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Coupled Design Optimization of Compact Heat Exchangers in Aviation

A design study using a generalized heat exchanger model, computational fluid dy-
namics and Bayesian optimization

ERIK HASSELWANDER

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

The transition to hydrogen-fuelled aviation presents significant challenges in ther-
mal management, particularly in the integration of high-performance, compact heat
exchangers. As the European Union aims to achieve net-zero emissions by 2050,
hydrogen-powered gas turbine engines are a promising solution. Future civil and
military engines will face increased thermal loads, necessitating the integration of
megawatt-class heat exchangers while maintaining aerodynamic efficiency.

This master’s thesis addresses this problem through the optimization of duct
geometries with integrated finned heat exchangers. The primary focus of the thesis
is to investigate how performance varies with heat exchanger inlet area and total
duct length. To enable an objective comparison of losses across different designs,
the internal heat exchanger geometry was updated between each CFD iteration to
converge the solution to a specified performance target.

The results of this study provide new insights into the underlying trade-offs. Heat
exchangers with a larger area result in lower losses over the heat exchanger matrix
but incur increased losses in the ducts. Additionally, shorter ducts lead to higher
losses over the heat exchanger due to the reduced diffusive capacity, while duct losses
remain largely unchanged. Another notable trend in the optimized designs is the
presence of significant recirculation regions in all duct geometries, highlighting the
strong diffusive capacity of the heat exchanger.

The study also includes a limited investigation into the effects of the transversal
fins of the heat exchanger by selecting a fixed geometry from the previous optimiza-
tion trials and removing the sink term associated with the fins. This modification
increases the normalized losses from 1.35 to 1.37, indicating that the pressure drop
across the heat exchanger matrix is the primary driver of diffusion, rather than the
finned structure itself.

Keywords: hydrogen aviation, heat exchanger integration, thermal management,
CFD simulation, aerothermal integration.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AR Area Ratio

GGP Generalized Geometry Parameter
HEX Heat EXchanger

ICD Intermediate Compressor Duct
RANS Reynolds-averaged Navier-Stokes

ix






Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

o =< == o

Parameters

™ < 9 9 X &~ O

=
S

S 3
[y

= T

Indices for spatial dimensions

Index for the cold side of the HEX

Index for the hot side of the HEX

Index for the ratio between the hot and cold side of the HEX
Index for total flow quantity

Index for fin properties of the heat exchanger

Area

Heat transfer coefficient
Length

Solid volume fraction
Void fraction

Surface area density
Volume

Thermal conductivity
Surface efficiency

Fin efficiency
Undisturbed flow length
Hydraulic diameter

Friction factor

X1



J Colburn factor

AR Change in mean radius
A Geometry control parameter
K Heat exchanger tilt angle

Under relaxation factor

Variables
u Velocity
T Temperature
q Heat transfer rate
t Thickness
1 Dynamic viscosity
p Density
P Pressure
x, T,y Spatial coordinates
© Velocity non-uniformity
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1

Introduction

1.1 Background

Aviation accounted for 3.8 % to 4 % of the greenhouse gas emissions in 2022. As part
of the European Union’s goal to reach net-zero emissions in the union by 2050 [1],
the transport sector emissions have to be reduced by 90 % [2]. The aviation sector
is currently the second largest contributor to emissions in the transport sector, and
to be able to achieve this goal drastic and innovative changes are required in the
aviation sector. One proposed solution to this problem is the use of hydrogen fuel, as
it is renewable and can be sustainably produced while having COs-free combustion.

The use of cryogenic hydrogen as a fuel source presents numerous opportunities
for innovative propulsion system designs. Omne such opportunity lies in utilizing
the cryogenic properties of liquid hydrogen for thermal management within the
engine itself. Recent studies have explored various methods for integrating cryogenic
hydrogen into engine cooling strategies, including the use of cooled compressor vanes
[3], intercooling systems [4, 5, 6], and recuperators [4]. These approaches aim to
improve thermal efficiency and overall engine performance by leveraging the large
cooling capacity of liquid hydrogen.

Previous research has demonstrated that the incorporation of intercooling alone
can lead to a reduction in specific fuel consumption (SFC) of approximately 3%,
while combining intercooling with a recuperator can yield reductions of up to 6%
[4]. These findings highlight the potential benefits of integrating cryogenic cooling
technologies into advanced propulsion systems.

1.2 Purpose

The primary purpose for this thesis is to investigate a potential design for an inter-
mediate compressor duct (ICD) with an integrated heat exchanger (HEX), intended
for implementation in the Chalmers 2.5 stage experimental low pressure compressor
facility. In addition to the physical design, this work aims to further develop and
refine the computational tools and methodologies used in the design process. The
proposed configuration is specifically developed to facilitate experimental validation
of the numerical models employed, thereby supporting the accuracy and reliability
of the simulation-based design approach.
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1.3 Goals

The main objective of this thesis is to advance the development of a computational
design tool for the design generation of ICDs with embedded heat exchangers. A key
aspect of this development is the incorporation of a generalized heat exchanger model
capable of accurately representing aerothermal performance within a continuum-
based modeling framework. In addition, the thesis seeks to present a conceptual
design suitable for implementation and validation within the Chalmers test facility,
thereby contributing to the verification of the proposed modeling approach.

1.4 Limitations

Several assumptions and simplifications are adopted throughout this work. The duct
and heat exchanger are modeled using a two-dimensional, axisymmetric, steady-
state approach, primarily due to the high computational cost associated with the
optimization process. Moreover, the study is confined to a single integration case,
defined by specific boundary conditions and geometric constraints posed by the
experimental setup, to limit the parameter space and facilitate a more in-depth
analysis of the proposed methodology.
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Theory

This chapter briefly presents the theory used in this work. This consists of three
main ideas: The Navier-Stokes equations used to solve the fluid flows, the GenHEX
method to calculate aerothermal performance for heat exchangers and Bayesian
optimization.

2.1 Navier-Stokes

The Navier-Stokes equations are a set of equations that govern the motion of fluids.
The equations can be written on index notation as

dp ou;

— = 2.1
= — — ———0;s ; 2.2
P dt ox; + Ox; <HJ [8% + ﬂ@xi] 3 0, 5”) +ol: (2:2)

where p is the fluid density, u; is the fluid velocity, p is the dynamic viscosity, p is
the pressure and f; are body forces.

