5.57) 

 
This clearly shows that a complex vortical system must always be studied as an assembly 
and that we cannot simply separate the lift-generating vortex rings from the rest of the 
system. Then, a solution taking into account this interaction is required and this is provided 
by Equation (5.54) as discussed below. 

5.6.3 Vortex interaction analysis method 

In the following discussion, a generic vortical system is built by using two vortex rings. In a 
first case study, the vortex rings will be counter rotating whereas in the second test case the 
vortex rings will be co-rotating. This will allow understanding the nature of the vortex 
interactions and how this affects the vortex drag of the overall vortical system. 

Hereafter, the vortex rings will be modelled as discrete vortices with a diameter small 
compared to the wing span and also, its related vorticity is assumed to be constant inside 
each vortical region. The intensity of the vortices will be identical for both vortex rings but its 
sign will change depending on the case study. 

5.6.3.1 Counter rotating vortices 

The counter rotating case used in this section is shown in Figure 5-33 and it corresponds to a 
wing with a symmetric airfoil and α=0° (i.e., no lift is being generated by the wing itself) along 
with an aileron deflected downwards. Hence, the only source of lift will be associated to the 
aileron but not to the wing. This is best observed by the two counter rotating vortices 
appearing at the inner and outer tip of the aileron. For simplicity, only the RHS of the wing 
will be studied hereafter and also it will be assumed that the LHS aileron also has been 
deflected downwards (in order to have a symmetrical vortex ring, which simplifies the 
analysis). Thus, the aileron will be acting like a flap placed at the tip. Moreover, the inner 
aileron vortex is placed at half semispan.   

 
Figure 5-33: wing+aileron configuration  
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The vortex drag of this vortical system will be obtained by Equation (5.54), which requires 
solving the Poisson equation beforehand. For the current test case the related stream 
function at a given survey plane is shown in Figure 5-34-top. Also, a horizontal line 
intersecting both vortices is taken in order to plot the spanwise distribution of the axial 
vorticity “ ” and the local stream function value “ ” along this line. These distributions are of 
prime importance for the analysis of the interactions since the vortex drag is given by the 
product of these functions.  

 

 

 
Figure 5-34: stream function for the entire vortical system (top), isolated tip vortex (center) 

and isolated inner vortex (bottom) 

Note that the tip vortex has a positive vorticity and a positive stream function, which gives a 
positive vortex drag for this vortex ring. On the other hand, the inner vortex has a negative 
axial vorticity and a negative stream function, which gives a positive vortex drag as expected. 
Then, both vortices are creating vortex drag and their drag value will be given by the product 
of the local axial vorticity and the local stream function (i.e., the “ ” product). Note that both 
vortices have the same vorticity magnitude and size (i.e., identical strengths) but, since their 
related stream functions are slightly different, the tip vortex will have a larger vortex drag. 
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Now the question is: what would be the vortex drag of the outer vortex only? (i.e., inner 
vortex inexistent). This is answered in Figure 5-34-center, where the inner vortex has been 
ignored and the Poisson equation solved by considering only the outer vortex. Again, the 
product “ ” will give the vortex drag. It is found that the vortex drag of the tip vortex is larger 
when it is isolated (compared to its own vortex drag in presence of the neighbor vortex). This 
is better observed by comparing the “ ” distributions of the tip vortex between Figure 5-34 
top vs center. If this procedure is repeated for the isolated inner vortex as shown in Figure 
5-34-bottom, similar conclusions are obtained.  

In summary, if we take each isolated vortex drag as a reference, it is clear that the presence 
of neighbor counter-rotating vortices tends to reduce its own vortex drag thanks to the 
interactions. It can be said that the interaction is “favorable” since it reduces the vortex drag 
of a given vortex ring. This is best observed by the aid of the white arrows drawn in Figure 
5-34, where “ ” is the stream function at the tip position due to the only presence of the 

tip vortex and “ ” is the stream function at the tip position due to the only presence of 

the inner vortex. By combining both fields, the overall “ ” field of Figure 5-34-top is obtained, 
highlighting the fact that the interaction (given by “ ”) actually reduces the vortex drag 

of the tip vortex. A similar analysis for the inner vortex will show the same result. 

Indeed, this is at the origin of the typical vortex drag reduction approach called “vortex 
cancellation” by interaction of counter rotating vortices. This is depicted in Figure 5-35, where 
this time the distance between vortices has been reduced to the half, thereby increasing this 
favorable interaction (Compare against Figure 5-34 top). If the distance between vortices 
keeps reducing, “ ” will eventually be equal and opposite to “ ”, thereby 

anulating the vortex drag of both vortices. This shows the power of the proposed vortex 
interaction analysis method since previous studies have demonstrated the possibility of 
eliminating the vortex drag [199] but no theoretical framework has been available until now.  

Finally, it is important to stress the fact that the sum of the isolated stream functions (linked to 
each isolated vortex) gives the total stream function (linked to the entire vortical system). 

 
Figure 5-35: stream function for the vortices separated by a smaller distance 

5.6.3.2 Co-rotating vortices 

The other interesting test case to consider is shown in Figure 5-36, where two co-rotating 
vortices are being generated. This corresponds to the idealized case of a wing with a plain 
flap deployed. For simplicity, both vortices will be assumed to be horizontally aligned in the 
analysis model as shown in Figure 5-37-top. It can be observed that this time the stream 
function of the entire vortical system is positive everywhere (i.e., there are no regions of 
opposite “ ” sign at the survey plane).  
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Figure 5-36: wing+flap configuration 

If the vortex interaction analysis method described above is repeated for this case, it will be 
found that the vortex drag of a given vortex ring actually increases due to the presence of 
neighbor co-rotating vortices. This is best observed by the help of the white arrows, where 
this time “ ” increases the vortex drag contribution of the tip vortex (whereas for the 

counter rotating case “ ” decreased its vortex drag contribution).  

 

 

 
Figure 5-37: stream function for the entire vortical system (top), isolated tip vortex (center) 

and isolated inner vortex (bottom) 
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The effect of the vortex separation for the case of co-rotating vortices is shown in Figure 
5-38, where the distance between the vortices has been reduced to the half (compared to 
Figure 5-37-top). Note that the vortex drag at each vortex ring increases by reducing the 
distance between vortices. This analysis allows explaining the vortex segmentation method. 
Indeed, in this drag reduction technique the total vorticity concentrated in one region is 
spread out in multiple vortices separated as much as possible. This increased separation 
allows decreasing the adverse interaction vortex drag. 

 
Figure 5-38: stream function for the vortices separated by a smaller distance 

5.6.3.3 Vortex interaction drag 

The previous discussion can be mathematically formalized as follows for the tip vortex case: 

  =  +  (5.58) 

  
Where: 

   =
1
2

   
  

 (5.59) 

  

  =
1
2

  
 

 (5.60) 

  
Note that the integration area is given by “ ” (i.e., the cross-section area of the tip vortex) 
because this expression is intended to give only the contribution of the tip vortex to the total 
vortex drag.  

For the case of a generic complex vortical system, this expression can be further generalized 
as follows, to get the net vortex drag “ ” of the k-th vortex ring: 

  = +  (5.61) 
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 (5.62) 
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   ( ≠ ) (5.63) 
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 “ ” is the vortex drag of the k-th vortex ring as described in Figure 5-34-top and it can 

be broken down into “ ” and “ ”. “ ” is the vortex drag that would have 

the isolated vortex ring if the other rings would not exist (Figure 5-34-center, for the case of 
the tip vortex) whereas “ ” is the change in the vortex drag of the k-th ring due to 

the presence of the neighbor rings (Figure 5-34-bottom, for the case of the tip vortex).  
Finally, the total vortex drag for the entire vortical system is given by: 

  =   (5.64) 

 
Where “ ” is the total amount of vortex rings.  

For the case of complex vortical systems, the calculation of “ ” and “ ” are 

straightforward as described in the previous section. For the calculation of “ ” two 

options are possible. The first approach is to use the definition described in Equation (5.63) 
but this could be time consuming. The easiest approach is to compute it as follows:   

 = −  (5.65) 

 
On the other hand it must be noticed that, for a generic vortical system, the integration area 
for each k-th element is given by the cross section of each vortical region. It can be a well-
defined vortex or axial vorticity distributed in a distorted region. 

In summary, this section has provided a method suited for the analysis of the vortical 
interactions in complex vortical systems (This will be implemented in a real application test 
case in Chapter 15). Also, the interactions of co-rotating and counter rotating vortices have 
been characterized. It was found that the counter-rotating vortices generate a favorable 
interaction (reduction of the net vortex drag for each vortex) whereas the co-rotating vortices 
give an unfavorable interaction (increase of the net vortex drag for each vortex). One may 
think then that vortex drag of a lifting ring can be reduced by using counter rotating vortices 
but unfortunately in these cases the opposite vortices generate downforce, which is 
undesired (this aspect will be better assessed below in the next sub-section). On the other 
hand, it was also studied the effect of changing the separation between vortices. It was found 
that the interaction (favorable or unfavorable) increases by reducing the separation. This 
explains the full vortex cancellation that occurs with two nearby counter rotating vortices 
(where the favorable interaction cancels out each “ ”) but also, it explains the vorticity 

segmentation method (where the adverse interactions are decreased as the vortices are 
separated). 

5.6.4 Vortex drag breakdown method 

As mentioned before, in a generic vortical system there may be vortex rings generating lift 
and downforce. Then, a practical vortex drag breakdown is required, where the vortex rings 
are grouped depending on their force direction as follows: 

  = = +  +  ( = + + ) (5.66) 

 
This requires performing a wake analysis in order to identify each vortex ring and then to 
gather the vortices in groups. The procedure to follow in order to identify each vortex ring in a 
complex wake is shown in Figure 5-39.  
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Figure 5-39: identifying each vortex ring from wake survey data 

Once the groups are defined, the breakdown of Equation (5.66) can be implemented. The 
interest behind this breakdown is that it allows for a generic definition of the lift-induced drag 
“ ” as follows: 

 =   (5.67) 

 
Which means that the lift-induced drag of a complex generic vortical system can be found by 
summing up the net vortex drag of all the lift-generating vortex rings. 

It is noticed that this generic definition of the lift-induced drag includes the typical definition 
used in the bibliography as a special case. In fact, if the vortical system is composed by a 
single lifting vortex ring, the interactions will disappear and then the net vortex drag will be 
identical to the vortex drag itself and also equal to the lift-induced drag.  

By following the same approach we can define the downforce-induced drag “ ” and the 
sideforce-induced drag “ ” as follows: 
 

 =   (5.68) 

 

 =   (5.69) 

 
Which allows expressing the vortex drag as: 

  = + +   (5.70) 

 
This allows tackling one of the missing research aspects that was identified during the 
bibliographical review: the difference between the vortex drag and the lift-induced drag. In 
fact, previous research mentioned (at a conceptual level) the difference between vortex drag 
and lift-induced drag but in any case the theoretical framework was provided. Moreover, the 
physical meaning of the remaining of this difference was never detailed. The new generic 
vortex drag definition provides an answer to this question as follows: 

 −  = +   (5.71) 

 
Which means that the difference between the vortex drag and lift induced drag is just the net 
vortex drag contribution of the vortex rings creating downforce and sideforce, i.e., the vortex 
drag of the remaining non-lifting vortical systems.  
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On the other hand, one may argue that the downforce is a particular case of the lift (i.e., a 
negative lift) and then the related vortex drag could be included into the “ ”. However, this is 
not true because in an equilibrium flight, the lift delivered by the lifting systems compensates 
the downforce of the other rings in such a way that the net resulting lift is equal to the aircraft 
weight. In any case, this downforce implies an inefficiency of the overall system because it is 
not required to achieve the weight/lift equilibrium. This is quantified by the vortex drag 
efficiency metrics defined later in this section. 

At this point we recall the fact that a generic vortex ring is not necessarily contained at the 
XY or XZ planes, instead, it can be inclined. Then the previous definitions take into account 
only the projections of the vortex rings onto these planes in order to perform a breakdown of 
a given vortex ring. Hence, a generic vortex ring may contribute to the lift but also to the 
sideforce, or equivalently, to the downforce and sideforce (but never lift and downforce at the 
same time). The key problem is then reduced to the identification of the vortex rings (that is 
identified at the survey plane due to the trace of its two vortex pairs). 

In single bodies this is somewhat trivial but in complex close-coupled configurations it 
becomes difficult. In fact, the interaction between the bodies generates new vortex rings that 
are added on the top of an existing body’s vortex rings. This is the case of powered lift 
designs [80]–[83] where the engine streamtube generates an extra lift on the wing, leading to 
the formation of an extra vortex ring as sketched in Figure 5-40: 
 

 
Figure 5-40: vortex ring associated to the jet-driven lift increase 

Moreover, in complex vortical systems it is common to find vortex-vortex interactions that 
massively deform the wake. In particular, where two (or more) co-rotational vortices are close 
together they tend to rollup forming a pair of spiral vortices as depicted in Figure 5-41. 
 

 
Figure 5-41: vortex pair roll-up process 

This will not affect the lifting nature of a given vortex ring but it affects the spatial location of 
the vortex. Then, when tracing back the source of a given vortex, this spiral trajectory can be 
misleading. For example, if the survey plane is placed very close to the body in Figure 5-41 
the flap vortex will be on the right whereas the wing tip vortex will be on the left. At certain 
distance downstream the vortex positions are reversed. If one is not aware of this interaction 
phenomenon, one may attribute the vortex drag of one vortex core to the other while tracing 
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back the source of a vortex. That is why it is better to assess the vortex drag at the trailing 
edge of a body whenever possible, since this eliminates much of the wake distortion. 

Another problem to deal with is where to place the survey plane in a generic aircraft 
configuration with multiple bodies distributed streamwise, like in a canard-wing-tail 
configuration. In fact, very often one may way to use various survey planes (placed behind 
each body) in order to analyze the streamwise evolution of the system and also to quantify 
the maximum exergy available at each body’s trailing edge. Although it is a standard 
practice, this must be carried out with care since the vortical systems tend to interact with the 
surrounding bodies. This is best observed in Figure 5-42. 
 

 
Figure 5-42: lift distribution for wing alone (left) and wing+stabilizer (right) 

In the left-hand side the effects of the aileron deflection is shown and this corresponds to the 
information that can be gathered by placing a survey plane very close to the wing’s trailing 
edge (the tail was hidden to stress this fact). However, when the survey plane is placed 
behind the tail, the inner aileron’s vortex will no longer exists under certain condition since it 
can disappear or be largely attenuated by vortex cancellation phenomena [199]. Indeed, the 
inner LHS aileron vortex induces an upwash at the tail that leads to the generation of lift on 
this element. This lift is associated to a stabilizer vortex ring and the tip trailing vortex of the 
tail is counter rotating to the aileron’s vortex, which cancel’s out both vortices under certain 
conditions. Then, at the survey plane, only the inner tail vortex will be observed along with 
the aileron’s tip vortex. This will difficult the identification of a given vortex ring because the 
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inherent physics is quite complex. Nevertheless, the vortex pair identification is an 
unavoidable step and a carefully analysis is required in order to correctly identify the vortex 
pairs in a highly complex vortical system. In this regard, performing a CFD study before a 
WTT can massively simplify the task.  

5.6.5 Vortex drag figures of merit 

The previous breakdown of the vortex drag into its lift, downforce and sideforce components 
allows defining a series of figures of merit for complex vortical systems as follows: 

  =  (5.72) 

 

  =   (5.73) 

 

  =   (5.74) 

 
Where “ ” is the lift-induced drag ratio, “ ” the downforce-induced drag ratio and “ ” 
sideforce-induced drag ratio. It represents the percentage of the total vortex drag that is 
generated by vortical systems that create lift, downforce and sideforce respectively. The 
pertinence of the each metric will depend on the intended maneuver, i.e., on the normal and 
lateral load factors (“ ” and “ ” respectively) defined as: 

  =   (5.75) 

 

  =   (5.76) 

 
Where “W” is the aircraft weight. For example in a level flight, = 1, then, the pertinent 
efficiency metric is “ ”. However, if a pitch-down maneuver is required ( <1) then the 
pertinent efficiency metric is “ ”. However, since any aircraft is designed to fly with = 1 
for the majority of the flight mission, one may take “ ” as the main metric, whereas the 
other metrics become useful just for maneuvering. This will be case of fighter aircraft that 
require a delicate energy management during maneuvering in order to keep a maximum of 
energy height “ ” at any moment in an effort to have a tactical advantage over the enemy 
aircraft. This is the baseline concept of the “Energy-Maneuverability Theory” [73]–[76], [78] 
that will not be discussed here but that should be considered as future research area of the 
exergy analysis.    

The interest behind these metrics is that provides an additional tool for selecting the most 
suited aircraft architecture for a given mission based on energetic considerations. This is the 
case for example of the canard vs conventional stabilizer sketched in Figure 5-43. The 
conventional tail generates downforce in order to reach the longitudinal equilibrium. Then, 
the aircraft system is given by a lifting and a downforce vortex rings, which means that a part 
of the vortex drag that is being generated do not contribute to the lift generation, then, there 
is a deficiency. On the other hand, the canard configuration only have lifting vortical systems 
and then = 1 which means that the vortex drag is only given by the lift-induced drag, 
thereby offering and advantageous configuration from an energy management point of view. 

Another useful figure of merit is the vortex drag interaction metric “ ”: 
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  =   (5.77) 

 
Where “ ” is the total interaction effect from Equation (5.65). This allows quantifying 
the amount of drag reduction/increase due to the interaction between the vortex rings. 
Hence, it is the most pertinent metric to compare different vortex drag reduction devices like 
winglets, wing tip sails, vortex diffusers and others for a given lift coefficient. Note that the 
simple planar wing without devices will have no vortex interactions and then this metric will 
be zero. Then, by implementing a given device, “ ” may increase or decrease (its module 
will always be smaller than 1) quantifying the effectiveness of the device. The objective of a 
designer is to reduce as much as possible the “ ” parameter and, ideally, to get the most 
negative value as possible. 
 

 
Figure 5-43: vortex system for a conventional (left) and canard (right) configurations 

Since the vortex drag is the most dominant source of drag of the current aircraft 
configurations, the proposed metrics would give a rapid and approximate feeling of the 
overall efficiency of the aircraft. A more comprehensive metric should also involve the profile 
drag and the 2D lift-induced drag associated to each body element (Piecewise profile drag) 
which is a matter of future work. 

In summary, this section has developed the concepts of vortex drag and lift-induced drag, 
thereby providing a general expression valid for any aircraft configuration. Also, a series of 
figures of merit were developed, which will be used in the last chapter for the case study. 

5.7 Summary of key findings 

This chapter concludes the theoretical developments related to the wake-reduced exergy 
formulations for unpowered flows. Several research stages were involved in this chapter: 

• Stage 8: a wake-reduced expression for calculating the transverse exergy was determined. 
The resulting expression provided more accurate results than the classical Maskell equation. 
This study also shown that the transverse exergy was composed of two phenomena: the 
rotating flow field around the vortices and the cross flow measured at the survey plane due to 
the flow around the body (which is a potential flow feature and then, it should be taken away 
from the bookkeeping). 
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• Stage 9: the previous work from Arntz and Hackett was improved and combined in order to 
generate a generic definition of the vortex drag for a viscous flow. This new definition shown 
to be in accordance with our previous theoretical developments of the isentropic profile drag 
(obtained by a completely different approach), which validate both formulations. 

• Stage 10: This section tackled the very important subject of the relation between lift and 
vortex drag, which was not deeply studied in the bibliography. The Maskell lift equation along 
with the new wake-reduced exergy-based vortex drag expression were used in order to 
develop a series of concepts leading to a general definition of the lift-induced drag, 
downforce-induced drag and sideforce-induced drag for a generic vortical system (that 
models a complex airflow for a generic aircraft configuration). Then several of figures of merit 
were developed as an effort to provide a means for the study of drag reduction device. 
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Chapter 6  
 
Power effects 

This chapter presents the development of a method suited for the calculation of power-
related exergy parameters from wake data. Firstly, the physics behind the “ ” term is 
discussed and this leads to a proposal of a new generic definition which enables the study of 
aero-propulsive coupling cases (like powered lift). Then, details are given about the method 
of computing all the power-related terms from wake data, followed by a comparison of the 
new technique against other well-established methods. Afterwards, the limitations of the 
current approach are discussed and the basis of the vorticity breakdown method is 
introduced. 
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6.1 Introduction 

All the previous chapters were devoted to the development of a wake-reduced exergy 
formulation for unpowered aircraft configurations. This chapter will address the case of 
generic powered configurations, with special emphasis on the close-coupled configurations 
where a strong powered lift generation exists. These cases are very challenging since the 
Arntz exergy formulation (as well as the rest of the aerodynamic analysis methods) is not well 
suited for the study of such complex cases. Then, a formulation where exergy and lift are 
explicitly linked is highly desired since this enables a better study of these configurations. 
Such a generic formulation is developed in this chapter and this corresponds to the last 
research stage of this thesis: 
 
• Stage 12: wake-reduced propulsive exergy 
 
Note: at the time of writing the manuscript, this work was not yet submitted for publication. 

6.2 Physical interpretation of the “ ” term 

The full exergy equation is given by: 
 
 + =   + + + + +  (6.1) 

 
Where " " is the exergy supplied by the propulsion system, " " is the thermal exergy 
supplied by conduction, " " represents the airplane’s capacity of accumulation or 
restitution of exergy. Since the left-hand side terms are sources of exergy, Equation (6.1) can 
be rearranged as follows: 

 = − ( + ) (6.2) 

 
Thus, the difference between the sources and the losses (if exergy outflow potential is not 
valued) gives the “ ” term, which highlights its “exergy accumulation role”. However, this 
interpretation is quite simplistic since a very complex physics is hidden behind this term. In 
particular, it will be shown that the lift is somewhat hidden inside this terms and then, by 
making appear lift explicitly in the “ ” term, it will enable the study of powered-lift 
configurations (where the lift is generated by both, aerodynamic and power sources). 

6.2.1 Arntz explanation 

Based on classical aircraft performance literature, Arntz [9] mentioned that the “ ” term 
represents the aircraft’s capacity of gaining (or losing) altitude “ ” or speed “ ”, and that 
this change in aircraft energy level is linked to the difference between thrust and drag, as 
follows, where “ ” is the thrust, “ ” the drag and “ ” the net axial force: 
 

 =   +
2

= ( − ) =  (6.3) 

 
However, this expression was derived by introducing a series of assumptions which are quite 
limiting for our purpose of developing a generic formulation. Firstly, it assumes that the thrust 
force is aligned with the flight path: this denies the possibility of considering thrust vectoring 
cases or simply cases where the thrust vector is slightly tilted like an off-design flight point. It 
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also assumes that the aircraft is in normal equilibrium, which implies a straight flight path 
where the lift compensates the normal weight component. Hence, lift effects seems to be 
hidden inside the “ ” term because it is present in a restricted form (i.e., compensating the 
weight component normal to the flight path). In order to better understand these constraints, 
the Equation (6.3) will be re-derived as follows. 
 
The starting point is the Energy Maneuverability theory [74] (EM-theory) which is interested 
in assessing the energy level “ ” of a given aircraft: 
 

 = + = +
1
2

  (6.4) 

 
In order to compare different types of aircraft, the weight must be eliminated, which leads to 
the weight specific energy level: 
 

 = +
2

 (6.5) 

 
An aircraft flying at a certain altitude and speed will have a given specific energy level and 
this level can be augmented by increasing the velocity and/or the altitude. Since work is 
made in transferring from one energy level to another and this work is made in a given 
amount of time, the time rate of the specific energy represents a power called “weight 
specific excess power”, defined as follows: 
 

 = = +
 

 (6.6) 

 
Now, let’s consider an unbanked straight flight path pointing upwards and let’s establish the 
force balance equation along the flight path as shown in Figure 6-1:  
 
  =  − − sin  (6.7) 

 

 
Figure 6-1: force balance along flight path 

This expression assumes that the lift compensates the component of the weight normal to 
the flight path (in order to get a straight flight path by avoiding normal accelerations) and that 
thrust is aligned with the flight path. Then, by rearranging: 
 

 −  =   + sin  (6.8) 

 

 

 

 

 

  

 



 
 

Power effects   
 

154 

  
−

=   + sin  (6.9) 

 
And by multiplying each side by the aircraft velocity one obtains the flight power: 
 

 
−

 =   +  sin  (6.10) 

 
And since: 
 
  sin =   (6.11) 

 
It gives: 
 

 
−

 =   +  (6.12) 

 
Finally, by comparing Equation (6.6) and (6.12) one obtains the link between the specific 
excess power and the flight power as follows: 
 

 
−

 =   (6.13) 

 
This expression means that any difference between thrust and drag will produce a variation 
of the aircraft’s energy level. Also, since thrust and drag are forces aligned with the flight path 
direction, it can be rewritten as: 
 

  =   (6.14) 

 
Where “ ” is the net streamwise aero-propulsive force acting on the aircraft (usually called 
“NPF”). Then, by defining “ ” as: 
 
 =  (6.15) 

 
It gives: 
 
 = W  (6.16) 

 
This is the expression used by Arntz to interpret the meaning of the “ ” term, which, as 
stressed during the derivation of the equations, it is based on several assumptions. These 
assumptions prevent any generic analysis about the aircraft’s response due to a given 
energetic imbalance, and most importantly, it excludes lift from the analysis which is critical 
for the study of powered lift aircraft configurations. 

6.2.2 New generic definition 

In this section, an alternative expression for the “ ” term will be derived without relying on 
any assumption, leading to a generic definition. As it will be shown later, the link between 
exergy and lift will be explicit. 

Firstly, let’s perform a momentum conservation analysis in a control volume surrounding the 
aircraft: 
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 [   ( ∙ ) +  − ∙ ] =  (6.17) 

 
Where “ ” is the velocity vector, “ ” is the static pressure, “ ” is the viscous stress tensor, “ ” 
is the vector normal to the surface. “So”, “Slat” and “Sout” are respectively the upstream, lateral 
and outlet faces of the control volume (external faces of the control volume) whereas “Sb” is 
the body surface (internal face of the control volume). This expression simply establishes 
that the sum of the forces acting on this control volume must be zero. After rearranging it, the 
near field and far field forces are explicitly shown as follows:  
 

 [  − ∙ ] = − [   ( ∙ ) +  − ∙ ]  (6.18) 

                 
 

           Near-field forces                            Far-field forces               d  

 
For a generic aero-propulsive case, these expressions do not allow separating drag from 
thrust; instead, the net resulting aero-propulsive force is provided. This can be written as: 
 
 − =  (6.19) 

 
Where “ ” is the net aero-propulsive force obtained by near-field method and “ ” is 

the net aero-propulsive force obtained by far-field method. 
 
During the development of his formulation [9], Arntz has defined the “ ” term as the power 
of the streamwise component of this net aero-propulsive force as follows: 
 
 = −  (6.20) 

 
This “ ” velocity is not the velocity of the aircraft itself in the inertial World reference frame 
but the velocity vector of the relative airflow to the aircraft as shown in Figure 6-2.  
 

 
Figure 6-2: balance force in the generic inertial reference frame 

 
Then, the “ ” term can be redefined in a general fashion as follows: 
 
 = − = ∙  (6.21) 

 
Where “ = − ”. Note that this expression uses the inertial World reference frame 

Flight path 
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whereas the original Arntz’s definition was in a relative reference frame. Now, let’s establish 
the general force balance equation of the aircraft in the inertial World reference frame as 
follows:   
 

 =   (6.22) 

 
In general, only three forces acts upon an aircraft: the thrust, aerodynamic force (with 
components given by the lift, sideforce and drag) and the aircraft weight. However, the 
momentum conservation approach do not allow separating thrust from the aerodynamic 
force, instead, it gives the overall net aeropropulsive force. That is why this force, alongside 
the weight, are the only two forces acting on an aircraft: 
 
 + =   (6.23) 

 
Now, let’s compute the power of these forces along the flightpath as follows  
 
 + ∙ A =  ∙ A (6.24) 

 
 ∙ A + ∙ A =  ∙ A (6.25) 

 
 ∙ A =  ∙ A − ∙ A (6.26) 

 
Note that a generic curved flight path is considered here since no constraint has been 
imposed to the lift/weight components. Finally, based on this expression, Equation (6.21) can 
be rewritten as: 
  
 = ∙ =  ∙ − ∙  (6.27) 

 
This is the general expression of the “ ” term and it no longer relies on the existence of an 
unbanked straight flightpath with the thrust aligned with the flight direction and with the lift 
compensating the weight component. As a matter of fact, no assumptions have been 
introduced in this development.  

The “  ∙ ” term represents the dot product of the aircraft’s acceleration in the inertial 
reference system and the aircraft velocity, i.e., this is the power required to accelerate the 
aircraft. The second term is just the gravitational power stored in the body during an 
ascending flight, or equivalently, the power released by the body in a descent flight (note that 
in descent flight “ ∙ > 0” and then, the negative sign implies that the aircraft’s energy 
level “ ” is being reduced).   

In order to better understand the meaning of this equation lets analyze several scenarios by 
reminding that “ ” is the imbalance of the sources and losses of exergy in the system. 
 
• If “ = 0” there are two possibilities: either the dot products of both terms of Equation 
(6.27) are zero, or both terms are not zero but opposite. In the first case, the fact of having 
“ ∙ = 0” implies an horizontal flight path and “  ∙ = 0” implies an unaccelerated 
flight (or an acceleration normal to the flight path where “ ∙ = 0”). Hence, the aircraft will 
perform a steady horizontal flight (or a steady turn). For the second case, the aircraft may be 
able to perform an accelerated flight by losing or gaining altitude with constant energy level 
(in such a way that “  ∙ − ∙ = 0”). Both options are possible with the same “ ” 
value since it only implies an exchange of kinetic/potential energy at constant energy level. 
Then, “ = 0” only means that the energy level of the aircraft will remain constant. 
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• If “ > 0” the aircraft energy level can increase and this may be accomplished by three 
ways: a) pure acceleration at constant flight level, b) flight ascent at a constant rate of climb 
with straight flight path (i.e., no acceleration), or c) a combination of both. Note that the case 
“a” (pure acceleration at constant flight level) can be either a linear acceleration or a normal 
acceleration to the local flight path. This is because the acceleration is measured in the 
inertial World reference system and not relative to the aircraft (note that the normal 
acceleration is perpendicular to “ ” in the aircraft moving reference system but it is not the 
case for the inertial system). 
 

6.2.3 The link between exergy and lift 

The introduction of the normal accelerations will allow us to establish the link between lift and 
“ ”. This subject can be addressed by reminding that the accelerations mentioned before 
corresponds to the accelerations measured in the inertial reference system “XYZ”, given by: 
 
 = + +   (6.28) 

 
However, CFD simulations or wind tunnel data is usually gathered in the body reference 
frame “xyz” sketched in Figure 6-3.  
 

 
Figure 6-3: body and inertial reference frames 

Then, the acceleration components in the inertial reference frame can be established from 
kinematic parameters measured in the body reference frame as follows [73]: 
 
 = − +  (6.29) 

 
 = − +  (6.30) 

 
 = − +  (6.31) 

 
Where “ , , ” are the velocity components along the body axes “ , , ” and “ , , ” the 
angular velocity components about the body axes. These last three equations highlight the 
fact that an acceleration in the inertial world reference frame is not necessarily an 
acceleration along the flight path. Instead, an acceleration normal to the flight path (related to 
the translational-angular velocity product, e.g., “ ”) also gives an acceleration in the inertial 
reference frame. These angular velocities can be related to the normal load factor “ ” 
depending on the intended maneuver. For the case of a pull-up, it is given by [73]:   
  

 =
( − 1)

  (6.32) 

 
And for a steady turning flight it is given by [73]:   
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 =  
( − 1)

 (6.33) 

 
Where: 
 

 = =
T +

 (6.34) 

 
Note that the lift “ ’’ and the vertical thrust component have been explicitly presented in order 
to highlight their contribution to the generation of normal accelerations. 
 
This set of equations, along with Equation (6.27), states that a given “ ” value can be 
converted into a combination of: a) axial acceleration along the flight path, b) acceleration 
normal to the flight path, and c) storing/releasing gravitational power. If a steady horizontal 
flight is being considered, then the “ ” value will then be related to the normal load factor 
and then to lift (which gives a steady turn in this case). This is the link between exergy and 
lift. Indeed, when an exergy analysis of a given CFD simulation or WTT is made, lift is being 
considered through its lift-induced drag but also through the “ ” term. Then, when a “ ” 
value is assessed, this should always be accompanied by the total lift coefficient (or the 
normal load factor) because this is an important parameter to know in order to predict the 
aircraft response to a given exergy imbalance. Note that the “total lift coefficient” has been 
mentioned because this implies both sources of lift, aerodynamic and propulsive. 
 
The link between exergy and lift in now clearer: lift is being generated at the expense of 
certain amount of energy (related to its lift-induced drag, i.e., related to exergy and anergy 
generation) and this lift force can eventually deliver a power required to curve the flight path 
(depending on the load factor). This is in accord with the EM-theory which states that “ ” 
(i.e., “ ”) can be converted to turn rate performance [78]. In fact, according to the EM-
theory, the interest behind the energy rate “ ” is that this parameter is a measure of 
sustained maneuverability, i.e., the capability of performing a maneuver without loosing 
energy. Note that the sustained maneuverability is not the same as the instantaneous 
maneuverability, given by the maximum load factor (where a given maneuver can be 
achieved but at the expense of aircraft energy if the propulsive power is not enough).  

In summary, this section has provided a deeper analysis of the “ ” term thereby clarifying 
the physical implications of this parameter. A general version of the “ ” equation has also 
been furnished which eliminates all the assumptions made by the original Arntz’s expression. 
This general approach allowed establishing a link between the lift and exergy. Nevertheless, 
this is just an exploratory work and deeper developments are required to improve the link 
between the exergy analysis and the EM-theory. Also, the current theoretical development 
establishes the basis of an exergy-based flight mechanics, which is a matter of future work. 

6.3 Wake-based propulsive exergy determination 

This section presents the procedure to follow in order to compute the propulsive exergy 
terms from wake data.  

The propulsive exergy equation (1.2) is written below, where " ℎ " and "  " are respectively 
the total specific enthalpy and specific entropy variations with respect to the upstream flow 
conditions. Moreover, "  ( ∙ ) " is the local mass flow rate across the surfaces 
surrounding the propulsive regions “ ”:  
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 =   ℎ ( ∙ ) −   ( ∙ ) =  −  (6.35) 

                         

               Propulsive enthalpy         Propulsive anergy               d  

 
For simplicity, each term of this equation will be studied separately as follows. 

6.3.1 Propulsive enthalpy 

As explained by Arntz [9], the propulsive enthalpy equation requires performing an 
integration on the surfaces enclosing the source of propulsive energy. This is possible to do 
in CFD but not in WTT where usually only the wake data is surveyed (*). Then, the objective 
of the present section is to provide a means of determining the propulsive enthalpy from 
wake data. 

The enthalpy represents the amount of energy added by the propulsive system to the airflow. 
Once added to the flow this scalar quantity is convected with it, thus, the total amount of 
enthalpy remains constant all along the jet plume (we ignore here any possible heat 
exchange). Since the propulsive enthalpy is based on this parameter one may expect that 
“ ” be constant all along the wake/jet plume as well, which would simply requires a wake 
survey to determine the propulsive enthalpy. However, the propulsive enthalpy integral also 
involves the computation of the mass flow rate across the wake/jet plume cross section 
which increases all along the wake due to the jet diffusion. This is best shown in Figure 6-4 
where a reference streamline at the limit of the boundary layer close to the trailing edge of 
the nacelle is shown. It can be observed that the wake thickens around this streamline as the 
flow evolves downstream, which means that new flow particles are entering into the wake. 
This makes increases the mass flow rate along the jet plume, thereby increasing the 
“apparent” propulsive enthalpy. As a consequence, the propulsive enthalpy measured at the 
wake can be slightly overpredicted if the survey plane is placed far downstream of the model 
(see the horizontal reference dashed line in red). However, in the exergy-based applications, 
the survey plane is required to be as close as possible to the model (in order to assess the 
maximum recoverable exergy quantity) and under this condition the propulsive enthalpy from 
wake data will match the propulsive enthalpy as defined by Arntz (i.e., with the integration 
surfaces surrounding the source of power).  

Having this physical constraint in mind (determination of the physical frontier of the 
propulsive jet), we can address the problem of reducing the propulsive enthalpy integral to 
the wake region. This can be achieved by assuming a survey plane normal to the upstream 
direction as follows: 

 =   ℎ u  (6.36) 

 
Note that, as the case of anergy, this term can be decomposed into its isentropic and non-
isentropic components, but the isentropic part is zero. Thus, no breakdown is required. 

