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ABSTRACT

This work evaluates the far-field exergy balance method
in the context of industrial aerodynamic and aerothermal
applications pertinent to prospective aircraft architectures
and technologies. The utilization of the exergy balance
method facilitates the breakdown of aircraft performance
into distinct physical features and properties inherent in
the aerodynamic flow. The investigation focuses on open
fan and heat exchanger configurations, representative of
components integral to potential future propulsive sys-
tems. The findings contribute to a deeper understanding
of the intricacies associated with the interaction between
aerodynamic components and thermal processes, thereby
informing the design and optimization of future aircraft
propulsion systems.

1. INTRODUCTION

The need for improving numerical modelling techniques
has arisen with the goal towards finding impactful solu-
tions that can help deliver sustainable aircraft and, ulti-
mately, climate-neutral aviation. While novel future air-
craft architectures and technologies are promising, they
require investment in the development of new tools to ac-
curately model the highly challenging and complex aero-
dynamic and aerothermal physics associated with them.
A notable example is the prediction of aircraft drag,
where the limitations of current methodologies are under-
scored by the work of Drela [1]. This research highlights
the existing constraints in predicting the drag associated
with potential future aircraft architectures and technolo-
gies through the application of traditional far-field drag
breakdown methods.

The exergy balance method, originally proposed for
the analysis of aerodynamic flows by Arntz et al. [2, 3],
constitutes a new approach to assess the aeropropulsive
and aerothermal performance of aircraft or aircraft com-
ponents, and connect this performance to physical fea-
tures and properties of the aerodynamic flow. The FFX
(Far-Field Exergy) software, developed at ONERA, im-
plements this approach for analyzing results of CFD sim-
ulations through integrals in the flowfield volume [4].
This method provides a novel approach to the assessment
of aircraft performance, alternative to the classical con-
cepts of drag and thrust. It is of particular interest when
drag and thrust cannot be easily separated, for instance
when the propulsion system and the airframe are in close
interaction, or when aerothermal effects play a significant
role.

The research project IDEFFIX, conducted from 2020
to 2023 and supported by the French Directorate Gen-
eral for Civil Aviation (DGAC), was aimed at develop-
ing this tool in order to provide new capabilities for de-
signing future aircraft architectures and engines technolo-
gies [5]. As a contribution to this project, Airbus has
applied FFX to several industrially-relevant aerodynamic
and aerothermal cases. The present paper summarizes
the results of a part of these applications and their main
conclusions, focusing on two types of configurations: (1)
open fan engines and (2) heat exchangers.

The remainder of the paper is structured as follows:
Sec. 2 introduces the far-field exergy method, Sec. 3 & 4
respectively discuss the aerodynamic and aerothermal ap-
plications studied, and Sec. 5 summarizes the key conclu-
sions from this work.
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2. EXERGY ANALYSIS

2.1 Exergy Definition
Exergy is defined as the maximum amount of work that
can be extracted from a system as it is brought into equi-
librium with a reservoir (in this case corresponding to its
thermodynamic dead state) through reversible processes.
It can be thought of as a measure of the usefulness or
quality of energy. While assuming a perfect gas and ne-
glecting gravitational potential energy, exergy χ can be
expressed as:

χ ≜ δe+ p∞δ

(
1
ρ

)
−T∞δ s+

1
2
(V−V∞)

2 (1)

where ρ is static density, e is specific internal energy,
T is static temperature, p is static pressure and s is spe-
cific entropy. In addition, δ (•) = (•)− (•)

∞
is the per-

turbation of a quantity with respect to the reference state
(denoted by the subscript ∞). Eq. (1) corresponds to a
recently-proposed corrected adaptation of the exergy def-
inition for aerodynamic flows [6], in particular consider-
ing a dead state that is in motion at a velocity V∞ ̸= 0.

2.2 Exergy Balance Formulation
This work evaluates the aerodynamic performance of air-
craft using flow solutions obtained computationally us-
ing the Reynolds-averaged Navier-Stokes (RANS) equa-
tions. Over the last decades, ONERA has been working
on the development of specialized methods for the ac-
curate performance evaluation of aircraft configurations
based on far-field drag analysis [7, 8, 9]. In this context,
although originally oriented towards very innovative con-
figurations, a balance of exergy for the analysis of aero-
dynamic flows was more recently introduced by Artnz et
al. [2, 3]. This work has since been investigated on dif-
ferent aspects, for example concerning the analysis of ex-
perimental data [10]. More recently, the exergy balance
formulation has been extended to the analysis of rotat-
ing flows [4] and turbomachinery applications in particu-
lar [11, 12].

