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Aerodynamic Optimisation of a Turbofan
Bypass Duct with a Heat Exchanger Modelled
as a Porous Zone

Kalyan Wessendorp

The drive for improved fuel efficiency and decreased environmental impact has resulted in the development of
advanced jet engine concepts that utilise waste heat recovery, including intercooled-recuperated engines and
combined-cycle turbofans (CC-TF). A promising CC-TF variant employs an Organic Rankine Cycle (ORC) bottom-
ing unit to recover waste heat, however it also requires extensive heat dissipation. Integrating a condenser into the
bypass duct is a potential solution to meet this heat dissipation requirement. Axisymmetric RANS CFD simulations
are employed to simulate this configuration and optimise aerodynamic performance, requiring simplified models
for computational efficiency. This study quantifies the effect of the condenser integration on bypass stream net
thrust and applies a gradient-based optimisation framework to refine the bypass duct geometry for improved thrust
generation. The condenser air-side pressure drop and heat transfer performance are modelled through a porous zone,
while the effect of the fan and OGV on the airflow pressure and velocity are predicted using actuator disk models.
The integration of the CC-TF condenser results in a 13.7% net thrust penalty, however this penalty is reduced to
9.29% when simulating the heat added by the condenser to the airflow. The optimised bypass duct design further
improves net thrust by 3.32% compared to the initial condenser integration approach. The actuator disk setup has
been verified and validated by comparing the fan and OGV performance to predictions made by other CFD studies
and to data collected in the wind tunnel by the NASA R4 engine. Verification studies also confirmed sufficient mesh

refinement and correct porous zone calibration. Future studies can expand on this framework to incorporate the

power generated by the ORC unit and assess potential fuel savings.

1 Introduction

Jet engine design is rapidly evolving, driven by the imper-
ative to enhance the fuel efficiency of passenger aircraft.
While this can be partially attributed to the significant
increase in fuel prices over the past 20 years [1], these
efficiency improvements are essential for minimising the
aviation industry’s environmental impact, currently con-
tributing around 3% of total greenhouse gas emissions [2].
The International Civil Aviation Organization’s (ICAO)
member states adopted a long-term target of reaching net-
zero carbon dioxide emissions from international aviation
by 2050 [3]. The emerging new propulsion systems, such as
hybrid electric configurations, internal combustion engines
using hydrogen as fuel, intercooled-recuperated turbofans
and combined-cycle turbofans (CC-TF), are a potential
solution to mitigate these greenhouse emissions. However,
these solutions often have larger thermal power dissipation
requirements, and the thermal management systems must be

adapted accordingly.

The CC-TF configuration combines the gas turbine Brayton
cycle with a bottoming Organic Rankine Cycle (ORC),
which harvests thermal energy from the hot exhaust of
the gas turbine and converts it into additional power to
improve engine efficiency. Figure 1 depicts a simplified
process flow diagram of the waste heat recovery (WHR)
unit. Studies have shown that this process not only has
the potential to increase the engine’s efficiency but also
reduce fuel consumption and lower emissions [4]. The
ORC system requires a heat sink for the condensation
of the organic working fluid, which can be provided by

the cold airflow passing through the turbofan bypass duct [5].

The integration of a HEX in the bypass duct poses some
design challenges. Mainly, the drag penalty should be as low
as possible to maximise the propulsive efficiency and reduce
fuel consumption. Van Dongen [6] used a lumped parameter

model to assess the aerodynamic performance of a HEX in
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Figure 1: The simplified process flow diagram of the bottom-
ing ORC unit of the CC-TF engine concept.

a ram-air duct, specifically the condenser of a CC-TF. The
model was compared with CFD simulations of the HEX and
ducts. However, the model did not encompass the effect
of the turbofan geometry when integrating the condenser
inside the turbofan engine. Similarly, other studies have also
explored the possibility of integrating a HEX in the bypass
duct using CFD simulations [7]-[10]. Despite the insights
provided by these studies, none have simulated the influence
of the upstream fan or the external airflow around the engine
nacelle in configurations where a HEX is positioned within

the bypass duct.

Therefore, this study aims at simulating the airflow through
the bypass duct of a turbofan engine housing a condenser.
The objective of the study is to develop a computationally ef-
ficient framework to optimise the bypass duct shape to max-
imise thrust, leveraging the thermal energy discharge into the
bypass air flow. The condenser core geometry is a flat-tube
microchannel HEX with louvred fins, mounted in an annular
configuration to allow for a simple and axisymmetric inte-
gration within the bypass duct. The HEX is modelled as a
porous zone to increase the computational efficiency of the
CFD simulations, by replicating the expected flow resistance
and heat transfer without explicitly resolving detailed geo-
metrical HEX features. The fan is modelled using a simpli-
fying actuator disk approach, simulating the pressure jump
across the fan plane without resolving individual blade ge-
ometries. The turbofan geometry and performance are based
on the LEAP-1A engine, which is representative of modern

high bypass ratio (BPR) turbofan technology.

2 Literature Review

A critical aspect of the model setup is selecting a condenser
topology with the appropriate aerothermal performance char-
acteristics and compactness. The compactness is defined as
the ratio of heat transfer surface area to volume and is a cru-
cial metric for aerospace-grade HEXs. A compact HEX core
is characterised by [11]

Buex > 700 m? /m? (D

and is the first requirement of the condenser. Further selec-
tion is guided by construction characteristics, with particular
attention to plate-fin, tube-fin, and flat-tube HEX designs, all
of which have established use in aerospace applications.

Plate-fin heat exchangers (PF-HEXs) are widely used in
aircraft environmental control systems (ECS) and oil cool-
ing systems due to their high thermal effectiveness and low
weight [12], [13]. While more commonly associated with
automotive applications, the tube-fin configuration has also
been implemented in aerospace systems where robustness
and durability are critical design considerations [9], [11].

The preferred HEX design for this research is the flat-tube
heat exchanger (FT-HEX). The low-profile flat tube geom-
etry maximises the heat transfer area on the hot fluid side
while minimising obstruction to the air-side flow [11], [14].
Modern FT-HEXs often incorporate microchannels into the
design, dividing the flat tubes into small parallel flow chan-
nels that significantly enhance heat transfer rates while main-
taining a compact form factor.

These geometries often feature fins to increase the air side
heat transfer area, which is characterised by a higher thermal
resistance compared to the working fluid side. By using lou-
vred fins, the fin structures promote flow mixing and bound-
ary layer disruption, leading to a two- to fourfold increase
in the heat transfer coefficient compared to conventional fin
geometries [11]. Given these advantages, the flat-tube mi-
crochannel heat exchanger with louvred fins emerges as an
optimal choice for this research due to the high compactness

and thermohydraulic performance.

2.1 Porous Media Model

The porous media model (PMM) in CFD simulations can
be used to analyse flow passing through porous geometries
such as soil, fences and filtration devices (see Refs. [15]—

[17]) without the need to model the porous medium geom-



etry, thus reducing computational time and complexity. The
PMM approach has also been applied to simulate the pres-
sure drop and temperature increase through compact HEX
core geometries in aerospace applications (see Refs. [8], [9],
[14]). The pressure drop through the PMM is simulated by
including a momentum source term in the conservation of

momentum equation, formulated as

0 _,
a(pﬁ)+v-(pﬁﬁ):—Vp+V-f+p§+S,,L. (2)

The momentum source term is modelled using the Darcy-
Forchheimer equation, an evolution of Darcy’s law [18],
which applies to airflows with high Reynolds numbers. The
Darcy-Forchheimer equation expresses pressure gradient per

unit length L as a quadratic function of airflow velocity,

VP
T =(g)vt (f}?) plefv, 3

where cr is the inertial coefficient, K is the specific perme-
ability of the porous zone and p is the dynamic viscosity.
Equation 3 can be reformulated as
=" _ Di+ CFpalg )
2
where the elements of matrices D and F are adjusted to vary
the pressure gradient of the flow in each flow direction. The
flat tubes and fins inside the condenser constrain the airflow
to travel straight through the heat exchanger core. To ensure
that the flow is normal to the HEX frontal area, the flow
resistance per unit length along the other flow directions

is imposed to be significantly larger than that of the flow
through the HEX core.

The thermal performance of the HEX in the porous zone is
modelled by means of an energy source term in the energy
balance equation. The energy balance can be expressed ac-
cording to nomenclature introduced by Quintard [19], where
the (-phase represents the fluid travelling through the o-
phase structure. Therefore, in the case of a heat exchanger,
the S-phase is the airflow passing through it, while the o-
phase is the solid metal structure of the heat exchanger itself.

The resulting energy equation is

0 .
5 (eppEp + (1 —¢€)psEy) +V - (V(psEp +p)) = 5

V- [kgVT + (7 - 7)) + S,

where ¢ is the medium porosity, defined as the volume
fraction V/V. The heat conduction term on the right-hand
side (RHS) of Equation 5 is dependent on the fluid thermal
conductivity kg.

The energy source term in Equation 5 is equivalent to the

volumetric heat flux, defined according to

Qocal = Piocal (Twan — T) Brex 6)

where hjoca 18 the local heat transfer coefficient, Ty, is the
temperature of the HEX wall in contact with the airflow, and
T is the local airflow temperature. The parameter hjoe, de-
pends on the local flow conditions and thermal properties of

the fluid according to

k’@ Nu
Deq

hlocal = (7)
reformulated from the definition of the Nusselt number Nu.
D¢y is the hydraulic diameter of the louvred fin geometry,

calculated through
44,

P
where Ay is the cross-sectional flow area of the air conduit
bounded by the louvred fins and flat tubes, while P is the
wetted perimeter of the conduit. This definition is commonly

Deq = )

used in HEX calculations to estimate the Reynolds number.
The Nusselt number Nu represents the convective to con-
ductive heat transfer ratio and it can be expressed in the fol-

lowing general form [9]
Nu=aPr™ Rep, )

where coefficients a, b and n are selected to approximate the
thermohydraulic performance of the HEX core.

Combining Equations 6, 7 and 9, the energy source term
can be expressed as

. kpaPr™ Re, (Twar — T') Brex

Se = Qlocal = D (10)

eq
Within the porous zone, the wall temperature 7),,;; is as-
sumed constant; this assumption does not introduce signifi-
cant errors as the HEX being analysed is a condenser. Ad-
ditionally, the total heat exchanger length L must be much
larger than the pore-scale characteristic lengths lg and [,
[19].

The PMM provides sufficiently accurate results provided
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Figure 2: Effect of changing the incoming flow orienta-
tion on the airflow pressure drop through a heat exchanger.
Adapted from [22].

that the model is calibrated with accurate and sufficient cali-
bration data [9], [14], [20] while reducing computational cost
and modelling time. This approach is also adaptable to dif-
ferent HEX geometries by adjusting porosity and resistance

coefficients.

2.2 Heat Exchanger Integration

Research by Drela [21] found that the HEX positioning for
a high-altitude aircraft can significantly affect the resulting
drag penalty. Therefore, the placement of the condenser in-
side the bypass duct must be carefully selected.

A critical design parameter is the inclination of the con-
denser within the bypass duct. Tilting the HEX allows for
increasing its frontal area without affecting the diameter of
the turbofan engine nacelle. Changes to the nacelle diame-
ter affect the engine bypass ratio, weight, drag, and fan per-
formance, and are therefore avoided in this work. Beyond
a 70-degree inclination, the air-side pressure drop through
the condenser increases substantially as shown in Figure 2.
The graph is based on experimental data collected by Nichols
[22] obtained in an early wind tunnel setup and at a low air
velocity. At the higher velocities typical of turbofan bypass
flows, the sharp pressure loss escalation likely occurs at a
lower inclination angle.

Based on these considerations, the inclination angle of the
HEX is chosen to be 55 degrees.

The total pressure loss associated with the presence of the
HEX in the bypass duct introduces a drag penalty which can
be offset by converting part of the thermal energy discharged

to the bypass duct air into kinetic energy. This effect was

investigated by Meredith in 1935 for a piston engine aircraft
[23]. Exploiting the thermal energy discharge to the bypass
duct is even more critical for modern aero engine concepts.
Notably, Kaiser et al. [7] analysed an ultra-high bypass ra-
tio (UHBPR) Water-Enhanced Turbofan (WET) employing a
Cheng cycle — a combination of a Brayton and Rankine cycle
— for reduction of engine contrails, CO5 and NO, emissions.
This engine concept features an inclined condenser placed
in the bypass duct that extracts water from the exhaust gas,
condensing it using the bypass air as a heat sink. The study
claims that the thermal energy discharged to the bypass duct
could be used to accelerate the airflow through a nozzle and
completely compensate for the additional drag caused by the
HEX pressure loss. The potential for HEX drag recovery is
promising, although it should be noted that the nacelle length
had to be increased by 40% in the study by Kaiser et al. [7]
to incorporate the condenser while retaining enough length
for the bypass nozzle. Compact and efficient packaging will
thus be key in avoiding changes to the external turbofan ge-
ometry.

To link the heat dissipated by a ducted HEX to the result-
ing drag of the HEX core, Drela [21] devised a relation that
takes into account the Meredith effect, expressed as

m. . A vi\?: -1
Drtxcore Vo & gVéi ’ZEX <V1) —HVTM;.
(11)

In this equation, H is the heat rejection rate, m is the air
mass flow into the heat exchanger, and subscript 1 denotes
conditions directly in front of the heat exchanger. Equation
11 highlights the benefit of slowing down the flow in front
of the heat exchanger from V, to a low V;. If H is made
as large as possible, it is even possible to obtain a negative
value for Dygxcore Voo as postulated by Meredith. Equation
11 suggests that the optimiser will seek to adjust the duct
wall geometry to slow the flow from V to a low V and/or
to maximise the heat duty.

2.3 Actuator Disk Model

The actuator disk (AD) method is used to model the fan and
OGVs as permeable disks that exert forces on the air passing
through without needing to resolve the exact geometry of the
blades or vanes. The AD method involves adding momentum
to the flow through source terms rather than through complex
3D flow interactions. A fan modelled as an AD represents an

idealised configuration with an infinite number of blades and



without unsteady flow discontinuities. This modelling ap-
proach is appropriate for time-averaged flow representations,
as required in RANS simulations of turbofans. Originally in-
troduced by Froude in 1920 for aviation propellers, actuator
disk theory has since been extensively refined.

There are two approaches for modelling a fan as an AD:
adding source terms to the AD region or imposing a pressure
jump as a boundary condition to the flow. Rajagopalan
and Fanucci [24] first implemented the former method to
model wind turbines, modelling the volume occupied by
the spinning blades as a porous cylinder in which these
momentum source terms are applied. The method can be
used for both a disk of one control volume width and a wider
region, allowing the entire rotor width to be represented by
an actuator disk and spreading the pressure rise over this
volume. This more accurately portrays the actual behaviour
of a fan and is therefore preferred over a pressure jump
boundary condition, which is easier to implement but may
lead to strong discontinuities in the flow [25]. The source
term method is also more robust than imposing a pressure
jump when introducing a swirl component to the airflow
[25].

The momentum source terms can be calculated in different
ways. Research from Spinner et al. [26] and Baratchi et
al. [27] use Blade Element Momentum theory, in which a
propeller or fan blade is broken down into a finite number
of airfoils stacked together. The inputs for this model are the
airfoil geometries along several sections of the fan blade. For
each airfoil section, the lift and drag coefficients Cy, and Cp
are computed over a range of angles of attack «. These forces
are integrated along circumferential sections of the fan blade
to produce a force distribution, which can then, in turn, be
converted to a momentum source term. This approach shows
good agreement with results from higher fidelity URANS
simulations; however, it requires detailed 3D geometrical in-
formation of the fan and OGYV, which is unavailable to the
author.

A second AD method involves using a custom thrust
loading profile that varies along the blade radial direction,
providing a more holistic method of modelling the fan and
OGVs. This method is used by Stich et al. [25] to model
the fan of the NASA Glenn Ultra High Bypass Drive Rig, a
1:5 scale turbofan model. Two axial and tangential loading
profiles are considered: the first assumes a radially uniform
thrust distribution, corresponding to the classical actuator

0.8 4

e
o
L

plrw/(2mwv) [-]
o
-

0.2 4

0.0 4

0 1 2 3 4 5
wriv[-]

Figure 3: The Goldstein load distribution, showing the non-
dimensional circulation as a function of the dimensionless
rotational velocity ratio for a 4-bladed propeller. Adapted
from [28]

disk approximation.
distribution derived by Goldstein and Prandtl [28], which
more accurately represents finite-blade effects. This latter

The second adopts the circulation

profile, commonly referred to as the Goldstein loading, is
depicted in Figure 3. This circulation distribution can be
converted into a thrust distribution for a typical propeller,
which minimises the energy lost in a propeller slipstream.
Lastly, custom load profiles generated from detailed URANS
results are inputs for the simplified actuator disk method.
Stich et al. [25] showed that all three methods can predict
the overall mass flow rate, total pressure ratio, and total tem-
perature ratio to within 1% accuracy. However, the velocity
profile at the OGV exit differs slightly from experimental
results, which in the case of a CC-TF engine would have

a direct effect on the heat transfer occurring in the condenser.

A fundamental limitation of using an axisymmetric RANS
actuator disk model is the inability to capture the effects
of geometrical asymmetries on the circumferential distribu-
tion of thrust and flow properties. Examples of these engine
asymmetries are the engine pylon, structural struts down-
stream of the OGVs, the presence of the wing, and the shape
of the inlet lip. The asymmetries introduce local flow distor-
tions by partially obstructing the bypass duct.

Kodama and Nagano [29] investigated the influence of
such components on circumferential pressure variations and
demonstrated that their effects can be incorporated into an

actuator disk model by modifying the loading through the



OGVs, thereby enabling reduced-order simulations while
preserving key flow features. Similarly, previous studies
have quantified the aerodynamic penalties associated with
engine integration using CFD simulations, particularly in
terms of flow non-uniformity and drag increments (see Refs.
[30]-[32]).

This work assumes a negligible effect of these asymme-
tries on the flow solution inside the bypass duct and the duct
optimisation process, since they primarily affect the external
nacelle shape and the placement of local flow control devices

such as vortex generators.

2.4 Optimisation Methods

The optimisation algorithms used for optimising duct ge-
ometries can be divided into two categories: derivative-free
methods and gradient-based methods. Among the derivative-
free methods, genetic algorithms (GAs) are a popular choice
and are based on the principles of natural selection and evo-
lution. These algorithms evaluate a population of potential
solutions and employ processes like mutation, crossover, and
selection to evolve towards an optimal design. In the context
of turbofan duct shaping, Patrao et al. [10] and Clemen et
al. [33] both chose to employ the Natural Search Genetic
Algorithm NSGA-II to optimise turbofan duct and OGV ge-
ometries, with the former using a population size of 100 indi-
viduals over 100 different generations and the latter using 80
individuals over 60 generations to improve the OGV shape.
Genetic algorithms help explore complex design spaces and
are good at avoiding local optima, but they come with a rela-
tively high computational cost.