 

(*) Here is reminded that, although this parameter can be measured inside the nacelle just 
after the energy source, it is usually made by using a probe rake which do not provide a 
proper spatial resolution. 
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Figure 6-4: evolution of  parameters along the wake 

 

6.3.2 Propulsive anergy 

Measuring the propulsive anergy from wake data is even more challenging. In fact, the 
streamwise mass flow rate variation mentioned before will also affect its calculation. 
However, there is another physical implication that complicates even further the 
measurement: the difficulty of separating the anergy sources from the wake data. Indeed, the 
wake survey only provides the total amount of anergy that has been created upstream and 
convected up to the survey plane without the possibility of separating its sources. For the 
case of an unpowered body this does not represent a problem (because all the anergy is 
accounted as drag generation) but in cases with propulsion one is interested in separating 
the anergy generated by the propulsive unit itself. This is best observed in the exergy 
equation as follows: 
 
 + =   + + + + +  (6.37) 

 
If an adiabatic flow is considered (“ = 0”), this reduces to: 
 
 − =   + + + + +  (6.38) 

 
 =   + + + + + +  (6.39) 

                                                                

                                                                      Total anergy               d  

 
Where the total anergy “ ” at the wake-reduced survey plane is given by: 
 

 = 0   ( ∙ )   (6.40) 

 
Where the total accumulated entropy generation “ ” that has occurred upstream is being 
measured at the survey plane. Hence, a wake survey of the total anergy will mix all the 
sources together thereby avoiding an anergy breakdown. This is best observed in Figure 6-5, 
where the wake measured total anergy is shown for the case of a powered nacelle 
(corresponding to the Multifan nacelle). A sketch with the qualitative distribution of the 
different anergy sources is also shown in order to highlight the mixing of the anergy sources. 
 

 ℎ ( ∙ )  ( ∙ )  
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Figure 6-5: anergy distribution across the jet plume/wake (top) and breakdown (bottom)   

Based on the previous discussion it is clear that the propulsive anergy cannot be directly 
measured from wake data: only the total anergy is accessible. Since the propulsive anergy 
cannot be determined from wake data, the propulsive exergy cannot be determined either. 
This is a problem if the behavior of the propulsive unit itself is intended to be isolated from 
the rest of the system but it is not a problem when the overall aircraft behavior is wanted as 
shown in the next section. A solution to compute the propulsive anergy from wake data will 
be introduced at the end of this chapter. 

6.3.3 Wake-based “ ” calculation 

One of the main goals of the exergy analysis of powered cases is to establish the power of 
the net aero-propulsive force acting upon the aircraft which is given by “ ” as follows:  
 
 = − + +   (6.41) 

 
This expression requires an infinite surface integral since “ + ” are not wake-reduced 
terms. Then, in order to measure the “ ” term from wake data, a breakdown into its 
isentropic and non-isentropic components must be carried out as follows: 
 
 = ∗ +    (6.42) 

 
Where: 
 
 = − + +   (6.43) 

 
 ∗ = −( ∗ + ∗ )  (6.44) 

 

Since all the RHS parameters of “ ” are wake-based, then, it can be established from 
wake data.   

On the other hand, one of the plot analyses mostly exploited by Arntz for the study of 
powered configurations is the “  vs ” graph. Such a plot can be made from CFD 
volumetric data but not from wake data (either CFD or WTT data). An alternative is to study 
the “  vs ” graph which highlights the energy consumption and can be achieved by 
both wake and volume data. 
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6.4 Power effects: comparison of several methods 

The wake-based exergy formulation for powered cases will be evaluated by using the 
Multifan nacelle as a test case. The objective is to compare the exergy-based results against 
other techniques: near-field method, far-field method and several well-established thrust 
definitions from [1].   
 
Figure 6-6 shows the cross-section view of the 3D Multifan nacelle along with several survey 
planes that will be measured as required by the alternative methods. The parameters on the 
nacelle’s inlet (section “1”) and outlet (section “4”) are required to establish the net standard 
thrust, the net intrinsic thrust and the pre-entry thrust (defined later). The wake position will 
be used for both, an infinite survey plane (required by the Arntz method and the momentum 
method) and a wake-reduced plane for testing the new formulation. The anergy distribution 
at this wake section is also shown in Figure 6-6.  
 

 

 
Figure 6-6: nacelle survey planes (top) and extruded wake (bottom) 

 
• Near-field method: 
In order to compute the net aero-propulsive force by the near-field method, a surface integral 
is performed on the entire nacelle’s surface according to: 
 

 = [  − ∙ ]  (6.45) 

 
However, in a powered case, this equation does not take into account the forces acting on 
the rotor (simulated in the CFD data by using a source term of energy and temperature). The 
additional force acting on the rotor can then be extracted by computing the dynalpy change 
across the source term as follows: 
 

 = − [   ( ∙ ) +  − ∙ ]  (6.46) 
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The addition of the near-field force and the rotor force will give the net aero-propulsive force 
acting on the configuration.  

• Far-field method: 
On the other hand, the net propulsive force can be obtained by the far-field method, by 
analyzing data available at the infinite survey plane as follows. 
 

 = − [   ( ∙ ) +  − ∙ ]  (6.47) 

 
Since the survey plane intersects the jet plume coming from the fan as well as the wake of 
the nacelle, the total aero-propulsive force acting on the nacelle is being accounted for. 

• Exergy methods: 
Another way to get the net aero-propulsive force is by using the Arntz method (where each 
term is integrated on the entire survey plane of infinite size): 
 
 = − + +   (6.48) 

 
As well as the new wake-reduced version: 
 
 = − + +   (6.49) 

 
• Thrust definitions: 
The net propulsive force can also be obtained by following the standard industrial procedure 
described by AGARD [1]: 
 
 =  −  (6.50) 

 
Where “ ” is the near-field force acting on the outer surface “ ” of the nacelle: 
 

  = [  − ∙ ]   (6.51) 

 
And “  ” is the standard net thrust is given by: 
 
  = −  (6.52) 

 
Where the stream force “ ” at a given stream tube section “ ” is defined as: 
 

 =  2 +   
S

 (6.53) 

 
The section numbering is detailed in Figure 6-6 (“0” corresponds to the infinite upstream). On 
the other hand, the stream force analysis also allows defining other types of thrust as follows:  
 
  = −  (6.54) 

 
 = −  (6.55) 

 
Table 6-1 shows the net propulsive force values for the Multifan nacelle at nominal thrust 
level (details of this power level will be given in the wind tunnel data analysis in Chapter 12). 
It can be observed that the net propulsive force given by exergy (Arntz) and the far-field 
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method are identical. Moreover, the wake-reduced exergy approach also provides a good 
agreement for a survey plane placed at x=1C downstream of the nacelle. The near-field 
method approximates very well this value by just 1% of difference (it is well known that the 
near-field approach is prone to numerical errors). Also, the NPF value from AGARD is very 
similar to the NFM since both rely on the surface integral of pressure and viscous stress. 
 

Method AGARD NFM FFM Arntz New 

NPF 0.2455 0.2459 0.2484 0.2484 0.2484 
Table 6-1: net propulsive force coefficient determined by several methods 

6.5 Vorticity breakdown method  

As mentioned before, the propulsive anergy cannot be extracted from wake data since all the 
anergy sources are mixed at the survey plane position, preventing any breakdown of the total 
anergy into its components. This problem must be solved in order to provide a complete 
aero-propulsive efficiency analysis of an aircraft configuration from wake data. 

Another problem, this time related to the original Arntz approach (volumetric CFD data 
analysis) is that the components of the total anergy are determined by splitting the total CFD 
domain into two domains: a propulsive domain and the remaining as sketched in Figure 6-7. 
 

 
Figure 6-7: control volume splitting approach 

By following this approach, the propulsive anergy is assumed to be separated from the 
viscous and thermal anergy sources. However, the resulting “ ” and “ ” terms will 
include the anergy generation related to the nacelle’s body wake along with the anergy 
generation of the jet plume, because both phenomena take place simultaneously  along the 
wake/jet plume. Hence, instead of simply quantifying the total viscous anergy, it would be 
more pertinent to breakdown “ ” and “ ” into its propulsion and body components. At 
the same time, inside the propulsive control volume a part of the anergy generated will 
correspond to the wall losses, which can be attributed to the nacelle body instead of the fan 
itself. Hence, the same “body+propulsion” breakdown is also desired in this control volume. 

A similar analysis can be made concerning the exergy terms: the exergy outflows must be 
broken down depending on its body or propulsive source. If such a breakdown is achieved, a 
piecewise exergy analysis would be enabled which is even more useful for practical design 
purposes: instead of just doing a general assessment of the anergy/exergy components, 
these terms can be broken down and each part attributed to a given specific body of the 
aircraft assembly, which allows relating geometry with performance thereby enabling a 
targeted design optimization procedure.  
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A piecewise exergy analysis requires then to properly breakdown the sources of exergy and 
anergy. As mentioned in the previous chapters, the non-isentropic exergy and the anergy are 
generated by vorticity: the viscous anergy depends on the local vorticity squared whereas the 
non-isentropic exergy is given by the non-isentropic velocity which in turn is given by the 
integral of the transverse vorticity (this will be formally demonstrated in Chapter 9) as follows: 
 

 =
0   =  

0     (6.56) 

 

  =   (6.57) 

 
Then, a piecewise exergy analysis will only be possible if the vorticity field is broken down in 
order to identify the contribution of each part of the aircraft. Although this could be achieved 
by developing a Lamb vector based exergy formulation (a matter of future work), a simple 
alternative method is presented hereafter which is called “vorticity breakdown method”. 
 
The vorticity breakdown method is based on the assumption that the total vorticity field of a 
complex multi-body aircraft configuration is given by the superposition of several vorticity 
fields which are each one generated by the isolated parts of the aircraft. This assumption is, 
of course, approximate because the possible interactions are neglected. However, since the 
breakdown will be performed starting from the final combined vorticity field in order to find the 
piecewise sources of vorticity, the possible interactions will be already taken into account in 
the breakdown and thus this assumption is no longer a problem. 

In order to perform a piecewise vorticity breakdown, it is first necessary to identify the 
vorticity field topology associated to the different types of aircraft components. Despite the 
large variety of geometry shapes and functions, the aircraft parts can be classified into two 
functional groups from a vorticity point of view: streamlined loss generating parts and 
sources of power. 

The streamlined loss generating parts have been widely studied in the previous chapters. 
The typical case is the airfoil section (it could be the nacelle section as well, or the fuselage 
cross section) which generates opposite transverse vorticity at its upper and lower walls as 
sketched in Figure 6-8-top.  
 

 
Figure 6-8: vorticity topologies and velocity profiles for airfoil and nozzle 
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Indeed, the velocity deficit at the wake is caused by two vorticity regions, one negative at the 
lower part of the boundary layer/wake and other positive at the upper part. On the other 
hand, a source of power like the nozzle of Figure 6-8-bottom is characterized by a velocity 
excess inside its jet plume, which is achieved by generating positive vorticity at the lower 
mixing layer and negative vorticity at the upper mixing layer. 
 
This observation can be exploited to establish the topology of the vorticity field for complex 
cases based on the superposition assumption. As shown in Figure 6-9, a powered nacelle 
will have a loss generating vorticity field linked to the upper body, another loss generating 
field linked to the lower body and a power generating field linked to the fans delivering thrust 
(if the fans are operating under windmilling condition, then it can be considered as a loss 
generating element). By summing up these fields, the total vorticity field is build up. However, 
in practice, the procedure is rather the inverse, i.e., it starts from the total vorticity field and 
then it is broken down into its different sources by following the reverse approach. 
 

 
Figure 6-9: superposition of vorticity fields for a powered nacelle 

The reverse approach (i.e., the breakdown of the vorticity field) will be explained by using a 
highly complex case as the wing+powered nacelle configuration shown in Figure 6-10, 
corresponding to the 2D version of the Multifan geometry. The vorticity field is shown as well 
as the vorticity distribution along a downstream survey line, which is intended to be broken 
down. For this case, there are five sources of vorticity: the wing, the lower nacelle surface, 
the nacelle hub, the upper nacelle surface and the fan power. These sources can be easily 
recognized in the vorticity distribution along the survey line if the identification method 
described before is respected. The identification of these sources is sketched in Figure 6-11 
and the breakdown shown in Figure 6-12. 
 

 
Figure 6-10: vorticity field of the 2D multifan configuration under power-on conditions 

Once broken down the vorticity distribution at the survey line, the non-isentropic exergy and 
anergy fields can also be broken down thereby providing an exergy/anergy field uniquely 
associated to each body. This will allow then to establish the anergy/exergy generation of 
each body leading to a piecewise exergy analysis. 
 
The algorithm required to implement the vorticity breakdown method from CFD data was 
under development at the time of writing this manuscript, thus the practical application 
aspects of this method will be detailed in a future work. 

 
wak
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Figure 6-11: identification of the vorticity sources along the survey line 

 
 
 

 
Figure 6-12: vorticity breakdown at the survey line 

6.6 Summary of key findings 

This chapter has been devoted to the development of the wake-reduced exergy formulation 
for powered configurations. Firstly, the “ ” term was re-developed by using a generic 
expression which provides a better insight into the physical interpretation of this term. 
Moreover, this new expression allowed establishing the link between exergy and lift, which 
paved the way towards the analysis of close-coupled aeropropulsive configurations where lift 
generation is achieved by both, aerodynamic and power-driven approaches (which includes 
thrust vectoring or streamtube-body interactions). The outcome of this lift/exergy link is that 
any “ ” value assessed by an axergy analysis must always be accompanied by the overall 
lift value (or equivalently, the load factor), since the comparison of different “ ” values 
must be made at constant lift coefficient for a proper analysis. 
 
Afterwards, the propulsive exergy terms were evaluated in order to assess the feasibility of 
the wake reduction. It was found that the propulsive enthalpy can be determined from wake 
data provided that the survey plane remains close to the body (the typical exergy-based 
procedure). If the survey plane is placed further away, the wake-measured propulsive 
enthalpy will be slightly larger than the actual propulsive enthalpy delivered by the engine 
due to the increase of the mass flow rate along the wake/jet plume. On the other hand, the 
propulsive anergy cannot be determined from wake data simply because the anergy 
measured at the survey plane corresponds to the total anergy generation, which mixes the 
viscous, thermal and propulsive components. However, this difficulty do not impact in the 
calculation of the “ ” term which can be determined from wake data. Finally, a method 
suited to overcome the anergy propulsive problem was presented: the vorticity 
decomposition method, which is the baseline of the piecewise exergy analysis.  
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Chapter 7  
 
Summary of the theoretical aspects 

This chapter gathers all the important wake-reduced exergy based equations that were 
developed throughout the previous chapters.  
 
 
 

Chapter 7 Summary of the theoretical aspects ....................................................... 169 

7.1 Modified Arntz equations ........................................................................... 170 
7.2 Wake-reduced exergy formulation ............................................................. 171 
7.3 Related methods and parameters ............................................................. 174 

 
 
 
 



 
 

Summary of the theoretical aspects   
 

170 

7.1 Modified Arntz equations 

The original Arntz equations were modified in order to use a unique survey plane of infinite 
size (instead of using a complete surface enclosing the domain). This survey plane is 
assumed to be normal to the aerodynamic x-axis (i.e., “ ∙ = ”) and, most importantly, the 
mechanical and thermal exergies were modified in order to cope with the inconsistencies of 
the exergy-based characteristic curves. The final set of equations is the following: 
 
 + =   +  +  + + +  (7.1) 

 

 =   ℎ   −    =  −  (7.2) 

 

 =  ∙ −  ∙   (7.3) 

 
  = + +   (7.4) 

 

 =  ( − )      (7.5) 

 

 = ( + )    (7.6) 

 
  =  +   (7.7) 

 

  = − ( − )   (7.8) 

 

  = 1 −
 
 

 
 −      (7.9) 

 
  =  (7.10) 

 

 =     1 −
 

 
 

 −      (7.11) 

 

 =
0   =  

0     (7.12) 

 

 =  0   ( )   (7.13) 

 

 =  0   ( ∙ )   =  . (    )    (7.14) 

 

 = 0    = + + +  (7.15) 
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7.2 Wake-reduced exergy formulation 

7.2.1 Velocity decomposition 

The first step is to perform a velocity decomposition as follows: 
 

 ∗ = 1 −
( ) 

( )

− 1  = 1 −
( ) 

( )

∗ − 1   (7.16) 

 

 = 1 +
− 1
2

1 −  (7.17) 

 
Then, by using the directional angles of the real velocity vector: 
 

 

=
2 + 2

 

=

=

 (7.18) 

 
One can obtain the isentropic velocity components:  
 
 ∗ = ∗ ( ) ( ) (7.19) 

 
 ∗ = ∗ ( ) ( ) (7.20) 

 
 ∗ = ∗ ( ) (7.21) 

 
As well as the non-isentropic velocity components: 
 
 = − ∗ (7.22) 

 
 ̅ = − ∗ (7.23) 

 
 = − ∗ (7.24) 

 
It is also required to decompose the static temperature and density as follows: 
 

  ∗ = 1 +
− 1
2

 1 −
 ∗

 
 (7.25) 

 
 = − ∗ (7.26) 

 

 ∗ = 1 +
− 1
2

 1 −
 ∗

 
 (7.27) 

 
 ̅ = − ∗ (7.28) 
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7.2.2 Exergy breakdown 

The second step is to determine the isentropic component of all the exergy terms as follows: 
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1
2

∗( ∗ − )  ∗  (7.29) 
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∗

 
 − ∗   ∗  (7.33) 

 
 ∗ = ∗ + ∗ + ∗ + ∗  (7.34) 

 
 ∗ = ∗  (7.35) 

 
This allows then computing the non-isentropic component of each term: 
 
 = − ∗ (7.36) 

 
 = − ∗ (7.37) 

 
  = − ∗ (7.38) 

 
 ̅   = − ∗   (7.39) 

 
 ̅   = − ∗   (7.40) 

 
 = − ∗  (7.41) 

 
 = − ∗  (7.42) 

7.2.3 Propulsive exergy breakdown 

The propulsive enthalpy is determined as follows:   

 =   ℎ u  (7.43) 

  
This allows computing the aircraft’s rate of change of energy level: 
 
 = − + +   (7.44) 
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But it is convenient to breakdown this term as usual because only “ ” is wake-reduced: 
 
 = ∗ +    (7.45) 

 
 = − + +   (7.46) 

 
 ∗ = −( ∗ + ∗ )  (7.47) 

 
Note that “ ” and “ ” cannot be broken down into its isentropic and non-isentropic 
terms. 
In order to interpret the meaning of “ ” (or “ ” if it was determined from wake data) the 
following general expression must be used: 
 
 = ∙ =  ∙ − ∙  (7.48) 

7.2.4 Anergy calculation 

The anergy measured at the survey plane is the total anergy generated upstream, which 
includes all the sources of anergy.  
 

 = 0    = + + +  (7.49) 

 
Currently, performing an anergy breakdown from wake data is not possible (it requires a 
piecewise exergy analysis –under development-) 

7.2.5 Final wake-reduced exergy equation 

The original Arntz equation can be written as: 
 

 + =  ∗ +    + ( ∗ + ) + ( ∗ + ) +  (7.50) 

 

7.2.6 Drag breakdown 

For unpowered adiabatic cases, the exergy based drag coefficient and its isentropic/non-
isentropic components are given by: 
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These exergy-based drag parameters can be related to the well-established drag 
components as follows: 
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 = +  (7.54) 

 

  = ∗  +    (7.55) 

 
Where vortex drag can be computed from a full survey plane basis: 
  

   = ∗ =
1
2

∗ + ∗ − ( ∗ − )   
 

 (7.56) 

 
Or from a wake-reduced basis: 
 

  = ∗ =
1

2 0ψ  0 
 

 (7.57) 

 
Where the associated lift/downforce is given by: 
 

 =      (7.58) 

7.3 Related methods and parameters 

7.3.1 Correction for closer survey planes 

The profile drag underprediction problems when the survey plane is placed too close to the 
body can be solved by using the following correction: 
 

 ≈  + ∗  (7.59) 

 

 ≈ + ∗  (7.60) 

 
This valid for any 2D case (subsonic or transonic, with or without lift, with or without power). 
In 3D, it is just not valid for cases with lift.  

7.3.2 Transverse exergy breakdown 

The Arntz’s transverse exergy field can be broken down into its pure rotational component 
“ψ ” and the crossflow part “Φσ” as follows:  
 

 ≃
1
2

 (ψ − Φσ) ∗  (7.61) 
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This breakdown is not useful for design purpose but it is very useful for physics analysis. 

7.3.3 Vortex drag breakdown and analysis 

For a generic vortical system, the net vortex drag “ ” of the k-th vortex ring is given by: 

  = +  (7.64) 

  

  =
1
2

   
  

 (7.65) 

  

  =
1
2

  
 

   ( ≠ ) (7.66) 

 
Hence, the total vortex drag for the entire vortical system is given by: 

  =   (7.67) 

 
Where “ ” is the total amount of vortex rings. This allows determining the vortical interaction 
effect on the vortex drag: 

 = −  (7.68) 

  
Also, the vortical system measured at the survey plane can be broken down as follows:  
 
  = + +   (7.69) 

 

 =   (7.70) 

 

 =   (7.71) 

 

 =   (7.72) 

7.3.4 Exergy-based parameters and metrics 

The family of parameters defined before allows establishing a series of exergy-based 
metrics. One is the exergy-based lift-to-drag ratio:  
 

 ( / ) =   (7.73) 

 
This can be used to determine the maximum theoretical range: 
 

 = = ( / )    (7.74) 

 
On the other hand, the vortex drag breakdown allows defining a series of vortex drag ratios: 
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  =  (7.75) 

 

  =   (7.76) 

 

  =   (7.77) 

 

  =   (7.78) 
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3rd Part:  
 

Experimental Validation of the 
Wake-Reduced Exergy Formulation 
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Chapter 8  
 
Wind Tunnel Model and 
Instrumentation 

This chapter presents the details about the wind tunnel characteristics, the wind tunnel 
model, the measurements carried out and the related instrumentation.  
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8.1 Overall test configuration and objectives 

The objective of this wind tunnel testing campaign is twofold. On one hand, it must provide 
vital knowledge about the Multifan physics and, on the other hand, it must provide high-
quality data to test/validate the wake-reduced exergy formulation under very different aero-
propulsive coupling conditions. Hence, multiple model configurations must be studied in 
order to generate a large systematic data base. For each configuration, the lift/drag 
characteristic curves will be extracted by using three different types of instruments: balance, 
PIV and 5HP.  

The instrument setup is shown in Figure 8-1, where five blocks of instrumentation can be 
identified: 

• Model instrumentation: to control and monitor the nacelle fans (power supply, RPM meter). 
• Tunnel data:  to get the test section parameters as usual (Total pressure, static pressure). 
• Balance. 
• PIV setup: cameras, laser and acquisition PC. 
• 5HP setup: probe, traverser and acquisition PC. 

 
Figure 8-1: overall tunnel and instrumentation setup 

As shown in Figure 8-1, the balance will be used to provide the reference near-field lift/drag 
curves. These balance curves will establish the benchmark against which it will be compared 
the curves extracted by the PIV and 5HP methods.   

PIV and 5HP wake surveys will be used in conjunction with the software Epsilon (Appendix 
B) to provide the far-field/exergy lift/drag curves. It was decided to measure the model wake 
with two different instruments because PIV and 5HP are two complete different survey 
techniques and each one has their pros and cons. In particular, PIV data acquisition is faster 
(about 15 minutes per configuration) and provides a very high-spatial resolution which is 
required to get high-quality wake data for the exergy formulation. However, pressure (a key 
parameter) is not directly provided by PIV measurements: it requires solving the Poisson 
equation to get this pressure field [200]. Also, the posttreatment of PIV raw data is a lengthy 
process: 1 week of posttreatment per measurement day. On the other hand, 5HP wake 
surveys are far slower (3 to 5 hours per configuration) and its spatial resolution is relatively 
poor compared to PIV data. However, 5HP data provides velocity and pressure 
measurements at the same time and, more importantly, the measurements results are 
available immediately even during the wake survey (which allows obtaining the lift/drag 
curves on the fly).  
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As explained, each measurement method has its strengths and weaknesses, thus one of the 
objectives of this campaign is to establish the instrument to be used in futures campaigns 
depending on the model configuration to be tested. Also, the 5HP measured pressure field 
will be used to validate a novel pressure-from-PIV calculation procedure described in the 
next chapter. 

8.2 Wind tunnel 

8.2.1 Characteristics 

The Multifan wind tunnel testing campaign was carried out in the SabRe wind tunnel facility 
at DAEP-ISAE. As shown in Figure 8-2, it is a low-turbulence, Prandtl-type (closed circuit) 
wind tunnel with a test chamber of 1.2m width, 0.8m height and 2.4m length with diverging 
walls (in order to maintain a constant pressure along the chamber). The ambient static 
pressure is imposed at the test section through slots placed between the rear end of the test 
section and the diffuser. The maximum operational speed is 25m/s but the tests will be 
carried out at 20m/s. 
 

 
Figure 8-2: SabRe wind tunnel (left) and test section size (right) 

8.2.2 Control panel 

The wind tunnel as well as the instrumentation used for the testing is fully controlled at 
distance by means of a control station shown in Figure 8-3. This is particularly necessary for 
the PIV tests, which requires isolating the test section and its related laser hazard zone from 
the wind tunnel crew. 
 

 
Figure 8-3: SabRe control station 
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8.2.3 Modifications to the test chamber 

Since the configurations to be tested are wall-mounted half-models, a wall boundary layer 
diverter must be installed. This diverter must satisfy two conditions: on one hand, it must 
separate the tunnel wall boundary layer from the model, but, at the same time, it must 
provide optical access to the test section in order to perform 2D3C PIV measurements. That 
is why this diverter has two bypass ducts around a window as shown in Figure 8-4.  
 

 
Figure 8-4: boundary layer diverter and bypass ducts 

The two bypass ducts will send the tunnel wall boundary layer flow directly towards the 
tunnel diffuser as shown in Figure 8-5. The main reason behind the complexity of this design 
is that the optical access to the chamber must have just a single window in order to get high-
quality 2D3C PIV images. Mounting the diverter on the top of the previously existing wind 
tunnel lateral window would result in a two-window optical configuration which creates strong 
aberrations that distorts the PIV measurements. That is why the entire sidewall of the 
chamber had to be replaced by this special diverter. 
 

 
Figure 8-5: outside view of the window and bypass ducts 

The side effect of installing a diverter in the test chamber is that the flow homogeneity is lost: 
a transverse axial-velocity gradient of about 0.5m/s per meter in width appears at the 
measurement zone as shown in Figure 8-6. This CFD calculation was verified by performing 
an empty test section PIV measurement at several longitudinal stations. This velocity 
gradient will then be taken into account for the analysis of balance and wake survey data. 

Bypass 
ducts 

Window 

Bypass 
ducts 

Boundary 
layer flow 

Wall boundary 
layer diverter 

Discharge to 
diffuser 
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Figure 8-6: axial velocity field at horizontal cross section (Z=0mm/CFD data) 

8.3 Wind tunnel model 

8.3.1 Design philosophy 

In order to cope with the industrial and scientific requirements at the same time, a complex 
wind tunnel model was proposed. It is a model that can provide aerodynamic data under 2D 
and 3D conditions which is key for understanding the Multifan physics and to validate the 
formulation in a systematic manner. 

Since the CRM-Multifan geometry is quite complex as shown in Figure 8-7-left, it was 
decided to test a simpler geometry capable of producing the same aero-propulsive coupling 
mechanisms (Figure 8-7-center). This will significantly reduce the model cost and will provide 
a more general data base that can be eventually extrapolated to other configurations than 
the CRM-Multifan. Also, even though the CRM-Multifan engines are UHBR distributed gas-
driven units, it was decided to replace such a complex engine by simple EDF (Electric ducted 
fans) because we are only interested on characterizing the aero-propulsive coupling and not 
on the engine characterization itself.  

On the other hand, it was decided to retain a half-model architecture for the wind tunnel 
campaign for three reasons:  

• EDF size: the standard commercial EDF available sizes will mainly drive the overall size of 
the nacelle and, thus, the wing size. The wing span size must fit inside the test section 
without exceeding the typical rules-of-thumb for model size vs test section size [201]. If a full-
span model had been used, the EDF size would have been too small and not powerful 
enough for our purposes. 

• Reynolds number: a half-model allows duplicating the test Reynolds number. Since the test 
velocity was settled to 20m/s, a full model will give a wing-chord-based Reynolds number of 
about 140.000 whereas a half-model will have a Re=280.000. This latter Reynolds number is 
suited to our purposes since, at lower Re values, the airfoil start presenting a very different 
behavior respect to the typical high-Reynolds flow. Thus, using a full model was not an 
option. 

• Spatial resolution: the 5HP used for the campaign is quite small (1.3mm head diameter), 
however, this size must be compared against the wake size in order to know whether this 
head size is suited or not to provide a good spatial resolution across the wake. The wake 
size is roughly of the same size of the wing thickness (27mm for a half-model and 13.5mm 
for a full model). Then, it is clear that the half-model will provide a more satisfactory spatial 
resolution of the wake. 
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The only price to pay for using the half-model approach is the well-known wall junction-flow 
problem. This problem can be easily overcome for the simple wing wake data but not for the 
others configurations. Thus a comparison between balance and wake forces must be made 
carefully. 
 

 
Figure 8-7: Multifan aircraft (left), simplified version (center) and wind tunnel model (right) 

As mentioned before, a multi-configuration wind tunnel model will be used. It is just 
composed of three parts: a wing, an airfoil and a nacelle. By combining these parts, several 
3D and 2D configurations can be studied as shown in Figure 8-8 and Figure 8-9. 
 

 
Figure 8-8: 3D configurations: wing+nacelle (left), wing (center) and nacelle (right) 

 

 
Figure 8-9: 2D configurations: airfoil+nacelle (left), airfoil (center) and nacelle (right) 

8.3.2 Wing 

The wing geometry selected for the campaign has a simple rectangular planform (taper ratio 
= 1), with an aspect ratio of 8 and rounded tip. The airfoil is a NACA 0012 with a sharp 
trailing edge (Figure 8-10). 
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Figure 8-10: nominal wing planform (dimensions in [mm]) 

The wing was built with composite materials as shown in Figure 8-11. The main structure 
was made of two airfoil-shaped duraluminium blocks placed at the root and tip sections. 
These blocks are joined by using a composite epoxy/carbon tube. Around this main 
structure, foam was inserted with the shape of the airfoil section and finally a hand layup 
technique was used to add two layers of bidirectional carbon fiber cloth with epoxy. The final 
surface finishing is regular and smooth. Also, the rounded tip is a detachable part that is 
screwed to the duraluminium tip block. This outer block was designed to attach any other tip 
device (winglets, wingtip vortex turbines, etc.) for future testing. 
 

 
Figure 8-11: wing mounted in the test section 

Three-layers of 0.1mm thickness transition strip where added to the model surface at 10mm 
from the leading edge. This forced transition will provide higher drag coefficients (which will 
be easier to measure) and, at the same time, it avoids the difficulties of dealing with laminar-
to-turbulent transition (which is known to be a tricky aspect for the NACA 0012 airfoil). 
Moreover, the gathered data base will also be useful for comparison against RANS CFD 
simulations performed with the Spalart Allmaras turbulence model (that assumes a transition 
at the leading edge of the geometry). 
 

 
Figure 8-12: transition strip glued to the wing 

Transition strip 
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8.3.3 Airfoil 

Since the wing model geometry was not suited to carry out the 2D studies of the NACA 0012 
airfoil, another model had to be built as shown in Figure 8-13-left. It has the same chord as 
the main wing but a shorter span (that matches the nacelle span). 
 

 
Figure 8-13: nominal 2D airfoil planform (left) and actual wind tunnel model (right) 

The manufacturing technique was identical to the main wing. Both models, the wing and the 
airfoil, includes a cylindrical mounting block at the root section as shown in Figure 8-13-right, 
which is used to fix the model to the balance. This block is flush mounted respect to the 
tunnel wall surface as shown in Figure 8-14. This block also ensures a 2mm gap between 
the model and the wall. 
 

 
Figure 8-14: airfoil mounted in the 2D test section 

For the 2D airfoil, it was decided to keep its smooth surface without transition strips. This will 
allow gathering some data with natural laminar to turbulent boundary layer transition. 

8.3.4 Nacelle 

The nacelle geometry used for the campaign is a modified version of the CRM-Multifan 
nacelle, that retains the main features of the original complex design, i.e.: 

• Four side-by-side inner EDF units separated by bulkheads. 
• Inner spanwise splitter placed at the nozzle exit, which communicate the EDF hubs: the 

mm 

m
m
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volume inside the splitter is used as a fairing to send the EDF wiring outside of the model. 
• 2D flattened nacelle surrounding the EDF units with semi-rounded tip (nominal aspect ratio 
of 4.17). The upper and lower surfaces are symmetrical and based on the upper surface of 
the R4 airfoil as shown in Figure 8-15. 

 
Figure 8-15: nacelle dimensions in [mm] 

The nacelle was made in three main parts (besides the EDF units). The splitter was 3D 
printed in nylon with SLS technique and it can be opened to have access to the EDF wiring. 
On the other hand, the remaining parts of the nacelle were built of two monolithic half-bodies 
(in order to install the EDF on the lower part and to cover the assembly with the upper part). 
These monolithic parts were built in duraluminium by CNC machining. Also, the nacelle tip 
was made detachable in order to use the same nacelle for the 3D and 2D configuration 
(Figure 8-16). Moreover, a stainless steel C-shaped flat plate was added ad the nacelle root 
section to cover the wall hole required for the balance. 
 

 
Figure 8-16: nacelle with rounded tip installed (left) and without tip (right) 

Two layers of 0.1mm thickness transition strip were glued to the outer surface of the nacelle 
at 5mm from the leading edge (Figure 8-17). Initially, transition strips were added to the inner 
surface lying inside the nacelle inlet. However, it was decided to remove these strips in order 
to avoid any possible damage to the EDF units (critical for the test). As explained later on, 
the lack on transition strip at the inner inlet lips let a natural transition to take place. This led 
to an asymmetrical transition between the upper and lower surfaces which create a non-zero 
lift even at zero angle of attack. This problem was considered to be less critical than the 
failure of a fan by ingesting the strip, thus, accepted. 
 

 
Figure 8-17: linear transition strip 

Bulkheads 

Splitter 

No tip (2D configuration only) 

Transition 
strip 
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All the screw holes of all the model parts were covered with 0.05mm thickness tape, except 
at the lower nacelle screw holes that were left intentionally uncovered to verify if wake-survey 
had enough spatial resolution to capture its related wake. 
 
The nacelle contains four Schübeler DS-30 AXI HDS EDF units with a fan diameter of 69mm 
(Figure 8-18). Each one is powered by a Typhoon HET 2W23 brushless electric motor that 
can deliver a power of 500W@35000 RPM (at fixed point), but for this campaign the 
maximum rate will be limited to 120W @20000RPM. The rear-end of the motor casing has a 
heat sink exposed to the nacelle airflow, thus a heat transfer is expected to occur which will 
slightly increase the total temperature at the jet plume. Moreover, the EDF hub is supported 
by three streamlined cambered struts that tend to straighten the flow. However, it is not a real 
guide vane, hence some rotational flow is expected to be present at the jet plume. 
 

 
Figure 8-18: detail of the nacelle interior (left) and EDF (right) 

8.3.5 Assembled configuration 

The wing+nacelle (3D) or airfoil+nacelle (2D) configurations are obtained by placing both 
elements relative to each other as sketched in Figure 8-19. The axial and vertical separation 
of the nacelle relative to the wing/airfoil trailing edge was chosen in order to generate a 
WWNI (wing-wake nacelle interaction). This close-coupled aerodynamic feature exists in the 
CRM-Multifan design [5] and must be reproduced in the wind tunnel model. On the other 
hand, the nacelle is fixed relative to the wing/airfoil and this is ensured by a support arm 
(Figure 8-20-left) where both parts of the model are mounted as shown in Figure 8-20-right 
and Figure 8-21. The balance is mounted in between the model and the arm in order to 
measure the aerodynamic loads. For the PIV and 5HP runs, the loads are no longer required 
and then the balances are replaced by aluminum cylindrical blocks (known as “fake 
balances”). Finally, the rotational axis of the assembled configuration was chosen to be the 
axis of the forward balance (this axis is also sketched in Figure 8-19). 
 

 
Figure 8-19: relative position of nacelle respect to the airfoil and rotation axis of the assembly 

(Dimensions in [mm]) 
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Figure 8-20: model support arm with balances installed (left) and nacelle mounted (right) 

 

 
Figure 8-21: 3D wing+nacelle configuration mounted on the support arm  

8.4 Instrumentation and software 

This section will cover all the instrumentation and software used for the campaign, except the 
software Epsilon (which was used to carry out the exergy analysis of CFD and experimental 
data). Details about this software are given in Appendix B 
 

8.4.1 Balance 

The choice of the balance type was limited due to the wall-mounted architecture. For this 
kind of configuration only external balances are well suited for the task. In particular, the 
multiblock assembled balance is the best candidate since it can deal with the high-rolling 
moment created by the model weight. Then, it was decided to use a six-axis single-element 
external wall balance due to its simplicity: the ATI Gamma SI-130-10 and SI-65-5 (whose 
maximum loads and resolutions are shown in Table 8-1 and Table 8-2. It is physically the 
same transducer but with two different calibration ranges delivered by the furnisher.   
 

