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Numerical methods for internal heat transfer in airplanes
Andreas Eriksson
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
Understanding the limits of an airplane is crucial for ensuring the reliability of the
airplane and its systems. One limiting factor is the thermal loads from various
internal heat sources in the airplane. It is necessary to understand how heat is
transported in the internal bays of the airplane to ensure that the airframe and
avionics are rated for the thermal environment that is developed. Since the pro-
cess for designing an airplane is very time-consuming, simulations of the airflow
using computational fluid dynamics (CFD) have become the norm in the indus-
try. However, highly resolved turbulent simulations take months or even years to
run through. Simplified simulations are often more feasible in industrial applica-
tions due to a great reduction in time and computational cost. This thesis explores
different numerical methodologies for simplified CFD simulations, evaluating their
accuracy and time consumption compared to a highly resolved turbulent simulation.
This comparison shows not only which flow structures and flow properties that are
captured, but also to what degree. The largest simplification for the simulations in
this thesis is the use of the steady state Reynolds-Averaged Navier-Stokes (RANS)
solver for all the explored numerical methods. The numerical methods investigated
are the turbulence modelling schemes Lag Elliptic Blending (EB) k − ε and Shear
Stress Transport (SST) k − ω, the effects of a polyhedral versus a trimmed cell
mesh, the use and number of prism layers for the near-wall regions in the mesh, the
effects of two transition models for the SST k−ω turbulence model, and the effects
of the inviscid flux discretization schemes Roe’s and Advection Upstream Splitting
Method + (AUSM+) Flux-Vector Splitting (FVS).

Keywords: CFD, turbulence, fluid dynamics, aerospace, heat transfer, RANS.
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1
Introduction

1.1 Background
Airplanes are subjected to many heat sources, both internal and external. These
heat sources generate thermal loads on the airplane’s structure and components.
Therefore, there is a great need to understand what temperatures will occur in dif-
ferent parts of the airplane and how the heat spreads. The internal bays in airplanes
are filled with avionics and structural components. Due to the geometry of the bays,
the flow fields inside the internal bays can become quite complex. Understanding
the flow field and what temperatures will emerge in the internal bays early on in the
design process is crucial, as design changes become more costly and time-consuming
the further into the design process they are implemented.

The flow fields are often analyzed using conjugate heat transfer (CHT) in com-
putational fluid dynamics (CFD) simulations, where the heat transfer in solids is
simulated together with a flow and transport of heat in a fluid. The most expensive
part of these simulations is solving the convective heat transfer in turbulent flows;
turbulent simulations are expensive since turbulence is chaotic by nature. Simula-
tions that provide highly resolved turbulence solutions, like Large Eddie Simulations
(LES) or hybrid Reynolds-Averaged Navier-Stokes (RANS)-LES methods, are ex-
pensive and take a long time in comparison to standard steady-state RANS methods.
However, the simplifications that steady-state RANS methods entail might introduce
large errors in the solution since the methods do not account for fluctuations in the
flow. Highly resolved turbulent flow simulations can be too expensive to be practical
in industrial cases, so a compromise is made to use steady-state RANS simulations.
With this compromise, it is important to understand which flow structures and flow
properties that are captured and to what degree. There are a number of options
when it comes to setting up steady-state RANS simulations. The optimal settings
are highly dependent on the fluid geometry and properties; some settings work bet-
ter for one type of flow, while other flows need completely different settings to get
a reasonable result.

1



1. Introduction

1.2 Previous work
A number of thermal studies on confined spaces in aircraft have previously been
conducted, with applications such as airplanes and helicopters. Geron et al. [1] in-
vestigated the accuracy of RANS simulations of a crown compartment of a passen-
ger airplane (the upper compartment between the passenger cabin and the fuselage)
using a Re-Normalisation Group (RNG) k − ε turbulence model with a surface-to-
surface radiation model. The RANS simulations were validated with experimental
data from a model of a crown compartment and the results from the simulations
agreed well with the experimental results. The fluid field of a rotorcraft avionics bay
with active cooling was investigated by Akin and Kahveci [2], with the goal of opti-
mizing the inlet and outlet positions for cooling air. The optimized locations were
validated using a coupled CFD solver with the realizable k − ε turbulence model.
Butler and Newport [3] studied how the placement of avionics affects the flow field
inside a crown compartment of a passenger airplane. They found that the flow field
in the compartment was highly dependent on the jet of cold air from the inlet, the
heating from the avionics device and the thermal stratification of the fuselage. But-
ler and Newport state that similar types of analysis should be undertaken for other
confined areas of the aircraft, as similar complex flow fields are expected.

1.3 Purpose
An internal bay in an aircraft is tightly packed with avionics and structural compo-
nents that interfere with the incoming cooling airflow inside these bays, creating a
complex flow field. Highly resolved turbulent simulations can be used to accurately
capture the effects of turbulence in such a complex flow, but they require a lot of
time and resources. Reducing the computational cost for accurate simulations of the
flow is therefore important for the aerospace industry. The objective of this work
is to evaluate numerical modelling methods used to predict convective heat trans-
fer within the internal bays of an aircraft. This will be achieved through studying
simplified CFD simulations and their effects on the convective heat transfer and
temperature of the components inside the bay, comparing their results to those of a
highly resolved hybrid RANS-LES simulation. No study of how well the flow phe-
nomena are captured and to what degree when using steady-state RANS models to
solve the flow has previously been made at SAAB, which is why it is studied in this
thesis.
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1.4 Goal
The goal of this thesis is to find a simulation methodology that results in accurate
steady-state RANS simulations for complex geometries. To reach this goal, the
following research questions will be investigated:

1. What effects does the choice of turbulence model (SST k − ω or Lag EB
k − ε) have on the predicted convective heat transfer and temperature of the
boundaries?

2. How does the prism layer affect the predicted convective heat transfer and
temperature of the boundaries?

3. How does the convective heat transfer and temperature differ between a poly-
hedral mesh and a trimmed mesh of similar size?

4. What is the computational cost of the different simulation settings?
5. How does the predicted convective heat transfer and temperature of the sim-

plified simulations compare to that of the highly resolved simulation?

1.5 Limitations / Demarcations
Conductive heat transfer in solids is not included in this study. This means that the
heat will not spread through the walls of the objects inside the bay nor through the
walls of the bay itself. The limitation implies that simulations of the heat transfer
in a solid will not be carried out.

Radiative heat transfer, the heat transfer due to electromagnetic waves emitted
by an object, will also be excluded in this study.
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2
Theory

In this chapter, the theory behind the simulations is discussed. All the equations in
this chapter are written using tensor notation. Simcenter Star-CCM+ is the CFD
solver software used in this thesis and all the equations are therefore written in
relation to this specific solver.

2.1 Fluid dynamics and CFD
Fluids make up a major part of the world we live in. The manipulation of fluids is
the key to our technological development as a species, especially fluid dynamics, the
study of fluids in motion. Knowledge in this field is used in everything from power
generation and transportation to medicine and heating. A phenomenon that occurs
in fluid dynamics is turbulence. Turbulence is a chaotic phenomenon that enhances
the mixing of fluids and thus the heat transfer in fluids. Solving the fluid dynamics
equations by hand requires a lot of time, but with the introduction of computers
and computational fluid dynamics (CFD) simulation software, the calculation time
was significantly reduced and the task of calculating flow by hand was eliminated.

Computational fluid dynamics simulations are used to approximate the motions
and properties of fluids. The simulations are based on solving the continuity equa-
tion, the Navier-Stokes equations of motion and the energy transport equation. The
aforementioned equations are shown using tensor notation [4] in equations 2.1, 2.2
& 2.3 respectively. Equations 2.4 and 2.5 show the definitions of the shear-stress
tensor τij and the strain-rate tensor sij, respectively. The dissipation term Φij is
defined as in equation 2.6.

