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ABSTRACT

The objective of the present paper is to presealyaes

of Surface Air-Cooled Oil-Cooler (SACOC) heat
exchanger devices using exergy-based flow field
analysis, which is an innovative assessment meifod
an industrial environment. In the frame of the DGAC
research project IDEFFIX, Safran Aircraft Engines
worked conjunctly with ONERA to test FFX (ONERA
software for the analysis of CFD flow solutions) on
complex industrial configurations. This softwareuged

for the aero-thermal performance assessment ot thes
configurations based on a balance of exergy. Tloikw
aims at highlighting the benefit of the exergy aygmh

in addition to classical assessment methodologiased

on a force balance, total pressure losses, ...)@ogédn
the way towards a more innovative and efficientgles
of heat exchangers and their integration in futzixe
aircraft engines.

1. INTRODUCTION

In the pursuit of enhancing the efficiency and
performance of modern aircraft engines, the
optimization of heat exchangers plays a centrad.rol
These components are critical in managing thermal
energy within the engine system, influencing oueral
efficiency, emissions, and operational reliability.
Surface Air-Cooled Oil-Cooler (SACOC) [1] heat
exchangers are a technology that recently entered
service on the aircraft engine fleet (CFM LEAP)thwi
Safran Aircraft Engines having been strongly inealv

in their development over the past years. The new
aircraft engine challenge towards aeronautical de-
carbonation involves architectures which are dra#yi
different from current-generation “classical” aaftr

and consistent performance. On the other hand, the
integration of heat exchangers introduces aerodimam
performance losses. A fine balance between theee tw
aspects is therefore key for the optimal desigiext
exchangers aimed at the future generation of dircra
SACOC devices are currently the reference
technology, characterized by their minimal aerodyita
disruption to the flow [5]. While finned heat exciggers
are not new, their behaviour in turbofan bypassvélo
has received limited attention. Previous works have
analysed them in an isolated context, both numigrica
[6, 7] and experimentally [10, 11], but few studieshe
literature have considered their integration intdbfan
engines [8, 9]. Safran Aircraft Engines faces amajes
in characterizing SACOC performance under realistic
conditions. This leads to shortcomings of the desig
methodology of such devices in the industry because
full-scale engine tests are costly and time-conagirin
turn making smaller-scale experimental tests and
simulations necessary. Safran Aircraft Enginesthat
forefront of aerospace engineering, collaborateth wi
ONERA, leveraging their expertise in computational
fluid dynamics (CFD) and aerodynamic performance
analysis. In particular, within the project IDEFFIX
(Industrial Development of Far-Field _Exergy) [20],
Safran Aircraft Engines worked in the applicatidrthe
ONERA FFX analysis software on research
configurations  of industrial complexity. The
collaboration between Safran Aircraft Engines and
ONERA underscores a synergy between industrial
expertise and cutting-edge research methodologies,
aimed at addressing the multifaceted challenges of
aerospace propulsion in the future generations of
aircraft engines. Through this collaborative effose
aim at elucidating the thermodynamic intricacies

engines [2]. These increase the requirement of heat governing heat transfer processes and their irtterac
exchange while the cold source (i.e. the fuel) is With aerodynamic flows within turbofan engine heat

reducing. On the one hand, cooling requirementsisf
heat exchange are essential to ensure operatiafedy s

exchangers, ultimately paving the way for more

efficient and sustainable propulsion systems.



This paper presents a comprehensive analysis of the exergy balance formulation; section 3 preséms

SACOC devices for aircraft engines, employing an
exergy-based approach. Exergy (i.e. the potental f
mechanical work extraction for a system in intdract
with a reservoir) quantifies the maximum useful kvor
obtainable from a system as it comes into equilifri
with its surroundings. This is used to form a be&n
which decomposes the exergy provided to or extdacte
from the fluid (by the propulsion or heat sourcieds)

into three main parts: the one consumed to produce
effective thrust, the one that is theoretically wentible

into work but is wasted and deposited to the freast
flow (e.g. jet kinetic energy), and finally the egg
dissipated due to irreversible phenomena (viscous
effects, thermal mixing, shockwaves). The resulting
balance is particularly adapted to the study ofoaer
thermal devices because it includes mechanical,
compressible and thermal effects in the analysysthig
application of exergy-based flow field analysis ove
computational fluid dynamics (CFD) simulations,sthi
study explores the intricate interplay between dflui
dynamics and thermodynamics within heat exchanger
systems in aircraft engines operating in transonic
regime.