Balance Fz [N] Fx [N] Fy [N] M [N.m] 

ATI Gamma SI-130-10 400 130 130 10 

ATI Gamma SI-65-5 200 65 65 5 
Table 8-1: ATI Gamma maximum loads chart (Z-axis defined along the balance axis) 
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Balance Fz [N] Fx [N] Fy [N] M [N.m] 

ATI Gamma SI-130-10 0.05 0.025 0.025 0.00125 

ATI Gamma SI-65-5 0.025 0.0125 0.013 0.00075 
Table 8-2: ATI Gamma resolution chart  

The selection of one or another calibration depends on the loads expected during the run. A 
preliminary study was made before the wind tunnel campaign in order to establish the mass 
and aerodynamic loads created by the wing (W), airfoil (A) and nacelle (N) under several 
conditions ( “I” isolated, “off” power off and “on” power on) by using CFD and CAD data. The 
assembly of loads was drawn onto the balance load diagram for both calibration envelopes 
as shown in Figure 8-22. It is clear that the SI-65-5 calibration is only suited to the airfoil load 
cases, whereas the SI-130-10 calibration suits the wing and nacelle requirements. This 
diagram also shows the drawback of this balance type: the moments created by both, 
aerodynamic and mass loads, are very high whereas the actual measured forces are smaller 
compared to the actual force measurement range.  

 
Figure 8-22: balance load cases 

 

8.4.2 PIV 

8.4.2.1 Laser source 

The laser source is a DualPower Bernoulli PIV 200-15 that creates two synchronized 200mJ 
laser beams of 532nm (Figure 8-23-left). The laser box has attached an external adjustable 
optical head that creates an orientable 15° diverging laser sheet with adjustable thickness 
(preset to 2mm at a working distance of 2m from the laser source). Moreover, inside the laser 
box, there are a set of optics to align the beams of the two internal laser sources. The laser 
unit is powered and water cooled by an LPU 550 power supply unit (Figure 8-23-right). 
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Figure 8-23: laser (left) and energy source (right) 

8.4.2.2 Camera and optics 

The cameras selected for this campaign are the FlowSense EO with 16Mpx (4872px × 
3248px) with a maximum double-frame rate of 1.6Hz (Figure 8-24). This camera was 
selected due to its very high image resolution that will lead to the very high spatial resolution 
required for the wake survey. In order to optimize the pixel content across the wake, the 
cameras were mounted at 90° in such a way that the 4872px of the sensor matrix are 
oriented along the vertical direction. The drawback of this camera is its relative slow 
acquisition rate: a given configuration requires taking 1000 image pairs, then, the camera 
frequency of 1.6Hz gives a total acquisition time of about 10 minutes per configuration. 
Moreover, the images acquired during the run are stored in the local camera memory: it 
takes another 5 minutes to transfer the images to the PC. Hence, an overall acquisition time 
of 15 minutes per configuration must be considered for the planning of the PIV campaign. 

 
Figure 8-24: side view of the camera (left) and front view (right) 

Different focusing optics were mounted on the cameras depending on the distance from the 
camera to the calibration target (which varies from one test to another in our 2D3C PIV 
setup, but it is constant for the 2D2C PIV setup). A combination of Nikon optics with focal 
distances of 135mm and 85mm was enough (The shorter the focal length, the greater the 
extent of the scene captured by the lens). The focal ratio was variable between f/1.4 and 
f/16. Moreover, for the case of PIV 2D3C a two-axis Scheimpflug mounting is used to cope 
with the relative angle between the sensor matrix and the calibration plane. 
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8.4.2.3 Traverser 

The cameras and the laser are mounted on a two degree of freedom manual traverser 
system shown in Figure 8-25. It consists of a large black structure enclosing the test section 
mounted on a blue ceiling rail. This structure can slide longitudinally along the test section to 
measure at different axial survey planes, whereas the cameras are mounted on traverse 
arms which allows them to move along the transverse direction (to focus on different 
transverse positions for a given axial survey plane). 
 

 
Figure 8-25: PIV manual traverser system 

8.4.2.4 Smoke generator 

The smoke generator is typical Laskin nozzle type connected to the compressed air network, 
which generates a spray of very small olive oil droplets that is injected into the tunnel’s 
diffuser (Figure 8-26). 

 
Figure 8-26: compressed air network (left), smoke generator (center) and smoke injection 

tube (right) 
 

8.4.2.5 Calibration target and positioning tool 

A Dantec dotted calibration target of 450mmx450mm was used for the entire campaign. Its 
dot separation is 11mm which gives an effective calibration area of 396mmx396mm. The 
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target was mounted on three-degrees of freedom rotational mechanism which allows 
controlling the orientation and aligning of the target. This mechanism was, in turn, mounted 
on a three-axis positioning tool to place the target center at a prescribed XYZ coordinate in 
the tunnel reference system (Figure 8-27). This tool consists of a main longitudinal beam 
placed along the entire test section length. Along this main beam, a set of two transverse 
beams can slide to define the X-position of the target. The vertical beam can slide along the 
horizontal beam to define the Y-coordinate of the target. Finally, the target can slide vertically 
along the vertical beam to set the desired Z-coordinate. 
 

 
Figure 8-27: PIV target and XYZ positioning tool 

8.4.2.6 Acquisition and posttreatment software 

The software Dantec Dynamic Studio was used for the image acquisition & control of the PIV 
instrumentation and for the cross-correlation posttreatment of images (this is detailed in the 
next chapter). 
 

8.4.2.7 Safety measures 

Since the laser source used for the PIV is a high-power unit, some safety measurements 
were taken. Firstly, ISAE delivered a formation in laser-related hazards to the crew members 
prior to the WTT campaign. Secondly, the test section is surrounded by a laser blocking 
curtain, thereby protecting the crew at the control station (Figure 8-28). 
 

 
Figure 8-28: curtain enclosing the test chamber and the laser hazard zone 

 



 
 

Wind Tunnel Model and Instrumentation   
 

194 

8.4.3 Five-hole probe wake survey 

8.4.3.1 Five-hole probe 

 
A Vectoflow L-shaped 5HP with thermocouple was used for the wake surveys. The probe 
was calibrated by the manufacturer at several Mach numbers (0.1, 0.3 and 0.5) although the 
test Mach number was 0.089 thus one single calibration chart was effectively used. This 
calibration was verified at ISAE prior to the wind tunnel campaign (Figure 8-29). Data was 
acquired using the LabView module provided by Vectoflow, but, since the user has no control 
or knowledge on the reduction method used inside this code, an in-house data reduction 
procedure was used (See next chapter). 
 

 
Figure 8-29: 5HP mounted on calibration nozzle (left) and close-up of the head (right) 

8.4.3.2 Traverser 

In order to accurately place the 5HP head in the test section, a two-degrees of freedom 
traverser system driven by stepper motors and reduction gears was used (Figure 8-30). The 
traverser plane was mounted normal to the tunnel axis for the 3D configuration (to measure 
the cross-section wake parameters) and aligned with the tunnel axis for the 2D configuration 
(to measure the wake parameters parallel to the flow field plane). Since the control system of 
the axes movement is an open-loop type, a verification was made at the end of each run in 
order to ensure that the stepper motor has not lost a single step during the run. 

 
Figure 8-30: two-axis traversing system 
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8.4.3.3 Pressure transducers 

The transducers used for the test were five Delta Ohm HD 4V8T ±10mBar differential 
pressure transducers (Figure 8-31). These transducers have been used in a previous 
campaign (intended to characterize the EDF units) and its measurement range proved to be 
well suited for the task. 

 
Figure 8-31: 5HP transducers mounted on the vertical axis of the traverser 

8.4.4 Angle of attack sensor 

The model angle of attack was determined by using a SCA100T-D02 dual axis inclinometer, 
with a measurement range of ±90° with an output resolution of 0.07°. The inclinometer was 
glued to the support arm of the wind tunnel model (Figure 8-32-left) and calibrated against 
another inclinometer (Figure 8-32-right) in order to get just the linear slope of the calibration 
curve. The origin of the calibration curve was later on defined by finding the wing angle at 
which the lift was zero (aerodynamic alignment). 
 

 
Figure 8-32: angle of attack sensor mounted on support arm (left) and reference 

inclinometer (right) 
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8.4.5 EDF instrumentation 

The power unit feeding the motor is the EA-PSE9080-170 3U with a maximum output of 
80v/170A/5KW. For the test, tension of each fan was limited to 22V and the current to 30A. 
On the other hand, the main motor parameters (RPM, tension and current of each fan) were 
monitored by using in-house instrumentation based on the LEM HX 20-P transducer for the 
current and the Red Lion IFMA Din-Rail Frequency to Analog Converter for the RPM 
measurements. The EDF instrumentation as well as the balance conditioners, DAQ boards 
and other instruments were integrated into an electronics bay prior to the testing (Figure 
8-33). This ensured the correct functioning of the electronics before the campaign and 
avoided any connection error during the integration of the instruments to the test section. 

 
Figure 8-33: wind tunnel model electronics bay 

8.4.6 Test section instrumentation 

A pitot tube was installed at the upper wall of the test section just downstream of the 
convergence. Since the boundary layer diverter has perturbed the chamber flow field, the 
relation between the reference Pitot velocity and the actual test chamber velocity had to be 
reestablished. The Pitot tube is of standard L-type with thermocouple. The total pressure 
output was measured relative to the ambient static pressure by using the Kimo CP 300 
transducer with a measurement range of ±100Pa (Figure 8-34-left). This instrument also 
measures the total temperature from the thermocouple. Ambient static pressure was 
measured with the Kimo CP 116 transducer, with a measurement range from 800hPa to 
1100hPa (Figure 8-34-center). The dynamic pressure was measured by using an in-house 
instrument based on the Delta Ohm HD 4V8T ±5mBar differential pressure transducer 
(Figure 8-34-right). 

 
Figure 8-34: pitot Kimo CP 300 (left), Kimo CP 116 (center) and in-house transducer (right) 



8.5 3D configuration 
 

  197 

8.5 3D configuration 

8.5.1 Longitudinal survey plane positions 

Five longitudinal survey plane stations have been defined to carry out the wake surveys by 
PIV and 5HP techniques as shown in Figure 8-35 and Figure 8-36. The plane placed at X=3 
chords downstream of the wing was optional (to be measured only if some extra wind tunnel 
time was available), thus not measured. For the wing, the remaining four planes were 
measured, whereas for the nacelle and the wing+nacelle configurations, only the planes at 
1.1C and 2C were measured. This selection of survey planes allows gathering enough data 
to tackle both, the industrial and scientific objectives.  
 

 
Figure 8-35: longitudinal survey wake stations (for PIV and 5HP) 

 

 
Figure 8-36: survey plane positions for the 3D cases (distances in millimeters). Green: 

survey planes. Blue: distances in the absolute reference system. Red: relative distances to 
the body trailing edge. 

8.5.2 PIV setup 

8.5.2.1 Cameras and laser arrangement 

For the 3D configurations, a 2D3C PIV setup was required. It was decided to install the laser 
source over the test section and the cameras at both sides of the chamber as shown in 
Figure 8-37. 
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Figure 8-37: 2D3C PIV setup – green: laser sheet, white: LHS camera view, orange: RHS 

camera view, red: measurement region, blue: wake region 

 

8.5.2.2 Lateral survey plane positions 

Since the wake region is very wide (≃1m) and the effective width of the PIV measurement 
region is 0.39m (given by the calibration target size), it was required to cover the entire wake 
width by overlapping three PIV regions (Figure 8-38 and Figure 8-39). 
 

 
Figure 8-38: transverse PIV measurement regions required to cover the total width of the 

wake 

These separated measurement regions are then merged together by using Epsilon as shown 
in Figure 8-40. This task was found to be tricky since the different lateral PIV measured 
velocities are not perfectly one the continuation of the neighbor, instead, there is always a 
velocity difference. This problem was solved by using the 5HP velocity field to scale up/down 
the PIV velocity field in order to reach a continuity of the flow field. 

PIV target 1 PIV target 2 PIV target 3 
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Figure 8-39: transverse target positions in millimeters 

 

 
Figure 8-40: example of 2D3C PIV assembled wake (Wing+nacelle, α=10°, windmilling). 
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8.5.3 Five-hole probe 

8.5.3.1 Positioning system 

The probe was mounted on the vertical axis of the traverser by using a fairing strut as shown 
in Figure 8-41. This strut slides through a sealed slot at the wind tunnel roof. The seal is a 
sliding aluminum sheet strip attached to the transverse axis of the traverser (this ensures that 
no mechanical load was applied to the strut, which could affect the 5HP head position). Since 
several axial survey planes are required, the roof slot was machined in a wood roof panel 
which was interchangeable with its neighbor roof panels in order to shift the slot back and 
forth as required. For a given axial position, the probe was aligned with the model reference 
system by using the wing trailing edge as a reference. 
 

 
Figure 8-41: 5HP mounted on the vertical streamlined support 

8.5.3.2 Traverser path determination 

Since the 5HP wake survey is highly time-consuming, a methodology was developed to 
optimize the path to be followed by the 5HP during a wake survey. This technique exploits 
the PIV data gathered prior to the 5HP campaign to perform this optimization. The idea is 
simple: first, the vorticity fields from the three PIV transverse planes are assembled into a 
single file (Figure 8-42). Then, the wake is detected and clipped (Figure 8-43). Ideally this is 
the region to be surveyed by the probe; however, a safety offset margin is included as shown 
in Figure 8-44. Another offset margin is included to avoid contact of the probe with the tunnel 
walls (Figure 8-45). This resulting wake region defines the zone where a mesh is created 
(Figure 8-46). These mesh points are then re-ordered to get the path to be followed by the 
traverser during the 5HP wake survey as shown in Figure 8-47. This technique proved to be 
very effective and lead to an increase in the productivity of the 5HP survey campaign. Even 
though PIV data was used, this procedure can also be made with CFD data. 
 

 
Figure 8-42: step 1- vorticity field acquired from PIV data 
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Figure 8-43: step 2- clip wake region 

 

 
Figure 8-44: step 3- set a safety margin around the wake region 

 

 
Figure 8-45: step 4- Add wall safety margin to avoid contact of the 5HP with the tunnel walls 

 

 
Figure 8-46: step 5- wake mesh 

 

 
Figure 8-47: step 6- traverser path for 5HP wake survey 
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8.6 2D configuration 

8.6.1 PIV setup 

8.6.1.1 Cameras and laser arrangement 

The 2D configuration requires a 2D2C PIV setup as shown in Figure 8-48. A single camera 
was installed outside the test section and normal to the vertical plane. This plane is 
illuminated by a laser sheet entering to the test section across a window slot at the tunnel 
roof. Note that the 2D configuration requires a vertical panel to be installed at the model tip 
(to create a pure 2D air flow). The rear part of this panel was made of optical grade glass to 
minimize the optical distortions because the camera observes the measuring plane across 
two windows (tunnel window and 2D plate window). 
 

 
Figure 8-48: 2D2C PIV setup – green: laser sheet, white: camera view, blue: measurement 

region 

8.6.1.2 Survey plane positions 

The laser sheet must be aligned with the vertical plane passing through the symmetry plane 
of any of the two central fans in order to measure the entire wake of the fan hub as shown in 
Figure 8-49. 
 

 
Figure 8-49: PIV plane aligned with vertical symmetry plane of internal fan 

The measurement region has been defined in such a way that the entire flow field behind the 
model was measured as sketched in Figure 8-50. 
 

135mm 
PIV target (Parallel to the wall) 
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Figure 8-50: PIV calibration frame for 2D configurations 

8.6.2 Five-hole probe 

For the wake survey by 5HP in 2D configuration the traverser horizontal axis was aligned 
with the tunnel axis so as the probe can slide longitudinally along the chamber through a 
sealed roof slot (Figure 8-51). In fact, the roof slot window that was previously used for the 
PIV laser sheet was replaced by the sliding sheet strip seal in order to let insert the strut.  

As in the case of the 3D configuration, the traverser was aligned by using the airfoil’s trailing 
edge as a reference. Also, to perform an optimized wake survey, the same technique of 
probe path calculation from PIV was used (as in the 3D configuration). 
 

 
Figure 8-51 : 5HP strut sliding along the longitudinal roof slot (sealed gap) 
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Chapter 9  
 
Data Reduction and Analysis 
Methods 

This chapter presents important practical aspects concerning the instrumentations and the 
posttreatment of the gathered data.  
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9.1 PIV 

9.1.1 Statistic convergence 

PIV provides a set of instantaneous velocity fields which are averaged to get the mean 
velocity field. It is a standard rule-of-thumb to consider that the velocity field is converged 
after averaging 300 instantaneous velocity fields. However, one of the applications of the 
final PIV data is to compute lift and induced drag which requires a high-quality field of axial 
vorticity. Then any error in the velocity field will impact the vorticity field and thus, affect the 
computed lift and drag values. 

One may think that, a converged velocity field is enough to compute a proper vorticity field, 
but in practice is often found that up to 2000 instantaneous fields are required to reach a 
convergence in vorticity (this values is case dependent). Such large amount of instantaneous 
fields is quite constraining from a testing point of view since it would take +25 minutes per 
configuration to gather this PIV data volume. On the other hand, it also poses a big problem 
to the data storage since it would require up to 40GB of disk space for each measurement 
(PIV 2D3C = 2 cameras * 2 image pairs per camera per instantaneous velocity field* 2000 
instantaneous fields* 4.65Mb per image = 40GB).  

Due to the large amount of configurations to be tested, it was found that taking 2000 PIV 
instantaneous fields was prohibitive. Then, based on previous existing 2D3C PIV data taken 
at ISAE in the same tunnel, under similar Reynolds numbers, it was realized that 1000 
images will be enough to achieve a convergence of the vorticity field (Figure 9-1). Hence, for 
the entire campaign (PIV 2D3C and PIV 2D2C) 1000 image pairs has been taken per 
camera per configuration. 
 

 
Figure 9-1: convergence of vorticity at the freestream flow outside the model 

9.1.2 Spatial resolution 

9.1.2.1 Requirements 

The number of measurement points across the wake is key since the wake-reduced methods 
are quite demanding in terms of spatial resolution (the wake-reduced exergy method is not 
exempted from this constraint). The well-established rule-of-thumb [122] requires satisfying 
the following criteria (shown in Figure 9-2) that is suited for the typical wake profiles: 

• 50 points across thin wake zones.  
• 100 points across thick regions of the wake.  
• The minimum acceptable point count across any wake section is 30 points. 
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Figure 9-2: point count requirements across the wake thickness 

9.1.2.2 Refinement procedure 

The first step to guarantee such an exigent spatial resolution is to get high-quality PIV 
images. This is ensured during the calibration stage, where the camera focus lenses must be 
carefully adjusted until a very sharp image of the calibration target is obtained. This 
procedure is a full-manual process and heavily relies on the experience and ability of the PIV 
operator engineer. However, this task is assisted by using the Dantec Dynamic Studio 
dedicated tools, like changing the image color by using a look-up table based on the black & 
white gradient of the original image (which facilitates the identification of the optimal focus 
adjustment, i.e., gives a sharp image of the calibration target). 

The second step is to perform a sensitivity analysis of the PIV posttreatment parameters. For 
this project, the adaptive PIV approach was used since it is well suited for the capture of 
large velocity gradients. The related parameters to play with are just three: the grid step size 
as well as the maximum/minimum interrogation areas. Since one of the typical PIV rules-of-
thumb is to use a 50% overlapping of the interrogation areas, the grid size and the minimum 
interrogation areas are then linked as follows: 

Interrogation area = 2*grid cell area 

Moreover, it is advised to use a maximum interrogation area of 64x64 pixels. Then, the only 
remaining free parameter is the grid size. In practice, this grid size is specified along the 
horizontal and vertical axes, then, these two parameters must be changed depending on the 
flow feature: around vortex regions it would be desired to use squared grids whereas in the 
longitudinal viscous regions it is more pertinent to use rectangular grids aligned along the 
wake direction. It is then clear that both refinements cannot be achieved at the same time, 
thus, a local grid refinement must be made in several steps. 

The first step is to compute the overall velocity field by using the entire PIV image, as shown 
in Figure 9-3-left (3D wing, α=10°, x/C=0.5, tip PIV region).  The related vorticity field will give 
a first idea of the flow features. This baseline grid was obtained with the following 
parameters: 

• X- and Y-sizes of the grid (pixels): 24x24 
• X- and Y-sizes of the minimum interrogation area (pixels): 48x48  
• X- and Y-sizes of the maximum interrogation area (pixels): 64x64  

As shown in Figure 59-top-right, the calculated flow field is coarsely refined and not useful for 
wake analysis. However, this coarse baseline grid is highly suited for the entire potential flow 
field around the wake. Then it is just a matter of further refining the wake region only as 
shown in Figure 59-bottom-right. This new refinement reveals the details of the wake. 

100 
point

50 
points 
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Figure 9-3: PIV vorticity field (left), baseline grid (top-right), and refined grid (bottom-right) 

As mentioned before, the refinement is carried out by using square or rectangular grid 
shapes on different wake regions. The final chosen grid size will depend mainly on the wake 
size and shape, so it is case-dependent. Hereafter, a criterion to select the most suited 
refinement is provided. 

9.1.2.3 Grid refinement analysis 

Even though the refined grid shown before in Figure 9-3-bottom-right seems to be fine 
enough to capture the physics, it is not yet optimal. In fact, several refined grid sizes has 
been tested for this case as detailed in Table 9-1, where the “coarsest” grid “A” corresponds 
to the case already shown in Figure 9-3-bottom-right. Figure 9-4 shows again this “A” grid 
refinement case beside the “D” grid, which was the finest refinement that the software could 
deliver.  
 

 
Figure 9-4: grid sizes “A” (left) and “D” (right) around the vortex region ( α=10°, x/C=0.5) 
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Case A B C D 
Grid step size (px) 8x8 6x6 4x4 2x2 

Minimum interrogation area size 
(px) 

16x16 12x12 8x8 8x8 

Maximum interrogation area size 
(px) 

64x64 64x64 64x64 64x64 

Adaptive PIV camera 1 computation 
time (Hs) 

00:45 00:50 01:05 02:50 

Adaptive PIV camera 2 computation 
time (Hs) 

00:45 00:50 01:05 02:50 

Stereo reconstruction computation 
time (Hs) 

00:10 00:15 00:35 06:05 

Vector statistics computation time 
(Hs) 

00:02 00:04 00:06 00:15 

Total processing time (Hs) 01:42 01:59 02:51 12:00 
Output file size [GB] 0,418 0,554 1,31 5,23 

Cell size [mm] 1,052x0,897 0,789x0,669 0,526x0,446 0,263x0,223 

Cell count across vortex 36 48 71 140 
Cell count across feeding sheet 15 20 30 54 

Vortex thickness [mm] 32,29 32,11 31,67 31,22 
Feeding sheet thickness (mm] 13,46 13,38 13,38 12,04 
Maximum axial vorticity at core 74,1% 81,8% 89,5% 100,0% 

Max transverse vorticity at feeding 
sheet 

91,3% 94,5% 98,4% 100% 

Capture of gradients Bad Acceptable Good Excellent 
Faceting at the peak of the vorticity 

profile 
Bad poor Good Excellent 

Vorticity noise level outside wake small normal high very high 
Table 9-1: grid refinement analysis for the vortex region (3D wing, α=10°, x/C=0.5) 

Table 9-1 shows the multi-criteria taken into account for the final selection of the refinement 
level. On one hand, the PIV posttreatment time was firstly considered since a very large PIV 
data base must be analyzed and this could be critical. Case D is prohibitively slow and also, 
the output processed file size is extremely big thus discarded for practical applications. 
However, it provides a proper cell count across the vortex core as well as the feeding sheet, 
thus, its maximum vorticity levels (axial and transverse) were taken as reference to study the 
coarser grids. The key point here is that lift and drag values calculated by wake survey are 
proportional to the vorticity; hence, any error in vorticity will impact on the local drag and lift 
values.  

The case “C” has shown to provide an overall good refinement along with a reasonable file 
size and computation time, thus retained as starting optimal case for the refinement of the 
vortex region: 

• X- and Y-sizes of the grid (pixels): 4x4 
• X- and Y-sizes of the minimum interrogation area (pixels): 8x8 
• X- and Y-sizes of the maximum interrogation area (pixels): 64x64  

This refinement study was also conducted for the case of a pure viscous wake (not shown 
here for simplicity). The resulting optimal reference parameters are: 

• X- and Y-sizes of the grid (pixels): 4x12 
• X- and Y-sizes of the minimum interrogation area (pixels): 8x24 
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• X- and Y-sizes of the maximum interrogation area (pixels): 64x64  

Note that the grid size in this case is rectangular since a maximum number of points are 
required across the wake height/thickness but not necessarily along the wake width. 

9.1.2.4 Grid merging procedure 

As mentioned before, the overall procedure requires computing the velocity field on a coarse 
baseline grid and then, to refine the interesting regions separately. In order to merge these 
velocity fields into a single field, a grid interpolation is made, by keeping the local finest 
refinement along the X- and Y-axes as shown in Figure 9-5. 
 

 
Figure 9-5: baseline and refined grids overlapped (left) and merged grid (right) 

9.1.3 Pressure from PIV 

Classically, the static pressure can be inferred from PIV data by solving a Poisson equation 
[200]. However, there is a simpler way to find the static pressure by exploiting the theoretical 
concepts introduced during the wake-reduced exergy formulation development. In fact, the 
static pressure only depends on the isentropic velocity field as follows: 
 

 
∗

 = 1 +
− 1
2

 1 −
 ∗

 (9.1) 

 
A PIV measurement provides the total velocity field, which includes the isentropic and non-
isentropic velocity components. Then, the static pressure may be computed from PIV data if 
a way is found to extract the isentropic component from the total velocity field. This is 
achieved by integrating the transverse vorticity field. Indeed, the transverse vorticity is at the 
origin of the velocity variations at the viscous regions (Crocco law): in loss generating bodies, 
the transverse vorticity generates the velocity deficit inside the viscous zones, whereas in 
powered flows the transverse vorticity will give the velocity excess at the jet plume. Then, it is 
clear that transverse vorticity is the key parameter to solve this problem: if a practical 
calculation procedure is established between the transverse vorticity field and the non-
isentropic velocity field, then, this component can be subtracted from the total velocity field 
from PIV, leaving only the isentropic part, which would allow calculating the static pressure. 
This practical calculation procedure is, indeed, very simple. 
 
According to the Crocco’s equation, the transverse vorticity will generate viscous-driven 
velocity gradients across the viscous zones (that will give the non-isentropic velocity). Then, 
it is expected that the integral of the transverse vorticity across the wake (as sketched in 
Figure 9-6) will give the actual non-isentropic velocity “ ”.  
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Figure 9-6: vorticity integral procedure 

The proposed method is, in fact, an alternative way to solve the Poisson equation. In order to 
demonstrate this, let’s consider a 2D planar flow (contained in the xz plane), where the x- 
and z- velocity components satisfy the following differential relations: 
 

 = − +   (9.2) 

 

 σ = +   (9.3) 

 
Where “ ” is the transverse vorticity and “σ” the 2D source/sink dilatation related to the 
continuity equation (both functions of “ ” and “ ”). Now let “ ” and “ ” be two scalar 
functions of “ ” and “ ”, satisfying the differential equations:  
 

 +  =   (9.4) 

 

 + = σ  (9.5) 

 
Equations (9.2) and (9.3) are satisfied if one lets: 
 

  = +   (9.6) 

 

  = − +   (9.7) 

 
Now, it is clear that the “ ” velocity component is given by two terms: a vorticity-driven term 

“ ” (related to viscosity) and a potential flow-like term “ ” (related to inviscid phenomena). 

Then, from Equation (9.6) it follows that:  
 

 u = + =  ∗ +   (9.8) 

 
Then, by integrating on both sides of Equation (9.4) along the z-axis gives: 
 

 =  +   (9.9) 

 
Also, based on Equation (9.8), it can be rewritten as: 

  =  +   (9.10) 

 
Finally, the integration constant can be easily solved by knowing that “ ” and “ ” are zero 
outside the wake which gives “ = 0”, then: 
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  =   (9.11) 

 
This proves that the transverse vorticity integral gives the non-isentropic velocity. This 
approach was verified by using CFD data for a NACA 0012 airfoil as shown in Figure 9-7. It 
is observed that the axial velocity resulting from the vorticity integral (dark blue area) is 
identical to the viscous-driven velocity deficit of the axial velocity profile (light blue area). This 
confirms that the non-isentropic axial velocity can be extracted by simply integrating the 
transverse vorticity across the wake along the z-direction. 
 

 
Figure 9-7 : velocity profile (left), transverse vorticity (right) and vorticity integral across the 

wake (right) (NACA 0012/M=0.3/α=0°/RANS CFD) 

This integration procedure gives only the axial component of the non-isentropic velocity (i.e., 
“ ”), however, by assuming that the non-isentropic velocity vector is aligned with the real 
velocity vector (this is the same assumption made during the development of the velocity 
breakdown procedure), the remaining non-isentropic components can be extracted (i.e., “ ̅” 
and “ ”) as explained in Chapter 3. Finally, the isentropic velocity can be computed by 
subtracting the “ , ̅ , ” velocities from the measured velocity components “ , , ”.  This will 
ultimately provide the absolute isentropic velocity magnitude “ ∗” that allows calculating the 
static pressure field. This is verified in 
Figure 9-8-left and center, where the isentropic velocity computed from the transverse 
vorticity is compared against the isentropic velocity given by the CFD data. A very good 
match is found. Moreover, Figure 9-8-right compares the static pressure given by the 
transverse vorticity integral against the value given by the CFD solver. Only a difference of 
about 4Pa was found. 
 

 
Figure 9-8 : overall view of the velocity profile (left), detail at the wake region (center) and 

comparison of the CFD and vorticity-derived static pressure (right)  
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This approach was tested for 2D cases with and without lifting bodies, with and without 
power and for subsonic and transonic conditions. For all the 2D cases this original “vorticity 
integration method“ performed well. In 3D configurations, the typical survey plane is placed 
normal to the upstream flow direction and a 2D3C PIV measurement is carried out. Such a 
measurement will provide the axial vorticity but not the transverse vorticity. However, if the 
plane is placed at 1 chord downstream, the potential effect will be damped out and then the 
transverse velocity gradients will be equal to the transverse vorticity components, i.e.: 
  

 =
u

− ≅
u

 (9.12) 

 

 =
v

− ≅ −  (9.13) 

 
Where the axial gradients become negligible away from the body. Under this condition and 
assuming that there is no axial vorticity (i.e., no vortex drag), the method still performs well in 
3D cases. However, when a lifting body is being considered, the axial vorticity will no longer 
be zero and a rotational field will be created. The static pressure linked to this rotational field 
must be accounted for, especially the pressure at the vortex core. At the time of writing this 
manuscript, the development of a general method including axial vorticity was still 
undergoing, thus not presented here.  

9.2 5HP calibration and reduction methods 

9.2.1 Calibration data 

As mentioned in the previous chapter, the Vectoflow 5HP used in this campaign was already 
calibrated by the furnisher. However, since the related LabView DLL that processes the 5HP 
data is a “black box” and no knowledge about the reduction method was available, it was 
decided to reduce 5HP data with an in-house processing tool (Epsilon). The first step was to 
convert the TXT calibration chart into a VTK surface as shown in Figure 9-9. This revealed 
that the calibration was made by using a yaw-roll traverser system, but data was also 
provided in the more classical pitch-yaw reference system (α and β). It also revealed that the 
calibration chart was made of 2357 calibration points which is a fairly refined grid and then, a 
linear interpolation would be acceptable in the range -35°<α<+35° (this is the expected 
measurement range and also the typical limit of the 5HP measurement range). 
 

 
Figure 9-9: visualization of the calibration chart (Pressure at the fontal hole P1 for M=0.1) 
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9.2.2 Reduction method 

First of all, the calibration chart is clipped within a conical angle of 35° to avoid the high-angle 
region of the chart. Then the following reduction equations were applied to the data, where 
the hole designation “A” to “D” is shown in Figure 9-10:  
  

 =  
+ + +

4
 (9.14) 

 

 =  
−

−
 (9.15) 

 

 =  
−

−
 (9.16) 

 

 =  
−

−
 (9.17) 

 

 =  
−

−
 (9.18) 

 

 
Figure 9-10: conventional 5HP numbering (front view) and pitch-yaw angles (α and β) 

The resulting reduced calibration charts are shown in Figure 9-11 (with the pitch-yaw angles 
limited to 35°). Note that beyond 25° the probe starts presenting flow detachment, which is 
revealed by the blue spots in the “ ” calibration chart. 

 
During a wind tunnel run, the following parameters are measured: “ ”, “ ”, “ ”, “ ” and 
“ ” (relative to the static ambient pressure “ ”) as well as the “ ” itself. Then the 
relative pressures at the holes are converted to absolute pressures and the Equations (9.14), 
(9.15) and (9.16) are used to compute “ ”, “ ” and “ ” for a given measurement 

point.  
 
The computed “ ” value will be used to generate a line of constant “ ” value in the “ ” 

chart. In the same fashion, the computed “ ” value will be used to generate a line of 

constant “ ” value in the “ ” chart. The intersection point of these two lines will give the 

related “ ” and “ ” values as shown in Figure 9-12. Finally, by using Equation (9.17) and 

(9.18), the total and static pressures (“ ” and “ ”) are computed. Moreover, the flow angles 
“α” and “β” are obtained graphically by finding the XY coordinates of the intersection point in 
the pitch-yaw reference system (Figure 9-12).  
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Figure 9-11: total (top-left), static (top-right), alpha (bottom-left) and beta (bottom-right) 

coefficients 
 

  
Figure 9-12: determination of “ ” and “ ” values 

Finally, by using the total and static pressure and isentropic flow relations, the local flow 
Mach number is computed. Assuming isoenergetic flow conditions, the local static 
temperature is computed from the upstream total temperature and the local Mach number 
(isentropic relations). The speed of sound is calculated from this static temperature. Finally, 
the velocity magnitude is get from the Mach number and sound speed. The XYZ velocity 
components are derived by using the pitch-yaw flow angles. 

In order to ensure that the velocity calculations issued from this approach are consistent with 

Constant  

Constant  
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the Vectoflow module values, several measured points were analyzed with both, the 
Vectoflow and the current procedure. Very small differences were found, of about 0.7% in 
velocity module. This is attributed firstly to the fact of using a single calibration chart at M=0.1 
whereas the current measurements were carried out from M=0.06 to M=0.08. Another source 
of error is the fact of using linear interpolation instead of high-order interpolations to get the 
intersection point. 

The main advantage of the current 5HP reduction procedure is that the entire process in 
controlled: a) the limits of the instrument are identified by analyzing its calibration chart, b) 
the reduction equation is known and defined by the user, then, its inherent limitations are 
known in advance, c) the uncertainty assessment can be easily made since the equations 
relating the input and output data are known. 

9.2.3 Dealing with ambient temperature and pressure changes 

Since the wake survey by 5HP can take several hours (from 3 to 5 hours depending on the 
complexity of the wake), the ambient static pressure varies during a wake-survey run. 
However, since the measured Pitot tube and 5HP pressures are relative to the ambient 
pressure, the measured velocity field will not be affected. This is also confirmed by Equation 
(9.15), (9.16) and (9.17) where the ambient static pressure is self-eliminated from the 
calculation of the probe coefficients. 

On the other hand, the temperature inside a Prandtl type wind tunnel increases during the 
run due to the dissipated power delivered by the fans. This temperature change will not affect 
the measured velocity field because the upstream velocity was set constant to 20m/s during 
the run. However, this temperature variation changes the Reynolds number and ultimately 
the drag coefficient of the model, thus, a Cd correction is required as described in [158]. 
However, this correction procedure is not needed in this case because the temperature 
change during a run was typically between 1°C and 2°C. This represents a variation of 0.6% 
for the Reynolds number (from 282600 to 280600 along the run for the wing). Accordingly to 
the wing balance data, the drag variation between these two Reynolds numbers is well inside 
the balance uncertainty, and then this source of error can be neglected. 

In order to confirm this statement, several balance runs were made for the isolated wing at 
different upstream velocities in order to establish the variation of the characteristic curves 
with the Reynolds number. This step is fundamental since the target testing velocity for the 
entire campaign is V0=20m/s, and for this upstream reference velocity, the local Reynolds 
number at the wing is 283.300. This Reynolds number is within the range of the typical low-
Reynolds effects, which introduces significant changes to the characteristic curves. Then, it 
is required to understand these Reynolds affects in advance, before gathering wake data by 
PIV and 5HP. The balance is a well suited instrument for this task since it allows exploring 
several operating conditions in a very short period of time. 