Solving these equations directly is referred to as direct numerical simulations.
To get accurate results while directly from these equations requires a large compu-
tational mesh, especially for high-speed applications, which require large computa-
tional resources even for simple cases.

2.1.1 Reynolds averaged Navier-stokes

The Reynolds-averaged Navier-Stokes (RANS) equations are commonly used to re-
duce the computational power required to solve the incompressible Navier-stokes
equations by time-averaging. The equations are derived by decomposing the veloc-
ity into two terms as

where the first term is the time-averaged component and the second term is a fluc-
tuating component. By inserting this into the Navier-Stokes equations and time-
averaging the RANS equations are obtained as

ou;

g (2.4)
0w 0 [ ou;  Ou -
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where the time-averaged velocity field, u;, is solved for.

The RANS equation are however not closed due to the Reynolds stress term
—puzu;. To close the equations and solve the RANS equations a model is needed
for this non-linear term, as the fluctuations are not solved for directly in RANS. A
common approach to this closure problem is the Shear Stress Transport (SST) k—w
turbulence model which is the model used in the present work.

2.2 Generalized heat exchanger method

The equation governing heat transfer from the hot fluid to the cold fluid in a heat
exchanger is

My, 1) (2.6
where ¢ is the heat transfer rate, T}, and T, are the hot and cold fluid temperatures
respectively and U is the heat transfer coefficient. For a given problem where the
temperatures and geometry is known, as is the case for CFD applications, the only
unknown in the equation above is the conductance.

Correlations for the heat transfer coefficient for a vast number of heat exchangers
exists. As this study aims to keep the thermal load constant by changing the geo-
metrical properties of a heat exchanger there is a need for a generalized model. One
such model is the generalized heat exchanger, GenHEX, method[6]. The method
consists of two main ideas: a framework to generalize heat exchanger geometries
and a general correlation to estimate the performance based on those geometries.

The convention in this thesis is to denote the hot and cold fluids with sub-indices
h and c respectively.

2.2.1 Generalized geometry

This section contains a compact overview of the relevant details of the generalized
geometry as proposed in [6]. For the complete geometrical formulation the reader
is referred to the original source.

The generalized geometry consists of eight parameters: three to define the outer
dimensions of the heat exchanger, L,, L, and L., two structural parameters, ty and
tr, and three geometrical generalization parameters (GGPs), o,, a, and .

The parameters of interest in this thesis are the GGPs. x is the solid volume
fraction, V;/V;, which controls the amount of solid volume, for instance finned struc-
tures, in the geometry. o is the void fraction, Asr/Ay, which controls the amount
of fluid flow available. Lastly « is the surface area density, A, /V; which controls
the amount of surface area in each fluid. Figure 2.1 shows how the heat exchanger
geometry changes with the GGPs.

4
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v A fn
Ww m
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(a) o = 1 (b) o, < 1 (c) op > 1 (d) o.>1
a, <1 a <1 a < 1 a, > 1

x increased

Figure 2.1: General representation of a heat exchanger geometry for some combi-
nations of the geometrical generalization parameters. Figure from [6].

The ratios 0, = o./0, and «, = a./a; can also be formed. It can be shown
that o, and oy, can be expressed as functions of y, o,, a,. and the average structural

thickness ¢ as
1 —x

= 2.
oh o, +1 (27)
and 5
X
= — 2.
Qh t(ar +1) (2.8)

2.2.2 Estimated performance

The heat transfer coefficient U for the hot fluid side can be rewritten using the
generalized geometric parameters above as

11 a2
Uh no,hhh no,chc (1 + ai) k

(2.9)

where k is the thermal conductivity of the heat exchanger material, 7, is the over-
all surface efficiency and h is the heat transfer coefficient for convection for the
respective fluids as indicated by the indices[6].

The overall surface efficiency is 100% for the heat exchanger side without fins. For
fluids interacting with fins the overall surface efficiency will be lower as there will be
a temperature gradient along the fins which reduces the temperature effectiveness|7].
This reduction can be calculated, assuming the hot side is finned, as

A
Mon =1 = (L =1p) = 1= Oguniipn (2.10)

where 7y can be determined from relations depending on the fin geometry. For
straight fins with constant cross section the fin efficiency can be calculated as

tanh (ml},)

2.11
i (2.11)

Nfh =

where
Iy [2h
mly, = —= /=2 (2.12)

Vi ke
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To be able to calculate U for a given geometry the heat transfer coefficient for
convection h has to be obtained. This is obtained through the Nusselt number which

is defined as

4h
Nu = OT: — jRePr!/? (2.13)

where the first equality is the common definition of the Nusselt number and the
second equality is the Chilton-Colburn analogy and the Reynolds number Re is
defined, through a heat exchanger length scale equal to the hydraulic diameter
Dy =42, as

_ Apuo

R 2.14
= o (2.14)
and the Prandtl number Pr is defined as
pr = 2% (2.15)
k
Reordering equation 2.13 gives an expression for h, for the hot side, as
kapyNu  kajjRePr'/?

p o= FOnL | PO RCTT (2.16)

40‘h 40’h

where the only unknown is the Colburn factor j, and thus the only unknown to
calculate the heat transfer coefficient U is also the Colburn factor.
The pressure losses are calculated as

mh? 1 i a p;
Apy= — ( 1> 1) oSl 2.17
P A2, ( 2 <p0ut >+ s Pm (2.17)

where L is the length of the heat exchanger in the flow direction and f is the Fanning
friction factor[8]. The only unknown variable in equation 2.17, for a given flow and
geometry, is the friction factor f.

To be able to calculate the heat transfer coefficient and pressure losses the Col-
burn factor j and friction factor f need to be obtained. The following correlations
for a general heat exchanger are presented in [6]:

f —0.401 f
. —0.413 -5
= 0. — 2.13 x 1 — 2.1
j 0360<Dh> Re +2.13 x 10 (Dh> (2.18)
and
/ —0.501
f=0.492 () Re %2 (2.19)

Dy,

where ¢ is the undisturbed flow length. The undisturbed flow length for straight
continuous fins is equal to the length of the fins.

2.3 Bayesian optimization

The content of this section draws significantly from the work by Morita et al. [9].
While the presentation has been adapted to fit the context of this thesis, the core

6
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concepts and explanations closely follow the original publication. Therefore, indi-
vidual citations within this section are omitted unless otherwise specified.