Another approach to derivative-free optimisation is the
Design of Experiments (DoE) method, which systematically
samples the design space to explore relationships between
design variables and performance metrics. Bajimaya et al.
[34] employed a full factorial DoE approach to study the
integration of a ducted HEX within the bypass duct while
varying both the length and height of the HEX. A DoE is
particularly well-suited for initial design exploration and
allows researchers to understand the entire design space.
However, the method becomes computationally expensive

when applied to high-dimensional problems.

Gradient-based methods utilise derivative information to
locate the optimal solutions, therefore, they are often em-

ployed in problems with smooth and differentiable objective

functions. Witte and Bode [35] use a gradient-based method
to optimise a simplified bypass duct geometry to integrate
heat transfer structures that contribute to aerodynamic
efficiency. Employing a multi-objective optimisation routine
allowed Witte and Bode [35] to construct a 2D Pareto front
of solutions featuring minimum pressure drop and maximum
heat transfer. Gradient-based optimisations generally con-
verge faster than derivative-free approaches and are widely

used for aerodynamic and thermal optimisation [36].

The chosen parametrisation method for the bypass duct ge-
ometry can impact the optimisation solution, computational
time and flexibility. One approach of geometric parametri-
sation involves using control points to define smooth Bézier
curves, cubic splines, or B-splines, allowing automatic ge-
ometry updates by adjusting point coordinates. Patrao et al.
[10] use Bézier curves and control points for HEX and duct
parametrisation, while Clemen et al. [33] use five axially
fixed points varying only radially, halving variable count and
simplifying geometry definition. Keeping the bypass duct in-
let and exit positions fixed avoids changes to turbofan length,
preventing extensive engine redesign. The cubic splines gen-
erated in Ansys are preferred over B-splines or Bézier curves,
ensuring the curves pass through control points and simpli-
fying constraint implementation.

An alternative parametrisation method is Class Shape
Transformation (CST), which is widely used in aerospace en-
gineering to define aerodynamic surfaces. The CST method
combines a class function C'(x), which sets general geomet-
ric features, with a shape function S(z), which refines finer
details:

y(x) =C(z) S(z) + = Ay. (12)

CST has been successfully applied to bypass duct nozzle de-
sign and optimisation [32] and can also be integrated with
other methods for enhanced control. Namely, Christie et al.
[37] combined CST with the PARSEC method [38], creat-
ing the iCST method for greater aerodynamic flexibility. Ba-
jimaya et al. [34] demonstrated its suitability for turbofan
bypass duct design.

While CST methods provide more refined geometrical
control, they do not necessarily reduce the number of vari-
ables compared to a method employing axially fixed control
points. Given the simplicity of implementing a control point
method into ANSYS Fluent, it is preferred for initial optimi-

sation studies.



3 Methodology

3.1 Computational Domain

To account for compressible flow effects, the upstream
boundary condition (BC) is defined as a pressure inlet and
the downstream BC as a pressure outlet. This approach im-
proves numerical stability and solution accuracy in compari-
son to a velocity inlet specification, particularly when shock
waves are present [39]. The turbofan axis and the far-field
wall form the upper and lower boundaries, and the flow into
the engine core is set through a mass flow outlet BC.

Kaplan [40] used the definition of the engine length L as
a reference and modelled a domain spanning 10L upstream
and 12.5L downstream, with a conical far-field boundary ta-
pering from 10L upstream to 12.5L downstream. Other de-
tailed simulations, such as that performed by Heidebrecht et
al. [41] focus on the nacelle diameter D,, and model between
30D,, and 45D,, around the nacelle. Smaller domains are
also reported in the literature, such as in Mund [42], which
suggests that a domain height of 4-5.5D,, is sufficient when
only analysing cruise conditions. Note that these measure-
ments consider the entire domain; therefore, in a 2D axisym-
metric setup, only half of this domain is modelled in ANSYS
Fluent. Mund [42] also demonstrated that upstream domain
modelling has a relatively small impact on pressure recovery
at the engine intake: increasing the upstream modelled do-
main from 4D,, to 10 D,, only increases pressure recovery
by 0.05%.

Ultimately, the total domain height chosen for this study
is 6.5D,,, as this height did not yield any noticeable pressure
fluctuations along the far-field wall. A length of 5.2D,, in
front of the turbofan engine is considered in the CFD domain
to fully capture the pre-diffusion of the airflow as it enters the
turbofan inlet.

The CFD computational domain size downstream of the
turbofan engine can have a slight effect on the propulsive ef-
ficiency. Namely, Zimmermann [43] demonstrated that the
thrust coefficient of the engine could be improved by up
to 1% by carefully tailoring the velocity distribution at the
bypass duct outlet, due to the downstream interaction with
the external nacelle flow and core exhaust flow. Capturing
these aerodynamic gains would require simulating the core
exhaust temperature and pressure distributions, complicating
the CFD model and substantially increasing the domain size.

Due to the limited performance gains involved, the down-

stream effects are deemed out of the scope of this research.
Other works studying turbofan bypass duct flow, such as that
by Zennaro [44], similarly omit downstream domain mod-

elling.

3.2 Generation of the Turbofan Geometry

The baseline geometry of the LEAP-1A turbofan engine is
first constructed using ANSYS DesignModeler. Modifica-
tions are then applied to the bypass duct to enable integration
of the condenser unit at an inclination angle of 55 degrees.
Specifically, the local duct wall is reoriented to align with the
expected flow direction through the heat exchanger core, and
the surrounding duct contours are shaped to maintain smooth
curvature transitions. This adjustment is made to promote
flow attachment along the duct surfaces and to maintain a
high mesh quality, particularly in regions of strong curvature
and flow acceleration near the HEX inlet and outlet.

To prevent airflow stalling at high angles of attack, the bot-
tom lip of the inlet is typically shorter and rounder than the
top lip. However, due to the axisymmetric constraints of this
study and a focus on cruise conditions, these anti-stall fea-
tures are neglected and instead a constant inlet shape is as-
sumed, based on the shape at the top of the LEAP-1A engine
nacelle. Kaplan [40] employed a NACA 1-series airfoil pro-
file to approximate the external surface of the turbofan in-
let, producing sufficiently accurate results for the supersonic
flow behaviour observed over the nacelle exterior surface.
The NACA 1-series profile is also employed in this research
to generate the turbofan inlet geometry.

Figure 4 displays the resulting turbofan geometry mod-
elled in Ansys Fluent. The station numbers are also dis-
played; those prefixed with 1 are part of the main intake and

bypass duct, whereas station 21 is the inlet of the core flow.

3.3 Grid Generation

Turbofan engine CFD simulations employ a range meshing
techniques to balance accuracy and computational efficiency.
A commonly adopted approach uses structured quadrilateral
grids, with the highest mesh density concentrated near the air
intake, actuator disk and nozzle outlet (see Refs. [26], [41],
[42], [45]). Other studies adopt an unstructured mesh, incor-
porating triangular or tetrahedral elements in the core flow
regions, combined with structured quadrilateral elements in
the near-wall boundary layer (see Refs. [10], [40], [46]).
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Figure 4: The modelled geometry of the CC-TF in ANSYS Fluent, with station numbers.

Mesh robustness is particularly critical for duct opti-
[10] optimised the duct
shape for a turbofan intercooler and recuperator, utilising an

misation studies. Patrao et al.

unstructured mesh comprising quadrilateral and triangular
elements. This approach can ensure sufficient mesh element
quality even when the duct geometry is adjusted. However,
this flexibility comes with the trade-off of increased compu-
tational time between iterations.

In this study, a hybrid meshing strategy is adopted, combin-
ing elements of both structured and unstructured meshing.
An unstructured mesh, comprising a combination of trian-
gular and quadrilateral elements, is applied around the inlet
lip, the core flow inlet, and the condenser inlet and outlet.
Outside these areas, particularly in the upstream domain, the
mesh transitions smoothly into a structured layout, as illus-
trated in Figures 5 and 6.

A uniform inflation layer is applied to all solid walls ex-
cept those bounding the HEX porous zone. In this zone, wall
friction effects are captured through the momentum source
terms rather than near-wall meshing. The inflation layer con-
sists of 34 layers with a growth rate of 1.2 and a transition ra-
tio of 1.0 for a smooth gradation into the background mesh.
This layering is particularly visible along the nacelle surface
shown in Figure 5.

A mesh convergence study determines the element size
and total element count for the optimisation process. The
mesh convergence plots are presented with the other CFD

mesh verification results in Subsection 4.1.

Figure 5: The generated mesh around the inlet lip of the tur-
bofan.

3.4 Porous Media Model Setup and Calibra-
tion

The porous media model requires the specification of the
HEX porosity €, which primarily determines the velocity in-
side the porous zone as well as the associated flow deceler-
ation and acceleration at the inlet and outlet interfaces. For
this study, a porosity value of 0.77 is selected, reflecting typ-
ical values for flat tube microchannel louvred fin heat ex-
changers. The porosity value is based on the research by
Krempus [47] for a condenser of a CC-TF engine concept
optimised for minimum fuel consumption.

To calibrate the pressure drop characteristics of the porous
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Figure 6: The generated mesh around the condenser porous
zone.

media, the matrices D and F from the momentum source
term in Equation 4 are determined using HeXaCode, an
in-house developed tool designed for the rating and siz-
ing of heat exchangers which has been successfully verified
through comparison with commercial code and has been em-
ployed in prior research [48]. The rating function imple-
mented in HeXaCode estimates the condenser outlet tem-
perature and pressure for both fluids, given a fixed heat ex-
changer area and geometry. The rating of the HEX at varying
mass flow rate, inlet temperature and inlet pressure is per-
formed to generate a quadratic calibrated pressure drop re-
lation, consisting of the viscous resistance term and inertial

resistance term

—

Sm = C1U+ ng|17|17. (13)

and expressed in terms of viscous coefficient C; and inertial
coefficient C. In ANSYS Fluent, the viscous term requires
the inverse absolute permeability as input, expressed in terms
of C; as

z= (14)
ANSYS Fluent requires the coefficients to be designated in
3 directional vectors for an axisymmetric simulation, where
the direction-1 vector is the direction normal to the HEX
frontal area. For this direction, the coefficients determined
by HeXaCode are used, while in the remaining two direc-
tions, the resistance coefficients are multiplied by a factor of
1000 to simulate the presence of flat tubes and fins within the

condenser core.

Table 1 lists the value of the momentum source term pa-
rameters used to approximate the presence of the CC-TF con-

denser.

Parameter Value | Unit
Porosity € 0.77 | -

Viscous Resistance % 9,798,361 | m—2
Inertial Resistance Cs 70.86 | m~!

Table 1: The momentum source term parameters inputted
into Ansys Fluent.

The energy source term is inputted in ANSYS Fluent ac-
cording to Equation 10. Table 2 summarises the inputted
parameters to set up the energy source terms. The parame-
ters Suex, Deq and Ty are calculated using the HEX sizing
function of HeXaCode for the condenser of the CC-TF anal-
ysed by Krempus et al. [47]. The wall temperature Ty, is
calculated as a heat transfer area weighted average across the
HEX. The parameters a and n from the Prandtl number rela-
tion in Equation 9 are also calibrated through the HeXaCode
sizing function, while the parameter n is set to 0.33, a com-
monly used value found in the research by Sieder and Tate
[49].

Parameter Value | Unit
Dy 0.00289064 | m

a 0.439774 | -

m 0.33 | -

n 0.522314 | -
Twall 3779 | K
BHEX 1066 | m—!

Table 2: The energy source term parameters inputted into
Ansys Fluent.

The local thermophysical properties of the airflow are es-
timated through polynomial equations as a function of local
air temperature. The dynamic viscosity y varies locally ac-
cording to Sutherland’s law [50]. The specific heat capacity

at constant pressure follows the quadratic relation
Cp(T) =1024.201 — 0.17345T +3.7-10°*T%  (15)
while the air thermal conductivity follows the relation

kg(T) = 7.68049-107* +9.56909- 107> T — 3.49 - 10° T2.

(16)
The polynomial coefficients have been determined by van
Dongen [6] for a condenser placed inside an aircraft ram air

duct at cruise altitude and were determined using the soft-



ware CoolProp. With these properties specified, the Prandtl

number is then calculated through

_uGy

P
T ks

7)

The air density calculations follow the ideal gas law.

3.5 Actuator Disk Models

The 2D axisymmetric CFD domain is divided into zones,
with specific zones designated to represent the fan and
OGVs. Within these regions, axial and tangential momen-
tum sources are applied to simulate the aerodynamic effects
of these components. Instead of concentrating the momen-
tum sources within a disk of single-cell thickness, they are
distributed across the entire thickness of the fan and OGVs
which causes a more uniform pressure rise. This pressure
rise replicates the expected flow behaviour inside a turbofan
engine [25].

The radial distribution of thrust in the fan is defined to ap-
proximate the Goldstein loading, with a peak occurring near
70% of the blade span. However, direct implementation of
the original Goldstein profile introduces numerical instabili-
ties near the hub and casing (/R — 0 and /R — 1), where
the momentum source terms approach zero. This results in
large velocity gradients, local flow reversal and the forma-
tion of vortices, leading to departures from the results of the
performance simulation tool employed by Mund and Pilidis
[51] and the detailed URANS results obtained by Spinner et
al. [26]. To mitigate these effects and improve agreement
with high-fidelity data, the thrust profile is modified to in-
crease the thrust contribution near the inner and outer radial
boundaries. A comparison between the modified and orig-
inal Goldstein distributions is presented in Figure 7. These
adjustments lead to improved numerical stability and more
accurate reproduction of the total pressure field downstream
of the fan.

The thrust distribution is implemented in ANSYS Fluent
as a fourth-order polynomial function of the radial position.
The thrust distribution is calibrated to produce a total net
thrust of 50,000 N, typical for a short-to-medium-range

aircraft.

A factor limiting the flow solution accuracy near the turbo-
fan casing wall is that the AD model does not account for

supersonic flow and 3D effects near the blade tips. Spinner
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Figure 7: Comparison of a Goldstein thrust distribution to the
custom function inputted into Ansys Fluent, as a function of
radial distance.

et al. [26] compared an AD methodology to a 3D URANS
simulation of the fan and OGVs, revealing that results from
the AD method showed a deviation in total pressure and flow
swirl angle at the blade tips when compared to the URANS
results. The authors partially attributed this difference to the
3D flow effects in the URANS simulations.

The limited accuracy of the AD model in predicting tip
effects could also impact the heat transfer in a downstream
HEX, however this has not been previously investigated.
Therefore, the heat transfer near the nacelle and hub walls

must be critically analysed when observing the CFD results.

3.6 Turbulence Model, Boundary Conditions
and Numerical Setup

For turbofan and porous zone CFD simulations, the RANS
turbulence models most commonly employed are the k-
w Shear Stress Transport (SST), the k-, and the Spalart-
Allmaras (S-A) models. The S-A model is a simpler, one-
equation model, making it a computationally efficient op-
tion, particularly in high-speed aerodynamic applications.
Unlike two-equation models, the S-A model does not re-
quire an extremely fine near-wall mesh, as it incorporates a
wall-damping function that allows for moderate y+ values.
However, while this reduces the computational cost, the S-
A model is less accurate for flows with strong separation or
adverse pressure gradients.

Ahlinder [52] recommends using a two-equation turbu-

lence model to balance flow resolution within the porous



zone and the remainder of the CFD domain. Consequently,
the k-w SST turbulence model is selected, combining the
The k-¢ model

performs well in freestream regions, while the k-w model

strengths of both k-¢ and k-w models.

is superior in near-wall turbulence resolution. The SST for-
mulation improves accuracy by blending these two models
using a cross-diffusion term. The turbulence model only
requires the input of constants, which have been determined
by Menter [53] [54].

The boundary conditions are selected to replicate the cruise
conditions for the A320 aircraft family. Table 3 lists the
cruise parameters and resulting boundary conditions imple-
mented in the CFD simulation. A total pressure inlet is spec-
ified at the intake, while a static pressure outlet is applied at
the bypass duct exit. Additionally, a mass flux outlet is de-
fined at station 21, to reproduce the expected air mass flow
rate to the engine core.

All walls are set up with a no-slip boundary condition
except those inside the porous media model, where the
momentum source terms simulate the entire flow resistance.
A turbulence intensity of 5% at the domain inlet strikes a
compromise between the low-turbulence flow around the na-

celle and the high-turbulence flow inside the turbofan engine.

Parameter Value Unit
Cruise altitude 10000 m
Cruise Mach 0.78 -
Inlet total pressure 39516 Pa
Outlet static pressure 26436 Pa
Core mass flux condition | 35.67 | kg/(m? s)
Far-field static pressure 26436 Pa

Table 3: The cruise conditions of the A320 aircraft and the
resulting imposed boundary conditions in Ansys Fluent.

A pressure-based solver is employed for this study because it
accounts for the increase in airflow velocity inside the porous
zone resulting from the local reduction in flow area [39]. Ac-
curately resolving the velocity field in the condenser is es-
sential for the reliable prediction of both the simulated heat
transfer and pressure drop.

The CFD simulations employ a coupled pressure-velocity
algorithm as it provides a robust method for single-phase
steady flow simulations and converges faster than segregated
algorithms.  Second-order spatial discretisation methods

limit the effect of numerical diffusion on the accuracy of
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the results. Convergence is considered achieved when all
residuals reach below 10~% except the energy residual,
with a stricter criterion of 1076 applied to the energy
equation. These convergence criteria keep the simulations
computationally efficient with satisfactory solution accuracy

for an initial duct optimisation study.

3.7 Verification and Validation

The verification procedure starts with a sensitivity study of
the generated grid mesh. The grid is progressively refined
with a refinement ratio of around 1.5, with a mesh size rang-
ing from 250,000 to 1,650,000 elements. The parameters
analysed in the grid convergence study are the total temper-
ature change across the condenser ATthEX, total pressure
change across the condenser Ap; yex, and net thrust of the
turbofan cold air stream. These parameters are selected for
their direct relevance to the thermal and aerodynamic per-
formance of the system: a reliable HEX heat transfer and
pressure drop model requires sufficient grid independence,
while the optimisation procedure depends on accurate net
thrust calculations.

Next, a turbulent boundary layer (TBL) plot is generated to
compare the yT values to the U values near the walls of the
CFD domain. When y™ < 5, the flow is in the viscous sub-
layer with a characteristic linear velocity profile, Ut = yT.
In the buffer layer, 5 < y* < 30, both viscous and turbulent
forces affect the flow behaviour, and as such, the velocity
profile begins to deviate from its linear behaviour. Above
yT = 30, the flow is dominated by turbulent behaviour, and
the non-dimensional flow velocity should follow a logarith-
mic relation given by

Ut = %ln(y+) +B (18)
where k = 0.4187 and B = 5.2. If the generated TBL plot
agrees with this expected behaviour, the CFD simulation is
able to resolve the near-wall flow well and the turbulence
model predicts velocity gradients realistically.

In a wall-resolving turbulence model, like the k-w SST
model, the value of y* should always be smaller than 1 at
the walls. It is critical to ensure y© < 1 even in areas where
a large velocity change occurs, such as at the turbofan air
intake and bypass outlet nozzle. Therefore, the y* values

are independently verified along all walls to ensure proper



turbulence modelling.