The study is structured in order to explore a range
of heat exchanger configurations, progressing from
simpler to more complex setups of interest at $afra
Aircraft Engines. Beginning with an isolated SACOC
fin in an infinitely-wide wind-tunnel test sectiomye
conduct a parametric study to investigate the &ffet
varying boundary conditions (adiabatic, uniform
isothermal, and based on aero-thermal couplingthen
flow around the SACOC fin. Moving to more realistic
configurations, we examine a layout of sixteen SACO
fins positioned in a real wind-tunnel test sectionthe
wake of an Outlet Guide Vane (OGV). Finally, the
study was extended to a case of realistic industria
complexity consisting in a fan/OGV followed by a
SACOC integrated within a By-Pass Duct (BPD) and
closely interacting with the OGV wake. This
configuration is physically and numerically complex
involving parts of the computational domain compute
either in a rotating or a fixed reference framenfaected
by a mixing plane boundary condition), as well as
viscous and thermal boundary conditions (resulting
from an aero-thermal coupling) in an internal

results of the analysis in increasingly complex
configurations ranging from an isolated SACOC and a
sixteen-fin SACOC to the fan/OGV SACOC, and
finally section 4 discusses the main conclusionshef
study.

2. EXERGY DEFINITION & BALANCE
FORMULATION

The concept of exergy in thermodynamics quantifies
maximum potential work obtainable from a system
when interacting with a reservoir, which represdtgs
thermodynamic dead state, through reversible psases
In the context of a perfect gas and without acdognt
for gravitational potential energy, the exergy dam
mathematically expressed as follows [12]:
2=0e+p. 5 (Lp)-Teds+ Y {/-V.)? 1)
Here, p represents static densitg,stands for specific
internal energy, T denotes static temperature, otés
static pressure, argrefers to specific entropy. The term
3(*) = (*)—(*)» represents the perturbation of a quantity
concerning the reference state indicated by thecsigi
0,

The exergy balance within a fluid control volume
around an aircraft or within an internal flow chehis
essential for understanding energy transformateomcs
losses. For external flows, the control volume
boundaries may extend far upstream and lateraiiyy w
a user-prescribed downstream limit. This limit ceany
to investigate different physical phenomena dependi
on the flow regions included in the control voluriide
control volume may also rotate with the computadlon
domain in rotating reference frame computationssth
remaining attached to the rotating fluid volume.
Shockwave discontinuities may be present in thérobn
volume. The system is thermodynamically open,
exchanging mass, work, and heat across its bowwdari

The exergy balance can be expressed in different
forms and thus provide insight tailored to the #ipec
case under study. A commonly used compact form of
the balance includes terms representing inflow of
mechanical exergy via rotating surfaces (Xr) exetgg
to throughflow models (Xtf), and exergy from

aerodynamics framework. This paper presents some of conduction through non-adiabatic surfaces (Xq) [14]

the main outcomes of exergy-based analyses adness t
aforementioned heat exchanger configurations of
increasing complexity. We elucidate key insights
gleaned from computational simulations and provide
some perspectives on their implications for future
aerospace engineering advancements. Additionakly, w
address the impact of thermal energy from heat
exchangers on aircraft engine thermodynamics and
explore its potential utilization in propulsion sys.

The outline of the paper is as follows: Section@spnts

X+ er + Xq =X+ X + X[h + A¢ +AVT + Ay

@)
The right-hand side of the balance includes a term
representing exergy converted to effective thrixst)(
The balance further breaks down the overall exérgy
into mechanical (Xm) and thermocompressible (Xth)
components, accounting for  kinetic  energy
perturbations, the rate of work of surface forces
associated to the velocity perturbations and the df



the static portion of exergy itself. The remainiegms
represent exergy dissipation due to irreversibfeces
such as viscous effects {A thermal mixing Avr), and
shockwavesAw). The balance highlights that not all of
the exergy inflow is converted to effective thrustme
leaves as recoverable exergy (and will be evemtuall
dissipated downstream) or is dissipated within the
control volume by irreversible effects. This breakah
guantifies the impact of individual phenomena oa th
configuration's overall performance.