Bayesian optimization (BO) is a gradient-free optimization method particularly
suited for problems where evaluations of the objective function are expensive, noisy,
or lack an analytical form. The Bayesian aspect of the method arises from the use
of a probabilistic surrogate model, which is sequentially updated as new evaluations
are obtained. This surrogate model enables informed decisions about where to
sample next by balancing exploitation, which involves sampling where the model
predicts high performance, and exploration, which involves sampling in regions of
high uncertainty.

Let the design parameters be defined as a vector q = {q1,42,...,q.} € R",
which are subject to variation. The objective is to find the set of parameters that
minimizes a target function r(q), which may be noisy or computationally expensive
to evaluate. This problem can be stated as:

Qopt = aIg m&n r(q). (2.20)

In many practical applications—such as those involving computational fluid dynam-
ics (CFD)—the objective function is treated as a black box and may exhibit noise.
In such cases, a surrogate model f (q) is constructed to approximate the behavior
of r(q) while quantifying uncertainty.

Bayesian optimization relies on two key components: the surrogate model and the
acquisition function. The surrogate model approximates the true objective function;
in this work, Gaussian process regression is used for this purpose, as it provides both
a mean prediction and a quantification of uncertainty. The acquisition function
determines the next point in the design space to evaluate by balancing exploitation
and exploration. In this thesis, the Expected Improvement criterion is used as
the acquisition strategy. Together, these components enable efficient optimization
of expensive and noisy functions, making Bayesian optimization well suited to the
problems addressed in this work.

2.3.1 Gaussian Process Regression

Gaussian Process Regression is a non-parametric, Bayesian approach to regression
that models the distribution over possible functions that fit the observed data. A
Gaussian process is fully specified by a mean function m(q) and a covariance function
c(q,q’; 0., /), and is written as

fla) ~GP(m(q),c(q,q’; O, B)). (2.21)
The mean and covariance functions are defined as
m(q) = E[f(q)], (2.22)

c(a,q’;0:,8) = E[(f(a) — m(a))(f(d) — m(q))]. (2.23)

In these definitions, ©. denotes the parameters defining the noise structure, and [
represents the hyperparameters of the model.
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Given a set of observations D = {Q,y}, where Q are input samples and y the
corresponding outputs, the Gaussian process defines a predictive distribution at a
new point q, in terms of a mean yu(q.) and variance 0%(q,). These quantities are
computed using the covariance function and reflect both the expected value of the
function and the model’s uncertainty at that location.

2.3.2 Expected Improvement

To select the next sampling point q**!, the acquisition function Expected Improve-
ment (EI) is employed. For a minimization problem, the expected improvement at
a candidate point q is defined as

El(q) = E [max(0, roes — f(a))] (2.24)

where 7,5 denotes the best (lowest) observed value of the objective function after
k iterations.

When the surrogate model f(q) is a Gaussian process with predictive mean z(q)
and standard deviation s(q), the expected improvement can be expressed in closed
form as

El(q) = (r(apest) — m(q)) ®(¢) + s(a) #(¢), (2.25)

where

_ T(qbest) - m(q)
T @

and ®(¢) and ¢(¢) denote the cumulative distribution function and probability den-
sity function of the standard normal distribution, respectively.

In Equation 2.25, the first term represents exploitation, favoring points with
predicted values better than the current best, while the second term encourages ex-
ploration by prioritizing points with high uncertainty. This balance enables efficient
search for the global minimum by guiding sampling towards regions most likely to
improve the objective.

, (2.26)
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Methods

This chapter describes the methodology used to design intermediate compressor
ducts with integrated heat exchangers. The duct was designed for use in the
Chalmers 2.5 stage low pressure compressor test rig which put forth several de-
sign constraints. This is expressed through geometric and flow boundary conditions
as well as the use of water as the cooling agent.

Section 3.1 first introduces the geometry of the duct and heat exchanger, followed
by the CFD modeling used in Section 3.2. Thereafter the optimization setup is ex-
plained. Lastly the validation cases used to validate the model against experimental
diffusing ducts are presented.

3.1 Geometry

The overall geometry considered in this study comprises a diffusing duct, a contract-
ing duct, and the respective hot (air) and cold (water) sides of the heat exchanger.
Representative geometries for the hot and cold side ducts are shown in Figures 3.1a
and 3.1b, respectively. These figures illustrate the meridional plane of the system,
as the duct geometries are fully axisymmetric. The geometries are revolved around
the dashed line.

0.61 0.61
0.4 I 0.4
E E
0.2 1 0.2 1
0.0' ______ '_______'________'_______'____ 00' ______ i _______'________'_______'____
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
x [m] x [m]
(a) Air side (hot) (b) Water side (cold)

Figure 3.1: Meridional view of an intermediate compressor duct with an integrated
heat exchanger. The blue lines represents the respective domain inlets and the
orange lines represent the outlets.

Each duct comprises two splines that connect the inlet and outlet to the heat
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exchanger, one spline at the shroud and one at the hub. The air and water sides of
the heat exchanger share the same bounding geometry which allows for the direct
calculation of the temperature difference between the two sides of the heat exchanger.

The inlet corner points were constrained by the outlet duct geometry of the
Chalmers 2.5-stage compressor test rig. As the test rig consists of only a single
compressor, and thus has nothing downstream of the duct, there were no fixed
outlet corner points or duct length constraints imposed by the existing setup.

The outlet corner points were chosen to maintain the same cross-sectional area
as the inlet, while reducing the mean radius. The mean radius was reduced as
Rintet — Routtet = AR = 0.2m, which is a typical value for engines of this size. The
heat exchanger length was set to L, = 0.09m, consistent with the configuration
used in [4, 5].

The overall duct length was determined using the engine duct parameter AR/L,
defined as the ratio between the change in mean radius from inlet to outlet and
the total length of the duct. Aggressive designs typically exhibit values above 0.6,
while more conventional designs fall around 0.5 or below. In this study, a baseline
value of AR/L = 0.3 was selected to achieve a conservative duct design capable of
accommodating the heat exchanger within the duct.

3.1.1 Geometry parameterization

The geometry is parameterized through 11 variables that relate to the heat exchanger
and duct geometries. The parameters are illustrated in the geometry in Figure 3.2.
Three parameters, Tpe:, Yner and k, control the location and angle of the heat
exchanger. The remaining eight parameters, A\; through Ag, control the position of
the control points for the splines that define the duct walls.