A simple verification of the porous zone setup is performed
by observing the pressure losses, flow velocity and heat
transfer in a straight duct section. The velocity should
increase by the inverse of the porosity 1/ when only the
porosity is activated without source terms. Activating the
momentum source terms should result in a quasi-linear
decrease in pressure as the flow passes through the HEX, as
observed by van Dongen [6]. If the energy source terms are
correctly implemented, the airflow temperature should not
exceed the HEX wall temperature T),,;; and the change in
temperature should also follow observations made by van

Dongen [6].

The final verification procedure compares the fan and OGV
AD performance to results obtained in previous turbofan AD
studies. Namely, the total pressure distribution at station 13,
directly after the fan, can be compared to results from Spin-
ner et al. [26] and Mund and Pilidis [51]. The tangential ve-
locities induced by the fan and OGV are evaluated through
the measured swirl angle at station 15, after the OGVs, and
then compared against results from the research of Stich et
al. [25].

The external aerodynamics, particularly around the
nacelle and inlet lip, can be compared against contour data
trends from the high bypass ratio turbofan engine simulated
[55].

behaviour is crucial for determining an accurate mass flow

in the work of Savelyev et al. Correct inlet flow

and pressure distribution at the fan and bypass duct.

Partial validation of the fan performance is performed
through comparison with experimental data collected by
Hughes [56] from NASA’s UHB Drive Rig for a high
bypass ratio turbofan. The data gathered relates the fan
speed as a percentage of maximum rpm to the corrected
mass flow rate, which in turn can be used to derive the
fan total pressure ratio p; f/pt70. The Ansys Fluent
results obtained in this research should be comparable to

those found by Hughes [56] for a typical cruise thrust setting.

The fourth-order thrust distribution polynomial coeffi-
cients of the AD model are also adjusted to observe how
sensitive the flow prediction quality is to any changes in the
thrust distribution. This helps gain an understanding of the
robustness of this AD method.
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3.8 Optimisation setup

The optimisation process permits geometric modifications to
the bypass duct walls both upstream and downstream of the
HEX. Both the upper and lower walls between the OGVs and
HEX are allowed to deform, while in the bypass duct nozzle
section only the lower wall is permitted to vary. This re-
striction was introduced based on preliminary studies, which
showed limited effect of the upper wall shape on the aerody-
namic results.

The duct shape is controlled by adjusting the y-coordinates
of a set of control points that define the duct wall cubic
spline profiles. Each control point is constrained within in-
dividually defined upper and lower bounds based on esti-
mated clearances and the spatial positioning of the surround-
ing components in the turbofan engine. The boundaries are
primarily between 30 and 50mm, providing a relatively nar-
row range of variation for the ducts. This helps avoid di-
verging CFD results and allows the current turbofan outer
dimensions to remain the same. However, this narrow range
limits the maximum net thrust increase the optimiser is able
to achieve.

In addition to net thrust, the heat duty of the condenser, the
bypass nozzle outlet velocity, and the flow uniformity index
at the HEX outlet are evaluated for both the initial and op-
timised bypass duct configurations. While these parameters
are not objective functions in the optimisation process, they
provide insight into the thermal and aerodynamic perfor-
mance of the ducted HEX. Their comparison can help sup-
port broader conclusions on the optimisation outcome and
overall system-level performance. The HEX flow uniformity
index is defined according to the mass-weighted average of

the airflow velocity at the HEX inlet as [39]

X (= Gnl) (JVh A
" 2[ém| i [ pil; - A; }

19)

where ¢ is the parameter in consideration spanning across n

elements and ¢,,, is its mass-averaged value according to
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The optimisation routine selected for this analysis is the
Adaptive-Single Objective (ASO) method, a hybrid of the
gradient-based and Design of Experiments (DoE) approach.



It first employs an Optimal Space-Filling (OSF) DoE to
gather an initial sample of CFD results, from which the
optimiser constructs a Kriging response surface [39]. The
gradient-based MISQP optimiser is run on this response sur-
face, generating three candidates with the highest net thrust.
If these candidates are not global optimum values, they are
verified through simulations before being fed back into the
response surface as refinement points. If the optimiser de-
termines the candidates to be unstable, a DoE is performed
again but with a reduced domain around the potential candi-
dates, keeping results from the previous DoE analysis. This
process continues until the global optimum candidates are
stable and within the convergence tolerance, at which point
the simulation ends. Figure 8 illustrates a flow diagram of

the optimisation process.

Initial coordinates of
bypass duct

I

Optimal Space Filling
DoE

!

Kriging Response
Surface

I

Reduce domain around

candidates
MISQP optimisation
Verify best candidates,
insert as refinement
points
Not Stopping criteria
converged reached?

Candidates
stable?

Converged

Figure 8: A flow diagram of the Adaptive Single-Objective
optimisation scheme. Adapted from [39].

For this optimisation, the OSF DoE runs 66 simulations to
construct the Kriging response surface. A 220 iteration limit
is selected before the process terminates, at which point the
three best candidates are presented. A convergence tolerance
of 0.1% determines the stopping criterion of the optimisa-

tion.
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4 Results

4.1 Verification and Validation of the Models

Firstly, a grid convergence study is performed to measure the
net thrust, total temperature difference across the HEX and
total pressure difference across the HEX. Figure 9 plots the
variation in net thrust, HEX total temperature change and
HEX total pressure change as a function of the grid mesh
size. The total temperature rise varies by approximately
1.4% between the coarsest and finest meshes, while the total
pressure drop changes by only 0.11%. This indicates that the
net thrust is more sensitive to an increase in thermal perfor-
mance than to an increase in pressure losses. As a result, the
net thrust increases by 0.49% with mesh refinement.

A clear asymptotic flattening of all three parameter trends
is observed for meshes with 500,000 cells and above, sug-
gesting that mesh independence is largely achieved beyond
this point. Therefore, the 500,000-cell mesh is selected for
detailed CFD simulations and subsequent verification and
validation. However, to reduce computational cost during
the optimisation process, a coarser mesh with 350,000 cells
is used. This provides a significant reduction in simulation
time, while maintaining result deviations within an accept-

able tolerance compared to the finest mesh.

Figure 10 presents the TBL diagram at station 14, with the
non-dimensional velocity profile U™ as a function of T, as-
sessing whether the turbulence model captures the boundary
layer flow with sufficient accuracy and resolution. Within the
viscous sublayer where y™ < 5, the Fluent solution shows
good agreement with the viscous sublayer law, Ut = y7.
In the Log-law region, where 30 < 3y < 300, the solu-
tion in ANSYS Fluent approaches the logarithmic relation
outlined in Equation 18, with minor deviation from the law
above yT = 300. In the buffer region 5 < y < 30, the flow
velocity deviates from the theoretical laws, agreeing with the
observations made in previous research investigating turbu-
lent boundary layer flow [57]-[59].

The results align well with theoretical predictions, in-
dicating that the inflation layer mesh around the turbofan
walls has an adequate refinement to capture high-Reynolds-
number boundary layer behaviour. Further refinement would
provide diminishing returns while significantly increasing

computational cost.
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Figure 9: Results of grid convergence study, illustrating the
variation in net thrust, HEX total temperature difference and
HEX total pressure difference with a varying grid size.

Figure 11 plots the yT value along the length of the bypass
duct nozzle wall between stations 17 and 18, revealing that
y+ remains below 1 even throughout the region with the
highest velocity gradients. At the beginning of the nozzle,
the airflow has just exited the porous zone and encounters
an abrupt velocity gradient, resulting in the initial y™* spike.
However, the remaining nozzle section shows a gradual
increase in yT and confirms that the mesh size at the wall is
appropriate.

The CFD simulations were also performed using the k-¢
and Spalart-Allmaras turbulence models to compare the net
thrust calculations with the k-w SST results. The k-¢ simu-
lations showed a 1.63% reduction in net thrust on average,
while the Spalart-Allmaras thrust results deviated by only
0.10% from the k-w SST simulations. These results are con-
sistent with expectations: the k-e model is known to per-
form less accurately in flows with adverse pressure gradients,

which are present in the bypass duct and can lead to under-
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Figure 10: The turbulent boundary layer (TBL) diagram of
the Ansys Fluent solution, with U™ plotted as a function of
yT and a comparison with pre-defined laws for the viscous
sublayer and logarithmic regions.
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Figure 11: Plot of the yT values along the length of the by-
pass duct nozzle wall, between stations 17 and 18.

prediction of wall shear and separation effects.

In contrast, the S-A model is designed for wall-bounded
flows and can provide reliable near-wall flow predictions
even under adverse pressure gradients [39]. Additionally,
simulations of the axisymmetric CC-TF employing the S-A
model converge approximately 25% faster than simulations
using the k-w SST model, due to its simpler, single-equation
formulation. While this study does not explicitly assess
the influence of turbulence model on the flow conditions in
the porous zone, the small deviation in thrust and reduced
computational cost suggest that the S-A model could
be a suitable alternative for future studies, particularly

optimisation-based workflows.



To verify the correct implementation of the porous zone in
the CFD setup, a simplified straight test section with slip
walls is used for calibration. The porosity, momentum source
terms, and energy source terms are introduced in separate
stages to isolate their effects.

First, with a porosity value of € = 0.77, the velocity within
the porous region jumps by a factor of 1.298. This is consis-
tent with the theoretical velocity increase of 1/, confirming
that the porosity is correctly implemented.

Next, both the porosity and the momentum source term are
activated, revealing a linear decrease in total pressure as the
flow passes through the porous zone. This trend is consis-
tent with observations made in the porous media calibration
studies performed by van Dongen [6]. Minor oscillations in
the pressure distribution were observed at both the inlet and
outlet of the porous zone. These are attributed to flow accel-
eration at the entrance and rapid expansion at the exit.

Finally, the energy source term is also enabled based
on the Nusselt correlation method described in Subsection
2.1. The total temperature shows an initial steep rise before
gradually stabilising as the temperature difference between
the flow and the wall decreases along the flow direction.
This also follows the total temperature trend measured by

van Dongen [6].

The overall pressure rise generated by the fan actuator disk
model is partially validated through comparison with exper-
imental data gathered from NASA’s UHB Drive Rig wind
tunnel data [56]. As a first step, the fan rpm of the CC-TF
at cruise conditions is determined based on the engine per-
formance of an A320 aircraft during cruise: the engines typ-
ically produce between 80.7% and 84% N, thrust depending
on the weight of the aircraft [60]. The thrust is then converted

to sea-level corrected fan speed N . through the relation

M

Tt 0
288.15

Ny = 2

With freestream cruise-level conditions of T; o = 238.15K
and M = 0.78, this results in a 3.8% increase in thrust
when at sea level; thus, the A320 requires between 83.76%
and 87.19% N . thrust. The NASA test experiments from
Hughes [56] relate this to a fan pressure ratio of between 1.32
and 1.35.

Results from the CFD simulations show an average total
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pressure ratio of 1.32 due to the fan actuator disk zone,
therefore falling within the expected range for typical cruise.
It should be noted that the NASA Test Rig simulates a
turbofan with a Design BPR of 8.85, and lower BPR engines
tend to have higher total pressure ratios during standard
Nevertheless, the data suggests that the CFD
calculations fall within reasonable expected values.

operation.

While the mass-averaged total fan pressure ratio is compared
with experimental data, the radial distribution of total pres-
sure behind the fan is compared with the CFD results ob-
tained by Spinner et al. [26] to assess whether the thrust dis-
tribution trend is realistically captured. The study by Spin-
ner et al. [26] analyses a geometry representative of modern
high-bypass-ratio turbofan engines, making it a suitable ref-
erence model for comparison.

Figure 12 plots the total pressure ratio distribution at sta-
tion 13, immediately downstream of the fan, compared to
the URANS CFD simulations from Spinner et al. [26]. In
both datasets, the pressure distribution peaks at a radial dis-
tance between 0.7 and 0.8 1/R, consistent with typical thrust-
loading patterns in high-bypass fans. However, the Ansys
Fluent simulations — based on a modified Goldstein distribu-
tion — underpredict the pressure rise near the hub relative to
the URANS results with fully modelled rotating blades.

Differences are also observed at the blade tip, where the
URANS simulation captures the tip losses and compressibil-
ity effects which are absent in the AD method. Additional
studies on high BPR fans (See Refs. [44], [51]) report
similar radial pressure profiles to those found by Spinner
et al. [26], however a decrease in total pressure ratio at
the tip of the fan blade is observed. Overall, the pressure
ratio trends from the Ansys Fluent simulations provide a
satisfactory representation of the expected pressure rise for

this duct optimisation study.

Figure 13 plots the swirl angle of the flow at station 15, after
the fan and OGVs, compared to results obtained by Spinner
et al. [26]. There is an overall agreement in results in the re-
gion 0.2 < /R < 0.9 where swirl angles are near 0 degrees.
Near the engine hub in the region 0 < r/R < 0.2, there is
a negative swirl angle observed both in literature and in the
Fluent simulations due to the OGVs over-correcting the swirl
introduced by the fan. The differences in fan blade tip effects
at station 13 is propagated downstream to the OGVs, evident
in the diverging swirl angles in the region 0.9 < r/R < 1.
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Figure 12: Comparison of the total pressure ratio distribu-
tions at station 13, directly after the fan, with literature re-
sults gathered from Spinner et al. [26].

The overall behaviour suggests that the implemented
actuator disk models predict the tangential component of
the airflow well for the majority of the flow, but deviate
significantly from expected results compared to literature
near the bypass duct walls. The tangential flow component
significantly impacts the flow resistance through the down-
stream HEX: flow with a high swirl angle is not aligned
with the path of least resistance through the porous zone,
resulting in a dissipation of the flow swirl component and
increasing the pressure drop as the airflow enters the HEX.
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Figure 13: Comparison of the flow swirl angle at station 15,
directly after the OGV, with literature results gathered from
Spinner et al. [26].

The aerodynamic results and numerical stability of the CFD
simulations show a high degree of sensitivity to the thrust
distribution prescribed within the fan AD zone. Ansys Flu-
ent consistently achieves a rapid convergence and a stable
flow resolution when inputting a constant momentum source

term value throughout the zone. In contrast, if the momen-
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tum source terms are significantly smaller near the walls
compared to the middle region, vortex structures form down-
stream of the fan and simulation convergence times increase
by a factor 3.

Consequently, the custom modified version of the Gold-
stein thrust distribution makes it feasible to perform an
optimisation study with an acceptable aerodynamic repre-
sentation of the fan and OGV. Since a degree of trial and
error is required to determine a robust actuator disk thrust
distribution, the AD method is best suited for studies under
steady flight conditions where the loading profile remains
fixed.

4.2 Impact of Heat Exchanger Integration

CFD simulations were carried out for three engine configu-
rations to isolate the aerodynamic and thermal effects of heat
exchanger integration in the bypass duct. The first configu-
ration is the reference turbofan, with the porous zone deac-
tivated, serving as a baseline. The second configuration rep-
resents the CC-TF concept with the condenser modelled as
a porous region incorporating only momentum source terms,
thereby capturing pressure losses but excluding heat trans-
fer effects. The third configuration includes momentum and
energy source terms, accounting for the full impact of the
condenser by modelling both the pressure drop and thermal
energy addition.

The net thrust generated by the bypass stream for each
configuration is summarised in Table 4. The condenser in-
tegration into the bypass duct results in a 13.7% net thrust
penalty relative to the reference engine, however this penalty
is reduced to 9.29% when activating the energy source terms.
Thus, the addition of thermal energy from the condenser into
the duct is partially converted into kinetic energy to offset a

portion of the thrust loss associated with integrating the con-

denser.
Engine configuration | Net Thrust [N] | % Ref. Thrust
Reference turbofan 56083 0
CC-TF, no heat added 48400 -13.7
CC-TF, heat added 50873 -9.29

Table 4: Comparison of the bypass stream net thrust across
the different engine configurations.

It should be noted that the baseline engine bypass duct

geometry is not optimised; it retains the same wall contours
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Figure 14: Normalised static pressure contour plot of the reference turbofan without an integrated condenser.
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Figure 15: Normalised static pressure contour plot of the turbofan including the integrated condenser.

designed to accommodate the heat exchanger. Nonetheless, a slight pressure jump is observed due to the expansion of the
this configuration serves as a useful reference for quantifying flow cross-sectional area as it exits the porous zone and en-
the aerodynamic penalty associated with HEX integration. ters the bypass duct nozzle. In both configurations, the static

pressure gradually decreases along the bypass nozzle toward

Figures 14 and 15 present the static pressure contours in the ambient conditions, with a larger pressure drop evident in the

bypass duct for the baseline turbofan and the CC-TF config- baseline engine configuration without the HEX.

uration with integrated condenser and energy source terms To enhance visual clarity, the pressure contour plots

activated. The addition of the HEX results in a more pro- in Figures 14 and 15 are truncated below ]% = 132

nounced pre-diffusion effect upstream and leading to a fan (approximately 35,000 Pa). Despite this, the flow continues

inlet pressure of z% = 1.42. The larger static pressures are to expand downstream, ultimately reaching ambient static

caused by the additional blockage introduced by the down- pressures of 26436 Pa at the nozzle exit.

stream porous zone, and this effect is also visible after the

fan and inside the bypass duct. Figure 16 shows the total pressure contour of the CC-TF con-
A significant pressure drop occurs across the HEX, par- cept with source terms activated. A slight reduction in total

ticularly near the lower section of the duct, where local flow pressure is visible on the nacelle outer surface due to shock

velocities are higher. Directly at the exit of the porous region, wave formation at this location. The shock-boundary layer

17
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Figure 16: Normalised total pressure contour plot of the entire turbofan modelled geometry.

interaction amplifies this effect, leading to a thickening of
the boundary layer downstream of the shock wave.

The total pressure increase across the fan actuator disk is
gradual, more accurately reflecting the true effect of the fan
compared to an actuator disk that is one element thick. The
actuator disk modelling the OGVs introduces a total pres-
sure loss equal to 1.17% of the inlet pressure. This pressure
drop falls within the upper bounds of experimental data from
the NASA UHB Drive Rig [56], which reports OGV total
pressure losses ranging from 0.8% to 1.2% for similar thrust
levels, depending on the OGV geometry.

Overall, the total pressure trends around the fan and OGV
region closely align with pressure contours from literature
(see Refs. [26], [61]), while the position of the shockwave
matches the shock position in the axisymmetric turbofan

nacelle analysed by Savelyev [55].

Figure 17 presents the static temperature contour plot of the
CC-TF condenser and bypass duct outlet with heat transfer
simulated. A sharp increase in temperature is observed at
the HEX inlet, with closely spaced contour lines indicating a
high local heat transfer rate. As the flow progresses through
the HEX, the spacing between contour lines increases due
to the decreasing temperature difference between HEX walls
and airflow, resulting in reduced heat transfer.

The static temperature of the airflow near the upper section
of the HEX approaches the working fluid condensation tem-

perature. The airflow velocity in this section ranges between
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Figure 17: Static temperature contour plot of the HEX and
bypass duct outlet.