Specific figures of merit can be derived from the
exergy balance, tailored to the performance aralysi
the system under study. This detailed breakdovawall
for adapting metrics to specific cases, considering
factors like the mechanically-recoverable exergyx fl
[14,17]. Further studies have investigated theugrice
of the exergy balance on numerical error [15], or
analysed the application of this particular balanod
decomposition in turbomachinery cases [14].

3. SACOC CONFIGURATIONS

The three SACOC configurations analysed in the
present work are those investigated in [1]. The 6&C
consists of a sequence of staggered fins alignddthe
main flow direction. The cooling mechanism involves
the airflow passing through these fins, servingttes
cold sink of the heat exchange. This airflow intésa
with the surface of the fins, facilitating heatnséer
with the fluid domain. In practical applicationsick as
those described in [5], the heat source of the axgér

is a sophisticated arrangement of channels andleting

positioned beneath the air-fins. These channels and

winglets facilitate the flow of engine oil, servirg the
hot source for the heat exchange process. In t&ept
work, the thermal field on the surface of the heat
exchanger fins in the CFD calculations is the itesfil
an aero-thermal coupling between the elsA software
[18] for the solution of fluid flow domain and tlgset
software [13] for the solution of the solid domairhe
simplicity of the first configuration studied, theolated

isothermal (prescribed uniform wall temperaturefl an
adiabatic computations to isolate and quantify the
impact of thermal effects on the isolated SACOC
configuration. The goal of this analysis is to
qualitatively and quantitatively isolate the effeot
introducing a SACOC in the channel flow, and theref
the mechanical, compressible and thermal effects
associated to this device on engine thrust.
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Figure 1: Mesh topology and boundary conditionthef
reference duct calculation and isolated SACOC fin.

Fig. 1 shows a view of the topology of the isolated
fin configuration, with a SACOC fin in a test chahn
and periodic boundary conditions in the transverse
direction. The first investigation was carried éut the
case where the non-adiabatic boundary conditiothen
SACOC fin surface is imposed through an aerothermal
coupling. For all cases, the inlet boundary cooditbf
the fluid volume is set by injecting a profile eadted
from an engine computation (head-loaded profiled a

SACOC, allows the authors to test and compare aero- the outlet is an imposed static pressure boundary

thermal coupling with isothermal and adiabatic
boundary conditions in order to assess the impéct o
higher-fidelity boundary conditions in the CFD
performance assessment of the configuration.

3.1.1solated SACOC fin
The isolated SACOC fin configuration is the least

complex case among the surface heat exchangers

analysed in the present study. The lower geométrica
complexity of this case (and therefore the lowelUCP
cost for the associated CFD studies) allows tolyasi
investigate several numerical parameters and parfor
studies on the establishment of accurate numerical
practice for such flows. The coupled aerothermaDCF
computation was compared against others using

condition. Fig. 2 shows a view of the flow fieldoand
the fin and the temperature field on its skin fastcase.

Momentum X

—

b —

5 il
Figure 2: Isolated SACOC streamwise momentum
component and temperature on the skin (aero-thermal

coupling boundary condition).



This CFD solution was analysed using the FFX
software in order to compute the exergy balancee Th
control volume for the analysis was defined conside
a variation of its downstream transverse planetlimi
(position denoted as Xtp). This shows the variatién
the exergy balance as the control volume extends
downstream and thus includes additional reversibie
irreversible flow phenomena.
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Figure 3: Overall evolution of the exergy balanoe &
variation of the control volume’s downstream lirfip)
and detail of specific components (bottom). Isalate
SACOC fin case with aerothermal-coupling-based wall

boundary condition.