In the present work, the far-field exergy balance
method introduced by Berhouni et al. [11, 6] has been
utilized for evaluating flow solutions. This specific ex-
ergy balance formulation is suitable for a wide spectrum
of aerodynamics or aerothermal applications, and espe-
cially for the evaluation of rotating bodies such as pro-
pellers. An illustration of the exergy balance for a generic
open fan configuration is displayed in Fig. 1.

The formulation is obtained by expressing a balance of
exergy in a control volume of fluid surrounding an air-
craft in motion. The upstream and lateral boundaries of
this volume may extend far from the aircraft, whereas its
downstream limit is a transverse plane, the x-coordinate

of which is noted xtp. This system is thermodynamically
open, as it exchanges mass, work and heat with its sur-
roundings, across its boundaries. For the sake of brevity,
the following presentation of the formulation will be lim-
ited to its compact form. The complete expressions of the
different terms of the formulations can be found in [11].
As such, the compact form of the exergy balance can be
written as:

Ẋr + Ẋt f = Ẋtr + Ẋm + Ẋth + Ȧφ + Ȧ∇T + Ȧw (2)

With respect to [11], unsteady terms in the above equa-
tion have been omitted because this paper is focused on
the analysis of steady flow solutions. Wall boundaries are
considered adiabatic, whereas the heat flux and the rate of
work of viscous forces on the volumes have been found
to have a negligible contribution to the overall balance in
practice.

The left hand side of the exergy balance described in
Eq. (2) represents the inflow of exergy into the system.
The term Ẋr is the flux of mechanical exergy that is trans-
ferred to the fluid through rotating wall boundaries and is
equal to the rotor shaft power. Then, Ẋt f is the inflow of
exergy introduced by the throughflow boundaries on the
aircraft. These are commonly source terms or permeable
boundary conditions modeling the propulsion system in-
terfaces.

The right hand side of the exergy balance described
in Eq. (2) generally represents the use, outflow, or irre-
versible loss of exergy from the control volume. First of
all, the term Ẋtr is the part of the provided exergy flux that
is converted to effective thrust (overall axial streamwise
force) for a configuration translating at a velocity V∞.

The term Ẋm denotes the overall mechanical exergy
outflow from the control volume and can be further de-
composed into three separate useful terms:

Ẋm = Ėu + Ėvw + Ėp (3)

where, Ėu is the axial kinetic perturbation energy outflow
in the streamwise direction and may be associated with
the wake or the jet of the propulsion system. Ėvw is then
the corresponding transverse kinetic perturbation energy
outflow and is commonly associated with vortical flow
structures, whereas Ėp is finally the contribution of the
rate of work of surface forces related to the aforemen-
tioned kinetic energy perturbations.

The term Ẋth describes the thermocompressible exergy
outflow. It can also be referred to as the static exergy out-
flow, as it corresponds to the static part of the exergy def-
inition of Eq. (1). The decomposition of this term using
the exergy definition itself, although straightforward, is
often impractical. This is due to the fact that significant
reversible exchanges may occur between the compress-
ible contributions to this term and Ẋm. In order to resolve
this shortcoming, this term is decomposed using a partic-
ular approach described in [13, 11]. This is based on fix-
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Figure 1: Schematic illustration of the exergy balance for a generic open fan configuration.

ing a specific ideal path for the recovery of exergy, based
on an isentropic expansion and a reversible isobaric heat
exchange. As such, Ẋth is decomposed as:

Ẋth = Ẋthse + Ẋthδ s (4)

with Ẋthse corresponding to the compressible contribu-
tion to Ẋth and Ẋthδ s corresponding to the purely ther-
mal one. Using Eqs. (3)-(4), we can express an overall
mechanically-recoverable exergy flux (e.g. by a turbine)
as Ẋmr = Ẋm + Ẋthse. On the other hand, Ẋthδ s repre-
sents the remainder of the overall exergy flux which is
only thermally-recoverable by a heat engine (a Carnot
machine in the ideal case).