20 and 40 m/s, compared to between 60 and 70 m/s at near
the lower section of the duct. It is desirable to obtain a uni-
form temperature distribution along the HEX outlet, thereby
it leaves room for the optimiser to improve the flow unifor-
mity further. It must be noted that the upstream actuator disk
modelling uncertainties influence the flow distribution enter-
ing the HEX, thereby affecting the temperature uniformity
index.

Along the length of the bypass duct nozzle, the static
temperature decreases by 39.1 K on average as the flow
accelerates downstream. This temperature drop is due to the
conversion of thermal energy into kinetic energy within the
expanding duct. The resulting increase in flow momentum

leads to a 2473 N increase in net thrust when energy source



terms are activated in the simulation, as observed in Table 4.

Total Temperature [K] 270 280 290 300 310 320 330 340 350

Figure 18: Total temperature contour plot of the HEX and
bypass duct outlet.

Figure 18 illustrates the total temperature contour plot for
flow passing through the condenser and bypass duct nozzle.
The total temperature is constant along the streamlines
after exiting the condenser, as expected in the absence
of supersonic shocks, external heat transfer or significant
viscous dissipation. This confirms that the decrease in static
temperature is solely due to the acceleration of the flow in
the duct.

4.3 Optimisation Results

The net thrust optimisation of the turbofan cold air stream

with integrated condenser was conducted with a total of 220

the porous zone deactivated. Previous work by Krempus [47]
demonstrated that the power recovered by the ORC generator
can supply up to 20% of the total electrical power demand.
This indicates that, despite the aerodynamic penalty, the CC-
TF configuration retains the potential for overall fuel savings
through improved energy recovery.

However, the net thrust improvement comes at the cost of
a 2.13% reduction in total heat dissipation, primarily due to
a lower mass flow rate through the HEX. A constrained op-
timisation could be employed instead of the adaptive single-
objective optimiser used in this study, in order to impose a
pre-specified condenser heat duty.

The optimisation process terminated after reaching the
maximum number of iterations rather than satisfying the
0.1% convergence criterion. Minor geometric variations in
the bypass duct have a significant effect on the aerodynamic
drag of the bypass duct, making it difficult for the opti-
miser to meet the strict convergence requirement. Despite
this, thrust values stabilise after approximately 150 itera-
tions, with the highest net thrust observed at the 165th it-
eration.

Figure 19 plots the net thrust optimisation progress per it-
eration. In the early phase of the optimisation, between itera-
tions 1 and 66, a wide spread of net thrust values is observed.
This corresponds to the initial design space exploration per-
formed using the Optimal Space Filling DoE. Following this
phase, the response surface is generated, and the optimiser
begins reducing the search domain around the most promis-
ing candidates. The design space is narrowed as the optimi-
sation progresses until the thrust variation between iterations
is less than 300N.

iterations. The key results and performance metrics of the

optimisation process are summarised in Table 5.

Parameter | Initial | Optimised | % Change

Net Thrust [N] | 50873 52563 +3.32

HEX flow uniformity [-] | 0.927 0.933 +0.65
Heat duty [kW] 8916 8726 -2.13

Outlet velocity [m/s] 287 297 +3.48

Table 5: Summary of the optimisation results. The objective
function (net thrust) is highlighted in bold, with additional
key performance parameters included.

The best candidate solution achieved a 3.32% increase in net
thrust, demonstrating that the optimiser was successfully im-
plemented. Overall, this results in a 6.27% thrust penalty

when compared to the reference turbofan simulations with
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Figure 19: Evolution of the net thrust across the optimisation

iterations.

During the optimisation process, four CFD simulations



Initial geometry

Optimised geometry
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Figure 20: Comparison of the initial turbofan duct geometry with the final optimised solution.

failed to converge. These non-converged designs were
treated as design space boundaries, preventing the optimiser
from further exploring unstable regions. This adaptive treat-
ment of failed cases helped guide the optimisation towards
feasible and stable solutions.

Figure 20 visualises the changes to the bypass duct geometry
made by the optimiser compared to the initial geometry. Im-
mediately after the OGVs, the optimised bypass duct widens
more than the initial duct, which results in earlier flow dif-
fusion. This adjustment is made without encountering flow
separation at the duct walls, maintaining a uniform smooth
flow into the HEX. The upper bypass duct wall between the
OGYV and the HEX is slightly raised compared to the initial
design. However, this modification is relatively small and

provides marginal gains to the flow diffusion.
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Figure 21: Variation of net thrust as a function of the lower
wall height at the bypass duct outlet.

A more significant change occurs at the bypass duct outlet,

where the flow passage is restricted compared to the origi-

nal geometry. This design choice suggests that the thermal
energy conversion into additional airflow velocity provides
more significant net thrust gains than the penalty of restrict-
ing the mass flow. Figure 21 illustrates that increasing the y-
coordinate of the bypass duct outlet wall directly correlates
with an improved net thrust value.

A 3.48% greater outlet velocity is observed with the op-
timised bypass duct design compared to the initial duct ge-
ometry, most notably at the bottom wall of the bypass duct
outlet, where the flow is accelerated more than in the initial
design. Moreover, the optimised design slightly improves
airflow velocity uniformity at the outlet from 0.971 to 0.976.

The optimisation results suggest that implementing a
larger range for upper and lower bounds on the coordinates
of the control points could have further increased the net
thrust. However, if no constraint is placed on the heat duty,
the higher thrust could be associated with a lower heat duty
of the condenser. Moreover, excessively wide bounds would
increase the likelihood of non-converged solutions, limiting
the design space that the optimiser is able to explore. Adopt-
ing a CST parametrisation method can improve the geomet-
ric smoothness of the nozzle walls, and improving mesh res-
olution in the outlet region can help mitigate convergence

issues.

5 Conclusion and Recommendations

This study investigates the aerodynamic simulation and opti-
misation of a combined-cycle turbofan (CC-TF) bypass duct
to improve the net thrust of the cold air stream. The CC-TF

features a condenser integrated in the bypass duct, as part of



the bottoming Organic Rankine Cycle (ORC) which harvests
thermal energy from the gas turbine exhaust to improve en-
gine efficiency. The net thrust of the cold air stream is eval-
uated through 2D axisymmetric Reynolds-averaged Navier-
Stokes (RANS) CFD simulations performed in Ansys Fluent.

The engine air intake geometry is modelled to accurately
determine the upstream flow diffusion. The change in pres-
sure and flow velocity across the fan and outlet guide vanes
(OGVs) is simulated using actuator disk (AD) zones. The
condenser porosity, pressure drop and thermal performance
are approximated using a porous zone with momentum
and energy source terms, allowing for a computationally
efficient simulation of the bypass duct flow. This enables a
parametric optimisation routine to be performed in Ansys
Fluent, to refine the bypass duct geometry and maximise net
thrust. The Adaptive Single Objective (ASO) optimisation
method, combining an Optimal Space-Filling (OSF) Design
of Experiments (DoE), a Kriging response surface, and a
MISQP optimiser, was employed to improve the design

iteratively.

The verification and validation of the fan and OGV AD
models demonstrate a reasonable approximation of the ex-
pected airflow pressure and velocity in a high-bypass turbo-
fan. However, the accuracy of the AD models in approximat-
ing the expected airflow conditions decreases near the bypass
duct walls. The porous zone used to model the condenser
exhibits pressure drop and heat transfer behaviour consistent
with those observed in previous research for a similar CC-TF
application.

The CFD simulations show that integrating a condenser
into the bypass duct of a turbofan engine results in a 13.7%
net thrust penalty. However, when modelling the heat trans-
fer from the condenser to the bypass flow, the thrust penalty
reduces to 9.29%. The contour plots of the modelled domain
reveal a significant decrease in static temperature and pres-
sure as the airflow passes through the bypass duct nozzle,
due to the thermal energy of the airflow being partially con-
verted into kinetic energy to offset a portion of the thrust loss
associated with integrating the condenser. The condenser in-
clination angle results in an uneven temperature and pressure
distribution at the condenser outlet, and consequently the ve-
locity at the bypass duct outlet is also non-uniform.

The optimisation of the bypass duct geometry results in
a further 3.32% increase in net thrust, therefore the thrust

reduction of the optimised CC-TF engine concept compared
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to the reference turbofan engine is 6.27%. The optimised
duct demonstrates the potential of utilising gradient-based
methods to reduce the drag impact of the condenser in-
stallation. However, this improvement is accompanied by
a 2.13% reduction in heat dissipation, primarily due to a
slightly lower mass flow rate through the heat exchanger.
The bypass duct nozzle outlet is restricted by the optimiser
to improve velocity recovery, thereby increasing the kinetic
energy recovery in the nozzle. Small variations in duct
geometry have a significant effect on aerodynamic perfor-
mance, therefore the optimiser is not able to meet the 0.1%

convergence tolerance within the set iteration limit.

The obtained results establish a framework for optimising
heat exchangers, integrated within a turbofan engine, in a
computationally efficient manner. The findings also have the
potential to contribute to the ongoing development of sev-
eral other fuel-efficient propulsion systems requiring an in-
tegrated heat exchanger, such as hybrid electric configura-
tions, internal combustion engines using hydrogen as fuel
and intercooled-recuperated turbofans. Nevertheless, several
limitations remain that present opportunities for future re-
search.

The study focuses solely on single-objective optimisation,
prioritising net thrust, whereas a constrained optimisation
could provide a more balanced trade-off between thrust im-
provements and heat transfer efficiency. Additionally, further
refinement of the bypass duct outlet geometry beyond the set
bounds may yield even greater performance gains.

Future work could explore alternative heat exchanger
layouts, such as a V-shaped configuration, to improve the
flow uniformity. Expanding this framework to calculate
the power provided by the ORC unit turbogenerator would
enable an assessment of potential fuel savings of the CC-TF

propulsion system.
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Appendix A: Additional Contour Plots

————
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—

Figure 1: Mach contour plot of the bypass duct outlet for the initial (top) and optimised (bottom) CC-TF bypass duct geometries.
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Figure 2: Mach number contour plot for the reference turbofan geometry.

Mach 0 0.16 0.32 0.48 0.64 0.8 0.96

Figure 3: Mach number contour plot for the initial CC-TF geometry.
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Static Temperature [K] 230 245 260 275 290 305 320 335 350

Figure 4: Static temperature contour plot for the optimised CC-TF geometry.

Total Temperature [K] 270 280 290 300 310 320 330 340 350

Figure 5: Total temperature contour plot for the optimised CC-TF geometry.

Normalised Total Pressure p,, /ptotw[-] 0.93 0.98 1.03 1.08 1.13 1.18 1.23 1.28 1.33

Figure 6: Normalised total pressure contour plot for the reference turbofan geometry.
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summary

The long-term goal of achieving net-zero carbon emissions from aviation by 2050, as set by the
International Civil Aviation Organization (ICAO), has spurred the design of new fuel-efficient jet engine
configurations. Among promising propulsion systems stand out hybrid electric configurations, internal
combustion engines using hydrogen as fuel, intercooled-recuperated turbofans and combined cycle
turbofan (CC-TF) concepts. Among the CC-TF configurations, this thesis focuses on a gas turbine with
a bottoming Organic Rankine Cycle (ORC) unit that harvests the thermal energy in the exhaust and
converts it into useful work. The waste heat recovery (WHR) system necessitates the integration of
a condenser rejecting thermal energy to the freestream airflow. This research investigates the effect
of integrating the condenser within the bypass duct of a turbofan engine, with the aim of optimising
the net thrust of the cold air stream and thereby contributing to industry efforts to achieve net-zero
carbon emissions. The use of simplified computational fluid dynamics (CFD) techniques in ANSYS
Workbench, such as a porous media model to simulate the presence of a heat exchanger (HEX) within
the computational domain, reduces the total simulation time and makes the optimisation practical.
Therefore, this literature study analyses relevant research to set up and perform the CC-TF simulations.

In order to accurately simulate the flow features within the HEX core, its important features and
assumptions must first be identified. A flat-tube microchannel HEX with louvred fins is chosen as the
condenser topology due to the high level of heat transfer area compactness. The wall temperature of the
porous zone is assumed constant due to the small influence of the desuperheating zone on the overall
weighted average value. However, in cases where desuperheating and/or subcooling may be significant,
the constant wall temperature assumption may be too limiting.

The introduction of momentum and energy source terms in the Reynolds-averaged Navier—Stokes
(RANS) equations enables the simulation of the HEX pressure drop and heat transfer using a porous
zone in CFD simulations. The momentum source term is based on the Darcy-Forchheimer equation,
a quadratic function of the air velocity with coefficients determining the pressure drop and using a
representative porosity of ¢ = 0.77. The energy source term is based on the local Nusselt number, which
is determined through an empirical correlation that relates it to the Reynolds and Prandtl numbers. A
porous zone efficiently simulates the effect of the presence of the HEX core on the airflow while reducing
computational cost and can be adapted to various HEX designs by adjusting its coefficients and porosity.

The geometry and placement of the condenser within the bypass duct can considerably affect the
aerodynamic efficiency. The use of an annular HEX allows for a 2D axisymmetric simulation to be
performed, simplifying the CFD setup and reducing the required computational resources. The annular
design also maximises the heat exchanger frontal area, although a drawback is that annular designs are
more challenging to produce and maintain in practice. Higher HEX inclination angles result in more
space-efficient integration, although beyond a 70° angle, the airflow pressure losses increase greatly.
The thermal energy rejected by the condenser to the bypass duct airflow can be partially converted into
kinetic energy through careful tuning of the bypass duct nozzle geometry. The reduction of the drag
penalty introduced by the presence of the HEX by means of accelerating the heated airflow is referred
to as the Meredith effect. This effect has been employed previously to reduce the drag contribution of a
ducted HEX, most notably in the P51 Mustang introduced in the 1940s.

The LEAP-1A high-bypass ratio engine is chosen as the baseline testcase for this study, as its geometry
and performance characteristics are available in the open literature. The fan and outlet guide vanes
(OGVs) can be effectively simplified in CFD simulations using actuator disk models, which impose a
momentum source term to increase the pressure of the flow. For RANS simulations, this can be seen as
a time-averaged solution of the airflow through the fan and OGVs. The actuator disks can be set up
following Blade Element Momentum (BEM) theory, but this requires detailed fan geometry information
that is unavailable to the author. Therefore, a custom loading profile is inputted into ANSYS Fluent
based on the Goldstein load distribution, as it has been shown in literature to represent the real-life
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thrust distribution of a turbofan engine adequately.

The axisymmetric CFD model neglects the aerodynamic effect of the engine pylon and the wing, as it is
assumed that these components have minimal impact on the bypass duct flow and the resulting duct
optimisation outcome. Circumferential pressure and flow velocity fluctuations are also not captured,
although methods are available to model these effects in future 3D simulations. The CFD model includes
the upstream airflow, air intake geometry and engine nacelle to account for the pre-diffusion of the
flow entering the engine and its effects on the downstream airflow. A hybrid structured-unstructured
CFD mesh is identified as a robust grid for optimisation geometry changes, although it can result in
increased computational time compared to a structured mesh. The turbulence models considered for
this study are k-w SST, k-¢ and Spalart-Allmaras (S-A), of which the k-w SST model is preferred for its
superior accuracy in resolving flow both inside the porous zone and in the rest of the CFD domain.

Next, methods to verify the chosen mesh size are identified, namely through a grid convergence study
and analysis of the y* and u* values in the turbulent boundary layer. The correct implementation of the
porous zone is verified in a straight duct section, where the pressure drop and temperature increase can
be more easily observed. The actuator disk implementation can be compared against total pressure and
velocity distributions obtained from other CFD studies and experimental data collected by NASA’s UHB
Drive Rig. Lastly, a sensitivity analysis assesses the robustness of the actuator disk implementation:
the thrust distribution is varied to analyse its effects on both thrust and flow dynamics within the
bypass duct. The verification and validation procedures identified in this literature study are crucial for
achieving a more accurate representation of the condenser and fan modelling, thereby enhancing the
reliability of the simulations.

With the essentials of setting up the CFD model covered, the available optimisation routines are
compared. While it is common in previous research to use genetic algorithms and other derivative-free
methods for duct optimisation, gradient-based methods are identified as the preferred approach due
to faster convergence and easy implementation within ANSYS Fluent. The Adaptive Single-Objective
routine is chosen as the preferred approach, as it is a hybrid of the Design of Experiments (DoE) method
and a gradient-based routine called Mixed-Integer Sequential Quadratic Programming (MISQP). A
significant advantage of combining the DoE and gradient-based approaches is that the risk of landing
on a local solution minimum is reduced, allowing the routine to sample a larger design space. The
parametrisation method of the bypass duct geometry is narrowed down to two approaches: using
control points with splines or through Class Shape Transformation (CST) functions. A control points
method using cubic splines is preferred for this research, with fixed axial positions and a range in which
the radial position can vary. The size and shape of the original LEAP-1A engine nacelle constrain the
bounds of the control points.

The available literature currently lacks studies on the CFD-based geometric optimisation of turbofan
engines that incorporate a heat exchanger in the bypass duct. A porous zone and actuator disk model
can be used in place of the HEX and fan, respectively, to reduce the computational time associated with
the geometric optimisation. The research question for this thesis has been formulated accordingly:

"How can integrating a condenser within the bypass duct of a turbofan engine be optimised to
maximise the net thrust using a computationally efficient CFD optimisation framework?"

The scope of the research is also defined:

"Assessing the suitability of a gradient-based CFD optimisation framework to determine the optimal
bypass duct geometry of a Combined-Cycle turbofan

by

employing a porous zone to simulate the heat exchanger and an actuator disk to model the fan and
outlet guide vanes to significantly reduce the computational cost of the problem."
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Introduction

Jet engine design is rapidly evolving, driven by the imperative to enhance the fuel efficiency of passenger
aircraft. While this can be partially attributed to the significant increase in fuel prices over the past 20
years [1], these efficiency improvements are essential for minimising environmental impact of the aviation
industry, currently contributing around 3% of total greenhouse gas emissions [2]. The International
Civil Aviation Organization (ICAO) member states adopted a long-term target of reaching net zero
carbon dioxide emissions from international aviation by 2050 [3]. A potential solution for mitigating
these greenhouse emissions is the develoment of emerging new propulsion systems, such as hybrid
electric configurations, internal combustion engines using hydrogen as fuel, intercooled-recuperated
turbofans and combined-cycle turbofans (CC-TF). The CC-TF configuration combines the gas Brayton
cycle with a bottoming Organic Rankine Cycle (ORC), which harvests thermal energy from the hot
exhaust of the gas turbine and converts it into additional power to improve engine efficiency.

To meet the heat rejection requirements associated with a CC-TF engine concept, a solution can be to
place the condenser after the fan in the bypass duct to receive a large quantity of cool airflow serving as
a heat sink [4]. Studies have shown that this process not only has the potential to increase the efficiency
of the engine but also reduce fuel consumption and lower emissions [5]. Figure 1.1 shows a simplified
process flow diagram of the ORC bottoming unit.

Turbine

Turbofan Turbofan

Core Exhaust Bypass Air

Y

Evaporator Condenser

A
Pump

Figure 1.1: Simplified process flow diagram of the ORC unit of the CC-TF engine concept.