The resulting variation of the exergy balance is
shown in Fig. 3. The sum of the Xtr and Xm
coefficients is often more representative in indérn
flows since, contrary to these two individual
components, it is independent of the reference dram
translation velocity [4]. As expected, this shows a
overall decrease along the channel (i.e. the flfix o
mechanical exergy defined for a reference statesit
decreases). For the reference state velocity uselei
present study, the overall streamwise force is shtow
be that of an overall drag (negative Xtr component)
which in terms of mechanical exergy flux is trateth
to notable variations along the fin. These are tgain
result of the rate of work of surface forces oncbatrol
volume boundary. The aforementioned two individual
terms exhibit variations of a notably larger magdé
compared to terms associated to thermal effects. An
overall decrease is also identified for the
thermocompressible exergy outflow Xth. The same
figure shows the introduction of thermal exergy YXq

along the fin. This exergy inflow is found to haae
rather linear trend in the central portion of theC®C

fin. Viscous anergy generation is shown to be
significant along the complete length of the chénimeat
higher in the vicinity of the SACOC fin as it isuiod to
increase at a steeper rate. Thermal anergy onthes o
hand is found to be lower than its viscous couraterp
and is mostly generated closer to the SACOC firstLa
wave anergy losses do not occur in this case bedhas
flow is subsonic.

As for an overall analysis of the impact of thathe
exchange itself on the balance, it can be seentlieat
sum of the anergy components at the SACOC fin level
is overall greater than the theoretically-recovirab
exergy outflow components downstream of the fin
(when considering a reference state at rest). This
particularly the case for the thermocompressiblergx
flux term. This estimation alone cannot however
provide a definitive conclusion regarding the globa
effect of a SACOC device on the flow because thage
of the balance are coupled with each other, cargist
with the three-dimensional flow physics. It is not
therefore straightforward to clearly assess thearhpf
the heat exchange on the overall performance of a
component by only investigating the exergy balaofca
single CFD calculation. The contribution of exergy
inflow by heat conduction across the non-adiabfitic
surface is not isolated to the Xqg term, but also
influences the exergy outflow and dissipation
components of the balance. A way of more accurately
assessing this issue is by performing a comparison
against other configurations where the desiredllefe
complexity is progressively introduced.

In particular, a reference computation without
SACOC fin is first analysed in order to evaluate a
baseline exergy balance of the empty duct. The same
mesh topology is kept in order to try to maintain
consistency in terms of the baseline numericaldess
(see Fig. 1). The solid domain blocks of the SACIC
are therefore replaced by fluid blocks. The intrtthn
of the viscous effects due to the fin, decouplednfiits
heat-exchange-associated effects in the non-adtabat
case, consists in analysing a CFD calculation \&ith
adiabatic SACOC fin wall surface. Thermal effects
associated to the heat exchange are then addelgeon t
same mesh (Fig. 1) by imposing an isothermal baynda
condition on the fin. This was carried out by cadesing
increasing, but uniform, wall temperature valuelse§e
calculations are compared against the CFD caloulati
with aerothermal coupling to identify the main impa
of the heated wall surface on viscosity, the
corresponding thermal effects, and finally the vy
introducing the heat exchange itself in the flowiform
isothermal boundary vs. coupled aero-thermal
computation). All these CFD calculations are coragut
under the same aerodynamic boundary conditionst(inl
and outlet) as the coupled aerothermal case ofT[Hé.



only difference is therefore the boundary conditmm vortex generation (horseshoe vortex, vortex du¢hé
the SACOC fin surface (except for the referencetduc oblique edge and downstream fin vortex). Downstream
case where no SACOC fin is present in the ductg Th of the fin, after the dissipation of vortex, thesadus
results of the calculation without SACOC fin ares, a anergy slope returns to a natural boundary layer
already mentioned, used as a baseline referencedbut  development. It is possible to note that viscousrgyis
included in the following results. linked to the thermal boundary layer, as an in@das
thermal contribution due to the heat exchange @svsh

to lead to a mild decrease of viscous anergy génara

In addition, the viscous anergy of the aero-thermal
coupled computation is found to be in the order of
magnitude of the lowest uniform wall temperaturkuga
imposed in the isothermal cases. The thermal anergy
- component is significantly affected by the heat