Figure 3.2 shows the bounds of the control points as the dashed lines, the dots
are the position of the control points for A\, = 0.25 and the dashed square in the
center is the bounding box for the midpoint of the heat exchanger.

The black points associated with each curve, as well as the start and end points
of the curve are used to generate the curves as Bézier curves. The length of the
dashed lines are a fraction of the length between the corner points of the curves,
determined by A. The angle of the dashed lines are tangential to the connecting
curves as this ensures a smooth transition between the curves.

In order to account for the orientation of the heat exchanger within the system,
a rotated coordinate system, denoted as the 2’—y’ coordinate system, is introduced.
This coordinate system is shown in Figure 3.1a. This local coordinate system aligns
with the geometric orientation of the heat exchanger and is defined by a rotation of
an angle k relative to the global z—r coordinate system. The transformation between
the global and rotated coordinate systems is expressed as

x cosk sink| |z
[y’] - [— sink cos Iﬁ] [T‘| ' (3.1)
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Figure 3.2: The parametrized geometry.

3.1.2 Post processing definitions

To be able to distinguish between different types of losses the duct and heat ex-
changer is split into four zones: diffusing duct, HEX entry, HEX core and contract-
ing duct. The zone boundaries are defined as in Figure 3.3. The diffusing duct losses
are calculated between line 1 and 2, HEX entry losses are calculated between line 2
and 3, HEX core losses are calculated between line 3 and 4, and the contracting duct
losses between line 4 and 5. Line 2 is located 4.5 mm upstream of the ICD-HEX
interface and line 3 is located 4.5 mm downstream of the ICD-HEX interface, or 5%
of the HEX total length in either direction of the interface.

0.6

0.4 1

r [m]

0.2 1

0.0 f-----

Figure 3.3: The boundaries, in green, used to distinguish between different sources
of losses.

The non-uniformity of the velocity normal to the heat exchanger inlet (the /-
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direction), denoted ¢, is calculated as

_ Xy luy s —uy|Ay

- 3.2

where }°( represents the sum over all face, u, is the surface average of u,, u, f
denotes the velocity at the face and Ay is the area of a face. The non-uniformity
is a measure used to estimate the degree of diffusion that is achieved at the heat
exchanger inlet. For a uniform distribution of velocities the non-uniformity has a
value of 0, which increases as the distribution becomes less uniform.

3.1.3 Heat exchanger

A reference heat exchanger is used to obtain the geometrical parameters needed to
calculate the aerothermal performance (detailed in Section 3.2.3. The geometrical
parameters of the cold side of the reference heat exchanger is kept constant, while
the hot side is allowed to vary in order to match a target temperature drop (detailed
in Section 3.2.4).

The reference heat exchanger used in this thesis is the 9.1-0.737-S finned flat-
tube type, illustrated in Figure 3.4. The cold side of the heat exchanger consists
of the flat tubes while the hot side consists of the fins. When matching a target
temperature drop the spacing of the fins is varied by changing .

Figure 3.4: 3D-view of the 9.1-0.737-S heat exchanger geometry. Figure from [4].

Due to the unavailability of hydrogen in the experimental setup, water is em-
ployed as the working fluid on the cold side of the heat exchanger. While cryogenic
hydrogen is the intended coolant for hydrogen aircraft water serves as a practical
and accessible substitute for experimental validation. Its use enables assessment of
both the thermal and aerodynamic performance of the heat exchanger under con-
trolled laboratory conditions, providing a basis for extrapolation to hydrogen-based
systems.

12
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The heat exchanger is oriented such that the normal vector of the fins aligns
with the a’-axis, while the flat tubes are aligned along the y’-axis. This coordinate
system, denoted as 2’-y/, is defined in Section 3.1.1.

The heat exchanger parameters were obtained from [7]. They were then trans-
lated into GGPs to enable estimation of the aerothermal performance. The GGPs
are detailed in Table 3.1. The cold side GGPs o, and «, are constant, while the hot
side GGPs o0}, and a4, are calculated using Equations 2.7 and 2.8.

Table 3.1: GGP Parameters for the 9.1-0.737-S heat exchanger.

Symbol \ Value
Constant
O 0.01
Q. 160m™1!
Initial values
X 0.231
ayp, 2151 m~*
Q. 13.45
o 0.7589
o, 75.89

3.2 CFD modeling

The simulations are carried out using the commercial finite volume code STAR-CCM+
2410 using a two dimensional, axisymmetric and steady state framework. Two flow
fields are solved simultaneously: the air side of the duct, which include the ducts
and heat exchanger, and the water side, which includes only the heat exchanger
portion of the geometry.

3.2.1 Numerics - air region

The air side is modeled as a dry compressible ideal gas. The governing equations
are the compressible RANS coupled with the £ — w SST turbulence model and the
energy equation. These equations are solved using a coupled solver with second-
order numerical schemes. The temperature dependency of the viscosity is modeled
using Sutherland’s law. A compressible model was chosen even though the Mach
number in this study is below 0.3 as the purpose of this work is to validate the
model for use in engine conditions where the Mach number is typically in the range
of 0.4 — 0.6.

The inlet boundary conditions are specified using a total pressure profile, a to-
tal temperature profile, and a velocity direction specification. A previous three-
dimensional RANS study has been conducted for a different ICD [10], which is used
to obtain the inlet boundary conditions for the present study. The outlet boundary
condition is specified as a constant pressure outlet which is updated every iteration
to match the target mass flow.

13



3. Methods

These quantities were obtained by circumferentially averaging the quantities at
the interface where the outlet duct meets the ICD, the dashed line in Figure ?7?.
The profiles used are shown in Figure 3.5 and related averaged flow properties and
relevant physical quantities are shown in Table 3.2.

Table 3.2: Summary of inlet boundary conditions.

Parameter Value
Total temperature, Ty | 291.73K
Total pressure, pg 98.9kPa
Reynolds number, Re 366 262
Mach number, Ma 0.129
Velocity, v 44.13ms™!
Blockage ratio, Bp 24 %

3.2.2 Numerics - water region

The water side of the heat exchanger is modeled as a laminar counterflow configura-
tion with slip wall boundary conditions. In this configuration, the coolant flows in
the direction opposite to that of the fluid being cooled, as indicated by the reversed
inlet and outlet positions in Figures 3.1a and 3.1b. This approach is justified by the
fact that multiple passes of cross flow through tubes can be reasonably approximated
as a counterflow. Furthermore, this modeling strategy reduces the computational
cost associated with resolving individual flow paths, while still conserving the total
mass flow rate and temperature of the water.