The last three terms in Eq. (2) represent the total rate of
exergy dissipation, or equivalently anergy generation, by
irreversible processes. Its three components Ȧφ , Ȧ∇T and
Ȧw are respectively the anergy generation due to viscous
effects, due to thermal mixing and due to the presence of
shockwaves.

Overall, the balance of Eq. (2) expresses that not all
of the exergy provided to the flow by the rotor (Ẋr) or
the propulsion system interfaces (Ẋt f ) is converted into
effective thrust (Ẋtr). This is because one portion of it
is irreversibly dissipated (Ȧφ + Ȧ∇T + Ȧw), whereas an-
other exits the control volume in the form of mechanical
or thermocompressible exergy outflow (Ẋm + Ẋth). The
latter portion is recoverable and can thus theoretically be
converted to useful work by a turbine, stator or a wake-
recovery device. In the absence of such a device how-
ever, this portion will be dissipated by irreversible effects
downstream (i.e. a reduction of Ẋm, Ẋth and an increase
of Ȧφ , Ȧ∇T , Ȧw). In other words, this balance formu-
lation provides a decomposition of the provided exergy
which is not converted into effective thrust. Through this
decomposition, it provides a quantification of the impact
of the aforementioned individual physical phenomena on
the overall aircraft performance.

In practice, steady flow solutions involving rotating

components such as propellers are often computed in a
rotating frame of reference (e.g. attached to the blades).
In these cases, the control volume follows the rotation
of the fluid volume and thus appears fixed in this frame
of reference. All terms in the balance equations are pro-
jected in the rotating reference frame, but it should be
noted that for a zero entrainment velocity the above bal-
ance is simplified to its inertial-frame counterpart. This
is an important attribute which allows the uniform treat-
ment of rotating and fixed components. Last, single-blade
channel computations may correspond to sectors of a dif-
ferent azimuthal size across mixing plane boundary con-
ditions. For such cases, the exergy balance corresponds
to the complete 360◦ configuration in order to ensure that
it is consistent across the mixing plane interface.

In the following results, terms of the exergy bal-
ance will be expressed in non-dimensional coefficients
C(•) = (•)/(0.5ρ∞V 3

∞Sre f ), with their values given in
power counts (10−4).

The exergy-balance-based analyses of the present pa-
per have been carried out using the FFX far-field ex-
ergy analysis software developed at ONERA. This soft-
ware is closely coupled with the ONERA Cassiopée pre-
/post-processing library [14] and has been applied to a
variety of academic and complex cases over the recent
years (Ref. [11] and references therein). FFX can ac-
curately analyse finite-volume CFD solutions on struc-
tured, unstructured or overset (Chimera) grids, with the
solution computed at cell centers or at vertices. In the
present work, it has been used for the analysis of solu-
tions computed by two different CFD solvers used at Air-
bus (elsA [15] and CODA [16]).

3. AERODYNAMIC APPLICATION

The Open Fan concept is a single-stage, unducted en-
gine architecture, enabling much larger fan diameters and
bypass ratios than classical turbofans. The associated
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gains in propulsive efficiency make this type of engine
a promising candidate for powering a next generation of
passenger aircraft.

The distinctive characteristics of the Open Fan archi-
tecture involve a rotating array of blades, referred to
as the “rotor”, responsible for a substantial portion of
the thrust generation. Additionally, a stationary array of
blades, denoted as the “stator”, is incorporated to recover
the swirl induced by the rotor, thereby contributing to the
generation of supplementary thrust.

3.1 Configuration

In the frame of the INPRO research project, Safran has
designed aerodynamic shapes for a model Open Fan,
which were shared with ONERA and Airbus as a basis
for common research activities. CFD computations have
been conducted on these shapes and post-processed us-
ing FFX. The specific configuration under investigation
involved an isolated engine devoid of any pylon or air-
craft. An Open Fan configuration representative of the
one studied in this work is shown in Fig. 2. The ob-
jectives were twofold: (1) leverage the exergy analysis
provided by FFX to gain a more profound understanding
of the characteristics of the aerodynamic flow around an
open fan configuration and quantify their influence on the
overall performance, as well as (2) evaluate the capability
of various rotor and stator blade modelling approaches to
predict the overall propulsive performance of the engine.