The main challenge associated with integrating a heat exchanger (HEX) within the bypass duct of the
engine is designing the HEX and duct in such a way to introduce the lowest drag penalty possible,
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to maximise the propulsive efficiency and reduce fuel consumption. The research by van Dongen [6]
used a lumped parameter model to assess the aerodynamic performance of a HEX in a ram-air duct,
specifically the condenser of a CC-TF. The model was compared with CFD simulations of the HEX
and ducts. However, the study only focuses on the internal aerodynamics of the duct and does not
incorporate the effects of the upstream air intake and fan. Similarly, other studies have also explored
the possibility of integrating a HEX in the bypass duct using CFD simulations [7, 8, 9, 10]. Despite the
insights provided by these studies, none have simulated the the airflow around an engine that features
a HEX placed inside the ram air duct.

Therefore, ANSYS Fluent CFD simulations of the turbofan geometry will be performed with an
integrated HEX in the bypass duct to determine and optimise its aerodynamic performance. The
heat exchanger is modelled using a porous media model, which approximates the flow resistance and
pressure drop caused by the HEX matrix without explicitly resolving its detailed fin structure. The fan
is modelled using an actuator disk approach, simulating the pressure jump across the fan plane without
resolving individual blade geometries. The computational domain is illustrated diagrammatically in
Figure 1.2.

Modelled Domain Bypass Duct » OGV

»| Condenser »| Bypass Nozzle

Upstream Airflow Turbofan Inlet Fan

LPC+HPC [—» Combustor —» HPT+LPT —| Evaporator —» Core Nozzle

Figure 1.2: The components of a CC-TF modelled within CFD domain for this analysis.

This literature study aims to present up-to-date, relevant research regarding the setup of these CFD
simulations and identify the knowledge gap. Chapter 2 focuses on the theory and setup of porous
media models in literature and HEX integration effects. Chapter 3 summarises different approaches to
modelling the turbofan geometry and flow interaction. Chapter 4 provides an overview of different
optimisation and parametrisation methods that can be employed in the CFD simulations. With these
topics covered, the findings are summarised and the research question and thesis scope are outlined in
the Conclusion.



Heat Exchanger Modelling in CFD

CFD has become an important tool for modelling heat exchangers. These simulations predict pressure
drops, heat transfer and turbulence, reducing the need for costly wind tunnel simulations. This chapter
explores the fundamentals of HEX modelling in CFD, first identifying the type of HEX to be modelled,
then focusing on the porous media method to simulate the presence of the HEX in a simplified manner
and its assumptions, benefits and limitations. Finally, the effects of integrating the HEX in the bypass
duct are considered.

2.1. Introduction to Aircraft Heat Exchangers

As a first step, it is important to determine the exact HEX thermal and geometrical properties to be used
as inputs in the CFD model. Aircraft deploy different types of HEX depending on the coolant medium,
the airflow velocity, and other parameters. This section categorically deduces the type of condenser
required and explains the physics involved.

2.11. Types of Heat Exchangers

The HEX analysed in this literature study is a condenser of the CC-TF engine, and in this application the
heat transfer happens primarily through convection of the cold bypass air rather than through radiation.
The working fluid in the condenser undergoes a phase change and does not mix with the cold air. Three
classifications further specify the characteristics of the considered HEX [11]:

Surface compactness: This is the ratio of heat transfer surface area over the HEX volume and is defined
by the parameter 8, which has units [m?/m?]. Due to the space constraints of fitting the condenser
inside the bypass duct, it is advantageous to have a compact HEX since this reduces the required
cross-sectional area and HEX thickness. A compact HEX also ensures sufficient structural support and
can result in reduced overall weight, although it often comes with the penalty of increased airflow
pressure losses. A HEX is defined as compact when g > 700 m?/m?.

Construction features: Various condenser constructions can be employed to obtain an efficient, compact
design. Extended surface heat exchangers use fins to increase surface area without significantly
increasing the occupied volume. The fins increase the heat transfer surface area exposed to the bypass
airflow, which in turn increases heat transfer. Due to their suitability for this application, different
extended surface heat exchanger geometries can fulfil the objectives of a CC-TF condenser.

Plate-fin heat exchangers (PF-HEXs) have a core consisting of rows of plates or parting sheets separated
by fins. The plates are connected at either end by sidebars or headers, where heat can be transferred
from the working fluid. The design of PF-HEXs can be highly customisable to match the airflow velocity
and direction; as such, they are commonly used for aircraft environmental control systems (ECS) and oil
cooler applications [12] [13].

Tube-fin heat exchangers (TF-HEXSs), on the other hand, use round or rectangular tubes to transport the
working fluid, while extended surfaces (fins) surround the tubes to increase heat transfer. An advantage
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Figure 2.1: Geometries comparison between (a) tube-fin and (b) plate-fin heat exchangers, from [11].

of this heat exchanger is that many different fin geometries and sizes can be chosen to optimise heat
transfer or minimise pressure losses. TF-HEXs can also handle large flow volumes of the working fluid
and are relatively easy to manufacture, and so are also employed in the aviation industry [11] [9].

Flat-tube heat exchangers (FT-HEXSs) are similar in that they are comprised of extended surfaces but
utilise flattened tubes where coolant can flow through instead of rounded or square tubes. The flat
tubes maximise the heat transfer area on the hot fluid side while minimising obstruction to the air-side
flow. Hence, this type of heat exchanger is commonly used in automotive and aerospace radiators and
condensers [14] [11].

Microchannel heat exchangers are an advanced solution for high-efficiency heat exchange. The tubes are
composed of tiny, parallel channels to maximise the heat transfer surface area while minimising size and
weight. Microchannel designs are characterised by their ability to offer excellent thermal performance
in a compact footprint. This makes microchannel HEXs ideal for aerospace applications, particularly
when space constraints and weight reduction are top priorities.

While other types of heat exchangers, such as shell-and-tube heat exchangers, have also been successfully
employed as condensers and modelled using porous media in CFD [15], these are less practical to
implement inside a turbofan bypass duct and are therefore not considered for this research.

Due to its advantages, the flat-tube microchannel heat exchangers (FI-MC-HEXSs) are particularly suited
for applications in CC-TF engines, where thermal efficiency and weight minimisation are paramount.
FT-MC-HEXSs can achieve a compactness of § = 1000 m2/m? and higher while suiting the phase change
of the working fluid. Using louvred fins can promote the flow mixing and boundary layer disruption,
leading to a two- to fourfold increase in the heat transfer coefficient with respect to a conventional fin
geometry [11]. Therefore, the chosen heat exchanger type is a flat-tube microchannel heat exchanger
with louvred fins. Figure 2.2 illustrates this geometry and the direction of airflow passing through.
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Figure 2.2: A flat tube microchannel heat exchanger geometry, adapted from [16].

Flow arrangement: The final classification criterion for heat exchangers is the relative flow directions of
the fluids involved. In this study, the airflow of the bypass duct must pass straight through the heat
exchanger to the bypass duct nozzle and out of the engine with as little pressure loss as possible to
effectively produce thrust. However, there are multiple options for working fluid flow arrangements. In
a multi-pass HEX, the working fluid flows through one full length of the heat exchanger after which
the flow reverses and traverses in the opposite direction again. If the fluid only travels the length of
the heat exchanger once and exits through the opposite header tank, it is called a single-pass heat
exchanger. A multi-pass arrangement results in a greater pressure drop on the working fluid side, but
this is accompanied by a slight increase in total heat transfer compared to a single-pass arrangement
due to the increased working fluid flow velocity through the condenser.

The flow arrangement between the airflow and the working fluid of the condenser is of the cross-flow
type. In the case of a pure condenser where the working fluid temperature remains constant during the
phase change, this cross-flow configuration does not result in significant temperature non-uniformities
at the outlets of either flow stream.

2.1.2. Working Principles of Condensers

Condensers are HEXs in which the working fluid enters the core in the vapour state and exits as a liquid.
Due to this phase change, different modelling equations apply compared to single-phase working fluids.
Condensers have larger working fluid-side heat transfer coefficients compared to single-phase HEXs
thanks to latent heat transfer during the phase change.

Figure 2.3 illustrates a temperature-entropy (T-S) diagram of the working fluid passing through the
condenser. In pure condensers, the working fluid enters as saturated vapour at point B and exits as a
saturated liquid at point C, represented by a horizontal line on the graph. The working fluid analysed in
this study exhibits no temperature glide, therefore the temperature remains constant during the phase
change while entropy decreases due to latent heat removal.

If the working fluid enters the condenser in a superheated state — point A in Figure 2.3 — it requires an
initial desuperheating stage to reduce its temperature to the saturation point. Once condensation is
complete, some degree of subcooling may also occur as the working fluid exits as a liquid below its
saturation temperature.

Changes in the thermodynamic state of the working fluid directly impact the local heat transfer coefficient.
During the condensation phase, the release of latent heat enables high heat transfer rates. However,
the desuperheating and subcooling phases rely more heavily on sensible heat transfer, resulting in
lower heat transfer coefficients. Furthermore, in condensers the temperature pinch point often occurs
at the beginning of the condensation process of the saturated liquid, potentially limiting the rate of
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Figure 2.3: The T-S diagram of the working fluid passing through the condenser

heat transfer at this point [11]. At the temperature pinch point, the temperature difference between the
bypass air and the working fluid is formulated as

(Tn - To) < (Ty,i — Te o) o1 (Tiyo — To i) - (2.1)

Figure 2.4 plots the temperature profiles of the hot and cold side fluids, as well as the temperature pinch
point.

A critical assumption made in the modelling of condensers is that the wall temperature remains constant
throughout the heat exchanger. The uncertainty of the results introduced by this assumption depends
primarily on the degree of desuperheating observed in the condenser. Figure 2.5 illustrates the variation
in wall temperature along the length of the condenser. During the desuperheating phase, the wall
temperature is higher, reflecting the higher temperatures of the superheated vapour. As condensation
begins, the wall temperature temporarily dips due to a delay in heat conduction caused by the coolant
flow and wall material properties. This "catch-up" effect results in a slight positive temperature gradient
along the wall before stabilising.

4T
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Figure 2.4: Sketch of the hot and cold side fluid temperature profiles and the resulting pinch point.
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Figure 2.5: Variation of the condenser wall temperature along the path travelled by the working fluid

In this study, the wall temperature is assumed as an average value for modelling purposes, considering
the desuperheating, condensation, and subcooling phases. While the desuperheating phase can
significantly affect the temperature profile due to larger temperature reductions, the subcooling phase
generally has a smaller effect, as the temperature drop in this region is less pronounced.

2.2. Porous Media Model of the Heat Exchanger

The accurate modelling of heat exchanger geometries in CFD is challenging due to the intricate
geometries of small tubes and fins, resulting in a large number of mesh elements. A common approach
to simplifying the detailed geometry of a HEX is to use a porous media model (PMM) in the volume that
the HEX would otherwise occupy. The use of a PMM is an efficient method to replicate the flow and heat
transfer characteristics of the HEX without resolving every small feature of the physical geometry, such
as the individual fins and tubes, which would otherwise result in a highly complex and computationally
expensive mesh.

A porous medium is any material that contains pores or voids for a fluid to occupy and flow through.
Several studies have used porous media modelling in CFD to analyse soil, fences, and filtration devices.
However, the presence of HEXs has also been successfully modelled previously, and this section will
elaborate on the method used to approximate the airflow characteristics inside a HEX core.

Porosity ¢ is a fundamental property of porous media, describing the fraction of the total volume of a
material that consists of void space. It is a dimensionless quantity crucial for understanding fluid flow
through a porous media. Mathematically, porosity is defined as

Ve

Ezvt

2.2)

where V), is the volume occupied by pores while V; is the total volume of the porous zone. As the flow
passes through the porous material will experience a reduction in cross-sectional area to pass through
and therefore increase in velocity. This velocity increase is inversely proportional to ¢ and is expressed
as

5superﬁcial

Z_5physica1 = (2.3)

&

where 5physica1 is the airflow velocity occurring inside the porous media, while 5superﬁcia1 is the velocity
the flow would have had without the solid matrix present. The physical velocity-based formulation is
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used for subsequent porous zone calculations in Ansys Fluent, as it captures the acceleration of flow
through the HEX core resulting in a better approximation its influence on the upstream and downstream
flow fields. Since the entrance and exit effects are strongly dependent on the local flow velocity, the
physical velocity formulation enables a more accurate representation of those phenomena. Additionally,
the pressure loss calibration for the porous zone is based on the flow velocity through the HEX core, as
described in more detail in Subsection 2.2.2.

2.2.1. Modelling of Porous Zones in CFD

Inside the porous zone, the momentum and energy equations are modified to account for the pressure
losses and heat transfer through the use of source terms.

Momentum Equation Source Term

To accurately simulate the heat exchanger pressure drop, the conservation of momentum equation must
be adjusted to include additional source terms simulating the presence of the heat exchanger. The
conservation of momentum equation can be formulated as

2(p5)= ~Vp+V-T+p3 (2.4)
Dt
where the terms on the right-hand side (RHS) of the equation represent the three main types of forces

acting on a fluid element: pressure, viscous and body forces, respectively. The viscous term is calculated
using the stress tensor 7, which is given by

T=ul|(Vo+VaT) - %v B3I . (2.5)

The additional source term S, representing the momentum loss of the airflow through the heat
exchanger is now introduced on the RHS of Equation 2.4. Next to that, the rate of change of momentum
per unit volume on the left-hand side (LHS) of the equation is split into a local change of momentum
with time and a change due to convection:

%(p?))+v'(p5?—5)=—Vp+V'T+p§+§m. (2.6)

The momentum equation can be applied to a 2D axisymmetric simulation by using a cylindrical
coordinate system, resulting in a set of two equations [17]:

P 10 19 I 10 duy 2. .
3 (pox) + e (rpvxvy) + -3 (rpvyoy) =— 2o | (2 % g(V . v))} o
+1ir 9vx+@ +S .
ror H oar Jx M
£(0)+1i(r00)+1i(1’ vv)——a—]g+1i r 8&4_%
or PN T gy PO o Tperer) == 5 T o | M\ ox T ar
190 Jo, 2
Y U v 2.8
+r8r r‘u(281’ 3(v v))} (2.8)

2
v, 22U R %=
-2u—+==(V-0)+p—+S§
273 r( )+p r i
where vy, v,, and v, are the flow velocities in axial, radial, and swirl directions, respectively.

The momentum source term is expressed in terms of force per unit volume [N /%] and captures the
pressure losses of the flow across the porous zone. The key governing equation for fluid flow in porous
media is derived from Darcy’s law [18], which expresses the water pressure gradient over a section with

length L as
VP 1
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where the LHS of the equation is the pressure gradient per unit length travelled by the flow through the
porous media, while ky, is the hydraulic conductivity.

While this equation is valid for water and other incompressible and isothermal flows, the equation must
be modified to be valid for air. Therefore, the dynamic viscosity u is employed, resulting in

VL—P - (%)v (2.10)

Equation 2.10 is known as the Hazen-Darcy equation, and introduces the specific permeability K of the
porous zone. However, the relation only holds for flows with a very small velocity, and for velocities
above around 1m /s the Darcy-Forchheimer equation is relevant which introduces a quadratic term that
is proportional to velocity squared:

P (LYo (\j_%) ololo. @11

The coefficient cr is the Forchheimer coefficient, also known as the inertial coefficient.
Equation 2.11 can be reformulated as

v

- _ N B N
S T = ubDv + 2F|U|U (2.12)

for a 3D anisotropic porous zone, where the elements of matrices D and F are adjusted to vary the
pressure gradient of the flow in each direction.
Energy Equation Source Term

Similar to the momentum equation, a source term can be added to the energy equation to simulate heat
exchange due to the condenser. The energy equation is formulated as

2 (pE)+ V- (3 (pE+p)) =V (KVT + (2 5)) . 2.13)

The terms on the LHS of the equation are:

. %(pE ): Rate of change of energy density

* V- (3(pE + p)): Convective transport of energy, including pressure work.
Meanwhile, on the RHS of the equation, the following terms are present:

e V. (kVT): Heat conduction, with k as the thermal conductivity of the fluid.

e V- (7-90): Viscous dissipation, representing the work done by internal friction forces.

Quintard [19] introduces the nomenclature for different phases, with a f-phase being the fluid travelling
through the o-phase structure. Therefore, in the case of a heat exchanger, the f-phase is the airflow
passing through it, while the o-phase is the solid metal structure of the heat exchanger itself. The
equation can be split into the contribution of each phase to the energy balance, resulting in Equation

2.14. At this step, the energy source term S, is added to the RHS of the equation, resulting in
d o — 2
=i (€PsEg + (1= €)poEo) +V - (3 (ppEp +p)) =V - [kVT + (T -3)] + S, (2.14)

The rate of change of energy density has contributions from both the ¢ and § phases, while the convective
term is dependent solely on the f-phase since the solid phase does not contribute to bulk convection.

The heat conduction term on the RHS of the equation is dependent on the fluid thermal conductivity
kg. By contrast, Musto [14] introduces the thermal conductivity to be a weighted average of the solid
thermal conductivity k,; and fluid thermal conductivity kg according to

ket = ekg + (1 =€)k, . (2.15)
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However, if this is implemented into the energy equation and employed in a CFD simulation, the
thermal conduction will be greatly overestimated by the CFD software, resulting in heat from the
condenser conducting upstream. In reality, the thermal conductivity of the solid is highly localised
within the porous media itself, and the overall thermal conductivity is determined almost exclusively
by the fluid. Hence, only the fluid conductivity kg is introduced in the energy equation while the solid
thermal conductivity k; is neglected.

The energy source term is equivalent to the local volumetric heat flux

local = Blocal (Twall - T) ﬁHEX (2.16)

where hjocal is the local heat transfer coefficient, Tyay is the temperature of the heat exchanger wall in
contact with the airflow, T is the local airflow temperature and Bpgx refers to the heat exchanger surface
area density, defined as

PrEx = (2.17)

Viex
As explained in Section 2, Ty, is assumed to be constant for the whole porous zone. This assumption
does not introduce significant errors, as the HEX being analysed is a condenser. fygx is also assumed
constant over the volume of the condenser since the small local changes in geometry are neglected. The
local heat transfer coefficient /a1 depends on the local flow conditions and thermal properties of the
fluid according to

kﬁ Nu

hocal = D
eq

(2.18)

reformulated from the definition of the Nusselt number Nu. In Equation 2.18, Deq is the hydraulic
diameter of the louvred fin geometry, calculated through

i

Deq = (2.19)

where A is the cross-sectional flow area of the air conduit bounded by the louvred fins and flat tubes,
while P is the wetted perimeter of the conduit.

As established, the Nusselt number Nu represents the convective to conductive heat transfer ratio.
However, Nu can also be found using an empirical relation of the form

— m n
Nu =aPr ReDeq . (2.20)
The Reynolds number Re is based on the hydraulic diameter length scale Deq , while the coefficients 4, b
and n are selected to approximate the thermohydraulic performance of the HEX core.