Figure .4: Skin temperature and thermal anergy exchange via the SACOC. In the adiabatic case, the
generation for the isolated SACOC case and difteren introduction of the SACOC fin increases the

boundary conditions (adiabatic, uniform-temperature contribution of the thermal boundary layer and the

isothermal and aerothermal-coupling-based). thermal mixing due to the fin wake, but thermal raye

is of a much lower order of magnitude compared to
viscous anergy. Increasing the isothermal fin
temperature increases the slope of thermal anergy
generation along the fin surface. The integral @alu
eventually become higher than those of viscousggner
whereas for the higher uniform temperature cases
thermal anergy generation even becomes of the same
order of magnitude as the main mechanical
contributions in the exergy balance. The aero-tlaérm
coupling case leads to an overall thermal anerdyeva
that is intermediate between the two lowest wall
temperature values of the isothermal cases. Thétses
also show that a slightly different trend may béaoted

for the coupled aero-thermal case compared to the
isothermal ones, even though the resulting balasce
rather close between the two. The way by which the
thermal energy is introduced in the volume is
substantially different and so is the generatednthé
anergy. As shown in Fig. 4, the thermal anergydel
show that the field around the fin is more homogmsno

The resulting flow field of the calculation shows a
flow in axial displacement with a natural developne
of the boundary layer. The momentum field in Fig. 2
shows that the inlet flow injection is carried outh a
head-loaded radial profile. This type of profileypical
of a fan module outlet. The presence of the adialiiat
introduces viscous effects because it increasesvétie
viscous surface, obstructs the flow and thus intced a
wake with the presence of vortices at the leading a
trailing edges. Fig. 4 shows the growth of the rifrer
anergy generation component along the SACOC fin.

The impact of different boundary conditions on the
SACOC fin surface on some individual exergy balance
components is shown in Fig. 5. The consideration of
higher wall temperature values leads to the intctidn
of a higher energy and exergy flux across the SACOC
This is depicted as a change in slope for the Xq
component along the fin, except over its inclined
leading and trailing edges. Overall, the introductof
the fin increases the viscous anergy by wall foictand

SACOC fin
trailing edge
SACOC fin
trailing edge
SACOC fin
trailing edge

leading edge

SACOC fin

Increasing T,
\J

SACOC fin
trailing edge
SACOC fin
trailing edge

—“— ¢ a— s

3

X‘p ' ‘ X‘p ‘ . X‘p
Figure 5: Impact of different boundary conditiomasligbatic wall, isothermal wall at varying unifomall temperature
values, aero-thermal coupling) on components oettexgy balance for the isolated SACOC fin case ddefficients

are adimensionalised by a common reference su



in the isothermal case since the temperature istanh

In any case, the wake of the fin undergoes a sigmit
temperature increase due to exchanges with thedih
and Xth (thermocompressible exergy wasted) exhibits
an increase along the inter-fin channel. This igeexed

to be mainly due to its thermally-recoverable
component [14,17]. Concerning mechanical exergy
outflow terms, the rate of work of surface forcestbe
control volume boundary (not shown) increases \ith
more intense heat exchange. The streamwise
perturbation kinetic energy on the other hand shaws
decreasing trend with heat exchange, due to the
modification of the boundary layer and of the efffe
passage section in the heated fin cases. The &eadv
perturbation kinetic energy is only minorly affedtan

this case. It is also important to note that tHeuénce

of the heat exchange on the overall streamwiseeforc
(Xtr component, not shown) is minimal and of second
order compared to the other mechanical or thermal
terms of the balance. Finally, for all of the ab@ases,
the exergy flux (e.g. convertible into useful work)
introduced from the heated SACOC surface into the
fluid is not the major portion of the overall theaim
energy introduced through this heat exchange.

By looking at the global exergy balance, it is
possible to observe that a more intense heat egehan
leads to a significant increase in thermal exergy
introduced into the volume, but at the same time an
increase of thermal anergy. A more explicit didiioe
between the nature of the contribution of the aolioil
exergy inflow could be made by using an adaptabibn
the formulation for the decomposition of the
thermocompressible exergy outflow [14,17]. Although
this is not investigated in the present work, the
additional contribution is expected to only be thally-
recoverable by a heat engine and not mechanically-
recoverable by a turbine or a nozzle (cf. also Isimi
studies in [19]). Still, in the present case, theréase in
thermal anergy has been found to be greater than th
increase in thermocompressible exergy outflow. This
means that the SACOC introduces thermal exergy of
poor quality that is quickly dissipated by thermmking
and therefore not easily usable by the systemsit i
however possible that more advanced fin geometries
leading to reduced fluid mixing could reduce this
thermal anergy generation. Furthermore, thermaiggne
surpasses viscous anergy and becomes the mairesourc
of irreversible exergy loss for the cases of higheil
temperature.