Figure 2: Image of the RISE open fan configuration simi-
lar to the geometry assessed in this work. Image courtesy
of CFM International.

3.2 Modelling

The isolated engine was simulated using three differ-
ent CFD approaches. All three methodologies employed
steady RANS computations; however, varying degrees of
modeling fidelity were employed to characterize the rotor
and stator blades.

• Mixing plane: In this method, the three-
dimensional geometry of the rotor and stator blades
is physically represented in the simulation. How-
ever, only one blade from each row is represented,
utilizing periodic boundary conditions to relax the
computational mesh. This method is considered as
the “single-passage” approach. The rotor is com-
puted within a rotating frame of reference, the stator
in a fixed frame, and a “mixing-plane” boundary is
employed to azimuthally average flow variables, fa-
cilitating information exchange between the two and
allowing to perform steady-state CFD simulations in
both domains. The structured-grid solver of the elsA
CFD code [15], was used for mixing plane compu-
tations.

• Body Force Modelling (BFM): In this approach,
the three-dimensional geometry of the blades is not
represented. Instead, the impact of the open fan
propulsion on the flow is modeled through source
terms derived from the blade geometry, which are
then applied to the flow equations in the area swept
by blades [17]. BFM computations were conducted
using the new-generation CFD solver CODA [16].

• Virtual Blade Modelling (VBM): In this approach,
the influence of the blades is also represented
through source terms, computed from lift and drag
polars of the blade section airfoils, and applied
in one single layer of cells in the mesh [18].
VBM computations were performed using the new-
generation CFD solver CODA [16].

The mixing plane fully resolves the three-dimensional
blade geometry and is considered as the highest-fidelity
modelling approach among the ones mentioned above.
As a result, it is used as a reference to validate the
two alternative reduced-order model approaches based on
source terms.

3.3 Results

The evolution, along the flow direction axis, of the main
terms of the FFX exergy balance are displayed in Fig. 3.
This evolution highlights the main characteristics of the
flow around the open fan. The propulsive energy, CẊr, is
delivered to the flow by the rotor blades. However, not all
of this energy is converted to useful thrust shown as CẊtr.
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Figure 3: Streamwise evolution of the main terms of the
exergy balance for the open fan configuration using the
single-passage mixing plane modelling approach.

Part of CẊr is converted to anergy due to dissipative phe-
nomena near the blade walls, their wakes or within shock-
waves, CȦtot = CȦφ +CȦ∇T +CȦw whereas a signifi-
cant part of it is communicated to the flow as mechanical
or thermocompressible exergy CẊm and CẊth. The lat-
ter is of a lower magnitude downstream of the body, as
compressible effects associated to the body are of second
order of magnitude with respect to the other terms.

While crossing the stator, some additional anergy is
produced that further increases CȦtot . On the other hand,
the mechanical exergy of the flow, CẊm, decreases, and
is converted to used exergy, CẊtr. This reflects the fact
that the stator has recovered a significant portion of the
swirl generated by the rotor and converted it to thrust,
thus increasing the overall propulsive efficiency of the
open fan engine. Part of the variations of thermocom-
pressible exergy outflow CẊth appear to be opposite to
those of CẊm, which suggests that these variations may
be related to compressible effects.

Fig. 4 further details the analysis by splitting the me-
chanical exergy, CẊm, into its three components CĖu,
CĖvw and CĖp. It shows that the decrease of CẊm through
the stator is correlated to the decrease of CĖvw, the trans-
verse kinetic energy outflow. This confirms that the main
action of the stator is to recover the swirl of the flow.
Also, significant variations of CĖp are observed close to
the engine skin, with an overall opposite behaviour with
respect to CĖu, but they diminish further downstream
as pressure and velocity fluctuations diminish as well.
These variations are partially related to compressible re-
versible exchanges between mechanical and internal en-
ergy.