Linking Equations 2.16 — 2.20 together results in an expression for the energy source term solely in
terms of predefined coefficients and local flow properties, expressed as

kﬁaPrmRegcq (Twan — T) Prex
Deq '

Se = Alocal = (2.21)

2.2.2. Key Parameters and Assumptions

The porous media model of the condenser requires several input parameters. The porosity of the heat
exchanger ¢ significantly affects the pressure drop and aerodynamic efficiency of the system. For this
study, a porosity value of 0.77 is chosen, obtained from the optimised condenser of a CC-TF engine
concept from the research of Krempus [20].

To calibrate the pressure drop characteristics of the porous media, the matrices D and F from the
momentum source term in Equation 2.22 are determined using HeXaCode, an in-house developed
tool for the rating and sizing of heat exchangers. HeXaCode has been successfully verified through
comparison with commercial code and has been employed in prior research, such as the work by
Beltrame et al. [21]. The heat exchanger rating function is relevant for this research, for which HeXaCode
calculates the temperature and pressure of both the hot stream and cold stream at the exit of the
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condenser for a fixed heat exchanger area and geometry. HeXaCode generates a quadratic calibrated
pressure drop relation, which is inputted into Ansys Fluent using a viscous resistance coefficient C; and
an inertial resistance coefficient C, according to

5, =Cio+ c2§|5|5. (2.22)

The coefficients a and 1, used in the Nusselt number relation in Equation 2.20, are calibrated through
the HeXaCode sizing function for a CC-TF condenser. The coefficient m is set to 0.33, a commonly used
value found in the research by Sieder and Tate [22].

A key assumption made in the formulation of the porous media model is that the pore-scale characteristic
lengths I3 and [; are much smaller than the length of the heat exchanger L. This assumption is based on
the geometry of the flat-tube microchannel louvred fins, where the individual fins are comparatively
small. Therefore, the flow travels across the entire porous medium with localised effects at the millimetre
scale averaged out in the model. This simplification enables efficient computation without sacrificing
accuracy in predicting the aerodynamic and thermal performance of the heat exchanger.

2.2.3. Advantages and Limitations

The porous media model offers several advantages, particularly when modelling complex systems such
as turbofan engines where detailed meshing of the heat exchanger geometry would be impractical.
Three main advantages of a well-calibrated model are discussed here.

Reliable and Accurate Results: Previous studies from Musto [14], Missirlis [9] and Hooman [23] among
others, have validated that reliable results can be obtained for a heat exchanger integrated within an
aero engine, with good correlation to heat exchanger modelling software and experimental results.

Reduced Computational Cost: By simplifying the detailed microchannel and fin geometry, the porous
media model significantly lowers the mesh element count and the computational resources required.
Research by Halim et al. [24] found that simulating the coolant flow around a tube bundle as a porous
zone reduced computational time by factor 9.

Reduced Modelling Time: The porous media model aims to capture the macro behaviour of the flow
without needing resolution on the millimetre length scale. Therefore a detailed geometric CAD file or
drawing of the condenser does not need to be made.

Flexibility: The model can be easily adjusted to represent different types of HEX by modifying the
porosity and inertial loss coefficients. This flexibility makes it a powerful tool for simulating various
heat exchanger designs in varying flow conditions [8, 14, 23] especially for a future optimisation study
where multiple porosities are considered.

While the porous media model provides an efficient approach to simulating heat exchangers, several
limitations must be taken into account. The model relies on certain assumptions, including a homoge-
neous distribution of resistance throughout the HEX and a simplified representation of heat transfer
mechanisms. These assumptions may not fully capture the local variations in flow and temperature that
occur within the detailed structure of the HEX core, particularly in regions of high complexity or where
strong flow separation occurs.

Moreover, the porous media model relies on accurate and sulfficient calibration data in order to replicate
the flow behaviour through the HEX over a range of air mass flow rates, temperatures and pressures.
This large amount of calibration data must be processed to extract the accurate porous zone momentum
and energy source term parameters.

2.3. Heat Exchanger Integration in the Bypass Duct

The placement of the condenser inside the bypass duct can significantly affect the propulsive efficiency
of the engine and the frontal area of the condenser. According to Drela [25], large drag penalties can
occur when a HEX is not optimally installed in high-altitude aircraft. On the other hand, a well-designed
HEX duct system can contribute positively to the net thrust produced by the engine using the Meredith
effect [26]. These integration phenomena are discussed in this section.
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2.3.1. Condenser Placement

The integration of the condenser into the bypass duct presents several design challenges. To balance
aerodynamic performance, heat transfer efficiency, and practicality requires careful consideration of the
placement and geometry of the condenser.

One of the primary design considerations is the geometry of the heat exchanger. Two configurations are
possible: a segmented design and an annular design. The segmented configuration is straightforward
to manufacture and facilitates easier maintenance and replacement. Its modular nature allows for rapid
component swapping, making it advantageous from a servicing perspective. Missirlis [9] incorporates a
segmented design into a porous media CFD analysis, with the turbofan exhaust nozzle divided into four
quarters. This required a 3D axisymmetric simulation, with a quarter of the whole domain modelled, to
capture the aerodynamics.

In contrast, the annular design provides superior aerodynamic performance, as it conforms to the
circular geometry of the bypass duct, thus making better use of the bypass duct area and maximising
the HEX frontal area. The disadvantages are mainly practical, with an annular design proving harder to
manufacture and maintain. Patrao [10] considers an annular design and is therefore able to perform
the analysis completely within a 2D axisymmetric domain, significantly reducing computational costs.
Given the advantages of a simplified model and improved heat exchanger performance, the annular
design is selected for this study:.

Another critical factor in the integration of the condenser is its inclination angle within the bypass duct.
This angle influences both the heat duty of the HEX and the aerodynamic characteristics of the flow.
Tilting the heat exchanger allows for increasing its frontal area without affecting the diameter of the
turbofan engine nacelle. However, beyond a 70-degree tilt, the pressure losses of the airflow through
the condenser increase substantially [27]. Figure 2.6 illustrates the effect of the HEX inclination angle on
the air-side pressure losses.
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(a) Change in pressure drop with increasing heat exchanger angle (b) Diagram of the airflow test case

Figure 2.6: Effect of changing the incoming flow orientation on the airflow pressure drop through a heat exchanger. Adapted
from [27].

Practical constraints also play a role in defining the final design. These constraints include the positioning
and orientation of other components within the turbofan engine, which impose spatial limitations and
must be addressed when choosing the position of the condenser. These components include the thrust
reverser system, air turbine starter, engine control module, fuel and air control systems, as well as the
evaporator placed before the core airflow nozzle. Figure 2.7 shows a cross-sectional sketch of the CC-TF
engine concept and highlights the spatial limitations of the bypass duct imposed by the surrounding
key components.

2.3.2. Meredith Effect

The rejection of thermal energy into the cold air stream by means of a HEX increases the enthalpy of
the flow. If the airflow is accelerated through a nozzle, part of the drag introduced by the HEX can be
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Figure 2.7: Illustration of a CC-TF engine concept, with the approximate positions of key turbofan components. Adapted from
[20].

Radiator

Aicraft fuselage

— —
/\—\Y/ Adjustable outlet scoop
Inlet scoop

Oil cooler

Figure 2.8: Diagram of the cooling solution of the P-51 Mustang. Adapted from [28].

recovered. This effect was studied by Meredith [26] in 1935 and most famously implemented in the
North American Aviation P-51 Mustang, built in the 1940s. The aircraft has a ducted radiator placed
underneath the body of the aircraft, which dissipates the heat produced by the piston engines. Figure
2.8 includes a diagram of the ducted radiator, featuring an adjustable outlet scoop in order to optimise
the cooling performance for different aircraft speeds; at low speed, the outlet scoop is fully open to
maximise airflow for cooling, while at cruise, the scoop moves upward to constrict the outlet and utilise
the Meredith effect.

In a more recent example, Kaiser et al. [7] analysed an ultra-high bypass ratio (UHBPR) turbofan
employing a Cheng cycle - a combination of a Brayton and Rankine cycle - for reduction of engine
contrails, CO, and NOy emissions. In this research, a condenser is also placed in the bypass duct in an
annular configuration, with a similar integration to that shown in Figure 2.7. The study claims that the
Meredith effect allows for producing enough thrust to compensate for the heat exchanger pressure drop
during cruise conditions. The working fluid is water, resulting in condensation temperatures of around
373 K and approximately 1-2 MW of heat rejected to the bypass air [7, 29]. The potential for HEX drag
recovery is promising, although it should be noted that the nacelle length had to be increased by 40% in
the study by Kaiser et al. [7] to incorporate the condenser while retaining enough length for the bypass
nozzle. This suggests that integrating the components for a combined-cycle turbofan into an existing
nacelle design without adjusting its dimensions can prove to be one of the primary challenges of this
research.

The fundamental equations modelling the Meredith effect are derived by Meredith [26] for incompressible
flow through a ducted heat exchanger with no temperature increase. If A is the frontal area of the
radiator with fixed thickness, V, is the freestream airflow velocity, V. (1 — a) is the velocity of the
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airflow travelling through the heat exchanger, then the volume flow F is defined as
F=AVs(1-a). (2.23)

Next, ApuEx is defined as the pressure drop through the heat exchanger and consequently, the power
loss associated with this pressure drop is

E=F APHEX = APHEX A Voo (1 - Cl) . (2.24)

The pressure drop through the heat exchanger can be linked to the wake conditions. For this, the
velocity of the duct exit flow rejoining the free airflow is introduced as V(1 — b). The pressure drop is
expressed as

ApHEX = §eo(1 = (1= b)?) (2.25)

which can be rearranged to form the relation

A
SPHEX _ 2p(1 — g). (2.26)

[ee]

Equation 2.26 demonstrates that Apex/g« is equal to 1 when b = 1; in other words, the outlet wake
velocity is equal to zero. For the equations describing the Meredith effect to be valid, there must be
some airflow out of the duct exit and therefore Apygx/ge < 1.

Meredith showed that the drag can be computed as the rate of change of momentum:
D =24,Ab(1 —a) (2.27)
Thus, the power lost overcoming drag becomes:
Ep =20AVeb(1 —a) (2.28)

Combining Equations 2.24 and 2.28 yields the following duct efficiency definition.

E ApHEX
=— = 2.29
Nduct Ep 2qoob ( )
At this point, Equation 2.26 can be utilised to eliminate b and obtain:
1 ApHEex
MNduct = 5 e 1 (230)
— (1 = Apmx)?
T-\1-=3

Figure 2.9 displays the variation in duct aerodynamic efficiency 7, as a function of === according to

Equation 2.30. A small ratio of % results in improved duct aerodynamic efficiency. Meredith also
showed that this efficiency is about 50% greater for a ducted radiator than a freely exposed radiator.

If the airflow compressibility and the heat addition are also factored into account, the duct efficiency can
be positively affected. At the heat exchanger, the thermal energy is added at pressure p, after which the
flow is expanded to the static pressure of the freestream airflow pg. A portion of this thermal energy is
converted to the kinetic energy of the airflow. This process can be measured according to the efficiency
definition

y-1

po\ 7
_q_(Po 231
c (p) 231)

The thermal energy recovery efficiency, therefore, increases if the heat is added at a higher pressure p or
if the ambient static pressure py is lower. It is advantageous to fly at a higher altitude, such that py is
reduced. The effect of altitude on the Meredith effect kinetic energy recovery can be found in Figure
2.10.
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Figure 2.9: Induction efficiency of the duct as a function of the pressure drop to dynamic pressure ratio
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Figure 2.10: Kinetic energy recovery efficiency for different cruise altitudes

Meredith applied Equations 2.30 and 2.31 to a generic piston-powered aircraft to derive a relation of the
heat recovered as kinetic energy E’ as a function of outside temperature T, engine brake horsepower
(BHP), airspeed V., and minimum airspeed to ensure sufficient cooling Vj. The resulting relation is

(2.32)

174 h 2 VZ
E':O.16(M) @ 1 4VYo | BHP

100 T " 3v2) 100 °
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In order to link the heat dissipated by the heat exchanger to the resulting drag of the heat exchanger
core, Drela [25] devised a relation that takes into account the Meredith effect, formulated as

1
~ 2
DHEXcore Voo = ivoo

Apuex (Vi \* .y -1
Voo

0 -H—— M2 (2.33)

where H is the heat rejection rate, 7i1 is the air mass flow into the heat exchanger, and subscript 1 denotes
conditions directly in front of the heat exchanger. Equation 2.33 highlights the benefit of slowing down
the flow from Vi to a low V; to reduce the drag contribution due to the HEX air-side pressure drop. If H
is made as large as possible, it is even possible to obtain a negative value for Dxgxcore Voo as postulated
by Meredith. The underlying assumption is that the duct shape is smooth to prevent flow separation, as
the vorticity caused by separation would increase the apparent drag of the heat exchanger setup.

The research by Drela [25] aimed to successfully incorporate a heat exchanger into the wing of a
subsonic aircraft. Consequently, the relations derived are not completely applicable to the case of a heat
exchanger inside a turbofan engine as the pressure rise caused by the upstream fan must be taken into
consideration. However, Equation 2.33 is still helpful as it highlights the parameters of importance and
suggests that during the optimisation routine that will be performed in this research, the optimiser will
seek to adjust the duct wall geometry to maximise the heat dissipation term and minimise the pressure
drop term. Similarly to how the outlet scoop of the P-51 Mustang moves upward to increase the kinetic
energy recovery of the hot air during cruise conditions, the optimised turbofan bypass duct nozzle will
likely also have a narrower outlet opening with respect to the original geometry.



Turbofan and Flow Modelling in CFD

This section discusses the fundamentals of turbofan engine design and the modelling of the turbofan
within the CFD environment. The actuator disk model is used for the simulation of the flow characteristics
through the fan and OGVs and is presented in the following sections. The external aerodynamics
phenomena around the engine nacelle are also introduced, which aids in creating a mesh and selecting
CFD flow settings. Finally, methods for verifying and validating the turbofan model are discussed.

3.1. Turbofan Theory and Baseline Model

Turbofan engines are the most popular propulsion system choice in modern commercial aviation due to
their high efficiency and ability to generate significant thrust while maintaining relatively low noise
levels. One way of categorising these engines is by their bypass ratio, which refers to the amount of air
bypassing the engine core compared to the air passing through the core. To understand the influence of
bypass ratio on the engine performance, the propulsive efficiency definition [30] is introduced as

Mprop = o, (3.1)

Equation 3.1 illustrates that efficiency is maximised when the turbofan engine exhaust velocity v, is as
close as possible to the external airflow velocity v.

At the same time, designers aim to extract as much thrust from the engine as possible, expressed as
F =11 (v, —vp) . (3.2)

In order to maximise both of these equations, an ample airflow #: through the engine with a small flow
acceleration v, — vg is needed.

A practical solution to achieving a large 77 with a small v, — vy is to increase the bypass ratio (BPR).
A higher BPR indicates that a greater portion of the air flows through the bypass duct relative to the
engine core, enabling a smaller acceleration of a larger mass flow. This design improves propulsive
efficiency while simultaneously reducing noise emissions due to the lower exhaust velocity.

Historically, the bypass ratio has increased steadily in turbofan engines since their inception. Early
turbofan engines, such as the Pratt & Whitney JT3D developed in the 1960s, featured a bypass ratio of
approximately 1:1, categorising them as low-bypass engines. Modern high-bypass turbofans, such as the
CFM LEAP-1A, achieve bypass ratios as high as 11:1, resulting in significant efficiency and environmental
performance advancements. Figure 3.1 illustrates the progression of bypass ratio trends over the decades,
emphasising the continual focus on optimising turbofan performance for both economic and ecological
benefits.

To successfully incorporate the condenser into the bypass duct, the BPR is particularly relevant. A
high-bypass ratio or UHBPR engine will provide enough airflow to meet heat dissipation targets while

17
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Figure 3.1: Historical trends in bypass ratio for turbofan engines from the 1960s to the present day, with the CFM LEAP engines
highlighted in red. Adapted from [31]

maximising propulsive efficiency. The effect of the bypass ratio, as well as the other factors that influence
the turbofan bypass flow performance and HEX integration, are summarised in Table 3.1 [32, 33].

Table 3.1: Important design considerations for a turbofan engine bypass duct.

Design Factor Details and Implications

Bypass Ratio (BPR) Ratio of air bypassing the core to air passing through the core.
A Higher BPR increases bypass duct airflow, improving fuel efficiency
and reducing noise.

Fan Pressure Ratio (FPR) | Ratio of fan discharge pressure to inlet pressure.
A Higher FPR can enhance specific thrust but can result in increased
bypass duct noise.

Geared vs. Direct-Drive | Geared Fans: Allow the fan to rotate slower while the low-pressure
Fans turbine rotates faster, optimising bypass flow for efficiency.
Direct-Drive Fans: Simpler design but less efficient at higher BPRs, as
the bypass duct flow is not optimised.

Noise Reduction (Rotors, | The rotor and outlet guide vanes (OGVs) blade design in the bypass duct
OGVs, Chevrons) significantly can significantly affect noise.
Chevrons at the bypass duct exit can reduce jet mixing noise.

Aerodynamic Design of | The shape and size of the bypass duct influence flow efficiency and
the Duct pressure losses.

Minimising flow separation and turbulence improves fuel efficiency and
reduces noise.

When selecting the baseline turbofan engine design to adapt into a CC-TF, the goal is to choose a modern
turbofan engine for an aircraft serving short to medium-range aircraft. Additionally, information must
be available on the geometry of the engine, as well as information on the design factors mentioned in
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Table 3.1 and other performance metrics.

Ultimately, the LEAP-1A engine that serves the Airbus A320 series aircraft was chosen. Itis a high bypass
ratio engine that suitably represents current turbofan technology, and its performance characteristics
are well documented. Important operating conditions for the LEAP-1A engine are listed in Table 3.2.

Table 3.2: Operating conditions and performance of the LEAP-1A Engine

Parameter Value

Bypass Ratio 11:1

Cruise Altitude 10000 m

Cruise Mach Number | Mach 0.78

Maximum Thrust 147 kN (LEAP-1A Engine)

This engine offers a 15% fuel efficiency increase compared to the previous generation of aircraft engines,
making it a suitable baseline model for adaptation to a CC-TF engine.

3.2. Actuator Disk Models

In the aerodynamic modelling of turbofan engines, accurately capturing the effects of the fan and OGVs
on the airflow is crucial for understanding the overall performance of the engine. However, modelling
the detailed geometry of the fan blades and outlet guide vanes can be computationally expensive,
particularly in large-scale CFD simulations. To address this challenge, the actuator disk approach is
often employed as a simplified method for modelling the fan and stator sections of a turbofan engine
while capturing the essential flow effects, namely the pressure rise and velocity change of the airflow.

The actuator disk approach simulates the fan and OGVs as thin, permeable disks that exert forces
on the passing airflow without explicitly resolving the geometric details of the blades or vanes. This
method assumes that the fan and stator primarily impart momentum to the flow through a pressure
discontinuity rather than through otherwise complex 3D flow interactions. The actuator disk method
applied to steady-state CFD simulations simulates the flow behaviour of a hypothetical engine with
infinite fan blades without time-dependent discontinuities. Although this is not the case in practice, it
can be seen as a time-averaged representation of the flow through a real rotor or stator of an engine.
Therefore, it is applicable to RANS CFD simulations [34]. This modelling method was used as early as
1920 by Froude [35] and has been improved upon since.