∂ρ

∂t
+ ∂ρvi

∂xi
= 0 (2.1)

∂ρvi
∂t

+ ∂ρvivj
∂xj

= − ∂p

∂xi
+ ∂τij
∂xj

(2.2)

∂ρcpθ

∂t
+ ∂ρvicpθ

∂xi
= −∂pvi

∂xi
+ Φij + ∂

∂xi

(
k
∂θ

∂xi

)
(2.3)

τij = 2µsij − 2
3µ

∂vk
∂xk

δij (2.4)

sij = 1
2

(
∂vi
∂xj

+ ∂vj
∂xi

)
(2.5)
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Φij = 2µ
(
sij − 1

3skkδij
)2

(2.6)

The approach to represent the fluid domain in CFD by discretizing it using the
Finite Volume Method (FVM), where the domain is split into small cells, is used
in this work. The continuity, Navier-Stokes and energy equations are computed for
each cell, with a dependence on the neighboring cells at the previous iteration. For
a steady-state simulation, a converged solution will be reached eventually through
an iterative process of computations for the mesh of cells over the entire domain.
If the simulation is time-dependent (unsteady), an instantaneous solution will exist
for each timestep.

2.1.1 Reynolds-Averaged Navier-Stokes simulations
The idea behind steady Reynolds-Averaged Navier-Stokes (RANS) simulations is to
time-average and solve the Navier-Stokes equations (equations 2.1 & 2.2), making
the solution independent of time. The space x and time t dependent flow variables
ϕ(x, t) can be decomposed into a time-averaged part that is only dependent on space
⟨ϕ⟩(x) and a fluctuating part ϕ′(x, t), dependent on both time and space, as equation
2.7 shows. The definition of the time-averaged part is shown in equation 2.8 [5].
Solving the time-averaged Navier-Stokes equations numerically is problematic since
the system of equations contains four equations, one continuity equation 2.1 and
three momentum equations 2.2, but contains six unknown Reynolds stress variables,
Rij defined as equation 2.9, resulting in a closure problem. The method used to close
the problem in this work is to model the Reynolds stress tensor in its entirety through
turbulence models [5]. The turbulence models used in this work are mentioned in
detail in Section 2.2 below.

ϕ(x, t) = ⟨ϕ⟩(x) + ϕ′(x, t) (2.7)

⟨ϕ⟩(x) = 1
2T

∫ T

−T
ϕ(x, t) dt (2.8)

Rij = −ρ⟨v′
iv

′
j⟩ (2.9)

2.1.2 Large Eddy Simulations
The main idea behind Large Eddy Simulations (LES) is to resolve the large turbu-
lent eddies and model the small turbulent eddies. In LES, spatial filtering (volume
averaging) is employed to separate the larger eddies from the smaller eddies. The
filter captures the larger eddies and together with a subgrid-scale (SGS) model that
models the smaller eddies, the flow can be simulated. A model for the unresolved
SGS stresses is used to represent the interaction between the larger eddies and the
smaller eddies in LES, since the interactions are not captured in the filtering [6].
The filtered variables are still dependent on both space and time, compared to the
time-averaged variables in RANS, which are only dependent on space. LES is more

6
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accurate than RANS for simulating turbulence, but it is also significantly more
computationally demanding than RANS, since it resolves a part of the turbulence
instead of modelling all the turbulence. The mesh resolution requirements for ac-
curate LES simulations are very high, especially in the near-wall region [7]. This
mesh resolution requirement entails that the cells in the mesh become very small
and therefore the simulation timestep is also required to be very small, so as not to
have a Courant-Friedrichs-Lewy (CFL) number far greater than 1. These resource
issues make LES practically unusable in most industrial cases, due to the limitations
of hardware and time. The filtering of the generalized flow variable ϕ is done accord-
ing to equation 2.10. The Reynolds decomposition of ϕ is shown in equation 2.11,
where ϕ̄ is the filtered variable and ϕ′′ is the sub-grid variable. The variables x and
∆x denote space and filter size, respectively. The filtered equations are obtained by
inserting the decomposed variables ϕ̄ and ϕ′′ into equations 2.1 & 2.2.

ϕ̄(x, t) = 1
∆x

∫ x+0.5∆x

x−0.5∆x
ϕ(x, t)dx (2.10)

ϕ(x, t) = ϕ̄(x, t) + ϕ′′(x, t) (2.11)

2.1.3 Scale Resolving Hybrid simulations
Hybrid RANS-LES models are a combination of the RANS and LES models. RANS
is used to model the flow close to the wall and LES is used to resolve the bulk flow.
The regions where the models are active is determined by a shielding function fs,
which goes to 0 close to the wall, imposing RANS, and 1 far away from the wall,
imposing LES. The main purpose of hybrid RANS-LES methods is to capture the
interesting flow regions using LES and model the rest of the domain using RANS.
Using this hybrid methodology, interesting regions in the bulk flow can be resolved
well without the high computational cost of LES across the entire domain. This is
advantageous near walls, where the mesh resolution demands for LES are typically
very high [8]. The Scale Resolving Hybrid (SRH) model that is implemented in
StarCCM+ is a continuous hybrid temporal RANS-LES model based on the consis-
tent continuous hybrid temporal LES (HTLES) approach developed by Duffal et al.
[8]. The SRH model is derived from the Temporal Partially Integrated Transport
Model (TPITM). The equations for the SRH model that are implemented in Star-
CCM+ are obtained by a spatial-temporal filtering [7], where each solution variable
is decomposed into a filtered and a subfiltered part, as shown in equation 2.12.
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ϕ = ϕ̃+ ϕ′ (2.12)

Where:

ϕ : Solution variable
ϕ̃ : Filtered value
ϕ′ : Subfiltered value

The transport equations are produced by inserting the decomposed variables into
the Navier-Stokes equations, with the subfilter scale (SFS) shear stress tensor, τsfs.
The SFS shear stress tensor is modelled using the Boussinesq approximation with
the SFS kinetic energy, ksfs, as shown in equation 2.13. µt is the turbulent viscosity
which is calculated as equation 2.28 in Section 2.2.1 and δij is the Kronecker delta.

τsfs = −2µtsij + 2
3ρksfsδij (2.13)

The transport equation for the SFS turbulent kinetic energy ksfs is based on the
SST k − ω transport equation for k and is calculated as equation 2.14. ψH is a
parameter calculated according to equation 2.15 using the shielding function fs,
the theoretical energy ratio rk, the total kinetic energy kt and the subfilter scale
kinetic energy ksfs. The shielding function fs is calculated according to equation
2.16, where ν, ε and d are the kinematic viscosity, dissipation rate and wall distance,
respectively. The shielding function becomes zero close to the walls and is used to
force the solver to switch to RANS mode in the region where the mesh resolution is
too coarse for LES. rdc is a model coefficient found in Table 2.1. The total kinetic
energy is calculated from the modelled and resolved kinetic energies as equations
2.17-2.19. Pksfs

is calculated in the same way as Pk for the SST k − ω model in
equation 2.26 in Section 2.2.1 and the terms k0 and ω0 are the sustaining terms that
counteracts turbulent decay.

∂ρksfs
∂t

+ ∂ρksfsṽj
∂xj

= ∂

∂xj

[
(µ+ σkµt)

∂ksfs
∂xj

]
+ Pksfs

− ρβ∗(ψHωksfs − ω0k0) (2.14)

ψH = 1 − fs + fs
1
rk

(
4
3 − 1

3r
3/4
k

)
ksfs
kt

(2.15)

fs = 1 − tanh
(rdc ν3/4

ε1/4d

)8
 (2.16)

km = ksfs (2.17)

kr = 1
2
(
ṽiṽi − ṽiṽi

)
(2.18)

kt = km + kr (2.19)
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The theoretical energy ratio rk is calculated as equation 2.20 below, where CFLH
(equation 2.21) is the Courant Friedrichs Levy (CFL) number of the filtered quanti-
ties. ∆t and ∆ are the time-step and the local length-scale. The sweeping velocity
Us in equation 2.21 is calculated according to equation 2.22.

rk = 1 − max
(

0, 1 − βψCFL2/3
H

)
(2.20)

CFLH = ε

k
3/2
t

max(∆tUs,∆) (2.21)

Us =
∣∣∣ṽj∣∣∣+√

kt (2.22)

The shielding function fs is also used in the definition of the blending factor σHU ,
equation 2.23, for the hybrid upwind differencing scheme for the convective flux.
The model coefficients for the SRH solver are found in Table 2.1 below.

σHU = 1 − fs (2.23)

Table 2.1: Model coefficients for the SRH solver.