Another conclusion from the comparison of the
analysed cases is that it is unlikely that uniform-
temperature isothermal computations can quantéitiv
reproduce the flow details of a coupled aerothermal
calculation. However, qualitative comparisons can b
acceptable. In order perform such comparisonss it i
necessary to choose the analogy of the comparison;
therefore, to choose whether to compare the coupled

aerothermal calculation with an isothermal caldatat
considering the same amount of thermal energy or
exergy introduced into the fluid by the exchangerthe
same anergy generation due to thermal mixing. For a
similar amount of energy inflow, a coupled aerothair
calculation creates slightly less thermal anergyterms

of thermal anergy generation, the coupled aerotakerm
case gives a slightly higher prediction than the
isothermal calculation at the lowest temperaturd an
therefore with the least introduction of heat irite
system among the considered cases.

3.2.1solated SACOC fin array

Ideally, the performance of a SACOC should alwags b
evaluated within its operational context, such as a
turbofan engine. However, due to cost and time
constraints, smaller-scale tests and simulationsaire
essential. Therefore, wind tunnel testing remains a
common approach for such analyses. It is crucial to
gauge how well such experimental setups mimic real
engine conditions. This necessity drove the
development of the second SACOC configuration
presented in this study.

Figure 6: Sixteen SACOC fin array: streamwise
momentum velocity and temperature on the skin.

The heat exchanger configuration of the sixteen
SACOC fins aims at reproducing a wind-tunnel test
configuration. An illustration of the case geomednd
flow field is shown in Fig. 6. It includes a chahméth
four adiabatic walls, sixteen SACOC fins with a
boundary condition resulting from an aero-thermal
coupling, a 2D map injection at the inlet, and atist
pressure boundary condition at the outlet. Theesixt
fins are placed on the lower wall of the wind tunae
the same distance from the inlet as the one sépgrat
the SACOC and the OGV/BPD interface in a real
engine configuration (see Fig. 9 and the studyhef t
following section). The 2D map injected at the irile
extracted from a fan/OGV computation and portréngs t
wake of an OGV. The particular interest of this
configuration is to analyse how the wake of the OGV
interacts with the SACOC fins and how this intei@ct
could affect the heat exchange.
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Figure 7: Evolution of the exergy balance for aation
of the control volume’s downstream limit in the tsign

SACOC fin array case.

In the exergy balance of the SACOC fin array in a
wind-tunnel test section (shown in Fig. 7), a sgi@m
coupling of mechanical (e.g. pressure-related) and
thermal terms is observed. The thermal exergy
introduced by the fins into the fluid (Xq) repretse
significant contribution amongst the rest of thergy
balance components. This exergy introduced
monotonically increasing but not always linearly, i
particular in the regions of the inclined leadingda
trailing edges of the fins. The viscous and thermal
anergy components of the balance increase at Wle¢ le
of the fins (with the former being of a larger miagde)
but also further downstream due to: shear from the
injected OGV wake at the inlet, thickening of the
boundary layer on all walls, the presence of vediand
compression effects in the test section. As inctime of
the previous section (aerothermal coupling), the
increase of thermal anergy downstream of the SACOC
is less significant than the increase of viscolergy It
is finally interesting to note the variations of chanical
exergy outflow components (streamwise and tranalers
perturbation kinetic energy) in the vicinity of tfies.

The overall behaviour of the different components o
the exergy balance is found to be similar to thathie
isolated SACOC fin configurations of the previous
sections, although the relative magnitude of some
components is different due to this section beiagekl

on a more complete geometry and more realistic heat
exchange considerations. Finally, Fig. 8 illustsathe
higher fidelity of the present configuration, inrpieular

due to the interaction of the SACOC with the fanX0G
wake.