The characteristic curves were measured at several Reynolds number ranging from 143700 
to 283300 (corresponding to tunnel upstream reference velocities of 10m/s and 20m/s). The 
result is shown in Figure 9-13-left for the wing lift curves, which present similar tendencies in 
the linear zone, except in the range of low angle of attack (α<5°) where the typical double-
slope is found. The change in slope becomes smaller by increasing the Reynolds number as 
expected. Also, the angle of attack at which the slope changes, increases with the Reynolds 
number. 
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Figure 9-13: lift (left) and drag (right) characteristic curves for several Reynolds number 

The drag curve of Figure 9-13-right shows a more dramatic change of drag coefficients, 
especially at low angle of attack. The minimum Cd value ranges from 100 to 160 drag counts 
for the lowest and highest Reynolds numbers. This significant change in drag coefficient 
comes from the fact that the transition strip was selected to create transition at the target 
Reynolds number of 283300. For lower Reynolds number, the boundary layer becomes 
thicker and the transition strip starts losing effectiveness. Hence, the transition does not take 
place (or in a limited fashion), and the boundary layer remains laminar for a longer extent, 
which decreases the drag coefficients. 

It must be observed that, in general, the curves corresponding to 18m/s and 20m/s are quite 
similar and no significant low-Reynolds number effects are present between these 
operational speeds. This is the basis of avoiding the thermal corrections for the 5HP wake 
surveys (where temperature changes during the run led to a slight reduction of the Reynolds 
number).   

9.3 Poisson equation solution methods 

The determination of the vortex drag or the transverse exergy requires solving in advance 
the 2D stream function “ ” and the velocity potential function “ ” at the survey plane. This is 
carried out by solving the following Poisson equations, where “ ” is the axial vorticity and “ ” 
the in-plane velocity gradient: 
 

 +  = −  (9.19) 

 

 +  =  (9.20) 

Where: 

 = −   (9.21) 

 

 = +  =  −  (9.22) 

 
There are several methods that can be used to solve these equations which are described 
hereafter. 
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9.3.1 Numerical method 

The classical way to solve the stream and potential functions is by following a numeric 
approach based on a central difference discretization. For the case of the stream function it 
is given by: 
 

 + = −  →   , − 2 , + ,

∆
+ , − 2 , + ,

∆
=  − ,  (9.23) 

 
Then: 
 

 , =
, + , ∆ + , + , ∆ + , ∆ ∆

2(∆ + ∆ )
 (9.24) 

 
And, in a similar fashion: 
 

 , =
, + , ∆ + , + , ∆ − , ∆ ∆

2(∆ + ∆ )
 (9.25) 

 
These equations are then resolved by iteration by initializing the field with “ , = 0” and 
“ , = 0”. The mains disadvantage of this method is that requires a uniform grid for the 
survey plane. This is suited for PIV but not for 5HP or CFD data, although this problem can 
be overcome by interpolating the data into a regular mesh which is time consuming and also 
poses some constraints to the spatial resolution of the input data in order to avoid 
interpolation errors. This method was initially used but quickly discarded due to these 
limitations.  

9.3.2 Green functions 

The use of Green functions to solve the Poisson equations was firstly proposed by Van Dam 
[164] and further developed by Kusunose [117]. It proposes a direct analytical solution of the 
stream and potential functions as follows, where “ , ” are the grid points where the functions 
must be calculated and “ , ” the cell center coordinates inside the wake region: 
 

 ( , ) = − ( , , , ) ( , )     (9.26) 

 

 ( , ) = ( , , , ) ( , )    (9.27) 

 
Where the Green functions varies depending on the type of survey data available. 

• Free air-full model aircraft: 

  ( , , , ) =
1

4
 [( − ) + ( − ) ] (9.28) 

 
• Free air-half model aircraft: 

 ( , , , ) =
1

4
 

[( − ) + ( − ) ]
[( − ) + ( − ) ]

  (9.29) 

 
Moreover, the case of bounded flows (wind tunnel) can also be taken into account if the 
image method is used (see details in [117]).   
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This analytic approach is valid for any type of survey plane mesh (i.e., uniform grid or not). 
Also, it does not require extending the survey plane outside from the viscous region because 
no boundary condition is imposed (it is a practical method). The only drawback of this 
method is the required computing time: about 10 minutes for a typically well refined wake 
survey (from CFD or WTT data). 

9.3.3 Singularities method 

This is a method suited for bounded flows only, i.e., to analyze wind tunnel data. For this 
case, the free-air streamlines are affected due to the presence of the wall. Hence, the stream 
function of the bounded field must achieve the non-penetration condition at the tunnel walls, 
which can be written as: 
 
 = + = 0 (9.30) 

 
Where the stream function “ ” can be obtained by placing singularities at “ ” panels 
lying on the tunnel walls. Each of these singularities can be modelled in an analogous 
fashion as the free-air flow as follows: 
 

  ( , ) = −
4

 [( − ) + ( − ) ] (9.31) 

 
Where “ ” is the circulation of the k-th singularity. Then, the overall stream function for the 
transverse flow inside the tunnel walls is obtained by summing up the contributions of the 
free-air solution and the effect of each panel as follows: 
 

  ( , ) = −
1

4
[( − ) + ( − ) ] ( , )    +  [( − ) + ( − ) ]  (9.32) 

 
Since the stream function is zero at the tunnel walls, this expression can be evaluated at 
each panel thereby obtaining the following matrix system: 
 
  . =  (9.33) 

 
Where: 
 

  =  − + −  (9.34) 

 
  =   (9.35) 

 

  =  [( − ) + ( − ) ] ( , )     (9.36) 

 
With, “ ” being the extreme edge of the “ ” panels and “ ” the respective center of each panel 
( , = 1 … ). By solving the matrix system (“ ” equations with “ ” unknows), the singularity 
strength of each panel is obtained, thereby providing the bounded flow solution “ ( , )”. 

The singularities method was mainly used for the analysis of WTT data because it is fast and 
robust. An example of this calculation is depicted in Figure 9-14, where the stream function is 
shown on the entire wind tunnel cross section plane at the survey plane position. The axial 
vorticity inside the model wake is also shown to stress the fact that the sign and intensity of 
“ ” modifies the field of “ ”. 
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Figure 9-14: stream function for the “wing+nacelle” configuration at α=10° and windmilling 

9.4 Balance forces 

The forces measured by the balances are referred to their own reference system. Since the 
balances are mounted on the model support arm, and the inclination of this arm changes 
with the angle of attack, the balance reference system will also change. However, the lift and 
drag forces are required to be expressed in the conventional aerodynamic frame. 

In order to convert the balance forces from its reference system XbYbZb to the aerodynamic 
reference frame xyz, the following transforming equations were used (based on Figure 9-15): 
 
 = =  ∗ cos + ∗ sin  (9.37) 

 
 = =  ∗ cos − ∗ sin  (9.38) 

 
 

 
Figure 9-15: balance and wind tunnel reference systems 



9.5 Force coefficients from wake/balance data 
 

  221 

9.5 Force coefficients from wake/balance data 

9.5.1 Reference surfaces 

Since multiple geometries of different nature will be studied, the problem of selecting a 
common reference surface is posed. In fact, the nacelle is a lifting body, and then one may 
want to use the wing+nacelle planform surface to define the lift and drag coefficients. This 
could be a proper solution for the wing+nacelle configuration. However, for the isolated wing 
or nacelle configurations, this approach is not the best since the related coefficients will not 
be comparable to the classical wing case (that uses its own planform surface). For this kind 
of close-coupled aerodynamic cases, the typical approach is to use the main wing planform 
area as the reference surface: this is the case of canard-wing and strake-wing close-coupled 
configurations [87], [89].  

The idea behind this approach is that, in reality, what matters is not the force coefficient itself 
but the total lift and drag forces acting upon the configuration. To be more precise, the lift 
must compensate the weight and thus the isolated wing has to deliver a lift equal to the 
weight. Then, if an extra lifting surface is added, the overall lift of the assembled 
configuration must be equal to the aircraft weight (the lift of the wing decreases indeed). 
Then, using the same reference area to get the coefficient of different configurations 
facilitates the comparison of the different characteristic curves because these coefficient 
curves will have the same relative position as the force curves. Hence, the comparison 
analysis is not biased by the fact of using different surfaces for the compared curves. This is 
why this approach will be retained for the current study as follows: 

• 3D cases: reference area = wing planform area = chord*span = 0.225m*0.9m=0.2025m^2 
• 2D cases: reference area = airfoil planform area = chord*span = 0.225m*0.36m = 0.081m^2 
 

9.5.2 Correction of wind tunnel data 

Since a direct comparison of wake survey forces against balance forces will be carried out, it 
was decided to keep the wind tunnel data uncorrected. However, in some particular cases, 
the coefficients are required to be corrected in order to get the free-air coefficients. In those 
cases, the classical linear wind tunnel corrections are applied [201]. 

9.6 Uncertainties 

9.6.1 Bias analysis 

According to AGARD [191], the total measurement uncertainty is constituted by the bias and 
the precision. There are two big sources of bias: instrumentation bias and WTT bias. 

9.6.1.1 Instrumentation bias 

The main source of bias for the 5HP is the possible misalignment of probe axis with the 
tunnel axis. Since it was carefully aligned during the assembly, it should be negligible. In any 
case, the empty test section tests will provide the reference condition that will help to take 
away any possible source of bias.  

Concerning PIV, the main bias source is generated by optical issues and easily detected 
during the calibration phase (This is detailed in Appendix C).  

For the balance, the source of bias can be the thermal-driven signal shift, but, since the 
balance is temperature compensated, this effect will be neglected. Another bias can appear 



 
 

Data Reduction and Analysis Methods   
 

222 

due to the change of the weight components in the XY balance reference system as the 
balance changes in angle of attack. This gravitational effect is well taken into account since a 
full weight polar run was made for each tunnel model. This angle of attack-dependent force is 
subtracted from the measured balance forces in order to get the net aerodynamic force. 

9.6.1.2 Testing bias 

The main source of testing bias is the wind tunnel wall correction. Since the objective of this 
campaign is to compare different types of uncorrected data among them, it is not necessary 
to perform such a correction and there is no concern about this bias. Nevertheless, in some 
specific cases, wall boundary corrections will be required. Since the rules-of-thumb about the 
model size to test section size has been respected, the wall boundary correction bias will be 
negligible. 

9.6.2 Uncertainties calculation 

9.6.2.1 Theory of uncertainty propagation 

Let “ ” be a function of the variables “ ” as follows: 
 
 = ( , , , … , ) (9.39) 

 
And assume that “ ” (i=1,N) are the independent and aleatory measurement errors of the 
variables “ ”, in such a way that the result of its measurement is given by:   
 
 = ±  (9.40) 

 
Where “ ” is the measurement result, usually taken as the mean value of the time-varying 
data at each measurement point in steady-state flows. The measurement error is usually 
considered to be equal to ±2σ (σ=standard deviation) since this ensures a 95% confidence 
interval. Then, the uncertainty of the function “ ” can be determined from the measurement 
errors of its variables: 
 

 =  + + ⋯ +  (9.41) 

 
For systems of order 1 (i.e., systems where the parameter to be measured does not vary 
over time) the measurement error is driven by the instrumentation error. However, in wind 
tunnel applications we deal with systems of order 2 (i.e., systems where the parameter to be 
measured varies over time). In this case, the measurement error is given by two causes:  

• Instrumentation error  
• Error due to the fluctuation of the measurement 

The instrumentation error is provided by the manufacturer or the calibration data sheet 
whereas the fluctuation error is commonly given by the standard deviation for quasi-steady 
signals. 

In practice, the instrumentation error is used as an input in Equation (9.41) (i.e., = 
instrument uncertainty) in order to calculate the function uncertainty due to the 
instrumentation error (i.e., “ ”). Then, the procedure is repeated but using the 
errors due to the measurement fluctuations (i.e., = 2σ) in order to establish the function 
error due to the measurement fluctuations (“ ”). These two function errors are 

gathered together to bring a single function error as follows: 



9.6 Uncertainties 
 

  223 

 =  +  (9.42) 

 
The application of function error (Equation (9.41)) is quite straightforward when “ ” is just an 
algebraic function. However, the wake-based drag determination (by far-field or exergy 
methods) requires using surface integral functions, i.e.:  
 

 = ( , , , … , )  (9.43) 

 
In practice, this integration is performed by following a discrete approach (i.e., by using a 
measurement grid of “n” points). Then, the integral function of Equation (9.43) becomes: 
 

 = ( , , , … , )  (9.44) 

 
Where “ ” is the function value at each measurement point. Hence, the determination of the 
error related to any far-field or exergy parameter requires summing-up the errors at each 
measurement point. 

9.6.2.2 Uncertainty calculations 

The functions to be analyzed are numerous and most of them are complex, requiring 
integration of wake data. Hence, the uncertainty propagation calculations become difficult to 
follow up. Then, the best approach is to use the Python “Uncertainties 3.4.1” package, 
capable of dealing with such a complexity in an easy and fast manner. 

https://pypi.org/project/uncertainties/ 

This just requires creating a code including all the previous functions and to declare the 
measurement of each variable (i.e., mean value and uncertainty due to fluctuations) along 
with the instrumentation uncertainties. Then, the uncertainties package does the job by 
providing the mean value and error of each function. 

9.6.3 List of uncertainties 

The instrument uncertainties to be used for the measurement error calculations are detailed 
below: 

Instrument code Application Error 

SCA100T-D02 Angle of attack 0,11° 

ATI Gamma SI-130-10 Balance 0,025 N 

PIV system velocity field 0,1 px 

Delta Ohm HD 4V8T 5HP pressure 0,5% FS 

LEM HX 20-P EDF current 0.576% 

Volt meter EDF tension 0.0258% 

Red Lion IFMA EDF RPM 0,2% 

Kimo CP 300 Pt0-Ptambient 0,5% 

Kimo CP 300 Tt0 0,1°C 

Kimo CP 116 Ps ambient 300 Pa 

Delta Ohm HD 4V8T Pd0 0,5% 
Table 9-2: instrument uncertainties 
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Chapter 10  
 
Experimental validation of the 
Wake-Reduced Exergy Formulation 

This chapter presents the relevant balance data analysis of the isolated wing. The reference 
characteristic curves are extracted, which will be used for future comparison with the coupled 
configuration and to analyze the wake surveys. Also, the wall effects are presented. Finally, 
wake data is used to validate the exergy-based profile drag formulation. 
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10.1 Introduction 

In this section an experimental validation of the exergy-based profile drag formulation will be 
carried out. The vortex drag do not require a validation since the final wake-reduced vortex 
drag equation was widely used and validated by previous researchers [104], [120], [122]. The 
profile drag validation will be carried out by using both, existing reference data of the NACA 
0012 airfoil and experimental data of the wing. Thus, before performing a validation of the 
exergy method, the experimental data must be verified as follows. 

10.2 Balance data of the 3D wing 

10.2.1 Characteristic curves 

Hereafter, the characteristic curves for the upstream reference velocity of 20m/s will be used. 
These curves along with its inherent measurement errors are shown in Figure 10-1 and 
Figure 10-2 (these curves will also be used in later chapters but they are introduced in this 
section for simplicity).  

Figure 10-1-left shows the lift curve, where it can be appreciated that the error in lift 
coefficient is almost negligible (less than 1 lift count, defined as 0.001 of “ ”). The main 
source of uncertainty comes from the angle of attack (±0.12°). On the other hand, the drag 
curve of Figure 10-1-right shows that the drag coefficient uncertainty is not negligible. 
Instead, an average uncertainty of 6 to 10 drag counts was found (1drag count = 1dc = 
0.0001 Cd) for the lower- and high- angle of attack region respectively. This gives a relative 
error of 3.7% and 2.4% respectively which is barely acceptable to cope with the scientific 
objectives (validation of wake survey techniques).   
 

 
Figure 10-1: uncertainties for lift (left) and drag (right) characteristic curves (V0=20m/s) 

One interesting feature of the Eiffel polar of Figure 10-2-left is that, by taking away the angle 
of attack from the plot, the drag curve seems to bring back it is traditional quadratic shape 
(i.e., the curve “deformations” visible in Figure 10-1 disappears). This is confirmed by Figure 
10-2-right, where a fairly linear slope is found for the entire range of lift coefficients. This 
linearity will simplify the analyses carried out in the following chapters.   
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Figure 10-2: Eiffel polar (left) and induced drag (right) characteristic curves (V0=20m/s) 

The curve of lift-to-drag ratio vs the angle of attack is shown in Figure 10-3. It must be 
noticed that the combination of errors from the lift and drag measurements leads to a 
variable error in L/D: this error increases with the angle of attack. 
 

 
Figure 10-3: uncertainties for lift-to-drag ratio characteristic curve (V0=20m/s) 

10.2.2 Uncertainty analysis 

The measurement errors shown in the previous curves were the total measurement errors, 
which took into account both, the instrument and the measurement fluctuation errors. In this 
section, a breakdown of the total error is made in order to understand the different sources of 
uncertainty for the balance. 

Figure 10-4-left shows the error breakdown for the wing lift vs angle of attack. Note that the 
related instrumentation error (i.e., the error related to the balance accuracy) is of about 0.5 lift 
counts, thus, negligible. This means that the balance is very well suited for the measurement 
of lift. Note that the main source of overall error comes from the fluctuation of the lift forces 
(related to the flow turbulence level, the inherent boundary layer transition unsteadiness and 
the dynamic response of the model structure). However, the overall error level is still quite 
small (about 2 lift counts). 

Figure 10-4-right shows the corresponding error breakdown for the drag coefficient vs the 
angle of attack. It must be noticed that the instrumentation error is of about 5 drag counts 
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which is a good precision level for high angles of attack. In fact, 5 drag counts is the 
precision accepted for practical drag measurements, and it is also the standard value for 
testing models at low-speed high-lift conditions [202]. This means that the balance used in 
the current campaign is well suited for the high angle of attack range. However, the desired 
precision for low angle of attack should be between 1 and 2 drag counts, which is below the 
precision of the current balance. Hence, drag measurements at low angle of attack must be 
analyzed with care. 

The same drag uncertainty breakdown shows that the fluctuation errors are of the same 
order of magnitude than the instrumentation errors. 
 

 
Figure 10-4: uncertainties breakdown for lift (left) and drag (right) 

10.2.3 Repeatability 

Having established the uncertainty levels and the sources of error, it is now time to verify that 
the measured lift and drag values are repeatable within this measurement error margin. This 
was made by performing two extra runs (Runs 13 and 14), which are overlapped on the top 
of the lift and drag curves of the Run 15 (including its measurement errors). The result is 
shown in Figure 10-5 and Figure 10-6, where a very high repeatability is observed for all the 
parameters plotted. The most important parameter is the drag coefficient: its minimum value 
was 165dc, 162dc and 162dc for the runs 13, 14 and 15 respectively. The difference 
between these values is smaller than the uncertainty of 6dc. The drag value of the run 15 
(162dc) will be used later for the validation of the exergy method. 
 

 
Figure 10-5: repeatability of lift (left) and drag (right) characteristic curves 
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Figure 10-6: repeatability of lift-to-drag ratio (left) and induced drag (right) characteristic 

curves 

10.2.4 Wall effects 

The wing at an angle of attack of 0° behaves as a pure 2D airfoil and then the related wing 
Cd must be identical to the airfoil Cd0 (minimum Cd in 2D). The minimum measured drag 
coefficient of the wing is 162 drag counts whereas the NACA 0012 Cd0 value for this 
Reynolds is 132 dc  [203]. There is a significant difference between both values and this is 
due to the junction flow that takes place in wall mounted models. In order to verify this, a 5HP 
wake survey was carried out up to the wall (Figure 10-7) in order to assess the extent of the 
corner flow. 
 

 
Figure 10-7: wing mounted on balance and 5HP survey plane at x/C=2 

The result of the wake survey for the wing at α=0° and α=10° is shown in Figure 10-8. For 
α=0°, the expected uniform wake parameters are found spanwise, except near the wall, 
where the wake size increases markedly. This is the trace of the well-known junction flow 
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that leads to a flow separation at the wall, thereby increasing the drag measured by the 
balance. The wall effect becomes stronger as the angle of attack increases. As shown in 
Figure 10-8-right, the wake of the junction flow occupies a fairly larger region. Hence, the 
extent and intensity of the junction flow drag will vary with the angle of attack, but most 
importantly, this means that the balance measurements cannot be compared against the 
reference values due to the wall effects. That is why wake analysis becomes so valuable for 
the analysis of wind tunnel data. 
 

 
Figure 10-8: wing wake for α=0° (left) and 10° (right) at survey station x/C=2 obtained by 

5HP survey 

10.3 PIV wake data of the 3D wing 

In order to validate the wake-reduced exergy-based profile drag method, PIV data was finally 
used since this allows circumventing the junction flow problem. In order to achieve that, the 
three measurement regions at a given survey plane station are gathered together as shown 
in Figure 10-9. As a first order approximation, the part of the PIV region affected by the 
corner flow was cropped out as an attempt to take away its effect on the profile drag. 
 

 
Figure 10-9: assembly of velocity fields from the PIV measurements (x=0.5C/α=0°) 

 
This resulting velocity field was used to compute the transverse vorticity field as shown in 
Figure 10-10. Then the integration procedure described in Chapter 9 for the determination of 
pressure from PIV was implemented. This requires first slicing the plane (black dashed line) 
and the integrating the vorticity along the intersection line. This will give point by point the 
local non-isentropic axial velocity. Then, this slice plane is swept along the Y-axis and the 



10.3 PIV wake data of the 3D wing 
 

  231 

procedure repeated again to find the “ ” distribution on the neighbor line. This lateral sweep 
is kept until the entire span of the PIV region is covered. The resulting non-isentropic velocity 
field is shown in Figure 10-11. 
 

 
Figure 10-10: transverse vorticity field from PIV data (x=0.5C/α=0°) 

 

 
Figure 10-11: non-isentropic axial velocity field from PIV data (x=0.5C/α=0°) 

 
Finally, by substracting the non-isentropic velocity from the measured absolute velocity, the 
isentropic velocity “ ∗” can be determined, which gives the static pressure field. From this 
resulting pressure and velocity field, all the remaining exergy parameters can be computed. 
The non-isentropic drag (profile drag) at the survey plane is shown in Figure 10-12 along with 
its spanwise distribution. It is noticed that the profile drag is not constant along the span, 
instead, a strong variation is found despite having transition strips glued in the wing, which 
allegedly should promote a uniform transition. However, such a behavior is normal for airfoil 
sections at low Reynolds number [204].  

The integral of this spanwise distribution gives Cd=134dc which is very close to the 132dc 
from the bibliography [203]. The small over prediction is attributed to the trace of the corner 
flow on the part of the wake close to the wall, indeed, the PIV treatment just deleted the 
vorticity of the corner flow lying outside the wake but also part of the corner flow effect is also 
present inside the wake, which slightly increased locally the profile drag distribution. By 
correcting the vorticity at this region the Cd value is found to be identical to the reference. 
This allows confirming that the pressure from PIV procedure performs well (under the 
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constraints mentioned in Chapter 9) and, most importantly, the exergy-based profile drag 
formulation can be properly computed from wake data. 
 

 
Figure 10-12: non-isentropic drag coefficient for the wing (x=0.5C/α=0°) 

 
 
 
 
 
 
 
 
 
 

Corner flow trace 
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Chapter 11  
 
Summary of the experimental 
aspects        

This chapter presents a short overview of the results and methods presented in this part. 
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11.1 Introduction 

This third part of the manuscript has presented all the activities related to the wind tunnel 
testing in three separated chapters. In this chapter, an overall review is made from a higher 
level point of view in order to understand the implications of this activity in the framework of 
the PhD program.  

11.2 On the wind tunnel campaign 

The main objective of the WTT campaign was to gather a large high-quality data base of a 
multi-configuration model. The data base itself was limited to balance and wake data (from 
PIV and 5HP) and the model was a simplified version of the CRM-Multifan geometry. Due to 
the complexity of the task, the entire WTT project covered a third of the total time devoted to 
the thesis, where the wind tunnel campaign itself took 6 months of full-time run. A large 
support team intervened in the activities to assist in the different related aspects (model 
design, manufacturing, instrumentation, assembly, preliminary testing and final campaign).  

The result was a data base that provided crucial information for the development of the 
method that is presented in this manuscript. Indeed, the previous chapters have just used 
few samples of the total data base but the next chapters will massively use the wake and 
balance data to establish an aero-propulsive model of this aircraft configuration. Indeed, in 
order to develop this model, a systematic WTT was required where each component must be 
first measured independently and then altogether. Only this decomposition of the system will 
allow us to understand its behavior and this explains why a very large data base was 
gathered.  

11.3 On the data quality 

The quality control of the WTT data was key since any error or bias in the measurement will 
affect both, the exergy formulation validation procedure as well as the determination of the 
aero-propulsive model of the aircraft. That is why a careful control of the data was carried out 
before starting the massive data acquisition for plenty of configurations. Details of this 
debugging process are detailed in Appendix C. Besides this process, a higher order check 
mas made by using CFD data (not included in this PhD work). Indeed, the aerodynamic 
loads acting on the model for all the configurations have been established by CFD data prior 
to the WTT campaign, which gave us a reference used to confirm the correctness of the 
measurements. Moreover, Epsilon (Appendix B) was deployed in order to perform a real-time 
control of the 5HP data during the wake survey. This allowed us to identify some possible 
issues of the 5HP measurements that were corrected on the fly. 

The data base finally gathered suffered a second control after the WTT campaign, during the 
posttreatment of the measurements, where each case was thoroughly analyzed in order to 
find any possible issues. The measurements that were not convincing or with defects were 
discarded from the data base. Hence, the final retained data base is reliable enough for its 
use in the pursuit of our research goals. The result of such a fine control will be visible in the 
following chapters since the raw WTT data allowed establishing all the family of characteristic 
curves with high success. 
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11.4 On the validation of the exergy method 

Even though a thorough verification of the wake-reduced exergy formulation was made by 
using CFD data in the previous Part of the manuscript, an experimental verification was 
required in order to check whether or not the formulation is compatible with the experimental 
data. The analysis of the PIV data has shown a very good agreement with the reference 
values. This was achieved thanks to the high quality of the gathered PIV data. Moreover, the 
experimental validation gives the confidence required to apply the exergy method to wake 
data, which will be massively carried out in the next chapters. 
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4th Part: 
 

 Wake-Reduced Exergy Analysis of 
the Multifan Configuration 
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Chapter 12  
 
Baseline Analysis of the Isolated 
Nacelle from Experimental Data  

This chapter presents the aerodynamic analysis of the balance and wake data of the isolated 
nacelle. The objective is to understand the physics governing the main flow features and its 
impact on the related characteristic curves.  
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12.1 Introduction 

In this last part of the manuscript the test case will be studied in a systematic manner by 
following two approaches: a) classical aerodynamic analysis, and b) exergy-based analysis. 
The first objective is to understand the physics behind the Multifan configuration by using the 
classical approach and then, to show the added value of the exergy method as an 
aerodynamic analysis tool. In order to deal with the complexity of the multiple tasks and 
analysis involved in this part of the manuscript, a multi-chapter approach was established  in 
order to guide the reader through an analysis of increasing difficulty. The first chapter of this 
section will deal with isolated nacelle only in order to understand the behavior of this 
particular type of lifting nacelle. Then, the second chapter will study the wing+nacelle 
configuration in order to understand the close-coupled phenomena and to establish an 
aerodynamic model of this configuration. These two chapters will use the experimental data 
gathered during the WTT campaign. Then, in the third chapter, a pure CFD analysis will be 
made in order to further refine the aerodynamic model but by still using classical 
aerodynamic analysis methods. Finally, the fourth chapter will exploit the exergy-based 
formulation and the related concepts in order to deepen the analysis and understanding of 
the physics behind this test case. Most importantly, it will highlight the interest of performing 
a wake-reduced exergy analysis for close-coupled aero-propulsive configurations. 

This chapter will introduce the aerodynamic behavior of the isolated nacelle. In fact, the 
multifan physics is highly complex, involving plethora of aerodynamic phenomena at the 
same time. Then, in order to better understand the flow nature it is better to start with the 
isolated nacelle case. This will be achieved by exploiting PIV and balance data. On the other 
hand, although this chapter is not intended to present a direct application of the exergy 
formulation developed in this PhD work, some of the concepts already discussed are 
exploited to properly understand the related physics. 

12.2 Uncertainty analysis 

12.2.1 Measurement errors 

Figure 12-1 shows the lift and drag characteristic curves (balance data) of the nacelle under 
two opposite power conditions: windmilling and 20.000 RPM (the maximum rotational speed 
studied in this campaign). Unless specified, the upstream velocity used hereafter is 20m/s. 
Overlapped to those curves are the measurement error bars. It must be noticed that the lift 
and drag uncertainties increases with the angle of attack, and also, for a given angle of 
attack, it increases with the power level. Also note that the windmilling curve enters into the 
stall region for α>16° and that the related lift and drag uncertainties increases even more due 
to the related flow fluctuations. 

Note: As mentioned in Chapter 9, all the 3D force coefficients will be related to the wing 
planform surface. In this chapter the isolated nacelle will be studied, however, this rule will 
still be applied since it will simplify the comparison against the wing+nacelle architecture 
(next chapter). Therefore, the characteristic curves presented hereafter will use the wing 
planform surface for the nondimensionalization instead of the nacelle planform area. If it is 
desired to have the nacelle force coefficients related to its own planform area, the force 
coefficients presented in this chapter must be multiplied by a factor of 3.27 (wing to nacelle 
area ratio). 
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Figure 12-1: lift (left) and drag (right) curves vs angle of attack (balance data) 

 

12.2.2 Uncertainty breakdown 

Figure 12-2 shows the breakdown of the uncertainty values for the case of windmilling only. It 
is observed that the instrument precision is 0.5 lift counts and 5 drag counts as the case of 
the wing (since it is the same balance). The lift precision is very well suited to measure the lift 
forces involved in the nacelle. The drag precision was not very good for the wing at low angle 
of attack, but, since the drag of the nacelle is larger than the drag of the wing, the balance 
drag precision becomes very well suited to measure the nacelle drag at any angle of attack.  

On the other hand, Figure 12-2 shows that the overall lift and drag measurement uncertainty 
come from the inherent balance force fluctuations. These fluctuations have two sources: the 
fan vibrations and the proper flow fluctuations. The fans static and dynamic balance was 
made by the manufacturer before delivering the fans to the customer; hence, its related 
vibrations are under control (no significant change of balance force fluctuation was found for 
several RPM conditions). Then, the balance force fluctuations can be mainly attributed to the 
flow fluctuations itself. In fact, under high-angle of attack conditions, the flow detachment 
involved lead to very high fluctuations. 
 

 
Figure 12-2: lift (left) and drag (right) uncertainty breakdown for windmilling condition 
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12.3 Fixed point test 

The fixed point test is interesting since it provides the baseline flow features at the jet plume, 
which are created by the nacelle’s interior geometry. Understanding these flow 
characteristics will help in the analysis of wind-on data that will display an even more 
complex flow topology. 

12.3.1 Balance data 

Figure 12-3 shows the thrust measured for the nacelle at fixed point. It follows a squared law 
with the fan RPM as expected. This nacelle contains four EDF units inside, then, it is 
interesting to compare the thrust delivered by the assembly “nacelle+4 EDF” against the 
thrust delivered by fours separated fans. This is also shown in Figure 12-3, where it is clear 
that the “nacelle+4 EDF” delivers more thrust due to the leading edge suction at the nacelle 
inlet [205]. 
 

 
Figure 12-3: thrust for the isolated EDF units vs the shrouded unit (nacelle installed) 

12.3.2 Wake data 

A wake survey campaign was carried out under fixed-point condition, with α=0° and several 
RPM, as shown in Figure 12-4. The flow patterns obtained by PIV for the different RPM 
studied were found to be identical among them with just changes in magnitude with the RPM. 
That is why only the 20.000 RPM case will be studied hereafter. 
 

 
Figure 12-4: wake survey by 2D3C PIV 
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Figure 12-5 shows the axial velocity and axial vorticity at the jet plume. Since the nacelle 
nozzle is rectangular, one may expect finding a rectangular jet plume with a uniform velocity 
distribution at the core region. Instead, a complex topology is found as shown in Figure 12-5-
top.   

The first feature to observe are the jet plume peaks, which appears whenever a vertical wall 
is present: either the nacelle tip wall or the internal bulkheads separating the fans. In fact, 
these walls create the typical corner flow counter-rotating vortices highlighted in Figure 12-5-
bottom. These vortex pairs create an upwash velocity component in between, which pull the 
jet plume upwards, leading to the formation of the peaks.   

Another feature to observe is the wake of the splitter that is inclined (whereas an horizontal 
wake was expected). This is due to the remaining flow swirl downstream of the fans which 
also rotate the splitter’s wake. This flow swirl is best observed in Figure 12-5-bottom where a 
large negative vorticity region is observed (the related rotational direction is highlighted with 
an arrow for simplicity). This rotational direction is verified in Figure 12-6, since it is 
coincident with the fan rotational direction. This confirms the fact that the camber of the EDF 
streamlined hub struts is not enough to recover the transverse rotational energy flow (since 
the EDF has only three struts, it cannot even be considered as a flow straightener).  

It must also be noticed in Figure 12-5-bottom that the EDF swirl flow generates a cross-flow 
boundary layer at the inner nacelle walls. The related axial vorticity at the lower wall is easily 
visible as a red horizontal spot along the lower part of the jet plume.  

 

 
Figure 12-5: axial velocity (top) and axial vorticity (bottom) at the jet plume of the nacelle 

(rear-view) (α=0°, 20000 RPM, x/C=1) 

 

 
Figure 12-6: direction of rotation of the fans (front view) 

Splitter wake 
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It is interesting to note that axial vorticity is just required for a 3D body to generate lift but it is 
not a requirement for creating thrust. Then this measured axial vorticity field constitutes the 
“vortex drag”. The thrust delivered by the “nacelle+4 EDF” configuration of Figure 12-3 can 
then be increased by eliminating the junction flow and the fan swirl flow. The related 
transverse energy (that is currently wasted) will be exploited by the aerodynamic system to 
generate extra thrust.   

12.4 Variable angle of attack at constant RPM 

In order to study the changes of the nacelle’s aerodynamic behavior under wind-on 
conditions, two separate studies are carried out. Firstly, the angle of attack is varied at 
constant EDF rotational speed (covered in this section) and then the RPM is swept at 
constant angle of attack (next section). 

12.4.1 Self-aeropropulsive coupling 

Figure 12-7 shows the lift and drag curves for the nacelle for several RPM conditions, 
ranging from the extreme failure case (rotor blocked) to the maximum rotational speed 
studied in this campaign (20.000 RPM). For each RPM, the related thrust coefficient 
(Ct=Thrust/ ½ρV2Sref) is also shown for a better non-dimensionalization of the curves. The 
relation linking the RPM values with the thrust coefficients is presented in the next section. 

12.4.1.1 Windmilling 

The windmilling curve will be taken here as the reference case since it is the true power-off 
condition (No electric power delivered to the EDF). The first important aspect to note is that 
the Multifan nacelle is a lifting device. The classical cylindrical nacelles of the single engine 
units do not allow generating lift. However, since the multifan nacelle is a flattened body (in 
order to contain several fans side-by-side), the external upper/lower surfaces behaves as a 
box wing type which explains the generation of lift. In fact, the multifan nacelle can be 
considered as powered box wing. Under windmilling condition, the power effect is absent and 
then the pure box wing effect remains. Note that lift increases linearly until α=10°, where the 
non-linearity effects appears; then, at α=15° an abrupt stall takes place. Note that the 
nacelle’s stall angle is quite big since the nacelle planform has a low aspect ratio (AR=4.17). 
 

 
Figure 12-7: lift (left) and drag (right) characteristic curves for different power conditions 

The lift generation of the nacelle under windmilling condition can be easily explained by 
analyzing the axial vorticity field at the wake (Figure 12-8-top and center). For α=0°, no axial 
vorticity is shed downstream, and then bound vortex will have zero strength (according to the 
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lifting line theory). For higher angles of attack, axial vorticity is shed at multiple tip vortices 
and then, the nacelle’s bound vortex will no longer be zero, leading to the generation of lift. 
A conventional wing have just a single tip vortex and a classical box wing have just two (one 
at the upper wing end and the other at the lower wing end). However, the current multifan 
nacelle has three vortices: this extra vortex appears at the splitter end. 

The maximum lift coefficient is close to 0.3 (referred to the wing surface), or equivalently, 
0.98 (referred to the nacelle planform surface, by using the 3.27 scaling factor). This lift 
coefficient is a typical value for low-aspect ratio wings, then, it seems that the internal 
components of the box wing (hub, bulkheads and splitter) do not affect severely the lifting 
behavior of the wing.  