Coefficient Value
β∗ 0.09
βψ 0.69
σk Eq. 2.43
rdc 45

2.2 Turbulence models
Modelling of the Reynolds stress tensor Rij is often done using turbulence models to
close the continuity, Navier-Stokes and energy transport equations. The turbulence
models that are relevant for the numerical analysis are described in this section.
The equations are taken from the StarCCM+ User Guide [7] as that is the software
that is used in this work.

2.2.1 SST k-omega
The Shear Stress Transport (SST) k−ω turbulence model is a well-established two-
equation model that has proven to be reliable in flows with adverse pressure gradient
and separations, like the flow over an aircraft wing. The model does, however, have
issues predicting turbulence in stagnation regions and accelerating flows [9]. The
k − ω model works well in near-wall regions but struggles with free-stream flows,
whereas the k − ε model works well with free-stream flows but struggles with ad-
verse pressure gradient flows and turbulent boundary layers [9], [10]. The SST k−ω
model combines the k−ω and k− ε models, minimizing the main weaknesses of the
two models. A blending function is used in the SST k − ω model to get the effects
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of the k − ω model in the inner boundary layer (BL) closest to the wall, and the
k − ε model in the outer BL of the near-wall flow [5]. The SST k − ω model that
is implemented in StarCCM+ has been modified to include nonlinear constitutive
relations to account for anisotropic turbulence [7]. The equations shown in this
chapter contain the quadratic constitutive relation since it is used in this work.

Equations 2.24 and 2.25 are the transport equations for the turbulent kinetic energy
k and the specific dissipation rate ω, respectively. The transport equations look
similar to the transport equations in the k − ε model but the production terms Pk
and Pω in the k−ω transport equations have been expanded to include a non-linear
production term Gnl in the transport equation for k and a cross-diffusion term Dω

in the transport equation for ω (equations 2.26 & 2.27). k0 and ω0 are sustaining
terms defined from ambient turbulence values that counteract turbulence decay. In
free-stream flow, these terms will cancel the destruction terms perfectly. Spalart et
al. [11] found this approach of using sustaining terms better than the approach of
imposing floor values for limiting the turbulent decay.

∂ρk

∂t
+ ∂ρkv̄j

∂xj
= ∂

∂xj

(µ+ µt
σk

)
∂k

∂xj

+ Pk − ρβ∗(ωk − ω0k0) (2.24)

∂ρω

∂t
+ ∂ρωv̄j

∂xj
= ∂

∂xj

(µ+ µt
σω

)
∂ω

∂xj

+ Pω − ρβ(ω2 − ω0) (2.25)

Pk = Gk +Gnl (2.26)

Pω = Gω +Dω (2.27)

The turbulent dynamic viscosity for the SST k − ω turbulence model with Durbin
Scale Limiter used in this thesis is described in equation 2.28 where the turbulent
timescale T is calculated using equation 2.29. The Durbin Scale Limiter was de-
veloped by Durbin [12] to reduce the overprediction of turbulent kinetic energy in
stagnation point flows. The mean strain rate tensor is calculated as equation 2.30,
the model coefficient a∗ is calculated as equation 2.31 and the blending functions
F1 & F2 are computed as equations 2.32 and 2.34 respectively. CDkω is the cross-
diffusion coefficient in the F1 blending function and is defined as equation 2.33. The
other model coefficients are presented in Table 2.2.

µt = ρkT (2.28)

T = min
(

1
max( ω

a∗ ,
s̄F2
a1

)
,
CT√

3s̄

)
(2.29)

s̄ =
√

2sijsij (2.30)

a∗ = F1 + (1 − F1) (2.31)
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F1 = tanh
min

[
max

[ √
k

β∗ωd
,
500ν
d2ω

]
,

2k
CDkωd2

]4
 (2.32)

CDkω = max
[

1
ω

∂k

∂xi

∂ω

∂xi
, 10−20

]
(2.33)

F2 = tanh
(max

(
2
√
k

β∗ωd
,
500ν
d2ω

))2
 (2.34)

The production terms in the transport equation for kinetic turbulent energy (2.24)
in the SST k−ω model are shown in equations 2.35 and 2.36, where Gk is the term
for turbulent production and Gnl is the term for non-linear production. Oij in the
equation for nonlinear production is calculated as 2.37 where wij is the vorticity
tensor. The term fc is the curvature correction factor.

Gk = µtfcs̄
2 − 2

3ρk
∂v̄j
∂xj

− 2
3µt

(
∂v̄j
∂xj

)2

(2.35)

Gnl = −2µt0.04645(Oijsjk − sijOjk)
∂v̄i
∂xj

(2.36)

Oij = wij√
(sij − wij)(sij − wij)

(2.37)

The production terms in the transport equation for the specific dissipation (2.25) in
the SST k−ω model are the specific dissipation term Gω and the cross-diffusion term
Dω. The coefficient γ is calculated using coefficients γ1 and γ2 with the blending
function F1 as is shown in equations 2.39 - 2.41.

Gω = ργ

[(
s̄2 − 2

3

(
∂v̄i
∂xi

)2)
− 2

3ω
∂v̄i
∂xi

]
(2.38)

γ = F1γ1 + (1 − F1)γ2 (2.39)

γ1 = β1

β∗ − σω1
κ2

√
β∗ (2.40)

γ2 = β2

β∗ − σω2
κ2

√
β∗ (2.41)

Dω = 2ρ(1 − F1)σω2
1
ω

∂k

∂xj

∂v̄i
∂xj

(2.42)

The coefficients σk and σω are calculated using the blending function F1 according
to equations 2.43 and 2.44.

σk = F1σk1 + (1 − F1)σk2 (2.43)
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σω = F1σω1 + (1 − F1)σω2 (2.44)

Coefficient β in the transport equation for specific dissipation rate is calculated as
equation 2.45.

β = F1β1 + (1 − F1)β2 (2.45)

The model constant coefficients for the SST k − ω model are shown in Table 2.2
below. The SST k − ω model has two additional equations to solve compared to
the k − ε and k − ω models, making it slower but generally more accurate than the
standard k − ε and k − ω models.

Table 2.2: Table showing the constant values for the model coefficients in the SST
k − ω turbulence model.

Coefficient Value Coefficient Value
CT 0.6 σk1 0.85
α1 0.31 σk2 1
β∗ 0.09 σω1 0.5
β1 0.075 σω2 0.856
β2 0.0828 κ 0.41

2.2.2 Lag EB k-epsilon
The Lag Elliptic Blending (EB) k−ε model developed by Lardeau and Billard [13] is
inspired by the concepts used in the Elliptic Blending-Reynolds-Stress Model (EB-
RSM) developed by Manceau and Hanjalić [14], to create a robust model for complex
flow configurations. The Lag EB k − ε model solves four additional equations in
comparison to the eight additional equations solved by the EB-RSM, making the
Lag EB k − ε model less computationally demanding. The Lag EB k − ε model
consists of three transport equations 2.46-2.48 and one equation for the blending
factor, equation 2.49. The transport equation for the lag parameter φ, equation
2.48, and the equation for the blending factor, equation 2.49, are ideas taken from
the EB-RSM and applied to the standard k−ε model to get the Lag EB k−ε model.
These two additional equations increase the robustness and accuracy of the Lag EB
k−ε model for complex flows. The transport equation for φ also incorporates terms
that model anisotropic turbulence, which contributes to the increased accuracy of
the model.

The Lag EB k − ε model has been shown to perform well in a multitude of flow
configurations, both simple and complex [13]. Wiström and Wallace [15] have found
that the Lag EB k− ε model predicts convective heat transfer closer to a LES than
the standard SST k − ω model in a backwards-facing step flow configuration. The
transport equations for the Lag EB k − ε turbulence model are shown in equations
2.46-2.48 and the function for the blending factor α is shown in equation 2.49. σk,
σε, σφ, Cε1 and Cε2 are model coefficients and are found in Table 2.3.