The comparison between the isolated fin and the
sixteen-fin array SACOC configurations highlighte t
intricate interplay between thermal and mechanical
physics. Optimizing a SACOC in an idealized
environment might overlook these complex interatdjo
as the reality of aircraft engine installations qaets a
vastly different scenario. In such installation$e t
SACOC operates within a dynamic and tightly

is

integrated system, where thermal and mechanical
effects are closely intertwined. This coupling regs a
more comprehensive approach to design and
optimization, considering the realistic operational
condition constraints and interactions inherergrigine
installations. A step towards such conditions iglena

the study of the following section.
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Figure 8: Sixteen SACOC fin configuration: surface

temperature and thermal anergy generation.
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3.3.FAN-OGV-SACOC inaBPD

The turbofan configuration of this section aims at
replicating real-world engine operating conditions,
crucial for understanding the performance of a SACO
[1,16]. Installed on the outer fixed structure (QE%a
turbofan bypass duct (BPD), the SACOC consistsOof 5
fins of a similar geometry as those studied in the
previous sections. Positioned slightly downstredithe
OGV, this setup mimics the operational environment.
The configuration corresponds to a fan composetBof
blades and an OGV composed of 40 (homogeneous)
blades. The fluid domain represents an angulabsett

the BPD, encompassing one fan and one OGV blade.
This fluid domain, discretized with a grid of ar@ui3
million nodes (particularly refined in the SACOC
region), spans downstream from the fan inlet uph#®
primary stream intake and then up to the outlethat
throat of the nozzle. It is divided into three sub-
domains. The fan sub-domain extends over 20°, from
the inlet to the interface with the OGV sub-domaing

the fan operates under standard conditions with the
steady flow solution being computed in a rotating
reference frame. The OGV sub-domain extends over 9°
from the interface with the fan sub-domain to thketi

of the BPD. The fan and OGV blade surfaces are
modelled as adiabatic no-slip walls. A mixing-plane
boundary allows communication between the rotor and
stator, introducing some homogenization into tloavfl
while preserving radial gradients. The BPD sub-doma
extends for 9°, from the interface with the OGV sub



domain to the nozzle outlet. It includesmasmatched
connectivity at the boundary between the OGV and
BPD sub-domains, as well as the aero-thermally
coupled SACOC surface with a prescribed temperature
boundary condition resulting from the coupling litse
An adiabatic no-slip condition applies to the remivzg

wall surfaces, with a pressure boundary condition
prescribed at the nozzle outlet. This configuration
allows for the consideration of various aspects of
realistic turbofan operation, including aerodynamic
interactions between the SACOC and OGV, the heat
exchange impact on engine thrust, and more realisti
flow conditions at the SACOC fins. Due to these
considerations, this consists in one of the most
physically and geometrically complex configuraticats

far studied with the exergy balance method.

DGV blade,

Splitter

Figure 9: Three-dimensional view of the computadion
domain of the Fan-OGV-SACOC-BPD case [16].

In the fan sub-domain, the computed exergy
balance is projected in the rotating frame of refee
attached to the fan blades [14]. The formulation
naturally degrades to its inertial frame counterpar
non-rotating  sub-domains, thus allowing the
simultaneous treatment of rotating and non-rotating
domains in the present test case. Solutions ofl¢hisl
of complexity can therefore be straightforwardigated
in a uniform manner using the formulation impleneeht
in the FFX analysis software. In such cases, the
computed exergy balance corresponds to the complete
360° configuration in order to ensure consisterayss
the mixing-plane interface. On the other hand, esinc
consistency is ensured at the formulation and nizaler
level, it is also possible to carry out a modulaalgsis
of the fan and of the OGV-SACOC-BPD parts, which
provides significant flexibility in practical stusk of
complex systems.

The variation of the exergy balance along the
engine axis is shown in Fig. 10. The numerical
implementation of the formulation ensures that the
balance is consistent across the mixing-plane and
mismatched connectivity boundaries. The rotating fa
introduces a significant amount of mechanical exerg
into the flow, which is depicted in the Xr term thfe
exergy balance (not shown). Results show that the

increased transversal kinetic perturbation exeidgy f
(Evw) introduced into the fluid by the fan is gigat
reduced across the OGV, which is translated to an
increase of overall streamwise force (Xtr, i.e.ust).
The evolution of the overall mechanical exergy flux
(Xm) underlines the non-negligible contributionsrfr

its other two components (axial kinetic perturbatio
exergy flux and rate of work of surface forces).eall,

the (theoretically-recoverable) mechanical exergy
outflow is shown to be more significant than irnesiiele
exergy losses in this case. The influence of th€S&

is of a much lower magnitude than the fan and OGV
contributions, but quantifiable with good accurakig.