Fig. 5 shows the streamwise evolution of the main ex-

Figure 4: Decomposition of the mechanical exergy out-
flow term, CẊm, into the three energy outflow compo-
nents CĖu, CĖvw and CĖp for the open fan configura-
tion using the single passage mixing plane modelling ap-
proach.

ergy balance terms in the BFM and VBM results, which
can be compared to the mixing plane results from Fig. 3.
It can be observed that the qualitative evolution of all
terms is similar to the one from Fig. 3, meaning that all
main physical phenomena in the flow have been repre-
sented by both models. The main noticeable difference
is that the increase of overall anergy (CȦtot ) through the
rotor and stator blades is overestimated in the VBM re-
sults compared to the BFM and the mixing plane results,
suggesting that the loss model in the VBM could be im-
proved. The one in the BFM on the other hand provides
a better agreement with the reference single-passage ap-
proach.

Focusing again on the components of mechanical ex-
ergy, CẊm, Fig. 6 shows another discrepancy between the
computational approaches. The transverse kinetic exergy,
CĖvw, reduces to nearly zero downstream of the stator for
the VBM and BFM results. This indicates that the stator
effectively reduces the residual swirl CĖvw introduced by
the rotor, a reduction which is less significant for the case
of the mixing plane reference computation, as shown in
Fig. 4. The largest portion of this swirl reduction is con-
verted to effective thrust, depicted as an increase of CẊtr,
whereas the rest of the exergy flux is irreversibly dissi-
pated due to the stator blades (boundary layers, wakes
and eventually shockwaves). Efficient stator designs are
expected to maximize the conversion of the residual swirl
into thrust while at the same time minimizing these irre-
versible losses.

To gain a deeper understanding of these distinctions,
we can refer to Fig. 7, which presents the local fluxes
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of CẊm, CĖu, CĖvw, and CĖp on a xtp plane situated
downstream of the stator. The results obtained from the
mixing plane computation have been azimuthally aver-
aged to facilitate direct comparability with the BFM and
VBM models. The contour reveals that the predictions
of mechanical exergy, CẊm, displayed in Figs. 7a, 7b, 7c
are in relatively good agreement across all modeling ap-
proaches. However, a closer examination of the different
energy terms indicates that the BFM aligns more closely
with the single-passage computations than the VBM.
Specifically, the VBM tends to overestimate both CĖu
and CĖp as shown in Figs. 7d & 7j. The observed concor-
dance in CẊm among the various modeling approaches
seems to arise from a compensation effect, wherein the
two overestimations of CĖu and CĖp from the VBM
counterbalance each other owing to their opposite signs.
Furthermore, these visualizations (and those of the term
CĖvw in particular) illustrate that the single-passage mix-
ing plane results displayed in Fig. 7i accurately consider
blade tip effects, including the generation of blade tip vor-
tices. In contrast, as shown in Figs. 7g & 7h this effect
is not captured by either the BFM or VBM approach, as
it is not accounted for in their respective modeling. This
effect is related to the previously-discussed underestima-
tion of the residual CĖvw for the VBM and BFM cases.

3.4 Conclusion

The results of the FFX analysis enabled the validation of
the ability of BFM and VBM to represent the flow around
an open fan. Additionally, the analysis offered insights
into the limitations of these models, highlighting specific
aspects of the flow physics that require better representa-
tion to enhance their capability for accurately predicting
propulsive performance.

4. AEROTHERMAL APPLICATION

One of the challenges associated with electric propul-
sion systems for aircraft is the requirement for effective
heat exchangers. Efficient thermal management is cru-
cial in electric propulsion to dissipate heat generated dur-
ing high-power operations, such as takeoff and climb.
Developing advanced heat exchanger technologies be-
comes imperative to address this challenge and enhance
the overall efficiency and reliability of electric propulsion
systems in aviation. Moreover, there may be strong in-
teraction effects between heat exchangers and propeller
propulsion systems that will impact propeller design and
integration. The exergy balance method used in the
present work includes the analysis of mechanical, ther-
mal and compressible effects in a single formulation and
therefore is particularly interesting for the study of such
aspects.

(a) VBM.

(b) BFM.

Figure 5: Streamwise evolution of the main terms from
the exergy balance for the open fan configuration using
the VBM and BFM modelling approaches.
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(a) VBM.

(b) BFM.