12



2. Theory

∂ρk

∂t
+ ∂ρkv̄j

∂xj
= ∂

∂xj

[(
µ

2 + µt
σk

)
∂k

∂xj

]
+ Pk − ρ(ε− ε0) (2.46)

∂ρε

∂t
+ ρεv̄j
∂xj

= ∂

∂xj

[(
µ

2 + µt
σε

)
∂ε

∂xj

]
+ 1
Te
Cε1Pε − Cε2ρ

(
ε

Te
− ε0

T0

)
(2.47)

∂ρφ

∂t
+ ∂ρφv̄j

∂xj
= ∂

∂xj

[(
µ

2 + µt
σφ

)
∂φ

∂xj

]
+ ρ

ε0φ0

k0
+ Pφ (2.48)

∂

∂xj

(
L2 ∂α

∂xj

)
= α− 1 (2.49)

The turbulent dynamic viscosity is calculated as equation 2.50 where the turbulent
time scale T is calculated as equation 2.51 using Te as described in equation 2.52.
The values for the model coefficients Cµ, CT and Ct are found in Table 2.3.

µt = ρCµφk min
T, CT√

3Cµφs̄

 (2.50)

T =
√
T 2
e + C2

t

ν

ε
(2.51)

Te = k

ε
(2.52)

The turbulent length scale L used in the blending factor function (equation 2.49)
is calculated as equation 2.53 and the specific timescale T0, used in the transport
equation for the dissipation rate ε (Eq. 2.47), is calculated as equation 2.54. The
terms k0, ε0 and φ0 are sustaining terms that counteract the decay of turbulence.
The values for the model coefficients CL, Cη and CT are found in Table 2.3.

L = CL

√√√√k3

ε2 + C2
η

√
ν3

ε
(2.53)

T0 = max
k0

ε0
, CT

√
ν

ε0

 (2.54)

The equations for the production terms for k and ε are equations 2.55 and 2.56,
where Gk and Gb are the terms for the turbulent production and buoyancy produc-
tion, respectively. The turbulent production is calculated as 2.57 and the buoyancy
production as 2.58. ΥM is a compressibility modification, calculated as 2.59, to the
production of k where c is the speed of sound and CM is a model coefficient. The
additional production term E is calculated according to equation 2.60. The model
coefficients Cε1, Cε3, CM and Ck are found in Table 2.3. In the equation for the
additional production term (equation 2.60), the wall-normal direction is represented
by n with indices j and k to clarify that it is the magnitude of 2sij that is computed.
β is here the coefficient of thermal expansion, which is calculated according to equa-
tion 2.61 for ideal gases. Prt is the turbulent Prandtl number, gi is the gravitational
vector and θ̄ is the mean temperature.
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Pk = Gk +Gb − ΥM (2.55)

Pε = Gk + Cε3Gb + 1
Cε1

E (2.56)

Gk = µts̄
2 − 2

3ρk
∂v̄j
∂xj

− 2
3µt

(
∂v̄j
∂xj

)2

(2.57)

Gb = β
µt
Prt

(
∂θ̄

∂xj
gi

)
(2.58)

ΥM = ρCMkε

c2 (2.59)

E = Ck(1 − α)3νµt
k

ε

∂||2sijnj||nk
∂xk

2

(2.60)

β = −1
ρ

∂ρ

∂θ̄
(2.61)

The production of the lag parameter φ (equation 2.62) utilizes the blending factor α
to get the correct ratio of the functions fw and fh, found in equations 2.63 and 2.64
below. The Lag EB k−ϵmodel accounts for the anisotropy in the turbulence through
the introduction of the anisotropy tensor aij (equation 2.65) in the fh function. The
terms wij, W̃ij, W s

ij, Ŵij and wfk are the vorticity tensor, absolute vorticity tensor,
Spalart-Shur tensor, the modified absolute vorticity tensor and frame rotation rate
tensor, respectively. Ekij is the three-dimensional permutation tensor. The values
for the model coefficients Cε1, Cε2, C∗

1 , C∗
3 , C1, C4 and C5 are found in Table 2.3.

Pφ = −(2 − Cε1)
φ

k
(Gk +Gb) + ρ(1 − α3)fw + ρα3fh (2.62)

fw = −
(
Cε2 − 1 + 5 − 1

Cµ

)
φ

Te
(2.63)

fh = − 1
Te

(
C1 + Cε2 − 2 + C∗

1
Gk +Gb

ρε

)
φ+ CP3

Te
+

+C∗
3√
2
φs̄+ 1

s̄2Te

[
2
Cµ

(1 − C4)aijsij − 2
Cµ

(1 − C5)aijW̃ij

]
sij

(2.64)

aij = −2 µt
ρk

sij + 2 − 2C5

C1 + C∗
1 + 1

2√
(sij + Ŵij)(sij + Ŵij)

(sijŴij − Ŵijsij)
 (2.65)

Ŵij = W̃ij −W s
ij (2.66)

W̃ij = Wij + Ekijw
f
k (2.67)
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W s
ij = 1

s̄2

sij
(
∂sij
∂t

+ ∂sij
∂xj

)
−
(
∂sij
∂t

+ ∂sij
∂xj

)
sij

 (2.68)

Kinematic blocking of the wall in the Lag EB k − ε model is implemented through
the coefficient CP3 and it utilizes a dampening function fµ (equation 2.70) that is
calculated using the timescale ratio η and the blending factor α. The timescale ratio
is calculated according to equation 2.71 and the model coefficients Cµ and C3 are
found in Table 2.3.

CP3 = fµ
Cµ

(
2
3 − C3

2

)
(2.69)

fµ = η + α3

max(η, 1.87) (2.70)

η = s̄Te (2.71)

Table 2.3: Model coefficients for the Lag EB k − ε turbulence model. In Cε3, v∥
and v⊥ are the parallel and perpendicular velocity components to the gravitational
vector gi.

Coefficient Value Coefficient Value
σε 1.2 Cε2 1.9
σφ 1 Cε3 tanh

(
|v∥|
|v⊥|

)
σk 1 Cµ 0.22
C1 1.7 Cη 75
C3 0.8 Ck 2.3
C4 0.625 CL 0.164
C5 0.2 CM 2
C∗

1 0.9 CT 1
C∗

3 0.65 Ct 4
Cε1 1.44

2.3 Spatial discretization
Spatial discretization is the basis of the finite volume method (FVM). The fluid
volume is discretized into a mesh of cells, which make up the fluid in the compu-
tational domain. The Navier-Stokes equations are solved iteratively for the mesh,
where a value is stored in each cell, resulting in a mosaic-like solution of the entire
domain. The size of an individual cell has a significant impact on the accuracy of the
solution in the domain. With larger cells, the number of cells that fit in the domain
is reduced, resulting in a coarser resolution of the domain. There are generally two
categories of meshes: structured and unstructured. A structured mesh is ordered,
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meaning that the cells are uniformly arranged. An unstructured mesh is built irreg-
ularly, containing cells of different shapes and sizes in the same region. One category
of mesh can work better for a certain type of flow. An example of this is that a
structured mesh might work better for a flow that follows the Cartesian directions
closely than an unstructured mesh would, since the faces of each individual cell are
oriented normal to the Cartesian directions.

A few common mesh types in CFD codes are tetrahedral, hexahedral, and poly-
hedral meshes. The tetrahedral mesh is built from pyramidal structures; they are
cheap to generate and they are generally good at handling complex geometries. The
big issue with tetrahedral meshes is that they need more cells, in comparison to the
hexahedral and polyhedral meshes, to capture the geometry. The polyhedral mesh
is great for complex geometries and is relatively fast to generate. The mesh consists
of polyhedral cells where each cell has many cell faces and therefore many neighbors.
This is a major benefit for accurately approximating the gradient in the flow and
reducing the numerical diffusion of flows that are non-perpendicular to any of the
cell faces [16]. The polyhedral mesh is converted from a tetrahedral mesh [7], inher-
iting the geometrical sensitivity of the tetrahedral mesh while reducing the number
of cells in the mesh. In StarCCM+, the closest type of mesh to the hexahedral mesh
is the trimmed cell mesh, which is made up of hexahedral cells in the core mesh.
The hexahedral cells are trimmed to polyhedral cells near the geometric surface to
capture the geometry. The bigger hexahedral cells are split into smaller cells when
nearing the geometry surface, and if the geometry is simple (or consists of straight
lines), the cells closest to the geometric surface will not be trimmed. Figure 2.1 gives
a visual representation of how the spatial discretization of a square block is affected
by the different meshing methods mentioned in this section. The meshes that are
used in this work are the trimmed and polyhedral meshes, Figures 2.1b and 2.1c,
generated using StarCCM+.