The drag curve of the windmilling case shows a minimum drag coefficient of about 380dc 
(referred to the wing planform area), which is very high. This drag coefficient is larger than 
the wing’s minimum drag coefficient (160dc) since the nacelle’s wetted area and frontal 
areas are larger than the wing. Also the secondary flow effects mentioned in the previous 
section (corner flow and swirl) plays a significant role in drag generation. Moreover, note that 
the windmilling drag curve is not symmetrical respect α=0°, instead, the vertical symmetry 
seems to be placed at α=4° (in theory it must be symmetric at α=0° because the nacelle is 
symmetric). This is attributed to the absence of transition strips at the inner lips of the nacelle 
inlet, which leads to an asymmetric flow separation at the upper and lower inlet surfaces.  
 

 

 

 
Figure 12-8: axial vorticity at the wake for several conditions 

12.4.1.2 Power effects 

The power effects are added on the top of the box wing aerodynamic behavior. Here is 
précised that the nacelle thrust will create some lift component for α≠0° but the related lift 
coefficient was found to be small even at high-angles of attack (e.g., 5% at 14°). Then, the lift 
curves shown here will not be corrected by the thrust-related lift (raw balance data is kept).  
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Figure 12-7 shows the changes in lift and drag by adding power to the system. The slope of 
the lift curve increases proportional to the RPM2 in a significant manner: up to 50% of lift 
increase for the maximum rotational speed (20.000 RPM). This large increase of lift can be 
explained by using again the lifting line model. As shown in Figure 12-8 (center vs bottom), if 
the angle of attack is kept constant but the RPM increases, the tip vortices increase in 
strength, which means that the nacelle bound vortex also increase in strength leading to a 
higher lift generation. According to the CFD analyses, this power-driven increase of lift for the 
isolated nacelle is physically originated at the jet plume, due to the change in the Kutta 
condition by adding power to the flow (Details will be given in Chapter 14). Such a lift 
increase of the isolated nacelle due to its own power will be called hereafter “self-
aeropropulsive coupling”.  

There is also another effect playing a significant role in the lift generation: the external 
boundary layer of the nacelle gets stretched under power-on due to the momentum transfer 
from the jet plume to the wake of the upper- and lower-surfaces of the nacelle. This effect is 
visible in Figure 12-8-bottom where the total nacelle’s wake thickness has been decreased 
by injecting power to the flow (This figure also shows the jet plume peaks discussed before). 
The final effect of this external boundary layer re-energization by momentum transfer is that 
a stall delay takes place as shown in Figure 12-7-left. The stall angle is delayed more and 
more with the injected power (higher RPM).  

The drag curves of Figure 12-7-right, shows a vertical separation that is proportional to the 
RPM2 as expected, since the thrust added by the fans follows this law. Also note that the stall 
delay mechanism also reduces drag significantly at high-angle of attack conditions.   
 

12.4.1.3 Rotor blocked 

The rotor blocked condition was also studied in an attempt to assess the possible flight 
hazards related to a massive engine failure. The main effect is a reduction of the stall angle 
as shown in Figure 12-7 but the lift and drag values in the linear zone are just slightly 
compromised (compared to the windmilling case, that represents the typical failure mode). 

12.4.2 Vortex drag reduction 

Another interesting feature of the power effects is the thrust-related reduction in the vortex 
drag of the box wing. A first insight into this feature is presented in Figure 12-9, where the 
Eiffel polar is shown for several power conditions. For each curve, a quadratic polynomial fit 
was added in order to find out the coefficient of the Cl2 term (known as K2): 
 
 = + +  (12.1) 

 
This “ ” coefficient includes two effects: the effect of the lift coefficient on the profile drag 
and the pure induced drag effect (Both explained in detail in Chapter 5). The current balance 
data do not allow separating both effects, but, since the nacelle is a low-aspect ratio lifting 
body, it is assumed that the vortex drag effect will prevail over the 2D lift-dependent profile 
drag effect (Nevertheless, the results of the following analysis must be taken with care and 
complemented by a further wake analysis).  

In Figure 12-9, it is observed that the K2 coefficient decreases by increasing the RPM. This 
means that the nacelle vortex drag decreases by adding power to the system. A better way 
to visualize this information is by linearizing the Eiffel polar and by shifting all the curves to 
the origin as shown in Figure 12-10. This takes away the thrust and the viscous body losses 
and the thrust effect (i.e., the “Cdo”), leaving only the 2D and 3D lift-dependent phenomena. 
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Figure 12-9: Eiffel polar for several power conditions and its related polynomial fit equation 

Even though a certain non-linearity is present, it is clear that the vortex drag decreases by 
increasing the RPM. Note that for Cl2=0.08 (corresponding to Cl=0.28) the induced drag for 
20.000 RPM is almost half of the windmilling induced drag value. Hence, a significant 
reduction of lift-induced drag can be achieved by exploiting the power effects. 
 

 
Figure 12-10: shifted drag curves for several power conditions 

The physical explanation of this drag reduction is shown in Figure 12-11 where the wake of 
the windmilling and power-on case (20.000 RPM) are compared at the same lift coefficient of 
Cl=0.2. The windmilling is taken as the baseline since represents the box wing reference 
aerodynamic behavior. Note that the windmilling case has three tip vortices but the strength 
of the vortices is not equal. The upper vortex has the largest strength and the lower vortex 
the lowest strength. It can be said that the vorticity distribution is mostly concentrated at the 
upper region of the tip and a region of concentrated vorticity induces a large amount of 
transverse (rotational) kinetic energy as the classical wing tip vortex. This high-transverse 
kinetic energy is lost downstream and thus represents drag (vortex drag).  

By adding power to the system, the vorticity is more evenly distributed among the three 
vortices. This strongly reduces the overall induced transverse kinetic energy and, ultimately, 
the vortex drag. Vortex drag is roughly proportional to the local vorticity squared; hence, a 
slight local reduction of vorticity will have a strong impact on the vortex drag. In fact, the 
reduction of the transverse rotational speed induced by the tip vortices is easily noticeable in 
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Figure 12-11: the three vortices are aligned in both cases (power-off and power-on) but they 
have suffered more rotation (from the vertical) in the windmilling case due to the highest 
transverse rotational velocities. By distributing vorticity in a more even manner, a reduction of 
the overall rotational speed of the vortical structure is achieved (less rotational kinetic energy 
wasted). 
 

 

 
Figure 12-11: axial vorticity at the wake for two operating conditions with the same lift 

coefficient (Cl≈0.2)  
 
In summary, power effects reduce the box wing’s induced drag by a vorticity distribution 
mechanism, but the main question here is, how does the power effect achieve such a 
vorticity distribution? The answer is, again, the momentum transfer from the jet plume to the 
wake of external nacelle surfaces. In particular, the boundary layer at the tip surface is key 
here: for the unpowered case, the low axial velocities along with the pressure difference 
between the upper and lower surfaces, leads to a large vertical velocity component that 
creates axial vorticity inside the tip boundary layer. This vorticity is rapidly convected towards 
the upper surface and feeds the upper vortex. Then, by adding power to the flow, axial 
momentum is transferred from the jet plume to the boundary layer at the vertical tip surface 
of the nacelle. This reduces the amount of axial vorticity sent to the upper vortex, thereby 
decreasing its intensity and increasing at the same time the intensity of the central and lower 
vortices (note that total amount of axial vorticity is identical in both cases because the lift 
coefficient is identical). By extrapolating this reasoning, the induced drag of the nacelle can 
also be reduced in a passive manner by using a C-shaped trailing edge of the tip nacelle 
surface. This prevents the formation of the upper and lower vortices by eliminating the acute 
wall angle at the corners of the nozzle. With the C-shape design, vorticity will be evenly shed 
at the trailing edge and its wake will have a C-like shape. This is the case of the CRM-
Multifan nacelle design. 

12.4.3 Aero-propulsive figure of merit 

The self-aeropropulsive coupling described before modify two features of the basic box wing: 
the lift and the vortex drag. Both effects are driven by the thrust coefficient level (proportional 
to the RPM2). Hence, a figure of merit is proposed here to evaluate the impact of the aero-
propulsive coupling by introducing the “ ” parameter defined as follows:     
 

 =   (12.2) 

 
Where “ ” is the slope-based aero-propulsive figure of merit, “ ” is the lift slope of Figure 
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12-7 and “ ” is the coefficient of the polynomial fit of Figure 12-9. This parameter is 
evaluated for several power levels as shown in Table 12-1. The ratio between the power-on 
to the power-off case will highlight the increase of the aerodynamic efficiency of the powered 
lifting body (note that in powered cases the classical lift-to-drag ratio is no longer valid due to 
the presence of thrust). This ratio shows that, by taking the windmilling case as reference, 
the overall aerodynamic efficiency increases with power and it is almost twice as efficient at 
20.000 RPM (i.e., “λa power/λa windmilling=1.93”). This highlights the power of the self-
aeropropulsive coupling. 
 

CASE Ct a0 K2 λa λa power/λa windmilling 

Windmilling 0.000 0,0196 0,5230 0,0376 1 

10000 RPM 0.016 0,0217 0,6010 0,0361 0,96 

15000 RPM 0.050 0,0253 0,4559 0,0556 1,48 

20000 RPM 0.125 0,0298 0,4115 0,0724 1,93 
Table 12-1: slope-based aero-propulsive figure of merit “λa” for several power conditions 

From this analysis it is clear that thrust sources are better exploited when they are used to 
promote aero-propulsive coupling. It is senseless to use a power unit just to propel the 
aircraft since a lot of energy is unnecessarily wasted. Highly-coupled distributed propulsion 
units are then interesting research areas with a very high potential. 

12.5 Variable RPM at constant angle of attack (V0=20m/s) 

This second part of the wind-on study intends to provide a link between the fan RPM with the 
thrust coefficient, because the thrust coefficient is the parameter that drives the aero-
propulsive coupling. 

It was previously demonstrated that lift and drag varies with the angle of attack but also with 
the RPM. Then those curves are re-plotted in Figure 12-12 but letting RPM as the main free 
variable. The quadratic variation of lift and drag with the RPM is now evident. 

 
Figure 12-12: lift (left) and drag (right) characteristic curves vs fan RPM at several angles of 

attack 

This squared law is verified by linearizing the curves and by plotting the X-axis as a function 
of RPM2 as shown in Figure 12-13. A highly linear behavior is observed and there are no 
sources of nonlinearities to deal with. Hence, the relationship between the thrust coefficient 
and the RPM can then be established in a straightforward manner.   
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Figure 12-13: lift (left) and drag (right) characteristic curves vs fan RPM2 at several angles 

of attack 

The first step is to shift the lift curves of Figure 12-13 in such a way that all the curves start 
from the origin. The same is made with the drag coefficient but in this case, only the absolute 
value of the drag coefficient is retained. The result is shown in Figure 12-14. 

Figure 12-14-left explicitly shows the self-aeropropulsive coupling. The increase of lift 
(starting from a given baseline configuration) due to the power effects is a linear function of 
the RPM2 but also a linear function of the angle of attack. This is consistent with the findings 
of the previous section.   

Figure 12-14-right shows two phenomena at the same time: the thrust delivered by the 
nacelle and the powered-driven induced drag reduction. The isolated thrust effect is visible 
for the drag curve at α=0°, where the lift is zero (even if there is power), and thus the induced 
drag is zero. For this case, the drag coefficient is identical to the thrust coefficient. Hence, the 
thrust delivered by the nacelle follows a linear function of the RPM2 as expected. For the 
other angles of attack, the delivered thrust remains the same and thus, any variation of the 
drag coefficient is mainly attributed to the variation of the induced drag due to the generation 
of lift. Finally, since Figure 12-14-left and right are linear functions with the RPM2, it is easy to 
take away the RPM parameter and directly relate the variations of the lift coefficient to the 
variations in thrust coefficient as shown in Figure 12-15. 

 
Figure 12-14: variation of lift (left) and drag (right) with the fan RPM2 at several angles of 

attack 
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Figure 12-15 : increase of lift vs thrust coefficient at several angles of attack (aero-

propulsive coupling) 

This graph allows relating the self-aeropropulsive coupling (increase of lift coefficient) with 
the delivered power (thrust coefficient, given mainly by the variation on the drag coefficient) 
and the angle of attack. An approximate formula can then be generated:   
 

 ≅  
 [ ]
10

 (12.3) 

 
Since the aero-propulsive coupling depends on the product of the angle of attack and thrust, 
it is clear that the higher the nacelle's angle of attack, the higher the lift benefit (for a given 
thrust value). This highlights the fact that a lifting nacelle is more worthy than the classical 
"drag" nacelle approach (at least for multifan architectures, where several side-by-side fan 
units could exploit the aero-propulsive coupling in a proper manner). This is especially true 
since this ΔCl is free: thrust must be delivered anyway and it is better to profit from this thrust 
to get this extra lift. Moreover, the nacelle's wetted area become very high for multifan 
architectures and so its viscous drag. Then, using this same nacelle surface to create lift 
besides thrust is more energy-efficient since a smaller wing will be required to lift the entire 
system. 

12.6 Summary of key findings 

The classical aerodynamic analysis carried out in this chapter allowed identifying several 
interesting features as follows: 
 
• The balance accuracy level was found to be well suited to measure the balance loads due 
to the inherent high-drag values of the nacelle. 
• The thrust delivered by the EDF at fixed-point condition is augmented by about +10% due 
to the leading edge suction developed at the nacelle’s inlet. 
• The baseline wake coming from the nacelle’s streamtube is quite complex but the different 
sources of losses can still be identified by following a careful analysis. For this particular non-
optimized configuration, it was found that a significant amount of swirl remains inside the jet 
plume as well as wall junction vortex pairs created at each wall separating the EDF units. 
Hence, there is a significant amount of energy wasted in the generation of these vortex drag 
sources, which should be employed for thrust generation instead of generating these airflow 
features. 
• The lifting capabilities of this particular nacelle design were verified and the physical 
behavior identified. Indeed, this flattened nacelle behaves like a powered wing box, where 
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axial vorticity is shed at the wing tip region whenever lift is being generated. 
• For this nacelle design, the lift coefficient and the stall angle of attack increases in a 
significant manner with the EDF RPM (i.e., with the power level). At the same time, the vortex 
drag decreases with the power level. Since both lift and drag varies with power, an overall 
efficiency metric has to be provided because the classical lift-to-drag ratio is not valid in 
power-on conditions. Then, the slope-based aero-propulsive figure of merit “ ” was 
developed, which indicated that the powered lifting nacelle is almost twice as effective as the 
windmilling lifting nacelle. 
• The powered-lift value was found to be directly proportional to the thrust coefficient and the 
angle of attack. 
• The nacelle’s stall can be significantly reduced by the power effects that re-energize the 
external nacelle’s boundary layer by momentum transfer across the wake. 
• It is useless to employ the engine for propulsion purposes only. It is far more advantageous 
to exploit its delivered power to promote strong aero-propulsive couplings: this will 
significantly increase the aerodynamic efficiency of the neighbor lifting devices. 
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Chapter 13  
 
Baseline Multifan Aerodynamic 
Model from Experimental Data 

This chapter presents the balance and wake data of the “wing+nacelle” configuration under 
several power-on conditions. This data is analyzed in a systematic manner in order to build 
up the aerodynamic model of the multifan configuration. This baseline model will be 
improved later by using CFD and an exergy analysis. 
 
 
 

Chapter 13 Baseline Multifan Aerodynamic Model from Experimental Data .............. 253 

13.1 Introduction ............................................................................................... 254 
13.2 Aero-propulsive coupling: lift effects .......................................................... 254 
13.3 Aero-propulsive coupling: drag effects ....................................................... 263 
13.4 Aero-propulsive model of the Multifan configuration .................................. 268 
13.5 Summary of key findings ........................................................................... 271 

 
 
 
 
 
 
 



 
 

Baseline Multifan Aerodynamic Model from Experimental Data   
 

254 

13.1 Introduction 

This chapter will bring the aerodynamic analysis of the test case (Multifan configuration) to a 
higher level of complexity. In fact, the wing+nacelle configuration will be deeply analyzed in 
order to understand the multiple sources of aero-propulsive coupling phenomena. Indeed, 
despite the simplicity of the geometry, a fairly complex vortical system is developed which 
requires a delicate breakdown in order to define a proper bookkeeping. This is achieved by 
using WTT data but, in some specific cases, CFD data is included for the sake of the 
explanations. On the other hand, hereafter, the data shown corresponds to an upstream 
velocity of 20 m/s (unless other velocity is specified). 

13.2 Aero-propulsive coupling: lift effects 

The “wing+nacelle” configuration has very complex aerodynamic phenomena appearing at 
the same time. In order to properly bookkeep all the intervening effects, a systematic 
approach is followed, by analyzing first each model part and then the assembly. 

13.2.1 Wing 

Figure 13-1 shows the characteristic curves of the lift forces acting on the wing under the 
presence of the nacelle for several power conditions. In order to understand the aero-
propulsive coupling mechanisms involved, the lift curve of the isolated wing is also included 
for comparison. 
 

 
Figure 13-1 : wing lift curves for several power conditions 

13.2.1.1 Integration effects 

The first rational step is to compare the windmilling curve against the isolated wing case in 
order to establish the integration effects, i.e., the changes in wing lift force due to the 
presence of the nacelle without power. 

It can be observed that there is a loss of lift due to the integration effect. This is created by 
two potential field features related to the presence of the nacelle: vertical buoyancy and 
streamline curvature. 

• Vertical buoyancy: as shown in Figure 13-2, the nacelle creates a pressure stagnation 



13.2 Aero-propulsive coupling: lift effects 
 

  255 

region in front of its inlet. Since the wing is placed under this high-pressure region, it is 
subjected to a vertical pressure gradient that tends to push the wing downwards. This 
downforce increases with the vertical pressure gradient and the wing volume. Then, this 
effect will be called “vertical buoyancy”, as an extension of the “longitudinal buoyancy” 
concept of the wind tunnel wall corrections [201]. 

• streamline curvature effect: as sketched in Figure 13-3, the streamtube corresponding to 
the isolated nacelle is shown overlapped to the wing+nacelle configuration. Note that this 
streamtube is divergent. If the nacelle were isolated, the neighbor streamlines under the 
streamtube will tend to move downwards and a non-zero vertical velocity will exist along the 
dashed line. However, in the presence of the wing, this vertical velocity distribution along the 
dashed line cannot exist due to the wall constraint. Then, in order to ensure a zero wall 
normal velocity, the wing has to generate a vorticity distribution whose circulation direction is 
shown as “Γ”. According to the Lamb vector theory (a generalization of the Kutta-Joukowsky 
theorem), the cross product of the upstream flow direction and this vorticity vector gives a 
force “F” that in this case is a downforce. This is the streamline curvature effect, as an 
extension of the “streamline curvature” concept used for wind tunnel wall correction [201]. 
 

 
Figure 13-2: vertical buoyancy effect on the wing (CFD RANS, α=0°, windmilling) 

 

 
Figure 13-3: streamline curvature effect on the wing (CFD RANS, α=0°, windmilling) 

It is worth mentioning that these two phenomena are self-related in the sense that the 
pressure and velocity fields are coupled, so the high-pressure region in front of the nacelle 
will also deflect the upstream flow downwards. However, those two sources of forces are well 
different physical mechanisms. Note that both, the streamline curvature and the vertical 
buoyancy generate a downforce at the wing. Also note that each separate effect can only be 
computed from CFD data but not from the existing balance or wake data since this wind 
tunnel data will only show the ensemble of these self-related effects. Then hereafter, both 
effects will be called “integration effects” as a whole thing. 

In order to further study the integration effects, full wake data from 2D3C PIV measurements 
is analyzed (Figure 13-4). The measured axial vorticity field inside the wake for both, the 
isolated wing and the wing+nacelle configuration (along with their related lift distributions 
obtained by the Maskell method) are shown in Figure 13-5. 
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Figure 13-4: wake measurement by 2D3C PIV 

 

 
Figure 13-5 : axial vorticity and lift distribution for the isolated wing and wing+nacelle (α=10°, 

windmilling)  

Since the nacelle integration effects are responsible of the wing's loss of lift, it is expected 
that the wing lift distribution be affected near the nacelle region. This is confirmed in Figure 
13-5, where the lift distribution decreases (compared to the isolated wing) more and more if 
we move from the wingtip towards the nacelle. Afterwards, the lift of the wing under coupling 
effects remains constant (as sketched with a dash line) but the overall lift distribution 
increases again due to the lift generated by the nacelle itself.  

In order to understand the physical origin of this lift distribution, the axial vorticity field is 
analyzed under the light of the Maskell’s far-field method. According to this theory, the local 
increase or decrease of the lift distribution depends on the local sign of the axial vorticity. 
This is confirmed in Figure 13-5, where the negative vorticity region at the wing tip increases 
lift, whereas the positive vorticity region beside the nacelle decreases lift, followed by the 
negative vorticity at the nacelle tip that increases lift again.   

The trace of the integration effects is then visible at the wake through the presence of an 
axial vorticity region, and its sign is such that decreases lift. Accordingly to the balance data 
of Figure 13-1, this overall lift drop due to the integration effects is roughly constant for any 
angle of attack. This would mean that this downforce generating axial vorticity region will be 
also similar for any other angle of attack. This is confirmed in Figure 13-6, where the positive 
vorticity region beside the nacelle is still present even at low angles of attack. 

Wing 

Wing+nacelle  
Lift drop 
due to 

integration 
effects 

Lift increase 
due to 

nacelle’s lift 
contribution 

Tip of the nacelle 



13.2 Aero-propulsive coupling: lift effects 
 

  257 

 
Figure 13-6 : axial vorticity at the wing+nacelle configuration (α=0°, windmilling) 

In order to better illustrate this feature, the lift distribution of the isolated wing and the 
wing+nacelle configuration is shown in Figure 13-7 for the entire range of the angles of attack 
measured. It is observed that the extent, distribution and maximum value of the lift 
distribution drop is roughly constant for any angle of attack. This is due to the fact that the 
wing behaves as a flow straightener for the nacelle: for any angle of attack, the flow going 
towards the nacelle is always aligned with its axis. Then, the pressure distribution (and the 
related velocity field) in front of the nacelle will remain almost invariant through the sweep on 
angle of attack, and so does the integration effects. 
 

 
Figure 13-7: lift distribution for the isolated wing and the wing+nacelle configuration 

(windmilling)  

Going back to the balance curve of Figure 13-1 it can be said that the overall integration 
effect can be considered as a change of the wing’s zero-lift-line (ZLL) direction because the 
effect is constant with the angle of attack (a ZLL shift of about +2° for windmilling). In 
particular, the streamline curvature effect can be considered as a modification of the effective 
camber line of the wing airfoil: a negative camber is introduced by this effect (because the lift 
curve shifts downwards after integrating the nacelle). This means that the streamline 
curvature effect can be countered by introducing a local positive camber in the region of the 
wing affected by the integration effect. At the same time, this camber will also counter the 
vertical buoyancy effect of the nacelle since an opposite vertical pressure gradient is 
introduced which tends to compensate the nacelle’s vertical pressure gradient. The ideal way 
to implement such a wing modification would be by using a morphing flap slightly deflected. 
Such a wing modification will be studied by using CFD data in the next chapter. 
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Then by modifying the wing camber, the overall integration effect can be ideally countered, 
leading to a net zero axial vorticity shed beside the nacelle, which in turn, shift back the lift 
curve upwards to match the original isolated wing curve.  The main goal will always be the 
complete elimination of the downforce-generating axial vorticity region beside the nacelle 
because this vorticity is unnecessary from an induced drag point of view. In fact, the wing tip 
vorticity sign contributes to the generation of lift, thus, this vorticity is useful. Of course, an 
induced drag will be associated to this axial vorticity but it is just the price to pay for lift 
generation. However, the axial vorticity region shed beside the nacelle creates downforce 
and also generates vortex drag which worsens the situation. This is extremely penalizing 
from a performance point of view and that is why the concept of “useful axial vorticity” and 
“useless axial vorticity” should be kept in mind during the design/optimization phases.  

13.2.1.2 Power effects 

The balance curves of Figure 13-1 shows that the wing lift increases linearly with the RPM. 
Note that in the case of the isolated nacelle, the self-aeropropulsive coupling in lift was 
proportional to the RPM2 (Figure 12-14) whereas now it is proportional to the RPM for the 
wing. Hence, the nature of the aero-propulsive coupling has changed by integrating the 
nacelle into the wing. Indeed, the integration has transferred the power coupling lift effects 
from the nacelle to the wing. This is the “multi-body aeropropulsive coupling”. The linear 
relation of lift with the RPM comes from the fact that the EDF mass flow rate depends linearly 
with the RPM. Then, by increasing the mass flow rate, the velocity over the wing also 
increases, thereby increasing the wing circulation and leading to a powered-driven increase 
of lift. Since this power effect is created by the upstream streamtube, it is expected that the 
wing lift distribution increases outside from the streamtube as shown in Figure 13-8. 
 

 
Figure 13-8 : lift distribution for several power and angle of attack conditions 

(W+N=wing+nacelle) 

It is observed that the power effect compensates the drop in lift due to the integration effect 
(which was mentioned in Figure 13-5). For 20.000 RPM the resulting wing lift is roughly 
similar to the lift of the isolated wing. The physical origin of this power-driven lift increase is 
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the generation of an extra bound vortex at the wing under the streamtube (higher local lift 
according to the lifting line theory) due to the fan-driven velocity increase. The vorticity of this 
bound vortex is shed downstream beside the streamtube and, thus, a region of negative 
vorticity will be added to the existing vorticity field. This is best observed in Figure 13-9, 
where the windmilling case presents the positive vorticity region beside the nacelle (due to 
integration effects) whereas the power-on case has a nearly zero axial vorticity at this zone. 
This is because the power effect has shed a positive vorticity that tends to compensate the 
existing negative vorticity. 
 

 

 
Figure 13-9 : axial vorticity field for windmilling (top) and 20.000 RPM (bottom) at α=10° 

One may think that the power effects can be used to effectively counter the integration 
adverse effects (which is true), however it is not ideal because this compensation is achieved 
by consuming some power. Also, the baseline problem (integration effect) will still be present 
under windmilling condition, which means that in an engine failure case the overall drag of 
the configuration will increase thereby worsening even more the delicate flight situation. 
Moreover, according to the vortex segmentation theory, it would be more interesting to have 
a net negative vorticity shed beside the nacelle in order to reduce the overall vortex drag.  

13.2.2 Nacelle 

Figure 13-10 shows the characteristic curves of the lift forces acting on the nacelle under the 
presence of the wing for several power conditions. In order to understand the aero-propulsive 
coupling mechanisms involved, the lift curve of the isolated nacelle is also included for 
comparison.  
 

 
Figure 13-10 : nacelle lift curves for several power conditions 

13.2.2.1 Integration effects 

As observed in Figure 13-10, there is a noticeable increase in lift for the nacelle. There are 
three physical mechanisms intervening in this lift increase: WWNI, vertical buoyancy from the 
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wing and streamline curvature. The latter two phenomena have been explained before and 
work in a similar fashion as the case of the wing: in this case, is the flow created by the wing 
that affects the nacelle. The difference being that the vertical buoyancy creates a lift on the 
nacelle, whereas the streamline curvature creates downforce. In the case of the wing, the 
two effects were downforce but for the nacelle these forces are somewhat opposite and tend 
to cancel each other. Then, these effects can be neglected for a first-order analysis (for the 
nacelle only).  

The new integration effect that is present at the nacelle only (lift) is the WWNI (wing-wake 
nacelle interaction), shown in Figure 13-11.  
 

 

 
Figure 13-11 : transverse vorticity for isolated nacelle (top) and wing+nacelle (bottom) 

(α=0°/windmilling) 

It is observed that the boundary layer intensity (given by the transverse vorticity magnitude) 
at the lower nacelle surface has been reduced due to the impingement of the wing’s wake. 
By reducing this negative vorticity, the overall bound circulation attached to the nacelle 
increases (because the positive vorticity at the upper surface is higher than the negative 
vorticity at the lower nacelle surface), leading to an increase on lift. The windmilling balance 
curve of Figure 13-10 indicates that the nacelle lift coefficient is increased by roughly 0.05 at 
α=0° (compared to the isolated nacelle). This lift increase is only due to WWNI and this 
explains its low intensity (compared to the Cl vertical shift of the wing shown in the previous 
section). The related increase of tip vorticity will then be very small as confirmed by Figure 
13-12. 
 

 

 
Figure 13-12 : axial vorticity for the isolated nacelle (top) and wing+nacelle (bottom) 

(α=0°/windmilling) 

The lift increase is not constant over the entire angle of attack range. For α>6°, the wing 
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wake is start being ingested by the fans (*), preventing the apparition of WWNI, which 
explains the loss of lift in this high-angle of attack range. It must be noticed that it is NOT a 
configuration stall. If this had been so, the wing lift curve would also present a stall, which is 
not the case. Also note that, once BLI arises, the wing wake impinges on the upper surface 
of the lower nacelle airfoil. This reverses the WWNI effect: the velocity at this upper surface 
is decreased and the velocity at the lower surface increased. This leads to the generation of 
a downforce that is visible in the lift curve at α>6° (lift drop). 

(*) This is supported by CFD data that presented undesired BLI at this angle of attack range. 
This was verified during the WTT because the noise of the fans changed dramatically in this 
regime. It was also required a modification in the PWM setup value in order to keep constant 
the RPM of the fans.  

On the other hand, even though the wing tends to align the flow with the nacelle axis for any 
angle of attack, there is actually a nacelle lift variation with “α” (although the lift slope is 
slightly less than the case of the isolated nacelle). A reasonable explanation is that the 
nacelle's local effective angle of attack increases along the nacelle chord. Indeed, at the 
leading edge the normal loading is minimum because the incoming flow is locally aligned 
with the nacelle axis due to the flow alignment imposed by the wing. As the flow advances 
downstream of the wing, this alignment is lost due to the streamline curvature which means 
that the local angle of attack at the nacelle will increase towards the trailing edge thereby 
giving a normal loading. 

Also note that lift curve has been shifted to the left by about 2° (see Figure 13-10), i.e., the 
ZLL of the nacelle has been changed by 2° (for the wing it was -2°). So, it seems that the 
integration effect creates equal and opposite changes in the ZLL of the interacting bodies, 
but since the lift slopes are different (higher for the wing), the related lift changes are higher 
in the case of the wing. 

13.2.2.2 Power effects 

Power effects do not play a significant role in the low-angle of attack region, where WWNI 
takes place. Instead, at high-angle of attack, the power effects tend to reduce the wing's 
boundary layer thickness, thereby avoiding any BLI. Thus, the lift curve @20000 RPM still 
keeps the benefits of the WWNI. 

Also note that the nacelle curves are roughly superimposed for α<6° for any RPM whereas 
the wing lift curves strongly varies with RPM. Again, the power effects seem to be transferred 
from the nacelle to the wing after the integration. Since the increase of lift of the wing is 
constant and more powerful than the case of the isolated nacelle (ΔCl=+0.15 for wing under 
coupled configuration vs ΔClmax=+0.1 at 20000RPM for the isolated nacelle), then, the 
transfer of the power effect is favorable in the sense that more powered lift is delivered in the 
coupled configuration than in the isolated powered nacelle.  

It is important to mention that, the isolated nacelle self-aeropropulsive coupling is no longer 
existent in the coupled configuration. The most plausible explanation is attributed to the 
presence of the wing, which aligns the flow with the nacelle inlet for any angle of attack thus 
minimizing the downstream streamtube axis deformation created by the power effects (that 
ultimately generated an extra circulation around the isolated nacelle). 

13.2.3 Wing+nacelle 

Figure 13-13 shows the lift characteristic curves of the coupled wing+nacelle configuration, 
for several power conditions. In order to understand the aero-propulsive coupling 
mechanisms involved, the lift curve of the isolated wing + the isolated nacelle (sum of 
individual contributions) is also included for comparison. 
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Figure 13-13 : wing+nacelle lift for several power conditions (“isolated” is also windmilling) 

This graphic summarizes the previous explanations: the nacelle integration behind the wing 
degrades the overall lift (windmilling vs isolated sum). However, by introducing wing camber, 
the windmilling curve will eventually rise and match the "isolated" curve (i.e., problem 
solved). Then, the power effect will provide an extra lift instead of recovering the original lift 
level (that is the current case). Figure 13-14 helps to visualize the change in lift for each 
model part from the isolated case to the coupled configuration. 
 

 
Figure 13-14 : lift curves for each model part with and without the presence of the other 

model part 

It must be noticed that the vertical buoyancy created by the wing is far smaller than the 
vertical buoyancy created by the nacelle. Then, the buoyancy lift acting on the nacelle will be 
smaller than the downforce acting on the wing. This explains why the coupled configuration 
(W+N) delivers less overall lift than the sum of the isolated elements. This finding is also 
consistent with the biplane stagger analysis of Kang [206]. In fact, the Multifan configuration 
can be considered as a staggered biplane configuration, where the wing is the front-lower 
lifting element and the nacelle the rear-upper lifting element. Moreover, the nacelle itself is a 
particular case of a biplane (i.e., box wing). Then, without exaggeration the Multifan can be 
considered as a highly-complex powered triplane architecture. 
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13.3 Aero-propulsive coupling: drag effects 

As in the case of lift, the impact of the aero-propulsive coupling on drag will be studied firstly 
for each model part and finally for the assembled configuration. This will simplify the analysis 
of the complex physics involved. 

13.3.1 Wing 

The drag curves for the wing under the presence of the nacelle for several power conditions 
are shown in Figure 13-15. Also, the isolated wing curve is included as a reference. 
 

 
Figure 13-15 : wing drag curves for several power conditions (V0=20m/s) 

13.3.1.1 Integration effects 

By comparing the isolated drag curve vs the windmilling condition, it is observed that the 
coupled curves are shifted vertically and horizontally. The vertical shifting can be attributed to 
the horizontal buoyancy effect whereas the horizontal shift is attributed to the rotation of the 
zero-lift-line (ZLL) of the nacelle. There is also another effect (less visible) that tends to pivot 
the curves is the clockwise direction and this is attributed to the interaction between the wing 
and nacelle vortical systems. These phenomena are detailed as follows: 
 
• Horizontal buoyancy effect: 
The horizontal buoyancy effect is significant: it shifts vertically the wing drag curve by -
100dc@α=2° (the choice of this reference “α” will be detailed later). It is created by the high 
pressure region in front of the nacelle that pushes the wing forwards thereby reducing its 
apparent drag (Figure 13-16). Note that the term “apparent drag”  is used, because, as 
explained by AGARD [1], this horizontal force is a pure potential effect and will have its 
reaction in the adjacent body (i.e., the nacelle) in such a way that the net buoyancy force is 
zero. Hence, the buoyancy effect is not a pure thrust/drag phenomenon. 

This means that the nacelle drag curve will also experience an equal and opposite 
longitudinal buoyancy effect: the nacelle curve in windmilling condition will then shift upwards 
by +100dc@AoA=2°. Note that the longitudinal buoyancy effect creates a repulsion force 
between the interacting bodies. This force is a pure potential effect: the full-plane exergy 
formulation will capture this force but not the wake-reduced formulation (because these 
formulations take away the potential effects and retain only the true sources of drag 
generation). 
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Figure 13-16 : horizontal buoyancy effect on the wing (CFD RANS, α=0°, windmilling) 

 
• ZLL rotation: 
The previous study of the integration impact on the wing lift curve has shown that the ZLL 
changed by 2°, then this ZLL change will also be reflected in the drag curve. As matter of fact 
the drag curve has been shifted to the right as expected. However, the minimum of the drag 
curve is placed at α=4° and not at α=2°. This difference is due to the interaction of the 
vortical system of the wing with the vortical system of the nacelle, explained below. 

• Interaction of vortical systems: 
Since both, the wing and the nacelle are lifting surfaces, there is a vortical system attached 
to them. These vortical systems interact among them as sketched in Figure 13-17. The 
bound vortex of the nacelle “Γn” induces a vertical velocity “Vi” at the wing. This induced 
velocity interacts with the wing’s bound vortex “Γw” thereby generating a force “F” whose 
direction will be defined by the cross product of the induced velocity and the bound vortex. 
Since the nacelle generates lift for the entire angle of attack range, the velocity “Vi” that it 
induces on the wing will always point upwards. However, the wing creates downforce for the 
very low angle of attack range whereas it produces lift at higher angles of attack. Then, the 
related circulation “Γw” will change its sign. The case shown in Figure 13-17 corresponds to a 
wing lift case and in this condition the induced force “F” pushes the wing forward: this is the 
“induced thrust” by the nacelle on the wing (the opposite case is the classical induced drag).   
 