Figure 6: Decomposition of the mechanical exergy out-
flow terms into the three components CĖu, CĖvw and CĖp
for the open fan configuration using the VBM and BFM.

4.1 Configuration
This work simulates a channel flow with a squared sec-
tion and a heat exchanger. This study focuses on the most
basic configuration to gain a preliminary understanding
of the fundamental impacts of heat exchangers on the
thermal terms in the exergy balance. The basic heat ex-
changer configuration described is shown in Fig. 8. It dis-
plays that the heat exchanger warms the flow uniformly in
the z-direction, however, there is a non-uniform heating
applied in the y-direction.

4.2 Modelling
The aerodynamics and aerothermal coupling of the heat
exchanger was simulated using the next generation CFD
solver CODA [16]. The Body Force Modelling (BFM)
approach was used to introduce temperature variation in
the flow solution through the use of momentum and en-
ergy source terms.

4.3 Results
The evolution of the exergy outflow due to the heat ex-
changer is shown in Fig. 9. The results clearly depict the
xtp location where the heat exchanger injects thermal en-
ergy into the flow. This is represented by the step increase
in the term CẊt f and is introduced by source terms from
the BFM. As one would expect, the contribution from the
terms CẊtr and CẊm is of a lower magnitude since the
static heat exchanger is not designed to provide propul-
sive force by accelerating the flow. Furthermore, the ex-
ergy balance identifies that the dominant contribution is
in terms of CẊth, which highlights that most of the exergy
outflow is of a thermocompressible nature.

In internal flows it is often more meaningful to inves-
tigate the sum CẊtr +CẊm rather than the two terms in-
dependently (equivalent to the CẊm value for V∞ = 0), as
the sum corresponds to the perceived flux for a dead state
that is not in motion [6, 11]. In the present case, the re-
duction of this sum across the source terms indicates that
the effect of this heat exchanger model is an introduction
of a thermocompressible exergy flux and a reduction of
the overall mechanical one (i.e. related to drag genera-
tion). This explains why the overall exergy inflow by the
source term CẊt f is lower than the thermocompressible
exergy flux CẊth itself. Such an interpretation could be
more straightforward on realistic cases by decomposing
the CẊt f term (cf. discussion in [11]).

To further understand the thermocompressible term,
CẊth, it can be decomposed into CẊthse and CẊthδ s (cf.
Eq. (4)) which respectively represent the compressible
and purely thermal contributions [13]. The contribution
from these components is shown in Fig. 10 where the y-
axis is shown in logarithmic scale to display difference
in order of magnitude between the terms. The results

7



(a) VBM - Ẋm. (b) BFM - Ẋm. (c) Single-Passage - Ẋm.

(d) VBM - Ėu. (e) BFM - Ėu. (f) Single-Passage - Ėu.

(g) VBM - Ėvw. (h) BFM - Ėvw. (i) Single-Passage - Ėvw.

(j) VBM - Ėp. (k) BFM - Ėp. (l) Single-Passage - Ėp.

Figure 7: Visualisation of the mechanical exergy Flux Ẋm and its components (Ėu, Ėvw, Ėp) on an xtp plane situated
downstream of the stator for different modelling approaches. Note that the colormap is inverted for the Ėp term.
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(a) T/T∞ in the x− y plane.

(b) T/T∞ in the x− z plane.

Figure 8: Visualising the temperature variation across the
solution displaying the normalised temperature, T/T∞.

highlight that the increase in the term CẊth almost ex-
clusively stems from CẊthδ s, which is consistent with the
source term modeling. In other words, the exergy flux
introduced by the heat exchanger in this case is not re-
coverable by a mechanical device, but rather by a heat
engine.