(a) Tetrahedral mesh (b) Trimmed mesh (c) Polyhedral mesh

Figure 2.1: The three common meshing methods with the same settings used to
discretize the same block.
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2.3.1 Mesh convergence study through GCI
The Grid Convergence Index (GCI) is a measure used to determine the accuracy
of the results for a given mesh and is based on the Richardson Extrapolation. It
indicates how far off the solution is from its asymptotic value at a chosen point. The
lower the GCI is, the closer to the asymptotic solution the simulation is for that
point in the mesh [17]. This index is often used to estimate the magnitude of errors
a coarser mesh can introduce and can help determine whether a finer mesh is worth
the computational cost. The general approach for calculating the GCI is described
in detail in [18] and the formulas used in this thesis are listed below.

The representative mesh size h is calculated from the volume of the fluid Vfluid
and the total number of cells in the mesh N , according to equation 2.72.

h =
Vfluid

N

 1
3

(2.72)

The mesh refinement factor r between two meshes is calculated as a ratio between a
coarser and a finer mesh, as shown in equation 2.73. According to Celik et al. [18].
r should preferably be larger than 1.3.

r = hcoarse
hfine

(2.73)

The order of convergence p is determined through iteration of equations 2.75-2.77,
where ϵ is calculated according to equation 2.74 and ϕn indicates that the variable
is taken from the n:th mesh. An initially guessed value is used as the first term in
q(p). The variable s is the sign of the ratio of the error ϵ between the meshes studied
(see Eq. 2.77). Celik et al. [18] noted that a negative error ϵ is a sign of oscillatory
convergence.

ϵ21 = ϕ2 − ϕ1 (2.74)

p =
|ln| ϵ32

ϵ21
| + q(p)|

ln(r21)
(2.75)

q(p) = ln

rp21 − s

rp32 − s

 (2.76)

s = 1 · sign

ϵ32

ϵ21

 (2.77)

The extrapolated value ϕext is calculated as in equation 2.78. The approximate rel-
ative error ea is shown in equation 2.79 and the extrapolated relative error eext in
equation 2.80. At last, the grid convergence index is calculated from the relative er-
ror and the mesh refinement factor as equation 2.81 shows. Note that the indexation
is related to the mesh, so for instance: GCI21 is related to mesh 1 and 2.

ϕ21
ext = (rp21ϕ1 − ϕ2)

rp21 − 1 (2.78)
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e21
a =

∣∣∣∣∣∣ϕ1 − ϕ2

ϕ1

∣∣∣∣∣∣ (2.79)

e21
ext =

∣∣∣∣∣∣ϕ
12
ext − ϕ1

ϕ12
ext

∣∣∣∣∣∣ (2.80)

GCI21 = 1.25e21

rp21 − 1 (2.81)

2.3.2 Cell size for highly resolved turbulence
A simplified figure showing an energy spectrum in logarithmic scale is shown in Fig-
ure 2.2 to give some visual context to this section. The properties of turbulent eddies
depend on where they are located on the energy spectrum. Large eddies extract ki-
netic energy from the mean flow and have a big impact on the flow. They transfer the
kinetic energy to smaller eddies in the inertial subrange. The eddies in the inertial
subrange transfer the kinetic energy to the smallest eddies in the dissipation range
of the energy spectrum, where the viscous stresses become too large and the en-
ergy is dissipated. This process, from the largest scales to the smallest Kolmogorov
scales, is known as the “Cascade process”. This is a simplified description of the
energy spectrum and cascade process; in reality, there are other contributing factors
to the energy transport, and some energy is dissipated in all regions of the spectrum.

The turbulent length scale is a useful parameter for characterizing the size of a
turbulent eddy and placing it in one of the ranges of the energy spectrum men-
tioned above [5]. For a well-resolved LES, an initial guess for a reasonable mesh
can be made using the Taylor microscale and the Kolmogorov scale turbulence in
the energy spectrum, see Figure 2.2. The mesh is found by limiting the maximum
cell size as the Taylor microscales and the minimum cell size as the Kolmogorov
scales [7]. The cell size of the polyhedral cells can be approximated as equation 2.82
according to the StarCCM+ user guide [7].

hcell = 1.2 · V
1
3
cell (2.82)

There are several ideas on how the resolution of a LES can be measured. The most
intuitive definition is to evaluate the solution using experimental results, which might
not be feasible for rapid design since it requires real-world experimental data from
the part that is being designed. If the energy spectrum of a fluid simulation exhibits
a -5/3 decay (see Figure 2.2) it is an indication that the resolution is good enough
to resolve a part of the turbulence in the inertial subrange. These methods have,
however, been criticized by Davidson [19], whose work proved that those methods
are flawed. Davidson suggests the use of two-point correlation to determine the
mesh resolution. The two-point correlation for a coarse LES should span at least
eight cells and a well-resolved LES should span a greater number of cells [19].
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Figure 2.2: Energy spectrum with Taylor microscale and Kolmogorov scale marked.
The Kolmogorov law -5/3 decay is also shown in this figure. Note that the Taylor
microscale is placed in the inertial subrange.

2.3.3 Transition modelling
The transition region in the boundary layer is the region between the laminar and
turbulent regions in the boundary layer, see Figure 2.3. A transition model combined
with a turbulence model predicts the location of the transition region inside the
boundary layer, determining where the switch from laminar to turbulent flow occurs
as well as the size of the transition region in the simulation. The two transition
models studied in this thesis are the γ transition model and the γ −Reθ transition
model. Both of these models are based on correlations and are coupled with the
SST k − ω turbulence model in StarCCM+ [7].

Figure 2.3: A representation of the boundary layer along a flat surface where the
different regions are shown.

The γ − Reθ transition model solves two additional equations, the transport equa-
tion for intermittency γ (Eq. 2.83) and the transport equation for the transition
momentum thickness Reynolds number Reθt (Eq. 2.84). Intermittency determines
the time period for which the flow is turbulent, acting as the production term for
turbulent kinetic energy. The transition momentum thickness Reynolds number is
the criterion that determines the start of the transition and is based on the mo-
mentum thickness Reynolds number [20], the Reynolds number with characteristic
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length set as the thickness of the boundary layer [21]. The γ−Reθ transition model
is specifically formulated for unstructured meshes and [7]. In equation 2.83, σf = 1
is a model coefficient, Pγ is the production term, and Eγ is the destruction term. In
equation 2.84, σθt = 2 is a model coefficient, Pθt is the production term.

dργ

dt
+ ∂ργvj

∂xj
= ∂

∂xj

(µ+ µt
σf

)
∂γ

∂xj

+ Pγ − Eγ (2.83)

dρReθt
dt

+ ∂ρReθtvj
∂xj

= ∂

∂xj

σθt(µ+ µt)
∂Reθt
∂xj

+ Pθt (2.84)

The γ transition model is a simplification of the γ−Reθ transition model. The only
transport the γ transition model solves is the transport equation for the intermit-
tency. This is the same equation that is solved in the γ−Reθ transition model (Eq.
2.83) [7].

2.4 Inviscid flux discretization schemes
Both of the inviscid flux discretization schemes investigated in this work, the Wess-
Smith preconditioned Roe’s scheme and the Liou’s Advection Upstream Splitting
Method + (AUSM+) scheme, are based on upwind differencing.

The Roe’s discretization scheme is the standard scheme for the coupled solver in
Star-CCM+. The scheme splits the flux at each face into parts containing charac-
teristic information that propagates through the domain. The flux at each face ff is
calculated according to equation 2.85 below, where ∆Qij is a reconstructed solution
vector from cells 0 and 1 in relation to either side of the face f . Matrix |A| is defined
by a diagonal matrix of eigenvalues and a modal matrix. This formulation of the
Roe discretization scheme makes it second-order accurate [7].

ff,ij = 1
2(f0,ij + f1,ij) − 1

2Γ|Aij|∆Qij (2.85)

Liou’s AUSM+ flux-vector splitting inviscid flux discretization scheme applies the
upwind concept to the convective part of the inviscid flux and the pressure part of
the inviscid flux. The definition for the inviscid flux at each face is shown in equation
2.86. This discretization scheme emphasizes correct information propagation inside
the fluid for convective processes since the calculation of fluxes is based on local flow
characteristics [7].

ff,ij = f
(c)
ij + pij (2.86)
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3.1 Problem description
The geometry used in this thesis is a simplified representation of an internal bay in
an aircraft, meaning that it does not exist in the physical world but is still a realistic
representation. Therefore, there are no experimental data to be used as reference
data for this geometry. A highly resolved SRH simulation was performed and used
as the reference case in this work. Several simplified steady-state RANS simulations
with different settings were performed to answer the research questions of the work
through comparison between the RANS simulations and the reference case.