10 also shows a detail of anergy generation comusene
and energy/exergy flux into the fluid through
conduction across the SACOC surface. This shows tha
only a small portion of the introduced thermal gyeis
theoretically convertible into useful work. Furthrere,
these results highlight the decomposition of irreide
losses of exergy (anergy generation) into different
components. Thermal anergy is of a generally lower
magnitude but exhibits an increase in the SACOC
region where temperature gradients are the stroniges
the fan region, viscous and wave anergy losses are
roughly similar at this operating point of the emi
Further downstream, wave anergy only shows a minor
increase due to a lower-intensity shockwave at the
OGV, whereas viscous anergy continues to increase d
to the presence of strong viscous effects (boundary
layers, wakes, generation and diffusion of vorfices

< >
8 ]
= o

SACOC

Exergy balance coefficients

Fan
oGV

Anergy coefficients
Heat flux coefficients

Figure 10: Evolution of the exergy balance along th
engine axis in the fan-OGV-SACOC-BPD case.



An interesting advantage of the exergy balance
method is the possibility of visualizing the
corresponding anergy generation or exergy fluxdéeh
order to refine the interpretation of integral flesand
their association to individual physical phenomena
occurring in the flow. Straightforward assessmeuits
this type are not always possible with classical
performance metrics.

! Pk
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Figure 11: Transversal perturbation kinetic eneegy

different axial positions in the fan-OGV-SACOC-BPD
configuration.

Fig. 11 shows the transverse perturbation kinetic
energy flux, showing the areas where the OGV eidibi
a lack of optimal efficiency. More specifically, dhier
Evw flux values are present in a zone near the SBCO
due to the presence of the SACOC itself, but also a
central zone and one at the foot of the OGV. THBVO
profile thus has room for improvement in designtfos
particular operating point. This is consistent witte
non-zero integral value of perturbation kinetic rgye
flux Evw downstream of the OGV (cf. Fig. 10).

Fig. 12 then illustrates the generation of thermal
anergy at different axial positions in the OGV-SACO
region. These visualisations show that this compbize
more significant in the boundary layers (the farkeva
having been smeared azimuthally across the mixing
plane boundary) and the wake of the OGV, while
further downstream it is especially the case in the
vicinity of the SACOC due to the intense heat exgjea
in this region. The visualization of the viscousayy
field in Fig. 13 accurately depicts the trace o€ th
shockwave upstream of the fan and the thickenirthef
boundary layer on the fan blade. As expected, the
highest values of viscous anergy generation arasho
to be concentrated in the boundary layers and wakes
The wake of the fan blade is reintroduced by impect
on the OGV/secondary stream after an azimuthal
averaging across the mixing plane. No significant
effects of the mixing-plane approximation were
however identified across the fan/OGV interface in
terms of the overall exergy balance (cf. Fig. 10),
showing that integral values are accurately preserv
despite the azimuthal averaging.
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Figure 12: Thermal anergy generation at differedla
positions in the OGV-SACOC region of the fan-OGV-
SACOC-BPD configuration.
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Figure 13: Viscous anergy generation at differesla
positions in the fan region of the fan-OGV-SACOC-
BPD configuration.

The main conclusion of the exergy analysis for the
FAN-OGV-SACOC/BPD case confirms the
observations for the sixteen SACOC case: consistent
exergy balance results were obtained across the
configurations of increasing complexity but thedstu
highlights the complex relationship between thermal
and mechanical physics. This becomes even more
important in realistic transonic operating condip
where compressible effects are also significamhpBi
optimizing a SACOC in a controlled setting might
neglect these intricate dynamics. The environmédnt o
aircraft engine installations should therefore be
considered for a complete design and optimization
strategy.



4. CONCLUSIONS

This paper has consisted in the use of the exergy
balance method to analyse SACOC heat exchanger ACKNOWLEDGEMENTS
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