This approach enables the determination of the temperature and velocity re-
quired to calculate the heat transfer coefficient for convection on the water side
of the heat exchanger. It also allows the calculation of the temperature difference
between the two fluids.

The inlet is specified as a uniform mass flow inlet with a mass flow rate of 3kgs™
and a temperature of 278.15K (5°C), while the outlet is a simple outflow outlet.
Heat transfer is modeled as an energy sink term, equal in magnitude and opposite
in sign to the energy source term applied on the air side.

1

3.2.3 Discretized heat exchanger model

The discretized heat exchanger model is based on the GenHEX method as desribed
in Section 2.2. The method is discretized by treating each individual cell as a
tiny heat exchanger with local values of U, AT and Apy. In each cell the heat
transfer coefficient and pressure drop terms are calculated according to Equations 2.9
and 2.17 respectively.

The heat transfer rate, Equation 2.6, is integrated and divided by the cell volume
to obtain the volumetric heat transfer rate g, /V,

dhn

v = Uen(T.=Ty), (3:3)
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Figure 3.5: Inlet profiles to the ICD. The figure shows total pressure (a), total
temperature (b) and inflow angle (c). The inflow angle is measured against the
axial axis.

where the temperatures and U are calculated using Equation 2.9, based on the local
flow properties in each cell. Since the CFD-computed velocity u* does not account
for the reduced flow area caused by the heat exchanger structure, it is corrected to
obtain the actual velocity in the heat exchanger as
u

u=—_. (3.4)
The calculated volumetric heat transfer rate is then applied as a source term in the
energy equation for the air region and as a sink term of equal magnitude in the
water region.

By assuming that the local variations of density is small, which is valid for a
sufficiently fine mesh, we obtain that p;, = pour = pm Which allows us to rewrite
Equation 2.17 as

Apg . wapf

L 203
as m = puAy,. The pressure loss term is normalized by L, to be applied as a pressure
loss term in the 2/ and 3’ directions through STAR-CCM+’s porous region inertial
resistance. The fins in the heat exchanger does not allow flow in the 2’ direction.

(3.5)
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This is captured by increasing the pressure drop in the fin-normal direction, 2/, by
a factor 1000 [4]. For the case study of an isotropic heat exchanger the pressure loss
term is set according to Equation 3.5 in both directions.

3.2.4 Matching a target temperature drop

To be able to compare the designs in the optimization loop the thermal load of the
heat exchanger is kept constant. This was achieved by numerically changing the
spacing of the fins in the heat exchanger until a target temperature drop between
the inlet and outlet is reached. To numerically change the spacing the value of y is
updated every iteration. Increasing or decreasing y changes o, and «y, according to
Equations 2.7 and 2.8 which in turn causes the heat transfer and pressure drops to
change.
After each iteration of the flow solver a new value of x is calculated as

AT‘Current - ATVtarget)

3.6
ATytarget ( )

X = Xold (1—¢

where ATy rens is the current temperature drop, AT}, is the target temperature
drop, v is an under relaxation factor which is used to tune the convergence. It can
be seen that x becomes constant as ATgyrrent —+ AT%arget-

3.2.5 Numerical Mesh

The mesh is a polyhedral mesh with prism layers close to the wall. To ensure that
the mesh is sufficiently fine close to the wall for a multitude of different designs
the first layer height was chosen to be 1 x 107°m. The bulk of the mesh was
generated using a polygonal mesher. The base size of the mesh was determined
from a mesh convergence study, shown in Section 4.2.1, which resulted in meshes
with approximately 60000 cells.

3.2.6 Solution convergence

The simulations were converged in two steps. 400 iterations without updating yx is
first run to allow the flow field to stabilize. Thereafter the updating of y is turned on
as detailed above. The simulation is terminated when all the residuals have reduced
by a factor of 1 x 10%. If the simulation has not converged after a total of 1500
iterations the simulation is stopped as the residuals were observed to have stabilized
after this. The simulations were discarded if the residuals are reduced by less than
a factor 1 x 10%. The convergence of the total pressure and total temperature for
was manually observed for each of the optimized designs.

3.3 Optimization

The designs are developed using a single-objective, multivariate Bayesian optimiza-
tion framework based on the BO_GP code[11]. The optimization loop consists of six
steps:
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1. Calculate geometry inputs using the Bayesian optimization model based on
the existing data

2. Generate the duct geometry from the geometry inputs
3. Create a computational mesh

4. Solve for the flow field

5. Post-process the results to extract the target quantity
6. Add the target quantity to the database

The loop is then repeated until the optimization is considered sufficiently converged.

The optimization is used to sweep the area ratio of the heat exchanger for a
constant duct length, and the duct length for a constant area ratio. The swept
points are shown in Table 3.3.

Table 3.3: Swept area ratio (AR) and corresponding normalized duct length
changes (AR/L) used in the optimization process.

Conventional Design | Aggressive Design
AR [ 25| 3 |35 ] 4 4 4 4 4
AR/L|03]03|03]03]|02]04|0.5 0.6

3.3.1 Optimization parameters

In each optimization case the area ratio and length of the duct was fixed. This left
the position of the heat exchanger, the inclination of the heat exchanger and the
eight Bezier control points be optimized. The optimization parameters and their
allowed ranges are shown in Table 3.4. Increased values for A\; and A\, were used to
allow for a more expressive diffusing duct.

Table 3.4: Ranges of the optimization variables used in the study.

Variable | Range

Tmid [0.275, 0.725]
Tmid [0.3, 0.8]

K, deg [10, 60]

A1 - A [0.05, 0.75]
A3 - Ag [0.05, 0.5]

3.3.2 Target function

The goal of the optimization is to minimize the total pressure drop over the duct
while maintaining a set temperature drop. Given the inlet temperature of 13 °C and
the water temperature of 5°C a target temperature drop of ATiuee; = 10°C was
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chosen. This is expected to return a heat-exchanger design that will result in a total
pressure drop of roughly 1%, which ensures that the experimental facility can drive
the flow at the simulated mass flow.

The objective function r(q) is defined as the total pressure drop between the

inlet and the outlet:
_ Dojinlet Po,outlet (37)

qa
( ) Do,iniet

where pg inier and po ouser 15 the mass averaged total pressure at the inlet and outlet
of the air domain respectively. The stopping criterion for the optimization was 500
iterations.