3.2 Geometry
A generalized part of internal airframe geometry, complete with internal structures
and avionics devices, was provided by Saab. The idea is that the bottom plate and
the top plate correspond to the bottom and the top skin plates of the airplane, re-
spectively. The geometry of the fluid inside the bay (see Figure 3.1) was created by
filling the inlet and outlet holes, creating a watertight compartment, and wrapping
the internal geometry. The resulting geometry was then cleaned and repaired to
prepare it for the simulations. The domain contains three avionics devices, three
pipes, one inlet, one outlet and one leaking valve. The previously mentioned parts
in the geometry are shown in Figure 3.1. The leakage is part of the geometry to
simulate a worst-case scenario.

The flow from the leakage is of much higher temperature than the ambient fluid
in the bay and it also has a velocity, making the flow mix faster with the ambient
fluid. Simulating a worst-case scenario is useful for building robustness; in a case
like this, the simulations could be used to show whether the ventilation is enough
to keep the temperature inside the bay below the maximum temperatures for the
avionics components. However, this is not studied in this thesis.
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(a) Right side view. (b) Top side view.

(c) Isometric view.

Figure 3.1: Three separate views of the fluid geometry with the objects in the
domain colored. The aft wall is at the highest value on the x-axis and the forward
wall is at the lowest value on the x-axis. The blue block in the aft bay represents
avionics 1. The orange block in the forward bay represents avionics 2, the blue
block in the forward bay represents avionics 3. The dark green pipe in the forward
bay represents the avionics pipe. The yellow pipe in both the aft and forward bay
represents an isolated pipe. The light green pipe in the aft bay represents a pipe
with a leaking valve. The red circle on top of the aft bay and the cyan circle on the
bottom of the forward bay are the Outlet and Inlet, respectively. The circled region
on the pipe with the leaking valve in the aft bay in Figure 3.1c shows the location
of the leaking valve.
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3.3 Boundary conditions
The boundary conditions for the simulations are described in Table 3.1. The inlet
is set at the bottom of the front bay and the outlet at the top of the rear bay, since
the pressure on the bottom of the aircraft is greater than the pressure on the top
when the aircraft is flying. All the remaining parts that are not mentioned in Table
3.1 were set as adiabatic non-slip walls. In Figure 3.1, the parts mentioned in Table
3.1 are colored and described. The inlet flow is set to follow the negative z axis and
the leakage from the leaking valve flows along the positive z axis. The freestream
air outside the bay follows the x direction in the figure. The airplane also follows
the positive x axis, meaning that the greater x is, the further back the position is on
the aircraft. The value for the thermal resistance Rk for the isolated pipe was found
using a method from an internal study at Saab, where the heat transfer coefficient
hhtc is set between the fluid inside the pipe and the pipe itself. The idea behind the
method is to approximate the isolation without the need to model it as a solid to
get the desired isolation effect.

Table 3.1: Boundary conditions for all the simulations in this work.

Boundary Boundary Condition
Outlet Pressure outlet: prel = 0 Pa, blocked reverse flow
Inlet Massflow inlet: ṁ = 0.012 kg/s,

Temperature: θ = 26.85 ◦C
Leaking valve Massflow inlet: ṁ = 0.0016 kg/s, θ = 350 ◦C
Valve pipe Non-slip wall, constant temperature: θ = 150 ◦C
Isolated pipe Non-slip wall, Convection

Heat transfer coefficient: hhtc = 1000 W/m2K
Thermal resistance: Rk ≈ 0.1151 m2K/W

Avionics 1 Non-slip wall, Heat source: P = 250 W
Avionics 2 Non-slip wall, Heat source: P = 250 W
Avionics 3 Non-slip wall, Adiabatic
Avionics pipe Non-slip wall, constant temperature: θ = 150 ◦C
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3.4 RANS simulations

3.4.1 Simulation setup
The general setups of the RANS simulations are presented in Table 3.2. The initial
conditions for the RANS simulations are presented in Table 3.3. The fluid was
treated as an ideal gas in all simulations. The configurations with the SST k − ω
models have the quadratic constitutive relation enabled to account for anisotropic
turbulence in the simulations.

Table 3.2: Table showing the general setup of each RANS simulation.

Simulation Turbulence model Mesh strategy Prism layers
RANSV 1 SST k − ω Polyhedral 11
RANSV 2 Lag EB k − ε Polyhedral 11
RANSV 3 SST k − ω Polyhedral 0
RANSV 4 Lag EB k − ε Polyhedral 0
RANSV 5 SST k − ω Trimmed 11
RANSV 6 Lag EB k − ε Trimmed 11
RANSV 7 SST k − ω + γ transition Polyhedral 11
RANSV 8 SST k − ω + γ −Reθ transition Polyhedral 11
RANSV 9 SST k − ω Polyhedral 20
RANSV 10 RANSV 8 with AUSM+ inviscid scheme Polyhedral 11

Table 3.3: The initial conditions for the steady RANS simulations.

Pressure 0 Pa
Static Temperature 26.85 ◦C
Turbulence Intensity 0.01
Turbulent Velocity Scale 1 m/s
Turbulent Viscosity Ratio 10
Velocity [0,0,0] m/s

The solver settings for the RANS simulations are shown in Table 3.4. The coupled
solver was chosen due to its fast convergence. It is also proven to work better than
the segregated solver for complex geometries where turbulence and heat transfer
in the flows are important [22]. The second-order upwind convection scheme was
chosen for the turbulence models. The second-order upwind discretization scheme
was chosen to reduce the numerical diffusion in the simulation. The wall function
used in the simulations was the all y+ wall treatment for increased robustness since it
blends the high y+ and low y+ wall functions. It emulates the high y+ wall function
for coarse mesh regions, the low y+ wall function for fine mesh regions and blends
the two functions between the coarse and fine mesh regions [7].
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Table 3.4: The solver settings used for the RANS simulations in StarCCM+.

Solver settings RANS simulations
Solver Coupled solver
Spatial discretization scheme 2:nd order
Turbulence model convection scheme 2:nd order
Wall function All y+ wall treatment

3.4.2 Spatial discretization
Mesh convergence studies were performed on both the polyhedral mesh and the
trimmed mesh to determine if the simulations are mesh independent or not. The
mesh convergence study was done using three meshes of varying size for both the
polyhedral mesh and the trimmed mesh. The sizes of the meshes used for the
convergence study of the polyhedral mesh are presented in Table 3.5, where the
variables related to the fine, medium and coarse meshes are indexed by the numbers
1, 2 and 3, respectively. The refinement factors between the meshes, presented in
Table 3.6, are above 1.3, which was recommended by Celik et al. [18]. A convergence
study was carried out on the trimmed mesh as well. The mesh sizes and refinement
factors for the trimmed mesh are presented in Tables 3.7 & 3.8, respectively. The
steady RANS simulations used for the mesh convergence study were run using the
Lag EB k − ε turbulence model.

Table 3.5: The mesh size and its representative mesh size used in the mesh con-
vergence study of the polyhedral meshing method.

Mesh Amount of cells Representative mesh size
N1 36.7 M h1 = 0.00117
N2 8.8 M h2 = 0.00188
N3 3.5 M h3 = 0.00256

Table 3.6: Mesh refinement factor and the related meshes for the polyhedral mesh-
ing method.

Meshes Refinement factor
N1 & N2 r21 = 1.608
N2 & N3 r32 = 1.363

Table 3.7: The mesh size and its representative mesh size used in the mesh con-
vergence study of the trimmed meshing method.

Mesh Amount of cells Representative mesh size
N1 20.7 M h1 = 0.00142
N2 6.4 M h2 = 0.00209
N3 0.5 M h3 = 0.00497
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Table 3.8: Mesh refinement factor and the related meshes for the trimmed meshing
method.