The impact of the operating conditions of the heat ex-
changer on the exergy balance are also studied. In par-
ticular, the influence of the mass flow rate, ṁ, on the ex-
ergy terms and the exergy-based efficiency. The break-
down of the different exergy terms at various mass flow
rates is shown in Fig. 11. The terms are displayed in
their dimensional form due to the influence of the mass
flow rate on the magnitude of the non-dimensional coef-
ficients. The exergy inflow Ẋt f introduced by the BFM
peaks approximately around the mid operational mass
flow rate. Additionally, it shows that as the mass flow
rate increases, the CẊth increases, which is mainly due
to its Ẋthδ s component. Ẋtr then decreases at higher mass
flow rates, which indicates a more significant reduction of
CẊtr +CẊm (i.e. higher drag, or equivalently lower CẊtr
for a dead state in at a velocity opposite to that of the
aircraft) is perceived in the flow through the source term
model. Meanwhile, the Ẋm component decreases with
the mass flow rate which is primarily caused by the en-
ergy term Ėp. The resolved irreversible losses Ȧtot overall
show only a slight increase with the mass flow rate. This
is because they occur mainly within the channel’s bound-
ary layers, the influence of which is of second order of
magnitude with respect to the source term effect in this
simplified configuration.

Additionally, Fig. 12 displays the exergy-based effi-
ciency of the BFM in the heat exchanger, expressed as
η = Ẋt f /Ėt f . This relationship stems from Ėt f = Ẋt f +
Ȧt f , with Ėt f being the inflow of energy and Ȧt f the in-

flow of anergy by the source terms. The above efficiency
thus describes the theoretically recoverable portion of the
energy introduced from the BFM. In other words, it ex-
presses the portion of the energy injected in the flow that
is convertible into useful work. The results depict a trend
of decreasing η with the mass flow rate for this BFM
model. However, the magnitude of Ėt f is significantly
greater than Ẋt f , which results in very low values of η .
This is related to the fact that the injected energy is pri-
marily thermal and involves a higher temperature than the
dead state one. This efficiency could be affected by the
reference temperature for the heat exchange (e.g. ambient
or reservoir temperature), so the amount of recoverable
energy could be different for different points of the flight
envelope. It is however important to note that the portion
convertible into useful work would be recoverable by a
thermal device, rather than by a mechanical one.

4.4 Conclusion

This result helps in the validation of the exergy balance
method for aerothermal applications and is coherent with
what one would expect based on the aerothermal model-
ing employed in the CFD computation. The analysis has
enabled to understand the contributions from the different
exergy terms on a fundamental configuration before mov-
ing to a more complex configuration where terms may be
misinterpreted or misunderstood. This is of great impor-
tance while considering cases involving strong coupling
between mechanical and thermocompressible terms.

Figure 9: Streamwise evolution of the main terms from
the exergy balance for the heat exchanger configuration
using the BFM approach.
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Figure 10: Decomposition of the thermal exergy outflow
term, CẊth, into the components CẊthse +CẊthδ s for the
heat-exchanger configuration using the BFM approach.
Where the y-axis is displayed in logarithmic scale.

Figure 11: Evolution of the different exergy terms at dif-
ferent massflow rates for the heat exchanger configura-
tion using the BFM.

Figure 12: Efficiency, defined as η = Ẋt f /Ėt f , of the
BFM at different mass flow rates using the BFM.

5. CONCLUSIONS

This analysis encompasses a comprehensive examination
of open fan and heat exchanger configurations, assess-
ing their thermodynamic efficiency and overall perfor-
mance characteristics. By employing the far-field exergy
balance method, this research provides valuable insights
into the distribution and utilization of exergy within these
complex aerodynamic systems. The detailed breakdown
of the exergy balance formulation allows to decompose
the effect of different physical phenomena present in the
flow and to quantify their influence to overall perfor-
mance.

Furthermore, the study investigates the impact of var-
ious fidelities of modelling approaches and operational
parameters on the exergy balance, shedding light on the
sensitivities and dependencies that influence the overall
efficiency of the examined configurations. Through a sys-
tematic approach, the findings contribute to a deeper un-
derstanding of the intricacies associated with the interac-
tion between aerodynamic components, compressible ef-
fects and thermal processes, thereby informing the design
and optimization of future aircraft propulsion systems.

Ultimately, this work aims to enhance our comprehen-
sion of the fundamental principles governing the aerody-
namic and aerothermal aspects of industrial applications,
paving the way for advancements in aircraft technology
and contributing to the ongoing efforts toward more sus-
tainable and efficient air transportation.
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vaecke, Michaël Méheut, Olivier Atinault, and
Camille Fournis. An overview of ONERA research
activities related to drag analysis and breakdown. In
AIAA Aviation Forum, Paper 2021-2551, 2021. doi:
10.2514/6.2021-2551.
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