3.4 Validation cases

The CFD model was simulated against two different diffuser geometries. Brief de-
scriptions of the diffuser geometries and boundary conditions are provided in the
two subsections below. The metric used to validate both ducts was the pressure
recovery coefficient, Cp,, was used to compare the data between the CFD and the
experimental results. It is a measure of how much dynamic pressure is converted
into static pressure and is defined as

Cpr = Pe = Pt (3.8)

Dot — Dt

where the subindex e corresponds to the diffuser exit and subindex ¢ corresponds to
the throat just ahead of the diffuser. These static pressures were calculated through
area averaging while the total pressure was calculated through mass flow averaging.

3.4.1 Conical diffuser

Experimental data for conical diffusers with an inlet Mach number of 0.4 and a
Reynolds number of 227,000 was obtained from [12]. The diffusers were parametrized
by the ratio between the length of the duct and the throat diameter L/D,, the area
ratio AR, and the blockage ratio By. The numerical setup and mesh settings is
identical to that described for the air side of the diffuser, Section 3.2.1.

0.10 1

r [m]

0.00

0.00 0.05 0.10 0.15 0.20
x [m]

Figure 3.6: Meridional view of a conical diffuser with AR =8, L/D = 8 and an
inlet length that gives By = 3%.

18



3. Methods

The geometry consists of an inlet tube which is used to build up a boundary layer
to obtain the wanted blockage ratio, followed by the diffuser duct and a discharge
plenum. The values used match the experimental setup, with the throat diameter
being equal to D; = 1.27 cm and the plenum diameter being equal to 20.3 cm.

The studied set of ducts consisted of two blockage ratios, 3% and 12%, two area
ratios, 4 and 8, and lengths spanning from L/D = 4 to L/D = 24. An example
geometry for Br = 3%, L/D = 8 and AR = 8 is shown in Figure 3.6.

3.4.2 Annular diffuser

Experimental data for annular diffusers with an inlet Mach number of 0.2 and a
Reynolds number of 600,000 was obtained from [13]. The diffusers consisted of two
parallel slanted walls which due to the axisymmetry diffuses the flow when increasing
the mean radius.

The geometry used was parametrized through the ratio between the average wall
length and the inlet hydraulic diameter L/D},, the blockage ratio By and the slope
of the parallel walls ¢. The investigated ducts had a blockage ratio of 2%, a slope
of 15° and lengths spanning L/D;, = 2.28 to L/D;, = 13.1. An example duct with
L/D;, = 5.66 is shown in Figure 3.7.

E 0.21
~

0.0

01 00 01 02 03 04
x [m]

Figure 3.7: An annular diffuser used for validation with L/Dj, = 5.66. The inlet
is shown in orange, and the outlet in black.
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4

Results and discussion

This chapter will present and discuss the results from the validation case, the mesh
convergence study, the optimization campaign and the non-isotropic heat exchanger
case study.

4.1 Validation cases

The two sections below present the results from the validation study, as described
in Section 3.4.

4.1.1 Conical Duct

Figures 4.1 present the pressure recovery coefficient C,, as a function of the ratio
between duct length and inlet diameter for conical diffusers with area ratios of 4 and
8, respectively. The solid lines represent CFD predictions, while the dashed lines
correspond to experimental data from [12].

1.0 1.0
0.8 = 0.8 = e
= X‘” x’, =
G
0.6 0.6
a a
O ]
0.4 —e— AR 4, CFD 0.4 —e— AR 4, CFD
AR 8, CFD AR 8, CFD
0.2 1 ->- AR 4, exp 0.2 ->- AR 4, exp
->- AR, exp ->- ARS8, exp
0.0 T y y v 0.0 i ; " :
5 10 15 20 25 5 10 15 20 25
L/ID L/ID
(a) Br = 3%. (b) Br = 12%.

Figure 4.1: Pressure recovery coefficient against the ratio between duct length and
inlet diameter. (a): 3% inlet blockage ratio, (b): 12% inlet blockage ratio.

The results demonstrate that the CFD model accurately captures the diffusive
behavior of short conical ducts. Notably, the simulations also reproduce the reduc-
tion in pressure recovery associated with higher blockage ratios. This increases the
trustworthiness of the results of the optimization campaign as the inlet boundary
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conditions used produced velocity profiles at the inlet with a blockage ratio of about
24 %.

(a) L/D = 4. (b) L/D = 12.
Velocity: Magnitude (mis)
0 18.6 37.1
e I

Figure 4.2: Pressure recovery coefficient against the ratio between duct length and
inlet diameter for two ducts with AR = 8 and By = 12%.

The velocity fields for geometries with By = 12%, AR = 4 and L/D = 4 or
L/D = 12 are shown in Figure 4.2. The short duct shows significant separation,
however as the Figure 4.1 showed the diffusive effects of the ducts are still matching
well between the experimental and numerical datasets.

4.1.2 Annular duct

Figures 4.3 present the pressure recovery coefficient C,, as a function of the ratio
between duct length and inlet diameter for the annular diffuser. The solid line is
the CFD results while the dashed line is experimental data from [13]. The figures
shows an over prediction in the diffusive capacity of the duct.

1.0
0.8
0.61

)
0.4
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0.0L } } } } }
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L/D

Figure 4.3: Pressure recovery coefficient against the ratio between duct length and
inlet diameter for the annular duct.

The annular case was run without an exit plenum, and the outlet was instead
placed at the diffuser exit. This was due to unsteady flow behavior in the annular
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plenum which was not observed in the conical case, due to the stabilizing effect of
the axis boundary condition. This could be an explanation for why the performance
is overestimated, which points to the need of transient methods being needed to
accurately estimate the diffusive properties in unsteady flows.

4.2 Convergence

This section presents the mesh convergence study as well as the solution convergence
of the CFD simulations.

4.2.1 Mesh convergence

A mesh convergence study was performed using a representative duct geometry,
illustrated in Figure 4.4, to evaluate the sensitivity of the simulation results to
mesh resolution. The mesh size varied from 30,000 to 240,000 cells, and the total
pressure drop between the inlet and outlet—normalized by the value obtained using
the finest mesh—was used as the convergence metric. The results are presented
in Figure 4.5. Based on the observed trend, the third finest mesh was selected
for all subsequent simulations, as it provided an acceptable level of accuracy while
substantially reducing computational cost, which was required by the optimization.