 
Figure 13-17 : vortex-vortex interaction 

This information allows explaining why the minimum drag of the windmilling curve is at α=4° 
instead of α=2°. In fact, at α=2°, the wing lift is zero and then the related induced drag/thrust 
at the wing (induced by the nacelle) is zero. For lower angles of attack, the induced force 
creates an extra drag whereas at higher angles of attack a thrust is produced. These 
additional forces makes pivots the drag curve about the point at α=2° (the angle of attack at 
which Clw=0) in a clockwise direction. That is why the minimum drag is now found at α=4°. 

In order to verify this, the simplified model presented before was implemented with the 
balance data to find the “unpivoted” curve by taking away the pivoting effect. The result is 
shown in Figure 13-18, where the unpivoted curve is parallel to the isolated curve (the curves 
must be parallel due to the buoyancy effect) and its minimum values is at α=2° as expected. 
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Figure 13-18 : extracting the pivoting effect of the vortex-induced thrust on the wing drag 

curve  

13.3.1.2 Power effects 

As shown in Figure 13-15, the drag curves are shifted upwards (drag increase) depending 
upon the thrust level. Drag changes with the RPM2 simply because thrust depends on RPM2. 
This power effect on the wing can also be considered as an extra longitudinal buoyancy 
effect since the power-on condition alters the upstream engine streamtube which changes its 
longitudinal static pressure gradient. This is at the origin of a new horizontal buoyancy effect 
acting on the wing. Note that this buoyancy increases wing drag by +50dc@2000RPM. Then, 
as explained before, it is expected to have an equal and opposite power-driven horizontal 
buoyancy effect acting upon the nacelle (i.e., -50dc). This means that the power-driven 
horizontal buoyancy effect generates an attraction force between the wing and the nacelle.  

Here is stressed the fact that the horizontal buoyancy effects are self-compensated and do 
not lead to a net increase or decrease of drag for the overall assembled body (thus, there is 
no impact on the aircraft performance). However it is important to identify and take-away 
these effects in order to retrieve the proper drag value acting upon each body since this is 
needed for comparison against wake-survey drag data.  

Just to put the buoyancy effects in perspective: the isolated wing's minimum drag is 160dc 
whereas the integration buoyancy thrust is 100dc and the power-driven buoyancy -50dc. 
Then, it is clear that the horizontal buoyancy effects tends to distort the true perception of the 
wing drag by adding extra forces, and thus it must be taken away from the balance data for a 
proper wing drag assessment under coupled configurations. This is automatically made by 
the wake reduced formulations (either far-field or exergy) even if the survey plane is placed 
between the bodies (whereas the full-plane formulations will capture this buoyancy effects). 

13.3.2 Nacelle 

The drag curves for the nacelle under the presence of the wing for several power conditions 
are shown in Figure 13-19. Also, the isolated nacelle curve is included as a reference. 
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Figure 13-19 : nacelle drag curves for several power levels (left) and detail of unpowered 

cases (right) 

Here it is reminded that the isolated nacelle curve is not symmetrical at α=0° as expected. 
Instead, it is symmetrical about α=3° due to the asymmetrical inlet flow detachment, thus, 
comparisons must be taken with care.  

13.3.2.1 Integration effects 

The isolated vs windmilling curves alone will be analyzed in a first time (Figure 13-19-right), 
where it is observed that the nacelle's drag increases due to the integration by 
+100dc@AoA=2°. This confirms the fact that horizontal buoyancy effects are self-
compensated and do not lead to a net drag or thrust increase: it just alter the baseline drag 
curve of each component but it does not represent a true source of drag (from the losses 
point of view) because it is a self-compensated potential force. 

On the other hand, it is observed that the curve has been shifted to the left by 2° as expected 
because the lift curve of the nacelle was also shifted by 2° to the left (Shown in Figure 
13-14). 

13.3.2.2 Power effects 

Power effects are the result of the superposition of two effects: 

• Pure thrust effect:  
The thrust delivered by the nacelle depends on the RPM2. According to the study of the 
isolated nacelle, it delivers a thrust coefficient of -1150dc@α=2° & 2000RPM. Then, it is 
expected that the nacelle be capable of delivering the same thrust in this coupled 
configuration since at this condition BLI is absent. 

• Power-driven horizontal buoyancy: 
As mentioned before, this effect acts on the wing and the nacelle at the same time. Then 
based on the wing data, it will be equal to -50dc@2000RPM.  

By summing up both effects, it gives an overall power effect of -1200dc@α=2°/2000RPM. 
This is precisely the vertical distance between the windmilling curve and the 2000RPM curve 
at α=2°. 

13.3.3 Wing+nacelle 

Figure 13-20 shows the drag curves for the coupled wing+nacelle configuration under 
several power levels. Also, the drag curve of the isolated wing + the isolated nacelle (sum of 
individual contributions) is also included for comparison. 
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According to the previous analysis, this graph should automatically take away the two 
horizontal buoyancy effects (integration and stream tube), leaving only the pure thrust/drag 
effects. This is visible for the windmilling curve at α=2°, where the sum of the drag of the 
isolated bodies is roughly identical to the coupled total drag. 
 

 
Figure 13-20: wing+nacelle drag curves for several power conditions (“isolated sum” is also 

windmilling) 

However, the coupled curve pivots about the point  at α=2°: it presents less drag at higher 
angle of attack but more drag at lower angle of attack (compared to the baseline isolated 
curve). The explanation behind is the interaction of the vortical systems: 

• At α=2°, the wing lift is zero, thus its circulation also zero and induces no velocity at the 
nacelle. Then, both induced forces (at the nacelle and the wing) are zero. This explains why 
at α=2° the sum of the isolated drag values is identical to the coupled drag value.  

• For α>2°, the wing generates lift. Its related wing circulation induces a downwash at the 
nacelle. Since the nacelle also generates lift, there is a circulation attached to the nacelle. 
The cross product of the nacelle circulation and the induced velocity at the nacelle 
(downwash) leads to an induced drag acting on the nacelle. At the same time, the nacelle 
circulation also induces a velocity at the wing (upwash). The cross product of the wing's 
circulation and the induced velocity at the wing lead to the generation of an induced-thrust on 
the wing. In summary, for α>2° there is an induced thrust at the wing and an induced drag 
acting upon the nacelle. The overall net force is negative, i.e., there is a net thrust acting on 
the wing/nacelle assembly. This explains why the coupled drag decreases compared to the 
sum of the isolated drag.  

This highlights the benefits of the multifan architecture: integrating such a large lifting nacelle 
will result in a less drag compared to the classical "pure drag" nacelle approach. So, in order 
to integrate large distributed propulsion units, the Multifan architecture seems to be the way 
to go. 

Another effect helping to further reduce drag is the WWNI that also reduces the profile drag 
of the wing. This is shown in Figure 13-21, where the transverse vorticity of the wing wake is 
significantly reduced after passing under the nacelle: less transverse vorticity implies less 
profile drag. 
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Figure 13-21 : transverse vorticity for the wing+nacelle (top) and isolated wing (bottom) 

(α=0°/windmilling) 

Figure 13-22 shows the drag curves for the isolated and coupled configurations for each 
model part under windmilling condition. This graph confirms and summarizes the previous 
analysis: the horizontal buoyancy generates a repulsion force between the bodies and thus 
the wing drag curve is shifted downwards whereas the nacelle curve is shifted upwards 
(compared to their respective isolated curves). Also, both curves are shifted horizontally in an 
opposite fashion due to the respective ZLL changes (wing to the right and nacelle to the left). 
Then the curves are pivoted about α=2° (because wing lift = 0 at this condition): the wing is 
pivoted clockwise whereas the nacelle is pivoted in the counter-clockwise direction. Since the 
wing effect is predominant over the nacelle effect, the resulting coupled drag (W+N) is 
smaller than the isolated sum. 

It is then clear that the Multifan integration can be improved (i.e., even less integration drag) 
by further increasing the lift of the wing. This can be accomplished by introducing a camber 
increase as mentioned before (See next chapter). Again, there is a lot of room for 
improvement in the current design. 
 

 
Figure 13-22 : drag for each model part with and without the presence of the other parts 

13.4 Aero-propulsive model of the Multifan configuration 

This section summarizes all the complex physical phenomena intervening in the aero-
propulsive coupling of the wing+nacelle configuration. All the effects mentioned hereafter are 
sketched in Figure 13-23. Here it is only described the additional phenomena that appears 
on the top of the basic aerodynamic behavior of the wing or nacelle. The basic behavior of 
the isolated wing and the isolated nacelle was already described in the previous chapters.  

Attenuation of transverse vorticity for the part of 
the wake passing under the nacelle 

No changes in 
vorticity 
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Figure 13-23: CRM-Multifan aero-propulsive model 

13.4.1 Lift coupling 

The sources of change in the lift curve for a given model part (compared to its respective 
isolated lift curve) are detailed as follows: 

13.4.1.1 Wing contributions 

•Vertical buoyancy: 
It is created by the nacelle's upstream high pressure field and generates a downforce at the 
wing. The related circulation sheds a negative vorticity at the wing wake beside the nacelle. 
This component can be overcome by adding wing camber.  

• Streamline curvature: 
It is created by the nacelle's downwash below its upstream streamtube and generates 
downforce at the wing. The related circulation sheds a negative vorticity at the wing wake 
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beside the nacelle. This can also be countered by adding wing camber (See next chapter). 

• Power-induced circulation:  
The increase of speed in the streamtube with power-on, increases wing circulation and thus 
lift. 
 

13.4.1.2 Nacelle contributions 

• Vertical buoyancy: 
It is created by the wing's downstream high pressure field that generates a lift at the nacelle. 
Its associated circulation sheds extra axial vorticity at the nacelle tip. 

• Streamline curvature: 
It is created by the wing's downstream downwash that generates downforce at the nacelle. 
Its related circulation shed axial vorticity opposite to that of the baseline nacelle. It is 
assumed that this downforce is roughly of about the same order of magnitude than the 
vertical buoyancy acting on the nacelle.  

• Angle of attack:  
The lift slope is a bit reduced by the alignment of the flow with the nacelle axis (created by 
the wing). The main effect is to change the nacelle load at the trailing edge of the nacelle 
rather than at its leading edge. 

13.4.2 Drag coupling 

13.4.2.1 Wing contributions 

• Horizontal buoyancy: 
It is created by the nacelle's upstream high-pressure field and pushes the wing forward 
(equal and opposite to the rearward force acting on the nacelle, it is a repulsion potential 
effect). 

• Power-driven horizontal buoyancy:  
It is created by the engine's upstream streamtube and generates a rearward force at the wing 
(equal and opposite to the forward force at the nacelle, it is an attraction potential effect). 

• Interaction of vortical systems: 
It is the thrust induced at the wing by the nacelle’s vortical system (that induces an upwash 
velocity on the wing). It also pivots the drag curve about the Clw=0 point. This is one of the 
major responsibles of the net reduction of drag of the coupled configuration and must be 
exploited at a maximum during optimization.  

• Vertical buoyancy’s induced drag:  
The vertical buoyancy creates a local downforce at the wing near to the nacelle. This 
downforce is accompanied by the generation of local circulation that is shed as a trailing 
vorticity beside the nacelle. This axial vorticity generates vortex drag. Note that this vortical 
system is superimposed to the vortical system of the wing itself (in isolated flight). 

•Streamline curvature’s induced drag:  
The streamline curvature effect (related to the change in ZLL) creates a local downforce at 
the wing near to the nacelle, which also carries the generation of circulation that is ultimately 
shed as axial vorticity beside the nacelle, leading to the generation of vortex drag. This 
vortical system is added on the top of the basic wing vortical system. 

• Viscous drag:  
The horizontal buoyancy affect the pressure distribution at the wing surface thereby altering 
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the boundary layer characteristics, which changes the local viscous drag generation. 

• WWNI:  
The wing wake passing under the nacelle suffers and acceleration due to the nacelle’s 
curvature which allows recovering part of the wake exergy in a passive manner, thus 
reducing the wing's profile drag. 

13.4.2.2 Nacelle contributions 

• Horizontal buoyancy:  
It is created by the wing's downstream high-pressure field that creates a rearward force at 
the nacelle (equal and opposite to the forward force acting upon the wing since it is a 
repulsion potential effect). 

• Power-driven horizontal buoyancy: 
It is created by the engine's upstream streamtube and generates a forward force at the 
nacelle (equal and opposite to the rearward force at the wing since it is an attraction potential 
effect). 

• Interaction of vortical systems: 
It is the drag induced at the nacelle by the wing’s vortical system (that induces a downwash 
velocity at the nacelle). It also pivots the drag curve about the Clw=0 point. This induced drag 
is smaller than the related induced thrust at the wing, then, a net thrust is generated. 

• Vertical buoyancy’s induced drag:  
The vertical buoyancy creates a local lift at the nacelle. This lift is accompanied by the 
generation of local circulation that is shed as a trailing vorticity at the nacelle tip. This axial 
vorticity generates vortex drag. Also, this vortical system is superimposed to the vortical 
system of the nacelle itself (in isolated flight). 

• Streamline curvature’s induced drag:  
The streamline curvature effect (related to the change in ZLL) creates a local downforce at 
the nacelle, which also carries the generation of circulation that is ultimately shed as axial 
vorticity at the nacelle tip thereby creating vortex drag. 

• WWNI:  
The low-speed wake of the wing reduces the local velocity at the lower nacelle's surface, 
which in turn reduces the viscous drag generation. 

13.5 Summary of key findings 

Several important elements have been established with the data gathered during the WTT 
campaign: 

• An exhaustive aerodynamic model of the wing+nacelle configuration was developed. 
• The adverse integration effects on the wing can be countered by introducing wing camber. 
• The concept of “useful vorticity” and “useless vorticity” is a key feature for the design of 
close-coupled aero-propulsive systems. 
• The overall drag of the assembled body is smaller than the sum of the isolated drag 
contributions mainly due to the vortical interactions and the WWNI. 
• The CRM-Multifan can be considered as a highly-complex powered triplane architecture. 
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Chapter 14  
 
Refinement of the Aerodynamic 
Model with CFD Data 

In this chapter, some aspects of the aero-propulsive model will be discussed in detail. Firstly, 
a simplified version of the nacelle will be analyzed. Then, a deformed wing geometry will be 
studied as well as the deformed wing in presence of the nacelle. 
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14.1 Introduction 

The previous two chapters were devoted to the physical analysis of WTT data in order to 
establish an aero-propulsive model of the multifan configuration. One of the aspects that 
increased the difficulty of this analysis was the high complexity of the nacelle interior, which 
contains several bodies leading to a wake with plethora of details. In order to establish the 
aero-propulsive model, this complexity is not required; instead, a simplified nacelle would 
help in the physical analysis. That is why in this chapter, a simplified nacelle geometry will be 
analyzed by CFD in order to confirm the findings made before and also to explain some 
missing aspects. 

Another aspect identified in the previous chapter was the integration effect of the nacelle on 
the wing, which led to a loss of lift and a related vortex drag. At that research stage, it was 
postulated that, perhaps, this effect could be countered by introducing a wing camber in 
order to compensate the loss of lift thereby eliminating the related vortex drag. This study will 
also be carried out in this chapter. 

14.2 Simplified through flow nacelle 

14.2.1 Geometry simplification 

As shown in Figure 14-1-top, the internal geometry of the nacelle is very complex because it 
contains several bodies. These bodies create a related flow feature with can be identified at 
the wake: splitter wake, hub wake, vertical walls wake, corner flows and the swirl of the fans. 
These flow features somewhat complicates the task of understanding the lifting behavior of 
the nacelle since they mask the true lifting-related wake features. Hence, in order to gain 
some insight into the nacelle’s lifting characteristics, all the internal elements were deleted 
and only the external nacelle body was retained as shown in Figure 14-1-bottom. This empty 
nacelle is usually known as “through flow nacelle” (TFN) and, as can be seen, its geometry 
corresponds to a box wing design (with an aspect ratio of 4.17 and wing vertical separation 
of 0.083 spans) which somewhat explains the lifting capabilities of the nacelle. The objective 
of this section is then to study its lift-related properties by using CFD analysis in order to 
reinforce or complement the previously stated aero-propulsive model. 
 

           

            
Figure 14-1: original nacelle design (top) and simplified geometry (bottom)  
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14.2.2 Wing box aerodynamic model 

Firstly, the unpowered wing box case will be analyzed as shown in Figure 14-2. A wake 
cross section was created at x=1.1C, which is identical to the axial wake position used in the 
previous chapter for the analysis of WTT data. Hence, a simpler comparison between data of 
this chapter and the precedent chapters is possible. The PIV data previously studied has 
revealed three tip vortices for the nacelle under lifting conditions, where the one at the middle 
was attributed to the splitter extension behind the nacelle (See Figure 12-8). Now, the 
simplified geometry shown in Figure 14-2 has confirmed this assumption, since only the two 
external vortices are present at the wake. The upper vortex is developed at the top of the 
upper nacelle corner whereas the lower vortex is formed beside the lower corner (shown by 
the violet vortex cores obtained by surfaces of constant Q-criterion). These locations of the 
vortex origins are also confirmed by the nacelle’s surface flow feature that shows the typical 
surface pattern of a vortex-driven lateral flow deviation [95]. Also note that the wake has 
negative vorticity evenly distributed on the outer part of the wake, which is the source of lift 
generation as discussed in the previous chapter.  

 
Figure 14-2: wing box surface flow pattern and wake at x=1.1C (α=10°/V=20m/s) 

These two vortices are of prime importance for the aero-propulsive model (Figure 13-23) 
since the nacelle’s lift was modeled by a single vortex ring; however, two vortices are 
generating its lift. The objective is now to establish if this single vortex ring is a good 
modeling or a two-ring must  be used to properly model the nacelle.  

Figure 14-3 shows the vortex evolution at a large distance from the nacelle. It can be 
observed that the two tip vortices will induce a velocity on each other in such a way that a 
spiral trajectory is obtained (as previously explained in Figure 5-41). This roll up process 
finishes roughly 1 span downstream, where both vortices are effectively merged together 
thereby leaving a single vortex ring. Thus, it can be stated that the modeling of the nacelle’s 
lift by a single vortex ring is reasonable if an overall assessment is required. This is 
supported by previous studies of boxprop-type propellers [207], based on a box wing with 
rounded tip, were the tip vortex sheet rolls-up into a single vortex downstream in a similar 
fashion as shown in Figure 14-3. Furthermore, the single-ring model is also supported by the 
fact that the lift contribution of each vortex is very similar (this is confirmed by the axial 
vorticity distribution shown before in Figure 14-2, that was evenly distributed on the upper 
and lower part of the wake). Nevertheless, if the lift generation of the upper and lower wings 
are different, then, a two-ring model would be more pertinent since this breakdown of the 
vortex ring model will give more information about the physics of the nacelle. In particular, 
the interesting point here is the vortex drag since the quantification of the related vortex drag 
interaction is only possible if a two-ring model is used. Then, it is clear that the nacelle should 
be modelled with two lifting rings, linked to the bottom and top lifting surfaces. 

Top vortex core 

Bottom vortex core 
Vortex-driven 
flow deviation 
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Figure 14-3 also shows several wake cross sections colored by the total enthalpy variation. 
For unpowered cases, “∆ℎ ” is constant everywhere in the field except at the viscous regions, 
where positive and negative zones arises [97]. Since “∆ℎ ” becomes negative at the vortex 
core, this criterion can be used as an alternative to the Q-criterion for vortex identification. 
Figure 14-3 shows that the viscous wake is deformed downstream as it follows the vortex 
roll-up process. This wake deformation difficult relating the body features with the wake data 
since the vortex positions changes dramatically along the wake. For example, in section 1 
the vortices are one on top of the other (which is consistent with the corners of the nacelle) 
but in section 2 they are side-by-side, and even worst, in section 3 they are upside down. 
Hence, this roll-up process difficult the analysis of a two-ring model.  Also, implementing a lift 
distribution analysis with the Maskell method in the far wake must be carried out with 
precaution.  

 
Figure 14-3: wake evolution of the TFN without power at α=10° (V=20m/s) 

For zero angle of attack (Figure 14-4) the overall lift of the nacelle is zero, however, there are 
two non-zero vorticity regions linked to the upper and lower bodies: the upper region is 
negative and generates lift whereas the lower is positive and generates downforce. This is in 
accordance with the shape of the airfoil section of the nacelle, that has a positive camber on 
the upper element (i.e., lifting airfoil) and a negative camber on the lower body (i.e., 
downforce generating airfoil). This supports the idea of splitting the nacelle vortical model 
into two elements: one ring for the upper body and another for the lower body.  

Figure 14-4 also shows two counter rotating vortices that are formed at the sharp corners of 
the nacelle.  
 

 
Figure 14-4: wake cross-section at x=1.1C (α=0°/V=20m/s) 
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14.2.3 Powered wing box aerodynamic model 

The power effects of the nacelle were modelled by using a source term region (momentum 
and energy) inside the nacelle. This modeling of the thrust effects will help to understand 
some physical features discussed in the previous chapter. 

Figure 14-5 shows the engine streamtube for the nacelle at α=10° with and without power. It 
is observed that the upstream streamtube section becomes thicker with power-on but the 
incoming flow direction is identical compared to the power-off case. However, the 
downstream streamtube is more aligned with the fan axis when power is added to the flow. 
This increases the actual circulation on the top and bottom nacelle surfaces, thereby 
increasing lift in both surfaces. In fact, the Kutta condition is best achieved with power 
because the flow leaves the trailing edge better aligned with the airfoil chord (compared to 
the power-off case). Also, since the change in the trailing edge outflow angle is similar on 
both, bottom and top surfaces, it is expected that the lift increase be identical on both 
surfaces, which was confirmed by a lift distribution analysis (not shown for simplicity). Hence, 
it can be affirmed that the powered-lift generation at the nacelle do not comes from the 
change in the upstream streamtube conditions but from the change of the downstream flow 
direction. 
 

 
Figure 14-5: streamtube for the power-off (blue) and power-on (red) (α=10°/V=20m/s) 

The change of the flow deviation at the trailing edge can also be observed by analyzing the 
surface flow pattern as shown in Figure 14-6. In fact, under power-off conditions, there is a 
region of flow detachment at the upper face towards the trailing edge. Under power-on 
conditions, momentum is transferred from the jet plume to the surrounding flow thereby 
promoting a partial reattachment of the flow. Hence, the momentum transferred by the jet 
plume improves the alignment of the local flow direction with the airfoil’s chord, thereby 
increasing lift. 
 

 
Figure 14-6: surface flow pattern for power-off (left) and power-on (right) (α=10°/V=20m/s) 

In summary, this section has been devoted to verify the lifting line model of the nacelle. It 
was found that a single vortex ring model is reasonable approach for a first-order modeling. 
However, a two-ring model is the preferred choice because it is more physics based and 
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provide a better explanation of the behavior of the nacelle. On the other hand, the physical 
explanation behind the nacelle’s self-aeropropulsive coupling (i.e., the aerodynamic lift 
generation by power) was found by analyzing the streamtube direction. 

14.3 Cambered wing design 

In the previous chapter it was suggested that the wing’s integration drag could be overcome 
by modifying the wing geometry in order to compensate the adverse integration effects 
generated by the nacelle. This section will only explain the technical details behind this 
geometry modification (introduction of camber) whereas the verification of the integration 
drag cancellation will be discussed in the next section.  

14.3.1 Wing geometry modification procedure 

As explained before in Figure 13-3, the streamlines lying in front of an isolated nacelle (lying 
below its axis) are deflected downwards as they get closer to the nacelle. When the wing is 
present, this downwash pushes the wing downwards thereby generating a downforce that 
was modelled with a vortex ring. Since the streamline curvature is at the origin of the 
problem, then, it was suggested that this adverse integration effect can be overcome if the 
wing is properly deformed in such a way that its camber line at each wing section is 
coincident to the nacelle streamline direction. The curved streamlines in front of the isolated 
nacelle at α=0° (power-off/V=20m/s) are shown in Figure 14-7, where the wing is shown for 
reference only (the wing was not included in this CFD simulation). These streamlines have 
been released from a line parallel to the wing leading edge and are deflected downwards due 
to the presence of the nacelle. The vertical deflection is best observed in Figure 14-8, where 
the related stream surface has been colored by the vertical displacement (where the 
reference zero height corresponds to the leading edge of the wing). It is observed that the 
vertical deflection is mostly concentrated around the nacelle 
 

 
Figure 14-7: streamlines for the isolated nacelle (wing included for illustration only) 

 

 
Figure 14-8: vertical displacement of the stream surface 
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This vertical displacement field was used to deform the geometry of the baseline reference 
wing (called hereafter “undistorted” wing). The undistorted and deformed wing geometries 
are shown in Figure 14-9. Note that the required wing deformation is equivalent to a slight 
flap deflection and that the span of this “flap” is slightly larger than the nacelle’s span. The 
geometrical changes are best observed in Figure 14-10, where the undistorted root section 
(red) is shown alongside the deformed root section (blue), as well as the curved streamline 
(black) used to deform the baseline wing geometry.  
 

 
Figure 14-9: deformed wing (blue) vs original wing (transparent) 

 

 
Figure 14-10: comparison of wing root sections 

14.3.2 Wake comparison of cambered vs undistorted wings 

The effect of the cambering is observed in Figure 14-11, where the surface pressure 
coefficient is shown for both wing geometries. It is observed that for the undistorted wing the 
rear lines of constant “ ” are parallel to the trailing edge whereas in the deformed wing this 
parallelism is (intentionally) lost. Indeed, this deformation of the “ ” field is intended to 
compensate the effects of the presence of the nacelle (this will be verified in the next 
section). Figure 14-11 also shows the axial vorticity at the wake region, where the deformed 
wing generates an additional negative zone close to the half-span point, where the wing 
deformation begins. Hence, this axial vorticity can be though as the vorticity shed by the tip 
of a deflected “flap”. 
 

 

 
Figure 14-11: wing surface pressure and wake vorticity (α=10°/V=20m/s)  
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Since the wing deformation increases the wing camber (i.e., it acts like a flap deflected 
downwards), there will be a related increase of lift. This is best observed in Figure 14-12, 
where the lift distributions for both geometries are compared. It can be seen that lift 
increases at the outer part of this “flap” region and then remains constant towards the root 
section.  
 

 
Figure 14-12: lift distributions for both wing geometries (α=10°/V=20m/s)  

14.4 Cambered wing + simplified TFN 

14.4.1 Analysis under power-off conditions 

Figure 14-13 shows a comparison of the wing surface “ ” for several geometries and 
configurations.  
 

 
Figure 14-13: wing pressure coefficient for several cases (α=0°/V=20m/s) 

The undistorted case is shown in Figure 14-13-bottom and represents the baseline 
configuration. As mentioned before, in this case the lines of constant “ ” are parallel to the 
trailing edge, whereas for the deformed wing (Figure 14-13-center) there is a local reduction 
of the “ ” towards the inboard part of the wing. When a wing is placed in front of the nacelle, 
the high-pressure field of the nacelle’s stagnation region will tend to increase the static 
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pressure at the wing upper surface which leads to the undesired integration effects. 
However, for the case of the deformed wing, the high-pressure induced by the nacelle’s 
presence will be compensated by the low-pressure of the wing camber thereby leaving 
constant “ ” lines that are almost parallel to the trailing edge (Figure 14-13-top) as in the 
case of the undistorted wing. 

Under such conditions, the lifting features of the wing are restored and the deformed wing 
under the presence of the nacelle will then behave very similar to the isolated wing. This is 
confirmed in Figure 14-14, where the axial vorticity at the wake of the assembly (deformed 
wing + TFN) is shown. It is observed that the part of the wake belonging to the wing has no 
noticeable axial vorticity, which implies a full cancellation of the nacelle’s adverse integration 
effects and a zero lift generation for the deformed wing (which was the desired result at α=0°, 
since the undistorted wing also delivers no lift for α=0°). In fact, if the wing wake of Figure 
14-14 is compared against the wing wake of Figure 13-6 (experimental data of the 
undistorted configuration) it is clear that the trace of the vorticity related to the wing 
downforce generation (by the nacelle integration effect) has now disappeared due to the 
wing camber effect. On the other hand, Figure 14-14 also shows that the part of the wake 
belonging to the nacelle is also quite similar to the pattern already shown in Figure 14-4. For 
others angles of attack the situation remains identical (i.e., full cancellation achieved), thus 
not shown. 
 

 
Figure 14-14: axial vorticity at wake and surface pressure (α=0° / Power-off / V=20m/s)  

14.4.2 Analysis under power-on conditions 

Now, let’s analyze the effect of adding power to this cambered wing/TFN configuration in 
order to deepen our understanding of the Multifan physics from a powered-lift generation 
point of view. Figure 14-15 shows the wing surface pressure distribution under power-on 
condition. After comparing this “ ” field against Figure 14-13-top (deformed wing + nacelle 
in power-off conditions), it is clear that the engine streamtube generates a strong depression 
on the upper wing surface just beside the streamtube region thereby generating lift. It must 
be noticed that the “ ” iso-lines are kinked in this inner wing region in a similar fashion of 
Figure 14-13-center (isolated deformed wing). Hence, the lift increase by power effects is 
equivalent to a flap deflection; indeed, at the wing wake there is a noticeable negative axial 
vorticity that’s the trace of this powered-lift generation. 
 

No axial vorticity 
shed into the wake 
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Figure 14-15: axial vorticity at wake and surface pressure (α=0° / Power-on / V=20m/s) 

The origin of the power-driven low-pressure region acting upon the wing is best observed in 
Figure 14-16, where the streamtubes for power-on and power-off are shown. When thrust is 
delivered, the upstream streamtube increases its thickness and, if the wing were not present, 
this size increase would be symmetrical respect to the nacelle axis. However, in the 
wing+nacelle configuration, the wing somewhat constraints this streamtube expansion and 
thus, the airflow must contour the wing body in order to satisfy the required mass flow rate, 
thereby increasing the velocity at the top of the wing. This is the origin of the lift generation 
by power and it also confirms the statement made in the previous chapter: the powered-lift 
generation is transferred from the nacelle to the wing in a coupled configuration. Indeed, for 
the isolated nacelle, the powered-lift generation was due to the downstream streamtube 
straightening whereas in a coupled configuration, it is generated by the geometrical 
constraint of the upstream streamtube. 
 

 
Figure 14-16: streamtube comparison (α=0° / V=20m/s) 

Now let’s take a closer look to the power-driven axial vorticity shed at the wing wake. Figure 
14-17 shows several cross-sections of the wake in order to visualize the streamwise 
evolution of this vorticity. The survey plane position closer to the wing reveals that this axial 
vorticity is widely dispersed in the spanwise direction, precisely in the span region where the 
iso-lines of “ ” are kinked. Then, as the survey plane moves downstream, this vorticity 
region passes first under the nacelle and then begins to concentrate in an increasingly 
rounded region (vorticity sheet to vortex conversion process), leaving downstream a related 
vortex. Then, this power effect can be modelled by a vortex ring (violet line) where its bound 
vortex lies on the wing region affected by the power effect and the axial vorticity region at the 
wake gives the free vortex. This explains why the vortex ring has the bound vortex close to 
the trailing edge of the wing and it is not placed at the typical quarter of chord (as it is the 
case of the wing lifting line). 

−  −  
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Figure 14-17: multiple wake cross sections (α=0° / Power-on / V=20m/s)  

14.5 Summary of key findings 

This chapter improved the aero-propulsive model established in the previous chapters, and 
most importantly, it has provided additional elements to understand some physical features 
that where difficult to assess just with wake data. That is why performing a 3D CFD analysis 
was very convenient for this research stage. 

Firstly, a TFN model was used to understand the physics behind the wing box. This has 
shown that a dual vortex ring model may be more suited for the modeling of the nacelle. 
Afterwards, the same simplified TFN nacelle was used to understand the physical origin of 
the powered-lift generation for an isolated nacelle, which turned out to be related to the 
change of direction of the engine streamtube downstream of the body, which affected the 
Kutta condition of both lifting surfaces of the nacelle. 

The second part of this chapter was devoted to the study of a cambered wing geometry in 
order to validate the part of the aero-propulsive model linked to the wing-nacelle integration 
effects. A method suited to counter this adverse integration effect was proposed and 
validated, which allowed at the same time, to improve the comprehension of the Multifan 
physics and to confirm the proposed aero-propulsive model. In this regard, the analysis of 
the iso-lines of “ ” was key to assess this interaction and to properly model it with vortex 
rings. Finally, the same CFD data set was used to find the physical origin of this powered-lift 
generation, which was related to the upstream modification of the streamtube due to the 
physical constraint imposed by the wing’s presence. 
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Chapter 15  
 
Exergy-based analysis of the aero-
propulsive model 

In this chapter, an exergy analysis of the CFD data of the “deformed wing+TFN” 
configuration will be carried out. Firstly, a classical aerodynamic analysis is made which is 
then improved by introducing the concept of total drag for powered cases. This allows 
identifying the performance improvements due to the aero-propulsive coupling. Finally, the 
wake-reduced exergy analysis is used as a tool for explaining the physics behind this 
performance improvement. 
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15.1 Introduction 

This chapter presents a practical application of the wake-reduced exergy analysis developed 
in this PhD work. It will illustrate how to exploit its parameters to understand highly complex 
aero-propulsive features. The test case selected for this application is the CFD data of the 
deformed wing + TFN nacelle (introduced in the previous chapter) because this geometry 
eliminates the undesired integration drag that was present on the WTT data. This gives a 
configuration that is representative of the CRM-Multifan design and then, the results of this 
section will shed more light onto the performance potential of such configuration. 

One of the pedagogic objectives of this chapter is to highlight the advantages of the exergy 
analysis for performance assessment. Indeed, a classical analysis is firstly made in order to 
introduce the test case. Then, this classical analysis is complemented by using the exergy-
based characteristic curves which provide a measure of the margin of improvements. 
Particularly, the performance improvements due to the power effects are easily explained by 
implementing the exergy analysis method. 
 
The main technical goal of this chapter (and the thesis in general) is to establish a method 
suited for the analysis of aero-propulsive coupling from a lift point of view: the price to pay for 
generating powered lift will be assessed by using the wake-reduced exergy method. Here is 
stressed the fact that the main objective is to present the methodology by using a simplified 
Multifan architecture as test case (because it is a close-coupled configuration) but in no way 
is it intended to give an appraisal of the aircraft configuration itself. Indeed, a comprehensive 
aero-propulsive analysis of the full CRM-Multifan aircraft is out of the scope of this work 

15.2 Classical characteristic curves 

Figure 15-1-left shows the lift curves of the multifan configuration (deformed wing + nacelle) 
for both, power-off and power-on conditions (“  ” and “  ” respectively). 

 
Figure 15-1: lift (left) and drag (right) characteristic curves of the deformed wing+TFN 

 It is observed that the lift increases due to the power effects and that this increase is roughly 
constant on the entire angle of attack range. This reproduces the behavior of the 
wing+nacelle configuration already explained in Chapter 13 and thus, it will not be analyzed. 
Here it is worth mentioning that the lift force has been extracted by using the near-field 
method which ignores the vertical component of the thrust force acting on the fan’s source 
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term when the angle of attack is not zero. This is intentional since we are interested in 
quantifying the pure aero-propulsive coupling effects and not the baseline pure aerodynamic 
or propulsive effects. 

On the other hand, Figure 15-1-right shows the drag curve for the unpowered case and the 
net propulsive force “NPF” acting on the powered model (NFM for both cases). Note that, for 
powered cases, it is impossible to separate thrust from drag and then it is difficult to compare 
both curves. Nevertheless, a method that overcomes this issue will be introduced later, but 
first let’s gain some knowledge about this configuration by exploiting the exergy-based 
characteristic curves. 

15.3 Exergy-based characteristic curves  

The exergy-based characteristic curves introduced in Chapter 3 used the angle of attack for 
the x-axis since these curves were defined as an extension of the classical characteristic 
curves (which usually uses the angle of attack on the x-axis). Nevertheless, hereafter, most 
of the curves presented will use the lift coefficient squared for the x-axis since this allows 
identifying the lift-dependent contributions. Examples of this kind of exergy-based 
characteristic curves are shown in Figure 15-2 for the case of the deformed wing + TFN 
nacelle under power-off conditions.  