There are two approaches for an actuator disk model: adding source terms to the actuator disk region
or imposing pressure jump as a boundary condition to the flow. Rajagopalan and Fanucci [36] first
implemented the former method to model wind turbines, modelling the volume occupied by the
spinning blades as a porous cylinder in which these momentum source terms are applied. The method
can be used for both a disk of one control volume width and a wider region, allowing the entire rotor
width to be modelled by an actuator disk and spreading the pressure rise over this volume. This
more accurately portrays the actual behaviour of a fan and is therefore preferred over a pressure jump
boundary condition, which is easier to implement but may lead to strong discontinuities in the flow
[34]. The source term method is also more robust than imposing a pressure jump when introducing a
swirl component to the airflow.

The momentum source terms are introduced to the flow similarly to the momentum loss in the porous
media, as described in Equations 2.6, 2.7 and 2.8. Various methods are available to model the forces
exerted on the flow by the rotor and OGVs; these are described in the Subsections 3.2.1 and 3.2.2 below.

3.2.1. Actuator Disk based on Blade Element Momentum theory

The first method of modelling the fan blades and OGVs stems from Blade Element Momentum (BEM)
theory, in which a propeller or fan blade is broken down into a finite amount of airfoils stacked together.
The inputs for this model are the airfoil geometries along several sections of the fan blade. For each
airfoil section, the lift and drag coefficients C; and Cp are computed over a range of angles of attack a.
The forces are then integrated along the fan blade length to produce a force distribution, which can
be converted to a momentum source term. The induced axial velocity u; and tangential velocity u; of
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the blade are calculated using momentum theory, and the resulting airfoil cross-sectional analysis is
shown in Figure 3.2. In this figure, v, is the freestream velocity of the aircraft, and wr is the tangential

Figure 3.2: Velocity diagram of a fan blade according to BEM theory

velocity caused by the blade rotational velocity w. The resulting airfoil velocity v, is the addition of all
these contributions, and as such, the force coefficients C; and Cp are based on this reference axis, while
the thrust coefficient Cr and torque coefficient Cg utilise the aircraft frame of reference. § is the blade
angle, f; is the induced angle while ¢ is the pitch angle.

This method has been recently applied by Baratchi [37] to model a ducted tidal turbine using a 3D
Detached Eddy Simulation (DES) setup. Similarly, Spinner et al. [38] incorporated this method to model
a UHBPR fan and compare the source term actuator disk method to a full unsteady Reynolds-averaged
Navier-Stokes (URANS) simulation. In their work, there was good agreement between the actuator
disk method and the URANS simulations. However, the total pressure ratio p;/p;,« and airflow swirl
angles were underestimated towards the outer radial sections after the fan and OGVs. Towards the
tip of the fan blade, the local flow velocity can approach or exceed transonic speeds, and the resulting
compressibility effects are not considered. Additionally, tip vortices that form at the blade ends are not
modelled, resulting in further uncertainties in the actuator disk model.

Another disadvantage of this model is that sufficient airfoil data is needed as an input, requiring a
3D geometry file of the fan and OGV blades. The airfoil geometries can be complex, and the twist
introduced in the blade means that detailed geometric information is needed, while often data is only
available on general engine parameters such as the fan pressure ratio. As this thesis aims to form a
holistic method of modelling turbofan components, alternative modelling methods are considered.

3.2.2. Actuator Disk based on a Custom Disk Loading Profile

The thrust and tangential forces produced in the actuator disk zone can also be user-prescribed to
fit a custom loading profile, varying along the blade radial position. This method is used by Stich
et al. [34] to model the fan of NASA’s Glenn Ultra High Bypass Drive Rig, a 1:5 scale jet turbofan
model. The research compares different axial and moment loading profiles as a function of the blade
radial distance. The first is a constant loading profile, representing the most simple actuator disk setup
where the volumetric source term is the same everywhere in the disk. Next, a Goldstein thrust loading
profile is considered, established in the work of Goldstein and Prandtl [39] and illustrated in Figure
3.3. This distribution of circulation along a propeller blade minimises the energy lost in the propeller
slipstream, serving as a good foundation for modelling the thrust distribution. Lastly, custom load
profiles generated from detailed URANS results are inputs for the simplified actuator disk method.
Stich et al. [34] showed that all three methods can predict the overall mass flow rate, total pressure ratio,
and total temperature ratio to within 1% accuracy. However, the exact velocity distributions at the OGV
exit can differ from the experimental results. Their research also applied the same method to model the
tangential momentum source terms according to different load distributions. Ultimately, this approach
has been chosen since it can be applied more quickly to any turbofan engine by adjusting polynomial
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Figure 3.3: The Goldstein load distribution, showing the non-dimensional circulation as a function of the dimensionless
rotational velocity ratio for a 4-bladed propeller. Adapted from [39]

Figure 3.4: NASA’s Glenn UHBPR engine 1:5 scale model, from [40].

coefficients to achieve different loading distributions. Using polynomial equations as a function of the
normalized radial distance
R = Y — Yhub

= 3.3
Ycasing — Yhub ( )

allows Ansys Fluent users to define an expression of the momentum source term. In Equation 3.3, y is
the y-coordinate of the cell element, vy, is the y-coordinate where the fan blade attaches to the hub,
and Ycasing is the y-coordinate of the nacelle casing near the fan blade tip.

A drawback of modelling the fan and OGV using an axisymmetric RANS actuator disk model is that
fluctuations in the thrust are not captured in the model. The thrust loading is not constant with the
circumferential position; this is often because the turbofan inlet lip is more prominent on the bottom
to prevent stalled flow at high angles of attack. This asymmetry affects the flow in a manner that
cannot be captured in an axisymmetric simulation. Additionally, any time-wise fluctuations resulting
from complex fan-nacelle interactions are not properly captured through RANS simulations. These
limitations are deemed acceptable since the goal is to represent typical steady cruise conditions of the
engine rather than model detailed flow phenomena.
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3.3. External Aerodynamics

In addition to the internal flow within the turbofan engine, the external aerodynamics must be modelled
accurately to ensure reliable simulation results. The aerodynamics of the turbofan intake can significantly
affect the flow quality entering the engine; thus, the inlet and upstream effects are incorporated into the
simulation. Several assumptions and simplifications of the airflow are made in the CFD environment,
which also influences the accuracy of the results. These factors are discussed in this section.

3.3.1. Assumptions and Simplifications

As previously mentioned, a 2D axisymmetric geometry will be analysed to simplify the turbofan
geometry. However, in reality the turbofans on commercial aircraft are not fully symmetric since the
engine pylon and wing mounting affect the aerodynamics around the engine nacelle. The large bypass
ratios of modern-day engines result not only in increased nacelle drag but also a bigger drag contribution
from interference with the wing; previously, the engine installation drag penalty was estimated at 14%
of the total aircraft drag [41], but this proportion increases as bypass ratios increase. Several works have
investigated the precise influence of engine integration on flow uniformity and overall drag using CFD
methods [41, 42, 43]. The critical assumption is made, however, that these asymmetrical effects will have
little effect on the optimisation process of a turbofan bypass duct for heat exchanger integration since
they primarily influence the external nacelle shape and placement of vortex generators. Therefore, these
effects are not considered.

The engine pylon also extends inside the engine cowling, blocking a portion of the bypass duct airflow.
Struts distribute the loads from the rotating components and add extra support to the engine structure.
These struts are placed behind the OGVs in the bypass duct. Kodama and Nagano [44] investigate the
effect of the pylon and struts on the fluctuations in pressure in the circumferential direction. Their
research showed that it is possible to use an actuator disk to model the effect of the struts and pylon on
the flow field by creating an equivalent influence through the OGVs, thereby reducing the computational
time needed to model the struts and pylon. Figure 3.5 shows the effect of these struts, with more than
1% fluctuation from the average static pressure at an upstream location near the fan. While the actuator
disk model can capture this effect well, it still requires a 3D computational domain and knowledge
of the strut positions and geometry. Parry [45] similarly discovered that by varying the OGV shape
along the circumferential direction, the effect of fluctuations can be reduced, once again needing a 3D
simulation. While the effect cannot be captured in this research using an axisymmetric geometry, it is an
important consideration for future 3D simulations of a bypass duct or when simulating noise generated
by the turbofan.

P’~Pg
Po

2
=

NORMAUZED STATIC FRESSURE
=]

:
e
=

0 90 190 270
CIRCUMFERENTIAL LOCATION (Deo)

Figure 3.5: Perturbations in static pressure upstream of the struts, with measurements marked with dots and actuator disk
calculations marked with the solid line. [44]

Another assumption that must be made is that the angle of attack of the turbofan engine, often referred
to as inclination or incidence angle, is 0°. Typically, a turbofan engine is mounted at a slight negative
angle with respect to the longitudinal axis of the aircraft to counteract the positive angle of attack of the
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aircraft during cruise. However, there may still be a slight incidence angle with the airflow observed.
In the simulations made by Spinner [38] an incidence angle of 3° is taken for cruise conditions, while
Savelyev [46] utilises a —3° inclination for engines mounted on top of a blended-wing body (BWB)
aircraft. Other studies like that of Mund and Pilidis [47] assume a 0° inclination angle since they also
employ an axisymmetric CFD domain. These small angles should also not considerably influence
optimisation results and can be considered an acceptable simplification.

3.3.2. Air Intake

The primary objective of the turbofan inlet is to condition the incoming airflow to achieve uniformity
while minimising pressure losses. For a real turbofan engine, this involves balancing performance
across various operating conditions, particularly between take-off, where the angle of attack can exceed
10°, and cruise. To prevent airflow stalling at high angles of attack, the bottom lip of the inlet is typically
shorter and rounder than the top lip. However, due to the axisymmetric constraints of this study and
a focus on cruise conditions, these anti-stall features are neglected. Instead a constant inlet shape is
assumed, based on the shape at the top of the LEAP-1A engine nacelle.

During cruise, supersonic flow may develop on the exterior surface of the inlet, as demonstrated by
the CFD results of Savelyev [46]. This region is particularly sensitive to geometrical variations, thus
constructing the nacelle geometry in CFD using splines connected by sparse geometrical coordinates
may not be accurate enough to represent the nacelle geometry. Robinson [48] proposed using CST
coefficients to optimise the engine air intake design before performing further aerodynamic analyses
of the engine. However, this method significantly increases the number of optimisation variables and
is not central to integrating a heat exchanger in the bypass duct. Alternatively, Kaplan [49] employed
a NACA 1-series airfoil profile to approximate the external surface of the turbofan inlet, producing
sufficiently accurate results for the supersonic flow behaviour observed over the nacelle exterior surface.

Proper upstream modelling of the airflow is also critical for accurate intake aerodynamics. The engine
captures a stream tube of air, where external diffusion occurs prior to the internal diffusion within the
engine. Figure 3.6 illustrates how external diffusion reduces the Mach number while increasing the
static pressure, making it essential to capture this process accurately. To achieve this, the computational
domain must extend sufficiently upstream of the engine. The requirements for domain length and other
related parameters are further detailed in Section 3.4.
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Figure 3.6: Illustration of the stream tube entering the turbofan inlet and the effect on Mach number and static pressure. Adapted
from [50].
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3.4. Turbofan CFD Domain and Meshing

The computational domain around and upstream of the engine must be large enough to prevent
boundary conditions at the domain walls from influencing the flow behaviour within the simulation.
Inadequate domain sizing can lead to distorted results and reduced reliability of the thrust results.

Downstream modelling of the exhaust also plays a role in net thrust calculations. Namely, Zimmermann
[51] demonstrated that the outlet distribution affects propulsive efficiency due to flow interactions
downstream of the nozzle, and that up to 1% improvement in thrust was achieved by carefully tailoring
the velocity distribution at the bypass duct outlet. However, the downstream bypass air and core
stream exhaust will not be modelled in this study as doing so would require simulating the core
flow temperature and pressure distributions, complicating the model and substantially increasing the
domain size. Other works, such as Zennaro [52], similarly omit downstream bypass air and core exhaust
modelling.

The placement of domain boundaries relative to the turbofan engine is guided by recommendations
from various studies. For instance, Baratchi [37] used boundaries extending 5D,, upstream, a radial
distance of 4D,, from the turbine axis, and 10D,, downstream, where D,, is the engine nacelle maximum
diameter. Kaplan [49] instead used the definition of the engine length L as a reference and modelled
a domain spanning 10L upstream and 12.5L downstream, with a conical far-field boundary tapering
from 10L upstream to 12.5L downstream. Smaller domains are also reported in the literature, such as in
Mund [53], which suggests that a domain height of 4D,, to 5.5D,, is sufficient for cruise conditions.

Turbofan engine simulations employ various meshing techniques to balance accuracy and computational
efficiency. The majority of studies, including those performed by Stich et al. [34], Spinner et al. [38],
Heidebrecht et al. [54], and Mund and Pilidis [53], utilise a 3D structured quadrilateral grid, with the
highest mesh density concentrated near the actuator disk and nozzle outlet. Kwan et al. [8] and Kaplan
[49] adopted an unstructured mesh, incorporating triangular or tetrahedral elements in most regions
and quadrilateral elements in the boundary layer to improve aerodynamic accuracy.

In optimisation studies, mesh robustness becomes particularly critical. Patrao et al. [10] optimised
the duct shape for a turbofan intercooler and recuperator, utilising an unstructured mesh comprising
quadrilateral and triangular elements. This approach generates a mesh shown in Figure 3.7 that
has sufficient mesh element quality across various duct geometries. The dense mesh near the walls,
known as the inflation layer, is still composed of structured quadratic elements. Unstructured grids are
especially advantageous in CFD geometry optimisation, as they enhance grid generation robustness
and enable the exploration of a broader range of duct shapes while maintaining good element quality.
However, this flexibility comes with the trade-off of increased computational time between iterations.
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Figure 3.7: The unstructured mesh used by Patrao et al. [10], combining quadrilateral and triangular mesh elements in an
unstructured grid while employing a structured quadrilateral grid near the walls.
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3.5. Turbulence Model

Reynolds-Averaged Navier-Stokes (RANS) simulations are employed to analyse the thermal performance
of heat exchangers. While higher-fidelity turbulence models such as Large Eddy Simulation (LES) or
Direct Numerical Simulation (DNS) offer better-defined turbulent flows, they come with significant
computational demands for an optimisation process. RANS, on the other hand, balances accuracy and
computational efficiency, making it the preferred approach for this analysis.

With Reynolds averaging, the variables in the momentum and continuity equations are divided into a
mean component and a fluctuating component. For the velocity components, this is expressed as

v, =0; + Z):. . (3.4)
For a 2D cartesian coordinate reference, the momentum equation tensor form can be written out as [17]

0 0 _ ap 0 &Uj &’0] 2 &'Ul Jd 7
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where —pu’u ]’ represents the apparent stress due to a fluctuating velocity field, also designated as ;.

This is known as the Reynolds stress term and must be modelled in order to solve the momentum
equation. The Boussinesq hypothesis can be used to formulate the stress term in terms of the mean
velocity gradients [17], formulated as

57 _ _ (9'01‘ (9?)] 2 avk
—pvil)j = Tij = Wt ((9_)(] + (9_x,) - 5 (p —) 5,] (36)

where p; is the turbulent viscosity, k is the turbulent kinetic energy, and the subscript k refers to the
spatial direction in tensor notation. The Boussinesq hypothesis allows for a computationally inexpensive
way to calculate u; as it only requires one or two more transport equations, depending on which
turbulence model is used. Three options employ this hypothesis: the Spalart-Allmaras (5-A), k-¢ and
k-w models. These are the three most utilised turbulence models in the literature relating to CFD
simulations of turbofans and porous zones, and Table 3.3 provides a summary of the turbulence model
employed in the most relevant works.

Authors Turbofan Porous k-¢ k-w SST S-A
Analysis Media Model

Heidebrecht et al. X X

Hooman & Gurgenci X X

Kwan et al. X X X

Missirlis et al. X X X

Musto et al. X X

Patrao et al. X X

Spinner et al. X X

Stich et al. X X

Zhu et al. X X

Table 3.3: Summary of turbulence models used in various literature sources

The table shows that the k-w Shear-Stress Transport (SST) model is a popular model for both turbofan
and porous zone modelling. First proposed by Menter [55], it utilises the k-w method near the walls of
the model and blends into the k-¢ method in the freestream of the flow, combining the strengths of
both and making it a suitable model for many CFD applications. It requires two additional transport
equations; the first is to solve for the turbulence kinetic energy k

dpk  dpvjk Jv; .\ po]
or tox, T iy PPeRt oy

(1 + owepr) ;—ﬂ (3.7)
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where oy is the turbulent Prandtl number for k, y; is the turbulent eddy viscosity, y is the dynamic
viscosity, and " is a constant. The second additional equation solves for the specific dissipation rate w,
making use of the empirical constants y and 3 as well as the turbulent Prandtl numbers ¢, and 0.2 and
expressed as

Ow, dk dw

dpw , IpYj® _y  Ioi 9ay Ok dw
w Jxjoxj’
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FT ro L P A (1 +0wp) 5= +2(01=F1)p (3.8)
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Equations 3.7 and 3.8 present the unsteady and convection terms on the LHS of the equation and
the production, dissipation and diffusion terms on the RHS of the equation, respectively. However, a
noteworthy addition to Equation 3.8 is the final term, representing the cross-diffusion term. This term is
the same one present in the k-¢ transport equations, except it includes the blending function F; to enable
a smooth transition from the k-w to the k-¢ models. By using the cross-diffusion term, the accuracy of
turbulence modelling in the freestream is maintained from a k-¢ model and the prediction of separation
in adverse pressure gradients is leveraged from a k-w model [56]. The term F; is a hyperbolic tangent
function, dependent on the distance to the closest wall d and formulated as

F; = tanh (arg}) (3.9)
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The cross-diffusion correction CDy,, accounts for any interaction between k and w gradients in the
airflow, and is maintained above 1072° for numerical stability. It is defined as

arg, = min [max (

1 9k dw 10—20) . (3.11)
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ke ( p “20 dx;j dx;
Next to its implementation in the transport equation, the term F; also blends the constants of the k-w

and k-¢ models. A constant ¢ can be blended according to

¢ =Fi1¢1+ (1 —F1) d2. (3.12)

Even with these equations implemented, Menter noticed that the separation behaviour was still not
predicted accurately, and to solve this, the turbulent eddy viscosity y; is limited according to the function

____puk (3.13)
I (a1w, QF3) ’
where () is the vorticity magnitude while a; is an empirical constant. Once again, a blending function
F is used, this time defined according to a different hyperbolic tangent argument, which restricts the

application of the k-w model near the wall and can be formulated as

F, = tanh (arg}) (3.14)
vk  500v
arg, = max (Zﬁ, %) . (3.15)

Overall, these equations are implemented by the ANSYS Fluent software to simulate realistic flow
behaviour both near the wall and in the freestream, with only the empirical constants as inputs. These
fixed values have been determined in the research by Menter [55].