1.04
04 ;j: 1.03 1
e =)
= 3
- .g 1.02
0.2 1 Té
ZO 1.01 A
0.0 oo tommmmo i —_— 1.00 1
0.0 0.2 0.4 0.6 3ed 1e5 2e5
x [m] Number of cells

Figure 4.4: The geometry used in the Figure 4.5: Normalized total pressure
mesh convergence study. drop vs. number of cells in the mesh.

4.2.2 Solution convergence

The convergence of the total pressure drop, here normalized by inlet total pressure,
as well as the temperature drop for the AR = 4, AR/L = 0.6 duct are shown
in Figures 4.6. The sharp increases located at iteration 400 corresponds to when
the updating of y is turned on. The convergence histories for all of the optimized
designs followed the same trend: a sharp spike at 400 iterations followed by a smooth
convergence to a final value with no oscillations observed. The convergence histories
from other cases are omitted for brevity due to this similarity.
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Figure 4.6: Figures showing the convergence history for the total pressure and
temperature drops.

4.3 Optimization results

This section presents the results from the optimization study. The results are split
up into two parts, a sweep of AR for a constant duct length (Section 4.3.1) and a
sweep of duct length for a constant AR (Section 4.3.2).

4.3.1 Effects of area ratio on performance

The effects of area ratio on performance were investigated by fixing AR/L = 0.3
and optimizing the duct to minimize the duct inlet to outlet total pressure drop for

different area ratios. This was done for fixed values of area ratios between 2.5 and
4.

2.0
—e— Total
151 HEX entry 025
= HEX core
% —o— Ducts
I& 1.0 « 0.241
£0.51 0.23 1
0.01-% L ® ® | | | !
2.5 3 3.5 4 2.5 3 3.5 4
AR AR

Figure 4.7: Total, HEX entry, HEX  Figure 4.8: The value of y, which cor-
core and duct losses against area ratio relates with fin density, against area ra-
for the optimal designs. tio for the optimal designs.

Figure 4.7 shows that a larger area ratio gives lower overall losses. As the area
ratio increases the HEX core losses decrease while the HEX entry losses increase.
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The duct losses are largely negligible in all configurations.
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Figure 4.9: Velocity magnitude non-uniformity at the heat exchanger inlet.
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Figure 4.10: Velocity fields for the four optimized ducts in the area ratio sweep.

The reduction in losses over the HEX core is driven by the reduction of losses
in the heat exchanger itself. This reduction is due to lower velocities through the
heat exchanger, seen in Figure 4.10, as well as a lower fin density as shown in
Figure 4.8. Lower velocities reduce the losses through the core as pressure losses
scale with the velocity square while heat transfer is closer to linear in velocity (as
seen in Equations 2.17 and 2.9 respectively).
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The losses over the HEX entry are largely due to the finned structures effectively
removing the velocity in the z’-direction due to the large pressure sink term in
that direction. As the area ratio increases these losses also increase as the duct is
unable to diffuse and turn the flow as much, which is also seen in an increase in the
non-uniformity, Figure 4.9.

Observing the velocity fields, Figure 4.10, shows a clear trend: the optimal design
always favors a jet of fluid which impacts the heat exchanger inlet. The jet spreads
out across the entire interface which showcases the diffusive capacity of the heat
exchanger itself. This is a core finding as previous work expected optimal designs
to increase the diffusion by tilting the heat exchanger more relative to the inlet
which reduces the effective area of the inlet duct which increases entry losses but
also increases velocity magnitude non-uniformity [4].

v

(a) AR = 2.5 (b) AR =3

Y Y

(c) AR =35 (d) AR =4

Absolute Total Pressure (Pa)
< 9.5e+04 9.7e+04 >9.91e+04

Figure 4.11: Total pressure fields for the four optimized ducts in the area ratio
sweep.

The total pressure distributions presented in Figure 4.11 clearly demonstrate in-
creased pressure losses in ducts with lower area ratios. These results also highlight
distinct discontinuities in total pressure across the heat exchanger, particularly in
regions adjacent to the walls. At the center of the heat exchanger, the flow remains
predominantly aligned with the y’-direction, thereby minimizing the influence of the
source term in the z’-momentum equation. As a result, total pressure is more uni-
formly preserved at the heat exchanger entry, yielding a relatively smooth pressure
field. In contrast, near the duct walls, the flow exhibits a substantial velocity compo-
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nent in the 2’-direction. Consequently, the associated dynamic pressure is dissipated
more significantly, leading to the discontinuities observed in the total pressure field.
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Figure 4.12: Temperature fields for the four optimized ducts in the area ratio
sweep.

The total temperature fields, Figure 4.12, shows a uniform temperature decrease
in the AR = 2.5 and AR = 3 case, while the larger area ratios show cold spots.
These cold spots are due to flow stagnation in the heat exchanger which allows the
flow to reach the temperature of the cold side. This behavior indicates that the
heat exchanger model is functioning as intended, since a simpler model employing
a constant volumetric heat sink would produce unrealistically low temperatures.
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4.3.2 Effects of duct length on performance

The effects of area ratio on performance were investigated by fixing AR = 4.0 and
optimizing the duct to minimize the duct inlet to outlet total pressure drop for
different area ratios. This was done for fixed values of AR/L between 0.2 and 0.6.
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Figure 4.13: Total, HEX entry, HEX
core and duct losses against area ratio
for the optimal designs.

Figure 4.14: The value of y, which cor-
relates with fin density, against area ra-
tio for the optimal designs.
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Figure 4.15: Heat exchanger core pres- Figure 4.16: The value HEX inlet-

normal velocity uniformity AR/L for
the optimal designs.

sure losses against AR/ L for the optimal
designs.

Figure 4.13 show the distribution of losses as the length of the duct decreases. A
shorter duct results in increased HEX core losses, as well as increased entry losses for
all duct lengths except the shortest configuration. One explanation for this change
in loss distribution is that there are different types of configurations with similar
performance, making it difficult for a clear trend to emerge as the search space for
the optimizer becomes flat. Another explanation for this change in behavior could
that the optimization is not fully converged for all the designs.