Meshes Refinement factor
N1 & N2 r21 = 1.477
N2 & N3 r32 = 2.372

3.5 SRH simulation
The scale resolving hybrid model is used for the highly resolved turbulence simu-
lation used as the reference case. The model can resolve turbulent scales down to
the inertial subrange (see Figure 2.2) in the regions where LES is active. When the
mesh resolution is too coarse to run LES, the SRH model switches to RANS and
models the turbulence. The RANS model is mainly used close to the wall, as the
mesh resolution requirements for LES increase drastically near the wall. This com-
bination makes it possible to select which regions LES will be used in by creating
regions in the domain where the mesh is refined to match the requirements for LES.
The result of the model is a highly resolved flow for a lower resource cost than LES.
This is the reason the SRH model was chosen as the reference case for this work.

3.5.1 Initial conditions
The initial conditions for the SRH simulation are set as the solution of the steady
RANS simulation using the SST k − ω turbulence model and a polyhedral mesh
with 11 prism layers. The fluid was treated as an ideal gas in the simulation.

3.5.2 Simulation setup
The SRH simulation was run using the SST k − ω turbulence model, with the
quadratic constitutive relation to account for anisotropic turbulence. Since the tur-
bulence model is widely used in industrial CFD applications, its performance in
terms of strengths and weaknesses is well documented, and it has been proven to
have good accuracy for its computational cost [9].

The solver settings for the SRH simulations are shown in Table 3.9. The second-order
discretization scheme Hybrid-Bounded Central Differencing (Hybrid-BCD) was rec-
ommended by Siemens for LES simulations of complex turbulent flows since it adds
a boundedness criterion that increases robustness of the simulation. The all y+ wall
function was recommended for the SRH simulation as well due to its robustness, as
previously mentioned [7].
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Table 3.9: The solver settings used for the SRH simulation in StarCCM+.

Solver settings SRH simulation
Solver Coupled solver
Spatial discretization scheme 2:nd order (Hybrid-BCD)
Temporal discretization 2:nd order
Turbulence model convection scheme 2:nd order
Wall function All y+ wall treatment

3.5.3 Spatial discretization
The cell size for the highly resolved turbulence case was determined through anal-
ysis of the Taylor microscales and the Kolmogorov scales of the initial steady-state
RANS simulation. The size of the cells in the computational domain was made
smaller than the local Taylor microscales to resolve the turbulence properly, but
larger than the Kolmogorov scales, to reduce the computational cost of the simu-
lation. This criterion was fulfilled by setting the average cell size in the domain to
be larger than the Taylor microscales for the majority of cells, and creating local
refinement regions where the cell size was above the Taylor microscales. Building
the mesh in this manner optimizes the number of cells in the mesh, reducing both
the required computational time and the required resources for the simulation.

The domain was set up to have 11 prism layers with a geometric stretching fac-
tor of 1.15. This choice was based on the recommendation by Ekman [23] to have at
least 10 prism layers with no change in element size greater than 1.15 in the near-wall
region, to accurately capture the boundary layer in a well-resolved LES simulation.
These prism layer settings resulted in a wall Y+ below 1 for the great majority of
cells in the domain, as seen in Figure 3.2. The maximum wall Y+ does not exceed
2.71, meaning that all the wall cells are located in the viscous sublayer [24] and that
a low Y+ wall function could be used. However, Star-CCM+ recommends using the
all Y+ wall function for the sake of robustness [7].

Figure 3.2: The wall Y+ of the SRHis simulation. The regions where the wall Y+
are above one are located at impingement zones, the ventilation hole, or close to the
inlet, leakage and outlet boundary conditions.
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The regions where refinement was needed were found through the threshold function
with the use of a custom field function, described in equation 3.1, where cells with
values above 1 indicate areas where the cell size V

1
3
cell is larger than the Taylor

microscale λ. The meshing was carried out using the polyhedral meshing function
in Star-CCM+ [7].

1.2 · V
1
3
cell

λ
(3.1)

The resolution of the SRH simulation was determined through normalized two-
point correlations of the fluctuating velocity components at three locations shown
in Figure 3.3. Davidson [19] suggests that the resolution should be estimated from
the two-point correlation in the poorest resolved direction.

(a) From the right side of the bay

(b) From the top side of the bay

Figure 3.3: The three locations used for evaluating the resolution of the simulation
for SRH. The blue arrow represents the flow through the ventilation hole between
the bays.
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3.5.4 Temporal discretization
Initially, the solver timestep was intentionally set to be too large ∆t = 1 · 10−4 s,
resulting in a maximum CFL number of CFL = 26 in the domain. This timestep
was used for the initial 2.5 seconds of the simulation, roughly 11 domain through
flows. This timestep was used to let the large-scale turbulent structures develop and
stabilize, and to remove the early transients caused by the switch from the steady
RANS simulation to the SRH simulation. After these through flows, the timestep
was reduced to ∆t = 6.666·10−6 s and the maximum CFL number in the domain was
reduced to below 4. The CFL number for the great majority of cells in the domain
was below 1, where 0.0872% of the cells in the domain had a CFL above 1. This
percentage was deemed acceptable since the majority of these cells with a CFL above
one were located at impingement zones or close to the inlet and outlet boundaries,
see Figure 3.4. Through monitoring of the residuals and instantaneous velocity, the
required number of inner iterations for the SRH simulation was determined to be
5, as the residuals and velocity had stabilized, as is seen in Figure 3.5. The SRH
simulation with the smaller timestep was run for 1.2 seconds, roughly 5 through
flows of the domain, to let the small-scale turbulence develop.

Figure 3.4: Figure showing the Convective Courant number (CFL) in the domain.
The regions where cells with a CFL number larger than 1 are circled in this figure.
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(a) Residuals of the SRH simulation. As can be seen, the majority of the residuals
drop more than one order of magnitude, with the exception of turbulent kinetic
energy, which drops by barely half an order of magnitude. The turbulent kinetic
energy graph did not drop more when more inner iterations were used, so it was
determined to have stabilized after 5 inner iterations.

(b) Instantaneous velocity of a point in the SRH simulation. As is seen in the figure,
the drop for each new timestep is quite large in comparison to the drop from the
inner iterations. The velocity barely changes for the five inner iterations, meaning
that the solution for each timestep is stable.

Figure 3.5: Plots showing the behaviour of the residuals for the SRH simulation
as well as the behaviour of the velocity in a point in the domain.
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4.1 SRH mesh resolution
Figures 4.1-4.3 below show the two-point correlations in the x and y directions at
three different locations (see Figure 3.3) in the domain where turbulence is present.
Davidson [25] used 0.1 as the criterion for decorrelation, suggesting that a well-
resolved simulation should be correlated for at least 8 cells, preferably more. David-
son [19] argues that a two-point correlation that drops to 0.4 within 4 cells implies
poor resolution.

Using the criterion of 0.1 and keeping in mind the second argument, the resolu-
tion in location 1 can be considered sufficient, as the number of correlated cells well
exceeds 8 cells in both the x and y directions. In location 2, the turbulence in the
x direction seems to be well resolved. The two-point correlation in the y direc-
tion drops to 0.4 in only 4 cells, suggesting that the resolution is coarse but still
resolved in this region. In location 3, the two-point correlation in the x direction
suggests well-resolved turbulence. The correlation in the y direction at location 3 is
slightly better than that in location 2, but the resolution is still quite coarse, with
the two-point correlation dropping to 0.4 over just 5 cells. It is, however, correlated
for more than 8 cells, suggesting sufficient resolution. To summarize, the two-point
correlations suggest that the mesh is sufficient but could be further refined. The
resolution was deemed sufficient for using the SRH simulation as the reference case
in this work.
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(a) Two-point correlation from
velocities in x direction.

(b) Two-point correlation from
velocities in y direction.

Figure 4.1: Two-point correlations of the fluctuating velocity components in tur-
bulent structures residing at location 1 in the domain.

(a) Two-point correlation from
velocities in x direction.

(b) Two-point correlation from
velocities in y direction.

Figure 4.2: Two-point correlations of the fluctuating velocity components in tur-
bulent structures residing at location 2 in the domain.
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(a) Two-point correlation from
velocities in x direction.