 
Figure 15-2: total drag breakdown (left) and profile drag breakdown (right) (Power-off) 

Figure 15-2-left, shows the total drag “ ” curve which is broken down into its isentropic 
component “ ” (i.e., the vortex drag) and its non-isentropic component “  ” (i.e., the 
profile drag). The vortex drag is a pure linear function of the “ ” which indicates its direct link 
with the generation of lift. Since the isentropic drag “ ” is pure exergy, it is a quantity that 
can be theoretically fully reduced (by modifying the system) and then it quantifies the margin 
of improvement (This concept will be deepen later). On the other hand, it is observed that the 
profile drag increases linearly with “ ” but this curve is vertically shifted from the origin. This 
behaviour is best explained in Figure 15-2-right where the profile drag is broken down into its 
exergy and anergy components (the thermal exergy is not plotted because it is effectively 
zero for this unpowered case, and even under power-on conditions, it just represents 4 drag 
counts, thus negligible for our purposes). The non-isentropic mechanical exergy “ ” 
represents the net amount of energy that can still be recovered at the survey plane position. 
For the entire analysis carried out in this chapter, the survey plane was placed at x=1.1C 
since this is the same survey plane used before for the analysis of PIV data. At this axial 
position, the amount of exergy is quite small (some 12 dc) and it is almost independent of the 

Drag  
reduction  
potential 
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lift generation. Indeed, the increase of profile drag due to the increase of lift is mostly driven 
by the total anergy generation “ ”. As explained in Chapter 5, the Y-intercept of this anergy 
linear curve gives the losses linked to the advance of the body through the viscous flow 
whereas the slope gives the lift-dependent anergy generation with “ ”. This lift-dependent 
anergy is the minimum price to pay for the generation of lift (more precisely, it is the power 
required to generate the lifting vortex rings). On the top of that, there is another price to pay 
that is given by the vortex drag itself. Then, the generation of lift is paid by generating exergy 
and anergy and, as it will be shown at the end of this chapter, both elements can be 
manipulated to get a “cheaper” production of lift. This is power of the exergy method: the 
classical methods are just limited to quantify drag, whereas the exergy analysis not only 
quantifies drag but also pinpoints the room for improvements that can be exploited to 
improve a design. 

15.4 On the total drag with power 

The drag curves presented before in Figure 15-1-right are not directly comparable, then, a 
direct drag assessment cannot be made. However, these curves can be manipulated in order 
to explicitly show the changes from power-off to power-on conditions. Indeed, the powered 
simulations were made by using source terms of momentum and temperature to simulate the 
fan thrust. The energy added to the flow was the same for all the angles of attack studied 
and this was also verified by measuring the total enthalpy at the wake (which also was 
constant with the angle of attack). Since the enthalpy added to the flow is constant, then, the 
engine thrust is also constant for the entire angle of attack range. This means that the power-
on drag curve should only be shifted vertically due to the thrust effect, and then, if the shifted 
curve is not parallel to the power-off curve, it means that a power-driven effect is present. 
This is best observed in Figure 15-3-left, where the drag curves of Figure 15-1-right have 
been shifted to the origin (“ ” is defined in Figure 15-2-left) and the x-axis replaced by “ ”. 
It is found that the curves are not overlapped, instead, there is a noticeable drag reduction 
due to the power effects: the drag reduction is of about -106dc for “ =0.85”. This power-
driven variation of the drag coefficient can be added to the baseline power-off drag curve in 
order to generate an equivalent drag curve for power-on condition as shown in Figure 15-3-
right. This shows that the power effects tend to reduce the total drag of the airframe (in a 
significant manner for this case).  

 
Figure 15-3: shifted drag curves (left) and powered drag curve (right) 

As a reminder, the original drag curves were obtained by using NFM, and then, this “power-
on drag curve” can also be determined fom the NFM (if the constant thrust assumption is 
satisfied). Here it is whorth mentioning that drag can not be determined in close-coupled 
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configurations like a BLI architecture. For the current test case the thrust is known to be 
constant and then the powered drag curve was achievable but, unfortunatelly, this simple 
procedure cannot be used for the architectures mentioned before. However, it will be shown 
that the exergy analysis can also be used to generate the drag curve of a powered case, 
regardless the aircracft architecture under consideration.  Before tacking this aspect, let’s 
analyze first the lift-to-drag ratio curve of Figure 15-4. 

 
Figure 15-4: lift-to-drag ratios 

This graph shows the “ / ” curve for the baseline unpowered configuration which reaches a 
maximum value of about 15. This a reasonable aerodynamic efficiency for a 3D body if it is 
taken into account the fact that the aspect ratio is equal to 8 for the wing and 4.17 for the 
nacelle. However, thanks to the aero-propulsive coupling effects, the drag of the powered 
configuration has decreased leading to a significant improvement of the “ / ” ratio. The 
maximum “ / ” value for the powered case is 19 which is remarkable since it is very 
challenging to achieve an aircraft design with a lift-to-drag ratio above 20. The current 
unoptimized reference geometry shows that this barrier can be eventually overcome by 
exploiting the aero-propulsive coupling at a maximum during the early design stages. Now, 
there are three related questions: a) why drag has decreased with power?, b) how can be 
optimized this effect, and c), what’s the limit of this improvement?. Questions “a” and “b” will 
be answered in the next section whereas question “c” is answered in Figure 15-4. Indeed, 
the “( / ) ” parameter establishes the theoretical limit since it considers the hypothetical 
case where no exergy is wasted (i.e., the “ = 0” and “ = 0”). In a real aircraft design 
there are physical constraints (like the size or weight) that impedes reaching the theoretical 
zero vortex drag condition and then the real practical limit will be somewhere in between the 
black and red curves. Despite this aspect, the “( / ) ” can be used as the best state-of-the-
art metric to establish the limits. However, a deeper analysis is required to provide the 
ultimate practical limit and this is a matter of future work.  

The exergy analysis offers a general framework that allows explaining in simple terms the 
physics lying behind very complex cases. Indeed, the reduction of drag due to the power 
effects can also be identified by the exergy analysis (which means that the powered drag 
curve can be established with the exergy method as well). Moreover, the physical sources 
behind these changes in drag are well identified and quantified as follows. 
 

15.4.1 Change in profile drag 

As mentioned before, the profile drag is given by the anergy “ ” and the non-isentropic 
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mechanical exergy “ ” (Figure 15-2-right, for the unpowered case). Since the total drag 
reduction of -106dc is only due to the powered lift generation, then, only the lift-dependent 
components will be analyzed. Indeed, when power is added to the flow, both “ ” and “ ” 
change with the lift coefficient. These changes from the unpowered to the powered case are 
shown in Figure 15-5, where all the curves have been shifted to the origin in order to reveal 
their variations with lift (this reveals the lift-dependent part of the curves).  
 

 
Figure 15-5: variations of anergy (left) and non-isentropic mechanical exergy (right) 

The baseline unpowered configuration shows a linearly increasing anergy with lift and a 
slightly increasing non-isentropic mechanical exergy as expected. When power is added to 
the flow, the anergy first decreases and then increases with “ ”. This non-linear behavior is 
due to flow separations that appear due to the fact of using a reference unoptimized 
geometry. Indeed, the initial reduction of the anergy is due to the reduction of the separation 
zone inside the nacelle as shown in Figure 15-6, whereas the final increase is due to a 
separation taking place at the wing trailing edge for higher angles of attack (Figure 15-7). 
Since anergy generation is being avoided (reduced) with power, an increase of “ ” must 
available at the survey plane. 
 
Then, by summing up the variations of the anergy and the non-isentropic mechanical exergy, 
the net variation of the profile drag with the lift coefficient can be found as shown in Figure 
15-8, where a reduction of about -70dc is found at “ =0.85”. 
 
 

 
Figure 15-6: TFN surface flow pattern for α=0° (left) and α=10° (right) (Power-on) 
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Figure 15-7: wing surface flow pattern for α=0° (top) and α=10° (bottom) (Power-on) 

 

 
Figure 15-8: profile drag variation with power 

15.4.2 Change in vortex drag 

A similar analysis can be made for the vortex drag as shown in Figure 15-9, where the 
powered case has less vortex drag than the power-off case. The reduction is of about -40dc 
at “ =0.85”. 
 

 
Figure 15-9: vortex drag variation with power 
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Finally, by summing up the variations of the profile drag and vortex drag, the total drag 
variation is found. At “ =0.85”, the variation of the total drag is -110dc (-40dc for the vortex 
drag and -70dc for the profile drag) which is quite close to the -106dc found before from the 
classical characteristic curves (NFM). Hence, the total drag curve under power-on condition 
of the Figure 15-3-right can also be determined by using an exergy analysis. The advantage 
of using exergy is twofold: on one hand, a breakdown of this drag reduction is found which is 
quite useful for design purposes. On the other hand, this exergy-based approach can be 
applied to any aircraft configuration regardless the coupling of the power unit with the 
airframe (under the assumption that the propulsive enthalpy added to the flow is constant for 
the entire angle of attack sweep). 
 
Since the main objective of the thesis is to analyze the aero-propulsive coupling from a 
powered-lift generation point of view, only the reduction of the vortex drag with power will be 
further analyzed in the next section. 

15.5 Vortex drag analysis of the vortical system 

In the previous chapters a vortical system of the multifan has been established and refined. 
In this Chapter, the wake analysis procedure presented in Chapter 5 will be exploited: a 
breakdown of the system will be carried out in order to explain the vortex drag reduction 
under power-on conditions. 

15.5.1 Procedure 

The first step consists in identifying all the vortical systems composing the entire wake. This 
is shown in Figure 15-10 for low- and high-angles of attack. As mentioned in the previous 
chapters, there are several vortex rings for this test case and a complete analysis of this 
vortical system would require isolating all of these vortices. However, in order to find the 
origin of the vortex drag reduction for the power-on condition of this particular configuration, it 
was found that it is not really necessary to breakdown the entire wake. Instead it is just 
necessary to split the wake into two regions: one containing the wing tip vortex and the 
remaining region. The remaining region contains both, the TFN vortices and the power-
driven vortex. This power driven vortex could eventually be isolated from the TFN vortices 
but it was found that clipping out this part of the wake is not straightforward since the wake of 
the power-driven vortex changes its shape and position depending on the angle of attack 
(See Figure 15-10). That is why it was decided to keep this group of vortices as a single zone 
but for other aircraft configurations it is advised to split all the vortical elements (whenever 
possible). 
 

 
Figure 15-10: axial vorticity at the wake for α=10° (top) and α=0° (bottom) (Power-on) 

 
The second step of the procedure is to solve the Poisson equation for the entire wake as 
shown in Figure 15-11-top. Since all the vortices have been included in the solution of the 
Poisson equation, its solution will include the effect of each vortical contribution and their 
interactions. Hence, the vortex drag of the k-th region (in our case there are just two regions: 

Tip region TFN region 
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tip and TFN) will give the net vortex drag “ ” of that region. 

The third step is to solve the Poisson equation but using this time just the vortical system of 
the k-th region, i.e., there will be a Poisson solution for each region as shown in Figure 
15-11-center and Figure 15-11-bottom. Since each Poisson solution is based only on the 
axial vorticity of its region (without taking into account the presence of the neighbor vortices), 
the related vortex drag corresponds to the vortex drag of the isolated vortex ring “ ”. 

Note that the local value of the stream function for the total vortex system is different from the 
value of the isolated vortical system (see for example the wing tip vortex core of Figure 
15-11-top vs center). This difference is precisely the effect of the vortex interactions. 
 

 
Figure 15-11: stream function for entire wake (top), tip (center) and TFN (bottom) (Power-on) 

 
The fourth step is to compute the vortex drag for each Poisson solution as shown in Figure 
15-12.  
 
 

 
Figure 15-12: vortex drag for entire wake (top), tip (center) and TFN (bottom) (Power-on) 

 
The fifth step is to compute the vortex interactions. Indeed, as observed in Figure 15-12, the 
total vortex drag is locally larger than the vortex drag of each region (This is best visible for 
the TFN tip vortex drag). In fact, the difference between these local drag values represents 
the interaction drag, which is computed as follows: 

 = −  (15.1) 

  
The final step is to integrate the vortex drag distributions for each angle of attack. The result 
is analyzed in the next sub-sections. 
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15.5.2 Analysis under power-off condition 

Figure 15-13 shows the vortex drag breakdown for the tip and TFN regions. Note that in both 
cases the net vortex drag “ ” is larger than the isolated vortex drag “ ”. At a first 

sight it sounds weird since one may expect that the net total vortex drag be just be addition 
of each isolated vortex drag. However, an extra vortex drag arises in this case because the 
interaction drag is always positive for co-rotational vortices (the interaction is negative for 
counter-rotating vortices only). Also note that the interaction vortex drag is proportionally 
larger for the TFN region because it is largely affected by the wing tip vortex (that’s the major 
contributor of the lift generation and thus its vortex is very strong thereby heavily affecting the 
neighbor vortices). 
 

 
Figure 15-13: vortex drag breakdown for the tip (left) and the TFN (right) (Power-off) 

By summing up both graphs it is obtained Figure 15-14 that gives the total vortex drag and its 
breakdown. This clearly shows that the total vortex drag of this system is larger than the sum 
of the isolated contributions of its vortices due to the positive interaction vortex drag. One 
may want to have a negative interaction vortex drag for any aircraft design but, unfortunately, 
this implies having downforce generating vortices which are not desired. That is why this 
graph uses “ ” on the x-axis, since this takes into account the net overall lift of the system. 
 

 
Figure 15-14: vortex drag breakdown for the entire wake (power-off) 
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15.5.3 Changes under power-on 

In order to understand the reduction of vortex drag under power-on conditions, the same 
procedure explained above was repeated for power-on. Figure 15-15 shows the curves of 
the total vortex drag (and its breakdown) from power-off and power-on. It is observed that the 
total vortex drag decreases as it was found before. However, the interest of the breakdown is 
that it allows identifying the source of this vortex drag reduction. Indeed, this reduction is 
driven by an overall reduction of the isolated vortex drag contributions. In fact, by adding 
power, a new vortex arises: the power-driven vortex ring. Then, the vortices at the wing tip 
and the nacelle can decrease in strength in order to keep a constant lift, thereby reducing the 
overall vortex drag (this is the basis of the vortex segmentation technique). It is interesting to 
note that the interaction drag increases at the same time, which is logical since a new co-
rotating vortex is added by the power thereby increasing the positive interaction. However, 
the overall result is favorable from a net vortex drag point of view. 
 

 
Figure 15-15: comparison of vortex breakdown for power-off vs power-on 

15.5.4 Vortex efficiency metric 

The vortex drag reduction was found to be achieved thanks to the vortex segmentation 
approach. Nevertheless, this approach is not perfectly efficient since it increases the 
interaction drag. This is best quantified in Figure 15-16 where the vortex drag interaction 
metric is compared for power-on and power-off cases. This parameter gives the percentage 
of interaction drag respect to the total vortex drag as follows:  
 

  =   (15.2) 

 
It is observed that a significant increase of the interaction drag occurs with the vortex 
segmentation technique. Since the positive vortex interaction drag of co-rotating vortices 
arises due to the relative proximity of the vortices between each other, a possible approach 
to reduce this adverse effect is by separating the vortices, although this can affect the lift 
distributions (Maskell lift equation). This approach will not be covered in this manuscript and 
it is a subject of future work. 
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Figure 15-16: comparison of the vortex drag interaction metric 

 
Another important parameter is the powered-lift efficiency. Indeed, the lifting vortex ring 
generated by the power effects has an associated vortex drag. Then, it can be said that its 
vortex drag is the price to pay for generating this powered lift. Since this powered lift is 
generated by the engine and the energy added to the flow is given by the propulsive 
enthalpy, it is clear that the ratio between the power-driven vortex drag and the propulsive 
enthalpy is a measure of the efficiency. This powered-lift efficiency is then given by:  
 

 =
 

 (  )
 (15.3) 

  
In practice, computing the net vortex drag of the powered vortex itself can be time consuming 
since it requires clipping the wake (to extract this vortex) for each angle of attack and power 
condition. The other disadvantage of this parameter is that it does not take into account the 
increase of vortex drag of the neighbor vortices due the interaction with the powered-lift 
vortex. Although it could be computed by using the procedure explained before, it is time 
consuming, thus, not useful for design purposes. Hence, a more practical figure of merit is 
the “powered-lift factor” defined as follows:  
 

 PLF =
1 −

 (15.4) 

  
Where “ ” is the propulsive enthalpy coefficient and “ ” is the slope of the “   

” curve (for both, power-off and power-on). Hence, “ ” gives the relative 

reduction of the total vortex drag from power-off to power-on condition (See Figure 15-9). 
The advantage of this metric is that it can be computed very fast from an exergy analysis of 
the survey plane data (without requiring performing the analysis of the decomposed vortical 
system). Moreover, this includes the vortical interactions.  

For the current case study we have:   
 

 PLF =
1

0.8309
0.0394 − 0.0427

0.0427
=

−0.0773
0.8309

= −0.0930   

  
This means that the vortex drag has been reduced by 7.73% by introducing a propulsive 
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enthalpy coefficient of 0.8309. This highlight the fact that it is useless to employ the engine 
power for developing thrust only. It is far more convenient to properly integrate the engine 
into the airframe in order to maximize all the possible aero-propulsive coupling interactions 
and particularly the powered-lift generation. 

For a fully decoupled aircraft architecture (like the classical tube and wing design) the PFL 
will be zero since the vortex drag in cruise is not affected by the power delivered (this may 
change in high-lift condition since the jet plume interacts with the Fowler flaps). Then the 
objective is to design an aircraft having the most negative PFL as possible. This can be 
achieved by following two approaches: vorticity segmentation method and/or playing with the 
interaction vortex drag.  

15.6 Summary of key findings 

This chapter has shown the practical application of the wake-reduced exergy analysis for the 
study of a complex close-coupled aero-propulsive configuration. Firstly, the near-field method 
was used to establish the classical characteristic curves which were used to propose a new 
methodology to find the power-on drag curve. It was demonstrated that this curve can also 
be determined by using the exergy analysis, which avoids the inherent limitations of the NFM 
thereby allowing generalizing the procedure for the study of any aircraft configuration (which 
is not the case of the NFM). The power-on drag curve has revealed that a significant 
decrease of drag can be achieved by properly exploiting the power effects. The explanation 
behind this reduction was found thanks to the exergy analysis which indicated that it was 
driven by both, a vortex drag reduction and a profile drag reduction. The vortex drag 
reduction was then deeply analyzed by breaking down the vortical model of the configuration 
(already developed in the previous chapters). It was found that the vortex drag reduction was 
achieved due to the appearance of a new vortex (respect to the baseline unpowered 
configuration) leading to a vortex segmentation method. Nevertheless, the interaction vortex 
drag was found to be increased because all the vortices of the system under study are co-
rotating. Then, it was suggested a methodology to reduce this interaction drag. Finally, a 
practical metric for assessing the aero-propulsive coupling was established. 
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Chapter 16  
 
Summary of the practical 
implementation aspects     

This chapter summarizes all the findings and key results from the four previous chapters of 
this part. This will bring an overall view of the work from a higher perspective in order to 
highlight the features of the exergy analysis and the methodologies developed in the present 
work suited for the study of close-coupled aero-propulsive configurations from a powered-lift 
generation point of view.  
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16.1 Introduction 

This part of the manuscript was entirely devoted to combine the new wake-reduced exergy 
analysis with the classical methods in order to establish an analysis methodology for the 
study of powered-lift configurations. Several application cases were exploited and different 
sources of data (CFD or WTT data) was used in order to highlight the power and flexibility of 
the methodology. Here is worth mentioning that the main objective of this part was not to 
characterize the Multifan configuration itself but to exemplify how to properly use all the 
available aerodynamic analysis tools in order to provide a full assessment of a complex aero-
propulsive test case. The analysis procedure established in this part was carefully developed 
in order to follow a progressive increase in difficulty which lead to a refined understanding of 
the physics behind the test case. The author feels that such a procedure is mature enough 
for its implementation in routine design. The proposed analysis procedure and the outcomes 
for the current test case are summarized as follows. 

16.2 Classical analysis of the isolated components 

The analysis of complex aircraft geometries with strong interactions is better achieved by 
following a systematic study where first, the isolated elements are studied and then the 
assembled elements are analyzed under the light of the previous analyses in order to explain 
the new phenomena that arises during the assembly of the parts. This procedure was 
inspired on the classical WTT campaigns of the canard and strake interactions with wings for 
fighter aircraft configurations [84]–[89]. Hence, the first step is to study the isolated elements. 

In our test case those elements were a rectangular wing and a nacelle. The wing used was 
just a classical rectangular wing, thus, there were no defies in understanding its physics 
since it is a well-known geometry. Only its characteristic curves were required for later 
analysis. Instead, the nacelle represented a very challenging case since it is a completely 
new geometry and no reference data existed for this geometry. That is why it required a very 
deep analysis by crossing several sources of data: balance and wake data. The balance data 
provided the baseline behavior and the wake data was used along with the classical far-field 
concepts to try to explain the related physics. Particularly, an identification and analysis of 
the vortical sources become of prime interest since it provided an answer for all the 
questions found during the analysis of the balance data. Indeed the entire manuscript deals 
very much with vorticity in almost all chapters, which highlights the high importance of this 
basic aerodynamic parameter. 

In particular, the isolated nacelle was found to behave as a wing (which was verified later by 
using a simplified TFN nacelle that is actually a wing box) since it delivers an increasing lift 
with the angle of attack. This a very new feature because nacelles are traditionally designed 
just as a drag-generating element and that is why no previous data existed for this kind of 
configuration. Furthermore, by adding power to the nacelle, it was found that both, the lift and 
the stall angle of attack, increases proportionally to the thrust coefficient. The lift increase 
was far larger than the vertical component of the thrust, which highlights the existence of a 
self-aero-propulsive coupling: the power delivered by the fans increases the lift developed by 
the nacelle. Also, it was found that the overall nacelle’s vortex drag actually decreases as a 
consequence of this aero-propulsive coupling. The proposed metric for quantifying this 
coupling phenomenon indicates that the nacelle is two times more efficient (from a lift/vortex 
drag point of view) than the baseline unpowered nacelle. 
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16.3 Classical analysis of the assembly 

The second step of the analysis procedure is to perform a study of the assembled 
configuration by using classical analysis methods (NFM and FFM). Again, near-field method 
is a fast tool for obtaining the characteristic curves, which provides the overall view of the 
aerodynamic behavior. This allows identifying the changes of the characteristic curves due to 
the coupling of the components but in order to find the physical explanation, the far-field 
method is required. Also, there are basically two types of integration effects: potential effects 
(related to the interaction of the pressure fields between bodies) and the induction effects 
(related to the interactions of the assembled vortical systems). The potential effects can be 
easily assessed by using NFM data or balance data. However, the induction effects require 
first identifying the vortical systems and then studying their interactions. In this regard, wake 
data is a highly valuable tool since it allows identifying each vortex of the system and its 
contribution type (lift- or downforce-generating vortex, detected by using the Maskell 
method). A careful analysis of the NFM and FFM data will allow establishing an aero-
propulsive model that is key for understanding highly-complex aircraft configurations. Indeed, 
the Multifan case presented in Chapter 13 is a good example of how complex can become 
an aero-propulsive model even for aircraft geometries that may looks simple at a glance. The 
interest of developing such a model is that it enables a deeper understanding of the physics 
which ultimately will allow improving the related design with the full picture in mind.  

16.4 Refinement of the model with CFD data 

The third step is to check the aero-propulsive model by introducing local geometrical 
modifications in order validate some specific elements of the model. This cannot usually be 
achieved in a WTT campaign and that is why CFD becomes a great tool for this task. In the 
case of the multifan it was decided to introduce two geometrical variabilities in order to check 
two of the most interesting aspects of the test case: the loss of lift of the wing and the lift 
generation of the nacelle (of course, this is case-dependent but the designer will immediately 
feel which element of the aero-propulsive model must be deeply assessed).  

The first geometrical variability was the nacelle. In fact, the geometry tested in the wind 
tunnel was very complex and then, the related wake was populated with plenty of vortices 
which make difficult the identification of the true sources of lift. Then, by eliminating all the 
unnecessary geometry (from a lift point of view), like the hub or splitters, a simpler TFN 
geometry was retained. This TFN was indeed a box wing and then the CFD data shed more 
light onto its physics, which allowed confirming and refining the related aero-propulsive 
model. Also, the volumetric data provided by CFD gave extra information that allowed 
explaining the physical origin of the powered-lift generation of the isolated nacelle, which 
turned out to be related to the engine streamtube modification with power. 

The second geometrical variability was the wing camber. This allowed verifying that the loss 
of wing lift due to the integration of the nacelle is effectively driven by the pressure field in 
front of the nacelle and that this effect can be overcome if the wing is deformed to follow the 
natural streamlines of the isolated nacelle. The lines of constant “ ” value were a valuable 
tool for evaluating the changes due to the geometry deformation.  

16.5 Exergy analysis of the assembly 

Up to this point, only classical NFM and FFM have been used to have an overall view of the 
problem. Now it is time to improve the understanding of the aero-propulsive model by using 
the exergy analysis: this is the fourth step of the analysis methodology for close-coupled 
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aircraft configurations. The advantage of using the exergy method in its wake reduced 
version for this step is that it links exergy with vorticity (unlike the Arntz method, that is a 
global approach), which was the parameter used for establishing the aero-propulsive model. 
Indeed, vorticity is widely used on the entire analysis process from different points of view. 
Moreover, the interest of using the exergy analysis for this final step is the following: 

• It quantifies the room for improvements. 
• It provides a comprehensive breakdown of the sources of losses thereby revealing the 
physical sources. 
• Each physical loss source can be classified in lift-dependent and lift-independent, which is 
very useful for understanding the powered-lift generation. 
• It provides a powerful wake analysis method for the vortex drag that allows identifying the 
interactions between the vortices of the system. This allows improving the aero-propulsive 
model already built and also to quantify the drag contribution of each element. 
• It links geometry with the loss generation thereby facilitating the redesign process. 
 
In particular, it has been shown a methodology to reconstruct the total drag curve of the body 
under power-on conditions. Then, by comparing the power-off vs power-on curves, the aero-
propulsive coupling effects are revealed and quantified. 
 
The final overall conclusion of the study of close-coupled aero-propulsive configurations from 
a powered-lift generation point of view is the following: using the engine just for developing 
thrust is not the optimal approach. It is far more convenient to also employ the engine as a 
source of powered-lift since significant performance improvements can be achieved. The 
effects of the integration of the engine into the airframe can be better assessed by 
establishing the aero-propulsive model, where the wake-reduced exergy analysis plays a 
major role.  
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Summary, Conclusions and 
Perspectives 

1 Summary 

This work presents the development of a wake-reduced exergy formulation suited for the 
aerodynamic analysis of close-coupled aero-propulsive aircraft configurations. It is based on 
the original work from Arntz (Exergy formulation requiring an infinite survey plane), combined 
with several far-field methods in order to reduce the computation region to the wake. The 
interest behind the wake reduction is twofold: on one hand, it allows an experimental 
verification of the aero-propulsive assessment by the exergy method. On the other hand, and 
even more important, this wake-reduction procedure provides a powerful insight into the 
physics and allows performing a breakdown of all the loss-generating mechanisms. This 
deeper breakdown enables a more comprehensive bookkeeping of the aero-propulsive 
phenomena involved in complex cases, which is key for design purposes. The formulation 
developed in this work combines the assets of all the existing aerodynamic analysis 
methods, thereby offering a unique design tool suited for the study of any aircraft 
configuration, either classical or future. 

The second part of the PhD work aimed to gather experimental data (wind tunnel testing) of 
a highly-coupled aero-propulsive configuration: the Multifan aircraft. A simplified model was 
tested and its wake was measured by PIV and 5HP, along with balance data. Then, an 
experimental verification of the new wake-reduced formulation was carried out. Finally, the 
experimental data was exploited to build an aero-propulsive model of this complex 
configuration by using classical aerodynamic analysis. Then, this model was re-analyzed by 
using the new wake-reduced exergy formulation, revealing additional key information that 
couldn’t be obtained by other means, thereby showing the power of the method. 
 

2 Conclusions 

All the objectives of the PhD (mentioned in Objectives) have been fulfilled: 
 
• Theoretical developments: 

o Wake reduced exergy formulation: a new theoretical framework must be developed 
by combining both, the Arntz method and the wake-reduced far-field methods. 
 

This was achieved by a following systematic approach which was presented in 
12 research stages. This evolutionary procedure allowed tackling the highly 
complexity of the task in a progressive manner. The scientific method by 
definition was widely used for this purpose: each stage started with a thorough 
observation of the flow field in order to understand the behavior of the different 
exergy parameters. This always led to a hypothesis aiming to explain the 
findings, which was afterwards verified with experimental or CFD data, leading 
to a final analysis that was materialized as a new formulation or a new exergy 
concept.  

 
o Drag breakdown: the new formulation must provide a deeper phenomenological 

breakdown than the baseline Arntz formulation. 
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This was achieved thanks to the velocity decomposition method. The related 
breakdown of the aero-thermo-propulsive parameters into its isentropic and 
non-isentropic origin was key to understand the physics behind and it also 
allows taking away from the bookkeeping the unnecessary elements. 
Moreover, the sources of drag generation were automatically broken down 
and properly classified in the final breakdown. 

 
o Survey plane dependence: the new formulation must circumvent the typical limitations 

of the far-field methods regarding the position of the survey plane. 
 

This was achieved by performing a detailed flowfield analysis regarding the 
interaction between the isentropic and non-isentropic components in the 
vicinity of a body. A practical method was provided although there is still room 
for improvement in this topic. 

 
o Exergy-based metrics: the new formulation must be used to develop new 

aerodynamic and performance metrics. 
 

Several metrics were developed. The most useful for aircraft analysis and 
design are the exergy-based lift-to-drag ratio (and the related exergy-based 
limit range equation) as well as the vortex drag related metrics (which are very 
useful for the analysis of vortex drag reducing devices). 

 
• Experimental validation:  

o Wind tunnel testing: powered and unpowered configurations must be studied, with 
and without aero-propulsive coupling. 

 
The Multifan model tested under several configurations has provided a 
comprehensive set of data to properly evaluate and apply the new formulation. 

 
o Uncertainty analysis: the bias and precision associated to the PIV/5HP techniques 

applied to the wake-reduced exergy formulation must be assessed. 
 

A detailed analysis of the PIV and 5HP data treatment suited for performing 
an exergy analysis was presented in this work. Firstly, it has been shown the 
careful preliminary testing that is required for acquiring high-quality PIV 
images. Secondly, a wake refinement procedure for PIV image post 
processing was introduced. This multi-region refinement requires extra work 
but allows obtaining high-quality wake data where it is needed. Finally, it was 
shown that the respect of this procedure led to accurate drag measurements. 

 
o PIV vs 5HP: both wake survey techniques must be compared in order to establish the 

most suited measurement approach for future wake surveys. 
 

Both, 5HP and PIV are well suited for the wake measurement, where the use 
of one or another technique depends upon the accepted level of flow 
perturbation, the test preparation time, the acquisition time, the posttreatment 
time, the desired grid refinement and the data quality. The final selection of 
one instrument will then require a deep analysis in advance depending on the 
constraints of a given WTT campaign. Here it is worth mentioning that total 
temperature remains an area of further improvement since its measurement is 
quite delicate. 

 
o Measurement requirements: a rule-of-thumb must be established for the amount of 

image pairs and the spatial resolution of PIV images in order to satisfy the typical 



Summary, Conclusions and Perspectives 
 

  305 

drag accuracy requirements. 

It has been shown that 1000 images were enough for obtaining high quality 
exergy measurements in low-turbulence wind tunnel facilities and for steady 
flow. However, verification during the first runs of a WTT campaign is highly 
recommended in order to be sure in advance that this rule still suits the needs, 
especially for high-angle of attack configurations with steady flows (like a delta 
wing) which were not tested in this campaign. 

• Application test case:  
o Confirmation of previous results: the experimental data must be used, whenever 

possible, to confirm the findings obtained by the previous studies carried out at ISAE-
SAFRAN [4], [5]. 

o Explore the multifan aerodynamics: in order to find some other physics features that 
has not been yet identified. 

o Multifan aerodynamic model: a comprehensive aerodynamic model of the wing-
nacelle architecture must be developed from WTT and CFD data by using classical 
methods. This model must put into evidence all the physical mechanisms involved in 
the complex aero-propulsive coupling (from both lift and drag point of views). 

o Implementation case: the wake-reduced exergy formulation must be implemented for 
the study of the Multifan configuration in order to validate the aerodynamic model 
(and further develop this model) as well as to find the possible limitations of the 
method. 

 
All these aspects were tackled in the fourth part of this PhD work. A significant 
insight into the physics of the Multifan configuration has been gained for both, 
the isolated lifting nacelle and the wing+nacelle configuration. In particular, a 
new aero-propulsive model was developed with CFD/WTT data along with 
classical and exergy analysis thereby providing a complete understanding of 
this very complex case.  Such a unique approach can be used as standard 
procedure for the study of any other aircraft configuration, regardless its 
complexity. For the case of the Multifan, the aerodynamic phenomena 
presented in previous work were identified in the experimental data and 
deeply analyzed. Moreover, multiple unknown new aero-propulsive 
phenomena was revealed and characterized: this new knowledge has been 
capitalized by the industrial partner. 

 

3 Perspectives 

This work, along with the original work of Arntz, represents just the beginning of the 
development of this new aerodynamic analysis method. Arntz provided a solid basement for 
this method leading to a practical application for the analysis of CFD data. Thanks to the 
current work, the analysis of experimental data is now possible, along with a deeper physical 
comprehension. However, there is still a long way follow in order to reach the maturity of this 
new discipline. In particular, the objective is to develop all the related aeronautical 
engineering disciplines from an exergy point of view, in order to get a full energy-based 
aircraft design and analysis framework, which is lacking nowadays. Some guidelines to pave 
this way are described below. 

3.1 Improved wake-reduced formulation 

Although a major advance was made in this work, the resulting formulation and methods 
must still be improved. In particular, it was pointed out during the development of the 
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formulation that the profile drag correction method allowing placing the survey plane close to 
the body was not valid for lifting bodies. Then, further work is desired in this direction. Also, 
the 2D profile drag breakdown into its lift-dependent anergy and the baseline drag should be 
deeply studied and improved in order to provide a robust method of extracting the lift-
dependent anergy. In particular, this work was mostly centered on the study of the exergy 
components but the anergy was somewhat left a bit aside due to schedule constraints. A 
particularly interesting (and practical) research area is the development of a formulation 
allowing decomposing the total anergy into the vortex anergy and profile anergy. It is 
believed that it could be achieved by using Lamb vector but a deep study is required. 

3.2 Link between exergy and Lamb vector 

Based on the results of this PhD work, it is clear that the exergy formulations are evolving 
towards a vorticity based formulation. It is also known that there are some Lamb Vector 
formulations (a vorticity-based approach) that are evolving towards the Thermodynamic area. 
Hence, the logical next evolutionary step is to gather both disciplines together and to 
generate a brand new formulation that exploits the assets of both methods. The target would 
be to deliver a unified aerodynamic analysis method based on the wake-based exergy 
method and the Lamb vector method. At the time of writing this report, a PhD proposal on 
this subject was under preparation. 

3.3 Exergy-based performance analysis 

Even though the work from Arntz and the present work have established some insight into 
this area, there is still a very large room for improvement. In particular, the objective would be 
to re-write this discipline by exploiting the exergy-based concepts, parameters and metrics. 
This will bring the exergy analysis to the next level in the sense that the analysis will no 
longer be limited to an aero-propulsive assessment, but a larger and more practical 
application will be aimed.  

3.4 Exergy-based flight mechanics 

The present work introduced the concept of exergy-based characteristic curves and the link 
between the drag sources with the geometry features of a body (highlighting the exergy 
reduction/recovery possibilities). This knowledge can now be exploited to compute the 
derivatives required in the flight mechanics discipline but using this time an exergy-based 
approach. This will facilitate the interpretation of the aircraft physics, especially in complex 
configurations. Then, an exergy-based flight mechanics discipline is needed. 

3.5 Exergy-maneuverability theory 

In highly-maneuverable fighter aircraft, the energy management during a dogfight is a critical 
aspect since the energy level is a measure of the tactical advantage over the adversary 
aircraft. This is well explained in the framework of the energy-maneuverability theory. 
However, for this kind of aircraft the vortex drag is a predominant factor, and then, a proper 
management of this source of drag will impact on the energy level for a given maneuver. 
Since vortex drag can be reduced by interaction of the vortical systems, the level of energy 
available can be improved by delivering a design with low vortex drag, thereby offering a 
tactical advantage. The objective is to know the theoretical limit of the vortical interactions for 
a given aircraft and that is why exergy will provide the answer. This requires developing an 
exergy version of the current theory, i.e., an exergy-maneuverability theory. 
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3.6 Exergy-based optimization 

As mentioned before, one of the major achievements of the current work was the 
establishment of the link between geometry, drag sources and drag reduction/recovery 
possibilities. This enables the possibility of optimizing the geometry based on an exergy-
based feedback. The particular interest of using exergy is that the theoretical drag 
reduction/recovery limits are well established and then it is easier to know if a margin of 
improvement is still available for a given design. 

3.7 Piecewise drag breakdown 

One of the major assets of the near-field and Lamb vector methods is that they can easily 
attribute lift and drag forces to a given body or body part, which is quite useful for design 
purposes. The remaining methods (Far-field, power balance or exergy) cannot do this with 
the current approach, unless the wake is broken down by its sources of drag. Some steps in 
this direction have been made during the PhD but this research is still in its early stages (thus 
not included in this manuscript) and that is why this is a matter of future work. 