When considering which turbulence model to implement, it is important to remember the simplifications
of using an actuator disk to simulate the fan and OGVs, and the porous zone to model the heat
exchanger. While these simplifications can capture the general trends of flow behaviour, including
pressure, temperature and flow velocity, accurately modelling the turbulent intensity is challenging.
Ahlinder [57] used a porous media model to simulate the intercooler and recuperator in a gas turbine
engine. The HEX cores are of the tube bundle types. The research states that the turbulence viscosity is
over-estimated inside the porous zone compared to simulations modelling the heat exchanger geometry,
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as mentioned in Subsection 2.2.3. This overestimation is especially the case for flows with a high
Reynolds number, and consequently, it limits the overall accuracy of turbulence modelling within the
porous zone. The drag coefficient of the porous zone, however, is not significantly affected by the
turbulence intensity [57].

Similarly, the actuator disk model relies on data of the total pressure increase, flow rate, velocity profiles
and efficiency data, but detailed data on turbulence behind the fan and OGVs is often unavailable.
The research of Grace et al. [58] compared turbulence intensity, length scale and dissipation rate of a
Lattice-Boltzmann-based software with experimental data to produce plots of the turbulence values at
different turbofan stations. However, the turbulence length scale results deviated from experimental
results and showed a slight under-prediction of the turbulent dissipation rate. In addition, this would
add significant complexity to the simulations and increase the computational time per iteration, while
the effects on the optimisation process may not be evident.

The Spalart-Allmaras (S-A) turbulence model is considered as an alternative option and has been
successfully applied in turbofan bypass duct CFD simulations, including studies by Spinner et al. [38]
and Stich et al. [34]. The S-A model is a one-equation model, saving computational time, and it requires
a less refined CFD mesh near the walls of the turbofan model. Although the S-A model is commonly
used in turbofan flow simulations, Ahlinder [57] recommends a two-equation turbulence model for
simulations involving porous media models to strike a balance between flow resolution inside the
porous zone and in the rest of the CFD domain. Therefore, the k-w SST model is preferred for this
research.

3.6. Verification and Validation

Verification and validation studies are performed to assess the reliability and accuracy of the CFD
results. Verification focuses on whether the numerical model correctly solves the governing equations,
free from any errors introduced by discretisation, grid resolution, or algorithmic implementation, while
validation is done to see if the model accurately represents the real-world flow behaviour by comparing
the simulation results to experimental and/or analytical data. Several literature sources are available to
perform the verification and validation, which are discussed in this section.

The validation of HeXaCode, the program used to determine the heat transfer of the condenser, has
been performed independently by Beltrame et al. [59] through comparison with the program EchTherm.
Additionally, using energy source terms in a porous zone CFD based on these HeXaCode calculations
has been implemented previously to verify a quasi-1D model of a ram air duct [21]. Therefore, the
validation efforts in this research will focus on correctly implementing the actuator disk model for the
fan and OGVs.

3.6.1. Verification of the CFD Model

Focusing first on verification, the quality of the generated mesh can be determined partially through a
mesh sensitivity study. When analysing the porous media model of a CC-TF condenser, van Dongen [6]
observes the effect of grid refinement on the total pressure change, the total temperature change and the
effective area fraction of the diffuser outlet. For the analysis performed in this research, the effect of
the grid resolution on net thrust is also an important factor that should be included. Celik et al. [60]
indicate that a refinement ratio of 1.3 between different mesh resolutions is sufficient to determine the
effect on the CFD results properly. Through this process, a suitable compromise can be found between
accuracy in results and reduction in the time needed for the optimisation.

Verification can also incorporate wall treatment analysis by comparing y* and u™ values. The parameter
y™" is a non-dimensional way of measuring how close the first computational grid point is to the wall in
relation to the viscous sublayer, while u* is a dimensionless velocity using the wall shear velocity u, as
a scaling factor. These parameters are defined as

yt = (3.16)

(3.17)
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while u, is defined according to the wall shear stress as.

Tw
U= [—. (3.18)
TV

For a CFD simulation employing a k-w SST model, the plot comparing y* and u+ at the walls should
follow the trend in Figure 3.8. When y* < 5, the flow is treated as being in the viscous sublayer, which
is dominated by viscous forces and has a linear velocity profile, u* = y*. In a wall-resolving turbulence
model, like k-w SST, this region must be resolved, and therefore, the value of y* should always be
smaller than 1 at the walls. In the buffer layer, 5 < y* < 30, both viscous and turbulent forces affect
the flow behaviour, and as such the velocity profile begins to deviate from its linear behaviour. Above
y* = 30, the flow is dominated by turbulent behaviour, and the non-dimensional flow velocity follows
the logarithmic equation in Figure 3.8. The coefficients are empirically found to be k = 0.4187 and
B ~ 5.2 in most cases.
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Figure 3.8: The turbulent boundary layer (TBL) plot comparing y* and u™* values. Adapted from [61].

The numerical schemes employed in the simulations must also be verified to ensure accuracy. If
a first-order accurate scheme is used for the convection and diffusion terms, it results in increased
numerical diffusion and dissipation, which is not representative of the real-life flow behaviour. Therefore,
second-order schemes should be used for these terms.

Furthermore, a test case involving a straight duct section can verify correct implementation of the porous
zone. Pressure losses, flow redistribution, and heat transfer predicted by the porous media model
should align with theoretical expectations and empirical data. A simple test to ensure correct porosity
implementation is to activate only the porosity, neglect the momentum and energy source terms, and
check that the velocity increase matches expectations. As previously mentioned in Equation 2.3, the
physical velocity occurring in the porous zone is related to the superficial velocity by the porosity ¢, so
proper implementation can be checked by observing if the velocity increases by 1/¢ throughout the
entire porous zone. By verifying the porous media implementation in a simplified geometry, the results
can be analysed more easily than a porous media model in a bypass duct, where the duct geometry
introduces more flow complexity.

To verify the implementation of the actuator disk model, the total pressure distribution immediately
downstream of the fan can be compared to results from Spinner et al. [38] and Mund and Pilidis [47],
while axial, radial, and tangential velocity profiles can be evaluated against the research of Stich et al.
[34]. These comparisons ensure that the actuator disk accurately replicates the aerodynamic impact
of the fan. External aerodynamics, particularly around the nacelle and inlet, can be verified against
contour data from Savelyev et al. [46]. The inlet flow behaviour is crucial to determine accurate mass
flow and flow conditioning into the fan and bypass duct. Additionally, net thrust calculated in the
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simulation is compared to expected thrust values of the LEAP-1A during cruise to ensure that the
propulsive performance aligns with realistic scenarios.

An additional layer of verification is achieved through a sensitivity analysis, which evaluates the
behaviour of the model with variations in input parameters. These include changes in the thrust
distribution across the bypass duct and fan, adjustments to boundary conditions, modifications of the
porous media properties such as porosity, and variations in pressure loss coefficients. Assessing how
sensitive the model is to these inputs gives an indication of the robustness of the CFD setup. Finally,
the behaviour of the CFD model is verified through visualisation techniques; streamlines are used to
examine flow patterns to spot any separation, recirculation, and flow acceleration within the bypass
duct. Contour plots of temperature and pressure provide insight into the thermal and aerodynamic
behaviour of the porous media model and the bypass duct nozzle and can help to visually identify any
gross anomalies.

3.6.2. Validation of the Fan Actuator Disk Model

Figure 3.9 plots the experimental results from the NASA UHB Drive Rig [40] for a high bypass turbofan
engine. This dataset includes key performance metrics, such as the relationship between the fan speed
as a percentage of maximum rpm and the corrected mass flow rate, which can then, in turn, be used
to derive the fan total pressure ratio. The fan model accuracy can be evaluated by comparing the fan
pressure ratios and air mass flow rates obtained in CFD to this plot.
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Figure 3.9: Experimental data from a high bypass turbofan, from Hughes [40].

The performance of a compressor can be visualised with a compressor map, an example of which is
shown in Figure 3.10. For every rpm setting of the fan, an optimal mass flow rate and total pressure
ratio exist to achieve maximum fan efficiency, and the contours in Figure 3.10 illustrate that maximum
efficiency often occurs near the middle of the map. If the mass flow rate is too low and passes the stall
line, the angle of attack of the airflow on the blades exceeds the stall angle of attack, causing separation
and disrupting the compression process. In extreme cases, it can lead to a surge where the flow direction
reverses and generates significant oscillations in the compressor. On the other hand, mass flow rates
that are too high will cause the compressor to choke, so any additional airflow will not result in a higher
total pressure ratio. Therefore, in order to maintain a realistic flow scenario, it is important that the fan
pressure ratio observed in CFD does not vary much with respect to the curve in Figure 3.9b.
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Figure 3.10: Compressor map, with lines of constant efficiency and constant rotor speed. Adapted from [30]



Optimisation of the Bypass Duct
Geometry

Adding a condenser in the bypass duct adds complexity to the resulting airflow behaviour thus affecting
the overall engine performance, especially the net thrust. Optimisation of bypass duct can reduce the
drag penalty introduced by the condenser and maximise net thrust. This chapter focuses on different
optimisation methods for achieving the best duct shapes, particularly in the areas immediately upstream
and downstream of the condenser, to decrease drag and ensure effective flow management. The
optimisation process is conducted entirely within the ANSYS Workbench environment, requiring a
precise and robust parametrisation of the duct geometry.

4.1. Summary of different optimisation methods

Several optimisation techniques are available for adjusting geometries in ANSYS Workbench, broadly
categorised into gradient-based methods and derivative-free methods. Both approaches can be
considered depending on the complexity of the problem and the nature of the design space.

4.11. Derivative-free Methods

Derivative-free methods, which do not depend on gradient information, are used in objective functions
that are noisy or highly non-linear. Among these methods, genetic algorithms (GAs) are a popular
choice and are based on the principles of natural selection and evolution. These algorithms evaluate
a population of potential solutions and employ processes like mutation, crossover, and selection to
evolve towards an optimal design. Genetic algorithms are effective at exploring complex, non-convex
design spaces and are good at avoiding local optima. However, a significant drawback is their high
computational cost, which arises from the need to evaluate numerous candidate solutions. In the
context of turbofan duct shaping, Patrao et al. [10] and Clemen et al. [62] both chose to employ the
Natural Search Genetic Algorithm NSGA-II to optimise turbofan duct and OGV geometries, with the
former using a population size of 100 individuals over 100 different generations and the latter using 80
individuals over 60 generations to optimise the OGV shape.

Another approach to derivative-free optimisation is the Design of Experiments (DoE) method, which
systematically samples the design space to explore relationships between design variables and perfor-
mance metrics. Bajimaya et al. [63] employed a full factorial DoE approach to study the integration of a
ducted HEX within the bypass duct while varying both the length and height of the HEX. A DoE is
particularly well-suited for initial design exploration and allows the researchers to create plots of the
design space like that shown in Figure 4.1. A downside is that this can also become computationally
expensive when applied to high-dimensional problems due to the large number of simulations required.
This approach is therefore not as well suited for complex variations in duct geometries.
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Figure 4.1: Results of a DoE methodology to explore possible duct geometries, showing the heat load for different ducted HEX
designs. From [63].

4.1.2. Gradient-based Methods

Gradient-based methods utilise derivative information to locate the optimal solutions, making them
particularly well-suited for problems with smooth and differentiable objective functions. These methods
generally converge faster than derivative-free approaches and are widely used for aerodynamic and
thermal optimisation [64].

Witte and Bode [65] use a gradient-based method to optimise a simplified bypass duct geometry to
integrate heat transfer structures that contribute to aerodynamic efficiency. The cost functions of the
optimisation methodology were the pressure drop and heat transfer, allowing for the creation of a Pareto
front in the 2D space of these parameters. With this Pareto front, a trade-off analysis is possible in which
multiple design solutions can be considered, some with greater emphasis on aerodynamic efficiency
and others emphasising improved heat transfer. The results demonstrated how gradient-based methods
can effectively balance competing objectives.

Although gradient-based optimisation methods are computationally efficient for problems with a large
number of design variables, they are susceptible to convergence issues. Namely, they may converge to
local minima and require accurate gradient estimations which may be challenging for highly non-linear
or noisy problems. Within ANSYS Workbench, two gradient-based methods are particularly suitable
for duct optimisation:

Nonlinear Programming by Quadratic Lagrangian (NLPQL): NLPQL is a sequential quadratic
programming (SQP) algorithm designed for continuous-variable optimisation problems [66]. The
NLPQL routine works by iteratively solving a quadratic approximation of the Lagrangian function to
update the design variables. This method works effectively for single-objective problems with smooth
constraints and objectives, accepting equality, inequality and bound constraints. However, the NLPQL
routine struggles with noisy functions and is unsuitable for discrete design variables.

Adaptive Single-Objective (ASO) Method: This method combines aspects from a DoE method
with the gradient-based Mixed-Integer Sequential Quadratic Programming (MISQP) optimisation
algorithm. The algorithm employs a response surface combining advantages of both derivative-free
and gradient-based methods [67]. The ASO method is efficient for single-objective problems and
straightforward to implement within the ANSYS framework while also avoiding local minima more
than other gradient-based methods. The optimisation inputs are the number of initial samples to create
a response surface, the maximum number of total iterations and the convergence tolerance.

This method is particularly suitable for a duct optimisation problem where the primary focus lies on the
aerodynamic optimisation of the bypass duct and maximisation of net thrust. The ASO routine allows
for automatic adjustment of the step size for a more strategic search strategy and can be performed
within acceptable time frames. However, the ASO routine does not allow for a trade-off comparison
between heat transfer and aerodynamic efficiency through a Pareto front due to its single-objective
nature. Nevertheless, this method is chosen as the preferred optimisation routine for this research.
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4.2. Parametrisation of the ducts

The parametrisation method chosen to vary the bypass duct geometry can affect the chosen optimisation
routine, the computational time, and the flexibility of adjusting the geometry. One approach of geometric
parameterisation involved using control points to guide smooth Bezier curves, cubic splines or B-splines,
and by adjusting the coordinates of the control points, the geometry of the duct is automatically updated.
Patrao et al. [10] use Bezier curves and control points to parametrise a HEX and duct geometry. Cartesian
coordinates define control points of the ducts and variables to define the HEX inclination and centroid
location. Clemen et al. [62] also use control points to define the bypass duct walls. However, these 5
points are axially fixed and allowed to vary only in the radial direction. The advantage of this method
is that it reduces the number of variables needed by half, making it a simple yet effective method of
defining geometry. The bypass duct inlet and exit axial positions are kept constant; in this way, the
overall turbofan length is not affected, which would require extensive redesign of the entire engine.
Using cubic splines instead of B-splines of Bezier curves ensures the curves pass through the control
points, making it simpler to set the constraints for the control points.

An alternative parametrisation method employs Class Shape Transformation (CST) functions. This
method is commonly used in aerospace engineering to define airfoils or other aerodynamic surfaces
with great flexibility. The CST method combines a class function C(x) and a shape function 5(x) to
generate smooth geometries, with the class function defining the general geometric features and the
shape function capturing finer geometric details. The CST functions can be expressed through Cartesian
coordinates as

y(x) = C(x)S(x) + x Ay. 4.1)

The last term is optional, and it allows for offset adjustments to the geometry. Generally, the class
function is defined using two exponents, N and M, as

Clx)=aN@1-x)M (4.2)

while the shape function S(x) expresses surface details using a combination of shape coefficients a; and
Bernstein polynomials B(x) to make the curves transition smoothly. This is expressed as

n

S(x)= ) aiBi(x) (43)
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The y-coordinate can therefore be expressed through the x-coordinate as

n

Z ai(?)xi(l —x)"i

i=0

y(x) = [N (1 -0)M]- (4.5)

The CST method has previously been implemented successfully for bypass duct nozzle design [43]
and optimisation. The CST method can also be combined with other methods to provide even greater
control over aerodynamic design. Namely, Christie et al. [68] use a combination of the CST method and
PARSEC method, developed by Sobieczky [69], to give even more control over aerodynamic design,
called the iCST method. This method is also suitable for turbofan bypass duct design, as shown by
Bajimaya et al. [63].

While CST methods provide more refined geometrical control, they do not necessarily reduce the
number of variables compared to a method employing axially fixed control points. Given the simplicity
of implementing a control point method into ANSYS Fluent, it is preferred for initial optimisation
studies.



Conclusion and Research Question

The information presented in this study builds upon relevant literature to establish a comprehensive
framework for analysing and optimising the bypass duct geometry of a Combined-Cycle Turbofan
(CC-TF) engine with an integrated heat exchanger (HEX) using CFD. The research encompasses several
key topics necessary for developing the CFD model.

Chapter 2 discussed the type, design and integration of HEX in the bypass duct using CFD. By using
HEX classification categories from literature [11], the design of the condenser was narrowed down to a
flat-tube microchannel heat exchanger employing louvred fins, resulting in a high HEX compactness
B and heat transfer coefficient. Previous research showed that a porous media model can be used to
successfully approximate the presence of a HEX in an aerospace application [8, 9, 14], using momentum
source terms to approximate the air-side pressure drop and energy source terms to approximate the
heat transfer to the airflow. The factors affecting the successful integration of the HEX were discussed,
primarily to identify the optimal HEX inclination and the use of the Meredith effect to minimise the
drag.

Chapter 3 introduced the trends in turbofan bypass ratios in order to select the LEAP-1A engine as
a baseline model for the CFD analysis. Next, the actuator disk model was presented as a method
used in literature to simulate the aerodynamic effect of the fan and outlet guide vanes (OGVs) using a
custom thrust loading profile [34, 38, 47]. Relevant phenomena of external aerodynamics are covered,
followed by the modelling and meshing of the CFD domain in the relevant literature. The k-w SST
model was chosen as the turbulence model for the analysis, owing to its realistic flow modelling both in
the freestream and near the turbofan walls. The chapter also presented various methods that can be
employed to verify and validate the CFD simulations.

Finally, Chapter 4 provided an overview of the available optimisation methods, deducing that the Adap-
tive Single-Objective algorithm is a suitable gradient-based scheme for optimisation. Parametrisation
through control points and cubic splines was preferred over the Class Shape Transformation (CST)
approach.

A key knowledge gap identified in current research is the lack of effective combinations of simplified
CFD models to represent a turbofan engine with an integrated condenser while staying computationally
efficient. Specifically, the combination of a porous media model for the heat exchanger and an actuator
disk model for the fan and outlet guide vanes has not been explored in the context of optimising the
bypass duct aerodynamics. Therefore, this research aims to address this knowledge gap.

Consequently, the central research question guiding this study is formulated as:

"How can integrating a condenser within the bypass duct of a turbofan engine be optimised to
maximise the net thrust using a computationally efficient CFD optimisation framework?"

The scope of the research can be defined as:
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"Assessing the suitability of a gradient-based CFD optimisation framework to determine the optimal
bypass duct geometry of a Combined-Cycle turbofan

by

employing a porous zone to simulate the heat exchanger and an actuator disk to model the fan and
outlet guide vanes to significantly reduce the computational cost of the problem."

Addressing this research question, the study aims to assess the practicality of using simplified CFD
methods to model heat exchangers in a bypass duct and offer valuable insights that could benefit the
wider fields of combined-cycle propulsion and aerodynamic optimisation.
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