Looking at the isolated HEX core losses, Figure 4.15, and the velocity uniformity,
Figure 4.16, there is a clear correlation. As the non-uniformity increases the losses
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Figure 4.17: Velocity magnitude fields for the five optimized ducts in the AR/L

sweep.

increase. This is due to the pressure drop scaling with the square of the velocity,
as discussed in the section above, which causes a less uniform flow through the heat
exchanger core to give rise to increased losses.

The velocity fields in figure 4.17 share similarities to the ducts in the AR-sweep.
All designs feature separation regions to some degree. The least aggressive design,
AR/L = 0.2, features a partially-attached flow on the hub diffuser wall, similarly
to the least aggressive design in the area ratio sweep.

As the ducts become very short the separation regions start to diminish as there’s
simply no space for them. While the shorter ducts do struggle with diffusion, seen
through increased non-uniformity, they also struggle to turn the flow which is seen
through the increased HEX entry losses. Future studies could look to try and use
the heat exchanger surfaces themselves as a means to diffuse and turn the flow inside
the duct.

The total temperature fields also illustrate how diffusive capacity of the designs
decreases as the ducts become shorter. This is seen through the increase of cold
spots throughout the heat exchanger.

The AR/L = 0.5 duct shows a large bulge on the shroud side of the heat ex-
changer, which gives rise to a large cold spot. The shorter AR/L = 0.6 duct is
instead moved such that the heat exchanger is more centered relative to the incom-
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Figure 4.18: Total temperature fields for the five optimized ducts in the AR/L

sweep.

ing fluid jet which instead gives rise to two smaller cold spots, one at the hub and
one at the shroud. This could be an indicator that the optimization is not fully con-
verged, but it could also be an indicator that different loss distributions can both
be close to optimal when minimizing the total losses.

4.4 Isotropic heat exchanger

To assess the effect of heat exchanger anisotropy, simulations were performed using
the previously optimized geometry for the case with AR/L = 0.3 and AR = 3.
Three configurations were compared:

1. A finned heat exchanger, with fin normals aligned along the x’-direction.

2. An isotropic heat exchanger, where the fins are arranged tangentially to the
plane and pressure losses are applied isotropically in the = — r plane.

3. A baseline case with no heat exchanger.

All configurations used the same geometry to isolate the effects of the heat exchanger
characteristics.

30



4. Results and discussion

Table 4.1 presents the resulting losses, flow non-uniformity, and the effectiveness
parameter x. The velocity fields for the three cases are shown in Figure 4.19,
highlighting the differences in flow behavior.

Table 4.1: Aerothermal performance for different heat exchanger types.

Heat exchanger type | Finned | Isotropic | No HEX
AT 10K 10K 0K

Apo/gin 1.146 1.159 0.037
Apo,HEX entry/Gin 0.254 0.143 N/A
Apo,HEX core/Gin 0.844 0.97 N/A
Apo,ducts/ Gin 0.048 0.046 N/A
Non-uniformity 0.081 0.226 0.565
X 0.242 0.234 N/A

The analysis of aerothermal performance presented in Table 4.1 reveals several
notable insights. The pressure losses for the finned and isotropic heat exchanger
configurations are nearly identical, differing by about 1 %. In the isotropic case, the
reduction in entry losses is traded for higher core losses, for a low net change in
performance. This reduction in entry losses arises from the absence of fins, which
in the finned configuration removes a large amount of dynamic pressure.

However, the lack of fins also removes the constraint that forces the fluid to
follow the shortest possible path through the heat exchanger, along the y/’-axis.
Consequently, while entrance losses are reduced in the isotropic configuration, they
are not entirely eliminated. This is primarily due to the increased freedom of the
fluid to traverse significant distances in the a’-direction within the entry region.
Furthermore, the fluid tends to follow a longer trajectory through the core of the
heat exchanger, which contributes to higher core losses. This occurs despite the
reduction in pressure drop that results from a lower value of y.

)

(a) Finned heat (b) Isotropic heat (c) No heat
exchanger. exchanger. exchanger.
Velocity: Magnitude (m/s)
0 27.5 >55
. - s

Figure 4.19: Velocity fields for the optimized AR/L = 0.3, AR = 3 duct for
different styles of heat exchangers.

This difference in flow behavior is further illustrated by the flow field visual-
izations of the two configurations in Figure 4.19a and 4.19b. In the finned heat
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exchanger, the flow remains aligned with the y'-axis, as the fins restrict lateral dif-
fusion and inhibit mixing. In contrast, the isotropic configuration shows significant
mixing inside the heat exchanger which results in a smoother velocity field.

The velocity field for the case without a heat exchanger, Figure 4.19¢, clearly
illustrate the diffusive influence of the heat exchangers on the flow behavior. In
the absence of a heat exchanger, the flow exhibits the characteristics of a pure jet,
with minimal diffusion and a narrow velocity profile confined to the central region
of the duct. In contrast, the presence of heat exchangers, both finned and isotropic,
promotes greater diffusion, resulting in a broader distribution of the flow across the
duct.
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Conclusion

This thesis has demonstrated the effectiveness of using coupled models with opti-
mization techniques to conduct rapid design studies. By constraining the designs
to achieve the same thermal load the performance comparisons can be simplified
and consistency can be ensured across design iterations. This allows for rapid de-
sign evaluations and is made possible by the embedding of aerothermal performance
calculations of heat exchangers directly within the CFD solver.

The main conclusion from the parameter sweeps is that higher area ratios and
longer ducts reduce aerodynamic losses. Across all configurations, highly separated
flow regions were observed, yet the overall level of diffusion remained high. This
indicates that the dominant source of diffusion is the heat exchanger itself, rather
than the surrounding duct.

Additionally, the study found that finned and isotropic heat exchangers yielded
similar performance when placed in the same duct geometry. This suggests that
the fins are not the primary driver of diffusion. Instead, the dominant mechanism
appears to be the velocity-dependent pressure drop induced by the heat exchanger
matrix.

Future work could leverage the computational tool developed in this thesis to
enable new strategies for duct and heat exchanger design. Operating within a con-
tinuum framework, the tool supports the evaluation of complex heat exchanger ge-
ometries that go beyond simple shapes such as the square diffuser in this work. This
flexibility opens up opportunities to explore integrated configurations in which the
heat exchanger extends into the duct’s diffusing section, varying fin angles through-
out the geometry and non-uniform heat exchanger geometries. Such designs have
the potential to redistribute aerodynamic diffusion more effectively between the duct
and heat exchanger, potentially yielding beneficial synergies through reduced flow
separation and improved flow control.
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