3.8 Unsteady wake-reduced exergy formulation 

The exergy method follows somewhat the evolution of the far-field method, where firstly an 
infinite formulation for steady flow was developed. Then a wake-reduced version for steady 
flow was achieved and later on, this was extended for unsteady flows. For the case of 
exergy, the infinite steady formulation is that of Arntz, the wake reduced steady version is the 
one presented in this PhD work and the infinite unsteady formulation is currently being 
developed by Ruscio at ISAE-SUPAERO. The next logical step is to develop a wake-reduced 
version of the Ruscio’s formulation by using the wake-reducing approach presented in this 
PhD work, i.e., by using the velocity decomposition method. 
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Appendix A  
 
CFD Test Cases 
 
This section presents some particularities of the geometries, mesh and solver settings used 
for the generation of CFD data. 
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A.1 Van Der Vooren Airfoil 

The Van Der Vooren airfoil (VDV) is a 2D symmetric airfoil geometry obtained by applying a 
conformal mapping to a potential flow solution of a cylinder (with or without lift generation). 

A.1.1 Flow past a cylinder 

The potential flow around a cylinder with circulation can be obtained by adding several basic 
flows based on the superposition principle [96], [192]. In order to simplify this task, a 
complex-variable approach is used. This treats the elemental flows as complex functions 
“ ( )” on the complex plane “ = + ”, which are called complex potentials and given by:  
 
 ( )  =     (16.1) 

 

 ( ) =
  2 

−
 (16.2) 

 

 ( ) =
−   ln ( − )

2
 (16.3) 

 
Then, the flow around a cylinder is obtained by summing-up these functions: 
 
 ( ) =  ( )  + ( ) + ( )  (16.4) 

 
Once the complex potential is established, its derivative is performed in order to obtain the 
complex velocity “ ( )”: 
 
 ( ) =  d ( )/  (16.5) 

 
For the elementary flows mentioned earlier, this becomes: 
 
 ( )  =   (16.6) 

 

 ( ) = −
  2 

( − )
 (16.7) 

 

 ( ) =
 

 ( )
  (16.8) 

 
Again, by applying the superposition principle, the total complex velocity is obtained: 
 
 ( ) =  ( )  + ( ) + ( )  (16.9) 

 
Finally, the potential velocity field components are given by taking the real and imaginary 
parts of the complex velocity: 
  
 = ( ( ) ) (16.10) 

 
 = − ( ( ) ) (16.11) 

 
The remaining aerodynamic parameters may be obtained by considering an isentropic-
isoenergetic flow field with known upstream values. 



A.1 Van Der Vooren Airfoil 
 

  313 

A.1.2 Potential flow past a VDV airfoil 

The Van Der Vooren transformation [192] creates a symmetrical airfoil from a circle centered 
at the origin in the complex plane. This transformation “ = ( )” enables changing the airfoil 
thickness and the trailing edge angle by modifying the thickness parameter “ ” and the 
Karman-Trefftz parameter “ ” respectively:   
 

 = 2 +
( − )

( −  )
 (16.12) 

 

 =
 ( − ) ∗ ( −  )

−
+

(1 − ) ( − )  ( −  )
−  

 (16.13) 

 

 = 2 −  (16.14) 

 
Note that the “Kutta condition” is achieved by imposing a non-zero vortex singularity on the 
original complex plane [96], [192]. 
 
The potential flow data is generated in Paraview by an in-house plugin called “Potential Flow 
Generator” previously developed at ISAE-Supaero. It executes a Python file that creates a 
structured mesh around the geometry (cylinder or airfoil) and calculates the potential flow 
parameters based on a user defined input settled on a dedicated GUI.  

For the cylinder, a radius of 0.1234m is selected and a domain of height/width = ±125/±20 
radius was chosen. An O-type structured mesh of 600 points along the radial direction and 
1001 points along the circumferential direction was used, with exponential radial refinement 
as shown in Figure 16-1. The upstream reference values are Ps=101325 Pa and Ts=288K 
and the velocity is settled depending on the study to carry out (20 m/s typically). 
 

 
Figure 16-1: Grid detail around the leading edge and Cp distribution (Cylinder) 

The Van Der Vooren airfoil with sharp trailing edge is then generated by transforming this 
cylinder domain. The result is shown in Figure 16-2 and Figure 16-3. In fact, the selected 
cylinder radius was chosen in order to obtain an airfoil chord of 0.435m after the 
transformation. The thickness-to-chord ratio is 15% (This was achieved by setting a 
thickness parameter of 0.06573) and the trailing edge angle is 15°. The resulting domain 
height is ±62.5m (≈ ±143.4 chords). 
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Figure 16-2: Van Der Vooren airfoil mesh 

 

  
Figure 16-3: Grid detail around the leading edge (left) and trailing edge (right) (α=0°/VDV) 

A.1.3 Euler/RANS solution 

The airfoil geometry issued from the Van Der Vooren transformation is exported into a CSV 
file in order to recreate the CAD airfoil geometry in CATIA. Then, a C-block structured grid 
with wake refinement was created in ICEM CFD (Figure 16-4), with a domain extent of 150 
chords in all directions. Since no experimental data is available for this airfoil, a grid 
convergence study is performed as shown in Figure 16-5. 
 

 
Figure 16-4: Grid detail around the leading edge (left) and trailing edge (right) for α=0° 

The RANS and EULER solutions are computed with ANSYS Fluent CFD software for several 
angles of attack at a constant Mach number of 0.3 and a Reynolds number of 3x106. The 
RANS simulations are performed with the Spalart Allmaras turbulence model. A first quick 
convergence was made with a first-order discretization (flow and turbulence) by about 3000 
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iterations, followed by a final convergence with second-order discretization. All the 
simulations were left running until the near-field drag coefficient residual varied less than 0.1 
drag counts from one iteration to the following. At the same time, the residuals must be 
stabilized at their maximum precision in order to ensure that the airfoil’s losses were 
completely transmitted (convected) downstream. Then, the y+ parameter is controlled in 
order to verify that y+≤1 everywhere around the body as required by the Spalart Allmaras 
model. 
 

 
Figure 16-5: Grid convergence for α=0° (left) and α=10° (right) at M=0.3 and Re=3x106 

A.2 Naca 0012 Airfoil 

A.2.1 Geometry 

The NACA 0012 airfoil geometry creation procedure was the following. Firstly, the airfoil point 
data was downloaded from [208] and loaded into CATIA CAD software. This airfoil data has 
the trailing edge cropped, so the procedure proposed by NASA to sharpen the trailing edge 
[209] was followed. It requires adding a new point at the trailing edge and then to scale down 
the complete geometry in order to obtain a 1m chord airfoil with sharp trailing edge. The 
resulting geometry is observed in the Figure 16-6. 
 

 
Figure 16-6 : NACA 0012 airfoil with sharp trailing edge 

A.2.2 Mesh and solver setup 

The geometry obtained on the previous step was loaded into ICEM CFD meshing software in 
order to create a C-type multiblock structured grid with boundary layer and wake refinement. 
The guidelines used to create the domain and the mesh refinement are described in 
reference [9]. Its domain has an extent of 150 chords in all directions, and the size of the first 
cell was chose in order to get an Y+=1. The corresponding blocking and grid can be seen in 
Figure 16-7 and Figure 16-8. 
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Figure 16-7 : C-type blocking (left) and detail of the blocking around the airfoil (right) 

 

 
Figure 16-8 : general view of the mesh (left) and detail around airfoil/wake (right)  

The mesh observed in Figure 16-8 is well suited to simulate the flow around the body for the 
entire angle of attack range, ranging from 0° to 10°. However, this mesh will only provide a 
good cell count inside the wake for zero angle of attack. In fact, at this condition the wake is 
aligned with the X-axis and follows the refined mesh region downstream of the airfoil. Thus, a 
maximum number of points will be present across the viscous zone all along the wake. 
Nevertheless, if the same mesh is intended to be used for another angle of attack, the wake 
will propagate following the upstream flow direction, which is inclined respect to the x-axis. 
Thus, the grid refinement zone around the x-axis at the downstream part of the domain will 
be outside of the wake. As a consequence, the wake will have a significant less amount of 
points and thus a strong numerical dissipation will take place. 

In order to avoid this issue, a rearrangement of the blocking and the nodes distribution was 
carried out so as to follow the wake in a proper fashion. This was achieved by following an 
iterative procedure: a first simulation was launched with the baseline mesh. Then the wake 
position and width was determined. Based on this information, the baseline mesh was 
modified (displacement of blocks) and the new mesh was simulated again. Finally, a control 
was made to ensure that the refinement region lies across the wake all along its length. An 
example of the optimized mesh for simulate flows at 10° of angle of attack is shown in the 
Figure 16-9. 
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Figure 16-9 : blocking (left) and mesh (right) for the 10° angle of attack optimized mesh 

Far-field methods demand an extra requirement for the mesh: the wake convergence. In fact, 
the mesh refinement around the body can be well suited to provide accurate near-field 
solutions. However, a good convection of the losses downstream of the body must be 
guaranteed in order to provide a realistic wake simulation. This means that the maximum 
amount of cells must be guaranteed inside the wake to sufficiently resolve the profiles of 
velocity, total pressure, etc. At least, the same amount of cells in the cross-section of the 
wake must be guaranteed all along the wake length; otherwise, a numerical diffusion may 
take place. The mesh technique mentioned before satisfies this criterion. 

The grid refinement was verified by carrying out a grid convergence study shown below in 
Figure 16-10: 
 

 
Figure 16-10: Grid convergence for α=0°, M=0.3 and Re=3x106 

 
The Navier-Stokes solver chosen for this work was ANSYS Fluent 16.2. Based on the advice 
of reference [210] the chosen setup for the solver was the following: 
 Steady RANS simulation 
 Density based solver 
 Implicit formulation 
 Roe flux type 
 Spatial discretization (flow and turbulence): 1st order upwind for the first iterations. Then, 

it switches to 2nd order upwind up to convergence. 
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 Turbulence model: Spalart Allmaras with curvature correction (SA-RC) 
 Turbulence intensity: 0.1% 
 Hydraulic diameter: 0.01m 
All the simulations were made at ISA 0m (Static pressure=101325Pa / Static temperature = 
288K). 
 
In order to accept a simulation, several parameters were controlled: the residuals as well as 
the lift and drag coefficients. The iterations continue up to reach a plateau of the residuals, 
which corresponds to the maximum precision. Also, lift and drag monitors where controlled at 
the same time, in such a way that the variation of drag is less than 0.1 drag count and he 
variation of lift less than ±0.001 from one iteration to the following. It is important to remark 
that the lift and drag monitors may be already converged but not the residuals. This means 
that the flow around the body has converged, but the information is still being convected into 
the wake. Only when the residual’s plateau is reached, we can ensure that wake data is fully 
converged: the plateau on the residuals means that the aerodynamic parameters on the 
entire flow field do not change from one iteration to the following. 

A.3 Rectangular Wing 

The rectangular wing used in this thesis is based on the NACA 0012 airfoil described above, 
which was extruded in order to have a wing aspect ratio of 8 with rounded wing tip. A domain 
around the model was created, placed 30 chords far away from the wing. The 3D mesh used 
is a multiblock structured C-mesh type with 9.196.000 cells and its surface mesh can be 
seen in the Figure 16-11. The solver setting is identical to the airfoil case. 

 
Figure 16-11 : wing surface mesh 

A.4 Multifan  

The geometry of the Multifan was presented in Chapter 8. Due to the complexity of this 
geometry, a multiblock structured mesh was not a reasonable approach. Instead, a hybrid 
mesh technique was used, which is based on the ICEM Multizone method. The basis of this 
technique is explained in Figure 16-12 to Figure 16-15 for a simple reference wing. This first 
requires creating a surface blocking automatically from the geometry. Then, the nodes of 
these surface blocks are adjusted until obtaining the desired surface mesh. Afterwards, an 
O-grid block (3D block) is automatically created around the surface blocking. The cells inside 
these 3D blocks are structured, which means that the surface cells have been extruded 
normal to the surface, thereby generating the boundary layer cells. Then, an extra block is 
created downstream of the wing and linked to the existing O-grid block. This is the so-called 
wake block that will provide a proper refinement of the wake region. Finally, an automatic 3D 
mesh (Delaunay) is created around the existing blocks in order to fill the remaining volume 
with tetrahedral.  



A.4 Multifan 
 

  319 

 
Figure 16-12: automatic surface blocking (left) and related surface mesh (right) 

 

 
Figure 16-13: O-grid block around body (left) and boundary layer mesh (right) 

 

 
Figure 16-14: wake block added (left) and boundary layer+wake mesh (right) 

 

 
Figure 16-15: tetra filling (Delaunay) around the O-grid and wake blocks 
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Figure 16-16 shows the application of this meshing technique for the Multifan geometry, 
where the complexity of the wake blocking is easily observed. This meshing procedure 
turned out to be far simpler and faster than performing a pure classical multiblock approach 
for this geometry.  

 
Figure 16-16: Multizone mesh for the Multifan configuration 

 
Finally, the solver settings for the Multifan case are identical to the mentioned for the case of 
the airfoil. The only aspect that changes are the boundary conditions (i.e., inlet velocity). 
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Appendix B  
 
Epsilon: Open Source Aerodynamic 
Analysis Tool 
 
This appendix presents the open source code called “Epsilon”. It is a tool suited for the 
aerodynamic analysis of CFD and wind tunnel data by using the exergy method. Other 
methods are also provided (near-field, far-field, and Lamb vector). The architecture of the 
code is presented as well as a qualitative description of the analysis capabilities provided by 
the tool. Also, an accuracy assessment of the exergy analysis is performed. 
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B.1 Introduction 

An open-source posttreatment tool for exergy analysis of CFD and wind tunnel data was 
released to the public domain in the framework of the 3AF Aerospace Europe Conference 
2020 [14]. It has the intention of promoting the utilization of the exergy method by academics, 
research and industry sectors. The main target is to provide to the aerodynamicists a 
powerful analysis tool for performance assessment suited for any domain: aeronautics, 
automotive, defense and so forth. 

B.2 Epsilon 

Epsilon is an open source aerodynamic analysis tool suited for CFD and experimental data. 
It allows the user to perform an aerodynamic analysis by using the exergy method as well as 
the classical methods (near field, far-field and Lamb vector). 
 
Epsilon is a set of plugins for Paraview created to provide an easy to use tool for the post 
processing of 2D and 3D data as shown below. The code was developed at ISAE for 
research purposes and now is released to the public under GNU GPL V3 license. It can be 
downloaded from this internet site: 
 

https://Epsilon-Exergy.isae-supaero.fr 
 
The site also contains plenty of related information like the user manual, tutorials or open 
data. 
 

 
Figure 16-17 : Performing an aerodynamic analysis of CFD or experimental data with Epsilon 

B.2.1 Capabilities 

Since Epsilon was conceived as an aerodynamic analysis tool, it includes the classical 
aerodynamic parameters used for performance assessment (like total pressure loss). On the 
top of that, the main four aerodynamic analysis methods are provided: near-field, far-field, 
Lamb vector and Exergy.  
 

B.2.2 Architecture 

Epsilon is basically a set of plugins for Paraview. Paraview has been selected as a platform 
because it is open source, user-friendly and widely used by the CFD community [211], [212]. 
The plugins allows Paraview to execute several Python files that calculates the aerodynamic 
parameters.  
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The user simply has to load its CFD/experimental data into Paraview and to execute Epsilon 
Aero Data (The main Epsilon plugin). Then, he is ready to perform an aerodynamic analysis 
as depicted in Figure 16-18 and Figure 16-19. 

 
Figure 16-18 : Interface of Paraview/Epsilon 

 
Figure 16-19 : Architecture of Epsilon 

Epsilon Aero Data provides all the variables associated to different aerodynamic analysis 
methods which can be easily visualized and integrated with the native Paraview tools. In 
some cases, the user may want to perform deeper analyses that require using tools not 
available in Paraview by default. That is why Epsilon provides some ready-to-use analysis 
tools (e.g., automatic integration methods). 

B.2.3 Analysis tools 

The most typical aerodynamic analysis is to plot the distribution of a certain parameter along 
the chord or span of a body, as shown qualitatively in Figure 16-20 for the spanwise lift 
distribution. Since lift, drag and exergy are integral quantities, this kind of plot requires first 
performing a plane integral at several stations and then to plot the integrated values along 
the desired axis. This is achieved by the automatic integration tool provided by Epsilon. In 
order to do that, a survey plane is created and the desired positions of the plane are defined 
as shown in Figure 16-21-left for a 3D case (the same applies for a 2D case). Then, the tool 

CFD/experimental DATA

Epsilon Aero Data

Data visualization 
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Automatic Integration   
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Complementary methods

Output messages 
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performs an automatic integration at each position and hence the output can be plotted along 
the sweeping direction as shown qualitatively in Figure 16-21-right. 

On the other hand, the same integration concept can be further extended for the case of 3D 
data. In those cases a line can be used instead of a plane for the integral. This allows the 
integration of the 3D volume data into a plane as shown in Figure 16-22, where each point of 
the plane represents the local integral of the 3D domain in a direction normal to the plane. 
This kind of mapping is very useful for the analysis of complex configurations. 

 
Figure 16-20 : Example of lift distribution 

  
Figure 16-21 : Survey plane and plane positions (left) and distribution of profile drag (right) 

 
Figure 16-22 : Integration of 3D data into a plane 
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Another tool provided by Epsilon is a Poisson equation solver. This tool is required for the 
Maskell method in order to calculate the induced drag. This tool solves the Poisson equation 
starting from the axial vorticity field and gives the related stream function  

B.2.4 Data formats 

Several commercial CFD solvers are supported by Epsilon by default. CFD data from other 
solvers can be easily read by writing a small Python script. Moreover, experimental data can 
also be analyzed with Epsilon: PIV (2D2C, stereo and 3D) as well as directional probes (five-
hole probe and seven-hole probe). An example of this is shown in Figure 16-23 (PIV data by 
courtesy of Y. Bury).  The gray region is the PIV measurement area and the black line 
represents the contour of the body. 
 

 
Figure 16-23 : Axial exergy field from the stereo PIV wake measurement of an aircraft 

afterbody [213] 

B.2.5 Future developments  

Epsilon was originally intended for the analysis of external aerodynamic cases. However, 
since the code is under continuous development, new features will be available soon. The 
software has been tested on steady-state adiabatic unpowered external aerodynamic cases. 
Future work intends to extend its capabilities to cover unsteady flow, heat transfer and 
powered cases (e.g., aircraft engine integration). Also, turbomachinery applications are no 
currently explicitly supported but this will be available soon (still under development). 
However, it is reminded that Epsilon is a flexible platform allowing the user to easily 
implement his own equations. 

B.3 Accuracy assessment 

Since Epsilon is a posttreatment software, the only way to assess its performance is by 
comparting the near-field drag values from Fluent to the far-field and exergy-based drag 
values from Epsilon. If a good agreement between near-field and far-field/exergy values is 
found, it means that: 

• The mesh is properly refined along the wake. 
• The posttreatment provided by Epsilon is good. 
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B.3.1 Drag coefficient comparison 

Far-field and exergy drag coefficient values are extracted by using a survey line as shown in 
Figure 16-24 for the 2D case of a NACA 0012 airfoil (For the far-field method, the survey line 
only covers the wake region). 

 
Figure 16-24 : Survey line and field of exergy-based drag density for M=0.3 and α=10° 

Table 16-1 shows the far-field and exergy drag values extracted with Epsilon at 1 chord 
downstream of the airfoil. These values are compared against the near-field drag coefficient 
extracted from Fluent. A good agreement is observed as expected, because those methods 
are supposed to analyze the same physics from different points of view. 
 

M / α [°] Near-field Far-field Exergy 

0.3/0° 91.5 91.68 91.75 
0.75/0° 86.39 86.18 86.47 

0.8/0° 158.7 158.7 158.94 

0.3/10° 153.55 149.82 152.5 

0.75/3° 302.19 301.69 302.27 

0.8/2.5° 388.11 387.8 388.34 
Table 16-1 : Profile drag coefficient [drag counts] for the 2D airfoil 

The differences among these methods are related to several reasons. On one hand, there 
are the assumptions required for each method. In this regard, the Meheut’s far-field method 
is the most compromised as it relies on the small perturbations theory (whose effect is 
noticeable in the case M=0.3/α=10°, where it shows a difference of almost 4dc respect the 
near-field value). On the other hand, there are numerical issues playing a major role, like the 
wake refinement discussed before.  
 
A way to assess the quality of the wake refinement is by sweeping the survey plane position 
downstream of the body and by comparing the drag coefficients at all positions. This is 
shown in Figure 16-25 for the M=0.3/α=0° case, where the x-axis has the origin at the 
leading edge, hence x/C=1 is the trailing edge position. A very good correlation is observed 
for all the methods at any plane position, even at large distances from the body. The drop of 
the predicted drag coefficient for the Meheut’s method when the survey plane is very close to 
the body is a typical drawback of the far-field methods, which is not present in the exergy 
method. 
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Figure 16-25 : Profile drag at several survey plane positions (M=0.3 and α=0°) 

For the 3D case of a rectangular wing, the drag values are shown in Table 3 where a good 
correlation is observed. 
 

M / α[°] Near-field Far-field Exergy 

0.3/0° 94.52 94.31 95.38 

0.75/0° 93.26 93.47 94.13 

0.8/0° 135.72 137.1 136.79 

0.3/10° 420.4 431.98 422.14 

0.75/3° 209.92 211.57 211.13 

0.8/2.5° 288 287.31 289.95 
Table 16-2 : Wing’s total drag coefficient [drag counts] (survey plane at 1 chord downstream) 

B.3.2 Exergy breakdown comparison 

A deeper verification of the posttreatment from Epsilon is proposed by comparing our results 
against reference data of the bibliography [9]. The same test case (2D airfoil at M=0.3/α=0°) 
will be used to compare the Fluent/Epsilon results against the elsA/ffx results (taken here as 
the reference value). The related distribution of exergy and anergy components downstream 
of the airfoil are plotted in Figure 16-26, where a very good correlation is observed. 
 

 
Figure 16-26 : Exergy (left) and anergy (right) distributions (airfoil M=0.3/α=0°) 

Table 16-3 shows the actual values of these components for a survey plane placed at one 
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chord downstream of the airfoil. The small differences found can be attributed to the fact that 
the CFD data is not the exactly the same (there are always small differences among different 
solvers even if the same mesh is used). 
 
 

Data       
elsA 
ffx 

4.1 0.17 1.06 84.95 86.01 90.28 

Fluent 
Epsilon 

4.08 0.17 1.25 85.48 87.5 91.75 

Table 16-3 : exergy parameters [drag counts] at M=0.3/α=0°, survey plane at 1 chord 
downstream 
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Appendix C  
 
Preliminary WTT aspects 
 
This chapter details a series of preliminary tests made before the start of the wind tunnel 
campaign. The main objective was to test the instrumentation, define its optimal parameters 
and to solve some related issues. 
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C.1 Balance-related aspects 

C.1.1 Mounting the models 

The moment created by the model weight is at the limit of the moment envelope of the 
balance. This is true for the nacelle since its metal construction makes it quite heavy and the 
weight related moment falls just outside the balance envelope. The wing is a lighter structure 
but its center of gravity is at a larger distance from the balance, however, the related weight 
moment is large but not as critical as the case of the nacelle. Here it is worth mentioning that 
the aerodynamic loads compensates the weight moment, so the balance will operate far from 
the envelope limits. Nevertheless, the problem arises when the models must be mounted on 
the balance, since one may inadvertently exceed the limit loads during the assembly. 

In order to avoid breaking the balance during the model mounting phase, a special protocol 
was developed. The model was firstly mounted on a soft foam block, which in turn is 
mounted on an elevation plate as shown in Figure 16-27. The elevation plate was used to 
vertically align the model with balance axis; the model was then pushed along the balance 
axis until reaching its assembly location. Finally, the assembly bolts were adjusted by closely 
surveying the balance loads in order to avoid exceeding the balance limits.  
 

  
Figure 16-27: elevation plate and foam used for mounting the model on the balance 

During the initial preliminary tests, a hard foam was used but it was quickly found that the 
rigidity of the foam does not provide enough movement freedom to the model which is 
required to properly insert the mounting block into the balance. This high rigidity led to 
unexpected high loads which prevented a successful assembly. By replacing the rigid foam 
by a soft one, it was far easier to insert the model without overloading the balance. 
 

C.1.2 Wing transition strip 

The wind tunnel model must have a fully turbulent boundary layer. This requirement was 
achieved by using linear transition strips of 0.1mm thickness placed at 10mm from the wing 
leading edge. The only question during the preliminary tests was to establish the amount of 
strip layers required to properly transition the boundary layer. This was easily solved thanks 
to the proper NACA 0012 low-Reynolds behavior, since it creates a strong aerodynamic 
noise at low angle-of-attack when the boundary layer is laminar. This noise is accompanied 
by a characteristic peak in the force spectrum measured by the balance. Hence, the 
spectrum (and the noise) was used as a tool to establish if the boundary layer achieved a 
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proper transition. A sweep in angle of attack and in speed was used to guarantee that no 
peak was visible in the spectrum under the test condition of 20m/s from 0°<α<10°. This was 
achieved with three layer of transition strip for the case of the wing. The related spectrum for 
several speeds is shown in Figure 16-28. 

 

 

 
Figure 16-28: force balance spectrum for the isolated wind at α=4° 

C.1.3 Nacelle wiring 

Measuring the forces acting upon the nacelle with the balance is not a straightforward task 
since the EDF wiring can disturb the balance force measurements. This can be best 
observed in Figure 16-29, where the angle of attack was varied under wind-off conditions 
back and forth from -2° to 11° in order to get the “up” and “down” curves. It was expected that 
the forces measured by the balance along its balance axes follows a linear and parabolic 
behaviors. Nevertheless, these curves present distortions in the lower range of the angle of 
attack. Moreover, there is a noticeable hysteresis in the Fy curve (vertical load). 
 

 
Figure 16-29: initial nacelle gravitational forces (V=0m/s) 

It was quickly found that the problem was not the rigidity of the wiring itself, but the contact of 
the wiring at two points, the diverter plate and the wall (Figure 16-30). The solution was to 
pre-deform the wiring in an “s”-like shape as shown in Figure 16-31 which avoided the 
contact with both, the diverter wall and the outer tunnel wall. The result is show in Figure 

V=10m/s V=12m/s 

V=14m/s V=16m/s 

V=18m/s V=20m/s 
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16-32 where the non-linearity related with the wiring contacts has been eliminated. The 
hysteresis in vertical for Fy could not be reduced and it is attributed to the friction between 
the multiple silicon wires. It was then decided to perform all the balance runs with an 
increasing angle of attack to circumvent this issue. 
 

   
Figure 16-30: wiring detail (left), contact with diverter (center) and with the outer wall (right) 

 

   
Figure 16-31: deformed wiring (left), detail of the passage between the diverter and the 

tunnel wall (center) and close up of the wiring and the diverter (right) 
 

 
Figure 16-32: final nacelle gravitational forces (V=0m/s) 

Contact with diverter Contact with 
tunnel wall 

2mm gap 
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C.2 PIV calibration 

C.2.1 Calibration procedure 

The camera calibration procedure consists firstly to place the target at the desired position 
and then to align both cameras in such a way that the target is fully fitted in the camera 
image. Then the Scheimpflug and focal lens are adjusted in a trial-and-error procedure in 
order to obtain the sharpest possible image. This is shown in Figure 16-33. Once obtained a 
first sharp image of the target, several other images are taken with the target slightly rotated 
in order to get a set of about 10 images, which are required to compute the pinhole 
calibration coefficients with a small error. This concludes the camera calibration stage itself. 
 

  
Figure 16-33: camera pointing at the target (left) and image acquired by camera (right) 

At the same time, before rotating the target, the laser sheet must be properly aligned with the 
target plane. This is achieved in a trial-and-error approach, by changing the position of the 
laser source and the orientation of the laser plane in order to illuminate all the target dots as 
shown in Figure 16-34. Once the camera calibration and laser alignment stages are 
completed, the preliminary measurement phase can start in order to find and solve some 
possible problems. If no problems are found, the PIV campaign can be carried out. 
 

  
Figure 16-34: alignment of laser with target (left) and laser impinging on target (right) 
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C.2.2 Problems encountered 

C.2.2.1 Calibration bias 

 
The first 2D3C PIV calibration was made by using an asymmetric camera configuration, with 
lenses of different focal distance on each camera. This created a velocity bias as observed in 
Figure 16-35. In fact, this test was carried out with an upstream speed of 20m/s whereas the 
axial velocity field measured at the survey plane station is close to 18m/s (it should be close 
to 20m/s). Also, the lateral velocity should be close to 0m/s but there is a clear constant 
sidewash of about 2m/s towards the right on the entire measurement plane. Both effects are 
linked and created by a calibration bias introduced by the asymmetrical optical configuration. 
This was easily solved by using identical focal lenses on both cameras (the mean Vx field 
shifted back to 20m/s and the Vy field sifted back to 0m/s as expected). 
 

 
Figure 16-35: axial- (left) and lateral (right) velocity components for the wing at α=2° and 

V0=20m/s 

C.2.2.2 Laser beams misalignment 

The same preliminary run has put into evidence another issue related to the PIV equipment. 
As shown in Figure 16-36-left, the axial velocity field presents a strong noise at the lower part 
of the measurement region. This noise is better visible by plotting its related standard 
deviation (for 2000 image-pair samples) as shown in Figure 16-36-right. It is clear that this 
noise is not of physical origin since the main flow fluctuations are expected to come from the 
model wake and not from the free flow.  

The origin of the problem turned out to be related to the laser source. In fact, this double-
pulse laser source has two-different laser units inside of it. The beams of both lasers are 
aligned at the exit of the laser by using an optical set. These “coaxial beams” are then used 
to create the laser sheet that illuminates the measurement area. However, the alignment of 
the beams (and its related laser sheets) is not always perfect as sketched in Figure 16-37-
left. Indeed, this is desired feature: having a very slight shift between both laser sheets 
avoids losing particles between the image pairs, which increases the cross-correlation factor 
during the image posttreatment (a desired feature). This required misalignment is a function 
of the airflow velocity (higher separation for higher speeds). The misalignment however is not 
perfect throughout the entire measurement region because the laser sheets are diverging 
with a very small angle. This explains why the standard deviation field of Figure 16-36-right is 
good at the upper part of the image whereas it gives wrong values at the lower part. This 



C.3 5HP preliminary testing 
 

  335 

issue was easily solved by reducing the angle between both laser sources as shown in 
Figure 16-37-right. 
 

 
Figure 16-36: axial velocity (left) and its standard deviation (right) (wing/α=10°/V0=20m/s) 

 

 
Figure 16-37: misalignment of the laser sources (left) and correct velocity field after 

realignment (right) 

C.3 5HP preliminary testing 

C.3.1 Reducing the response time 

The probe as well as the 5HP pressure transducers were mounted on the vertical axis of the 
traverser in order minimize the length of the pressure tubing. Originally, a 2.5m length tube 
was used and the response time was of 3.5 seconds. Then, by reducing the tube length by 
1.2m, the response time was decreased to 1.5 seconds (this was the final setup). 

C.3.2 Defining the acquisition time 

Up to this point, the system time response has been reduced to its minimum value. Also, by 
using the optimized survey path from PIV data, the amount of survey points is also 
minimized. The remaining stage of the optimization process is to find the best setting for the 
hold-and-measure process. There are two parameters involved: the hold time and the 
acquisition time. 
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In order to optimize those parameters several survey lines across the wake of wing at its half- 
semispan were taken at α=0°, x/C=0.5 and V0=20m/s. all these survey lines had 55 points 
across the wake and in all cases the local profile drag value was extracted. Firstly a survey 
line with a hold time of 2 second and an acquisition time of 5 seconds was used as a 
baseline of maximum data quality. The related local drag coefficient was 136 drag counts. 
Then the hold time was gradually reduced until reaching the response time of the pneumatic 
system (1second). This is the minimum hold time acceptable. Finally, the acquisition time 
was reduced up to 0.5seconds without losing accuracy in the measured drag value (136.6 
drag counts vs the 136 drag counts of the reference setup). Hence, the final parameters 
used for the 5HP campaign are:  

• Acquisition time = 0.5 seconds 
• Hold time = 1 second 

C.4 Instrument interference 

The angle of attack sensor was mounted on the model support arm, which is relatively close 
to the nacelle wiring. This lead to an electronic interference issue under power-on conditions: 
for a given fixed angle of attack, the measured angle increases with the fans RPM. This 
electromagnetic coupling was easily solved by attaching both units (the inclinometer and the 
EDF power source) to the same common electric ground connection.  

C.5 Empty tunnel characterization 

By inserting the wall boundary layer diverter in the test section, the entire chamber flow 
quality has changed. In particular, the preliminary CFD calculations indicated the presence of 
a slight transverse velocity gradient. In order to verify this finding, both, PIV and 5HP 
measurements were carried out with the empty test section at the four tested axial 
longitudinal stations. Since both measurements provide the same conclusions, only 5HP 
results are shown here. 

The empty test section and the measured region by 5HP are shown in Figure 16-38. Only the 
region around the expected model wake was explored but this was enough to capture the 
predicted lateral gradient of the axial velocity. The measured velocity field at several 
longitudinal stations is shown in Figure 16-39. The gradient in all cases is small, less 0.5m/s 
per meter in width, and increases towards the upstream part of the test section, where 
precisely lies the diverter leading edge (which is at the origin of the pressure perturbations). 
 

 
Figure 16-38: empty test section (left) and its 5HP survey region at x/C=0.15 (right) 
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Figure 16-39: axial velocity at different longitudinal survey stations 
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English/French Resume 
 

Exergy analysis of innovative aircraft with aero-propulsive coupling 
 
This work presents the development of a wake-reduced exergy formulation suited for the 
aerodynamic analysis of close-coupled aero-propulsive aircraft configurations. It is based on 
the original work from Arntz (Exergy formulation requiring an infinite survey plane), combined 
with several far-field methods in order to reduce the computation region to the wake. The 
interest behind the wake reduction is twofold: on one hand, it allows an experimental 
verification of the aero-propulsive assessment by the exergy method. One the other hand, 
and even more important, this wake-reduction procedure provides a powerful insight into the 
physics and allows performing a breakdown of all the loss-generating mechanisms. This 
deeper breakdown enables a more comprehensive bookkeeping of the aero-propulsive 
phenomena involved in complex cases, which is key for design purposes.  

The second part of the PhD work aimed to gather experimental data (wind tunnel testing) of 
a highly-coupled aero-propulsive configuration: the Multifan aircraft. A simplified model was 
tested and its wake was measured by PIV and 5HP, along with balance data. Then, an 
experimental verification of the new wake-reduced formulation was carried out. Finally, the 
experimental data was exploited to build an aero-propulsive model of this complex 
configuration by using classical aerodynamic analysis. Then, this model was re-analyzed by 
using the new wake-reduced exergy formulation, revealing additional key information that 
couldn’t be obtained by other means, thereby showing the power of the method.  
 

Keywords: exergy, aerodynamics, propulsion, aircraft, lift, drag, CFD, wind tunnel 
 

Analyse exergétique des configurations avion innovante ayant couplage 
aero-propulsif 

 
Ce travail présent le développement d’une formulation exergétique réduite au sillage, 
adaptée à l’analyse aérodynamique de configurations ayant un fort couplage aéro-propulsif. 
Cette formulation est basée sur le travail d’Arntz (formulation exergétique utilisant un plan de 
sondage de taille infinie) et combinée avec des méthodes classiques de champ lointain afin 
de réduire la zone d’étude au sillage. L’intérêt de cette réduction de la zone d’étude est 
double : d’un part, cela autorise une validation expérimentale de l’étude aéro-propulsif. 
D’autre part, cette réduction au sillage offre une compréhension très puissante de la 
physique et permet aussi de décomposer tous les mécanismes de génération de pertes 
aérodynamique. Ainsi, cette décomposition permet d’établir une comptabilité des 
phénomènes aéro-propulsifs pour des configurations avion complexes, ayant un fort 
couplage, ce qui est très outil pour le design d’un avion. 

La deuxième partie de la thèse vise à récolter des donnés expérimentaux (essais en 
soufflerie) d’une configuration avion type multifan, ayant un très fort couplage aéro-propulsif. 
Une maquette simplifiée de cet avion a été testée, tout en réalisant des mesures de sillage 
par PIV et sonde cinq trous, ainsi que des mesures de balance. Cette base de données a été 
utilisée pour valider expérimentalement la nouvelle formulation exergétique. Aussi, elle a été 
utilisé pour établir une modèle aéro-propulsif en utilisant une analyse aérodynamique 
classique, suivi d’une analyse exergétique complémentaire qui a fourni information de design 
très outil et qu’aucune méthode existante permet de le faire. 

Mots clé : exérgie, aérodynamique, propulsion, avion, portance, traînée, CFD, soufflerie 