(b) Two-point correlation from
velocities in y direction.

Figure 4.3: Two-point correlations of the fluctuating velocity components in tur-
bulent structures residing at location 3 in the domain.

Figures 4.4-4.6 show the plotted energy spectra calculated from the Fast Fourier
Transform (FFT) of the autocorrelation of the velocities at the three locations, to-
gether with the -5/3 decay of the Kolmogorov law. From the aforementioned figures,
it is seen that the turbulence in the energy spectra exhibits a -5/3 decay over almost
two orders of magnitude on the frequency axis at all three locations, suggesting that
LES resolves a large part of the inertial subrange in all three locations. This implies
that the simulation resolves a part of the turbulence in the inertial subrange at these
locations, i.e. the resolution is sufficient [25].

(a) Energy spectra from autocorrelation
of velocities in x direction

(b) Energy spectra from autocorrelation
of velocities in y direction

Figure 4.4: Energy spectra based on the autocorrelation of the fluctuating velocity
at location 1. The -5/3 decay based on the Kolmogorov law is plotted as the dashed
line.
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(a) Energy spectra from autocorrelation
of velocities in x direction

(b) Energy spectra from autocorrelation
of velocities in y direction

Figure 4.5: Energy spectra based on the autocorrelation of the fluctuating velocity
at location 2. The -5/3 decay based on the Kolmogorov law is plotted as the dashed
line.

(a) Energy spectra from autocorrelation
of velocities in x direction

(b) Energy spectra from autocorrelation
of velocities in y direction

Figure 4.6: Energy spectra based on the autocorrelation of the fluctuating velocity
at location 3. The -5/3 decay based on the Kolmogorov law is plotted as the dashed
line.

The behaviour of the shielding function fs was studied to ensure that LES was
active in the turbulent regions in the domain. A cross-sectional view of the shielding
function is shown in Figure 4.7. The shielding function approaches zero close to the
walls, forcing the SRH model to use the RANS model at the wall as expected. The
shielding function is 1 for the majority of the wake from the ventilation hole flow,
meaning that the wake is almost completely simulated using LES. In the regions
where the shielding function is between 0 and 1, the SRH model uses a blend of
RANS and LES to solve the flow. The shielding function forces a large part of
the domain to be solved in RANS mode. For future simulations, it might be worth
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tuning the shielding function to switch to RANS mode later, which might reduce the
robustness of the SRH model, or to refine the mesh even further. The two locations
near the bottom wall of the avionics pipe in the forward bay, where the shielding
function is 0, suggest that further mesh refinement is needed for LES mode in these
locations.

Figure 4.7: A cross-sectional view of the shielding function to visualize where
LES is active and where RANS is active. Pure LES mode is activated when the
shielding function is 1. Pure RANS mode is activated when the shielding function is
0. When the shielding function is between 0 and 1, the SRH simulation blends the
two simulation modes. The location of the cross-section is shown in the top right
corner of the figure.

4.2 RANS mesh convergence study
The mesh convergence study through GCI of the polyhedral and trimmed meshes
with prism layers in Tables 4.1 and 4.2, respectively, shows that the meshes converge
slowly for the heat transfer value of the avionics pipe and the isolated pipe. The
error variables ε21 and ε32 are negative in both the polyhedral and the trimmed mesh
studies. This is a sign of oscillatory convergence according to Celik et al. [18]. In
general, the differences in GCI between the three polyhedral meshes and the three
trimmed meshes were minimal, except for the heat transfer of the avionics pipe in
the trimmed mesh. The chosen mesh sizes for the polyhedral mesh and the trimmed
mesh were the medium meshes, containing 8.8 million cells and 6.4 million cells,
respectively.
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Table 4.1: Results from GCI analysis of surface-averaged heat transfer and mean
temperature for three different polyhedral meshes of the domain. The variables
θ̄outlet and θ̄fluid denote the surface-averaged mean temperature of the outlet and
volume-averaged mean temperature of the fluid, respectively.

HTAvionicsP ipe HTIsolatedP ipe θ̄outlet θ̄fluid
ϕ1 −300.71 W −308.74 W 147.2 ◦C 112.5 ◦C
ϕ2 −301.76 W −307.78 W 146.4 ◦C 110.7 ◦C
ϕ3 −296.87 W −308.14 W 145.9 ◦C 108.6 ◦C
p 4.629 0.810 0.385 1.540
ϵ32 4.89 W −0.34 W −0.55 ◦C −2.10 ◦C
ϵ21 −1.05 W 0.54 W −0.73 ◦C −1.79 ◦C
ϕ21
ext −300.58 W −309.51 W 150.8 ◦C 114.1 ◦C
e21
a 0.35 % 0.18 % 0.49 % 1.59 %
e21
ext 0.04 % 0.38 % 2.41 % 1.45 %

GCI32 0.64 % 0.49 % 3.72 % 3.89 %
GCI21 0.05 % 0.47 % 3.08 % 1.84 %

Table 4.2: Results from GCI analysis of surface-averaged heat transfer and mean
temperature for three different trimmed meshes of the domain.

HTAvionicsP ipe HTIsolatedP ipe θ̄outlet θ̄fluid
ϕ1 −304.73 W −305.87 W 147.3 ◦C 113.0 ◦C
ϕ2 −291.91 W −309.30 W 146.7 ◦C 110.2 ◦C
ϕ3 −233.83 W −295.75 W 139.6 ◦C 101.6 ◦C
p 1.097 0.157 2.419 0.530
ϵ32 58.09 W 13.55 W −7.1 ◦C −8.6 ◦C
ϵ21 12.82 W −3.44 W −0.6 ◦C −2.8 ◦C
ϕ21
ext −328.73 W −402.32 W 147.7 ◦C 125.1 ◦C
e21
a 4.21 % 1.12% 0.41 % 2.45 %
e21
ext 7.30 % 21.54 % 0.26 % 9.65 %

GCI32 15.76 % 37.59 % 0.85 % 16.84 %
GCI21 9.84 % 22.15 % 0.33 % 13.36 %

The convergence of the outlet temperature was studied between the three mesh sizes
for both the polyhedral and trimmed meshes, as shown in Figure 4.8. The plots in the
figure are polygonal regressions of the three points as the values oscillate between
meshes, as is seen in the GCI studies above. The temperature differs minimally
between the coarsest and finest of the polyhedral meshes, suggesting that even the
coarsest mesh at 3.5 million cells would be sufficient. The trimmed meshes show
a larger difference in temperature, which is most likely because the coarsest mesh
only contains 0.5 million cells. Still, the temperature only differs by around 7 ◦C
between the coarsest and finest of the trimmed meshes, suggesting that the coarsest
mesh could be sufficient with such a small error. Note that the medium meshes for
both the polyhedral mesh and the trimmed mesh show a similar temperature, even
though the trimmed mesh is coarser than the polyhedral mesh.
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(a) Polyhedral mesh (b) Trimmed mesh

Figure 4.8: The convergence of the surface-averaged temperature at the outlet for
the different mesh sizes used for the polyhedral and trimmed cell meshes.
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4.3 Simulation results

4.3.1 SRH results
Figure 4.9 shows a cross-section of the relative pressure in the internal bay. The
forward bay (right side in the figure) has a higher pressure than the aft bay (left side
in the figure). The pressure difference is driving the flow through the ventilation
hole from the forward bay to the outlet in the aft bay. A highly turbulent wake is
evident in the flow leaving the ventilation hole.

Figure 4.9: A cross-sectional view of the instantaneous relative pressure field in
the bay.

The instantaneous velocity and temperature fields of the SRH simulation are time-
averaged in order to compare the fields of the SRH simulation to those of the RANS
simulations. The fields are shown in Figures 4.10 and 4.11. Three wake regions
can be seen in the instantaneous velocity field in Figure 4.10. The first wake region
is in the forward bay after the avionics pipe. The second one is located after the
ventilation hole. The last wake region is created when the wake region from the
ventilation hole hits the isolated pipe in the aft bay, creating a third wake region. In
the figure showing the time-averaged velocity field (Figure 4.11), the wake regions
are steady, clearly showing the main path of the flow.
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Figure 4.10: A cross-sectional view of the instantaneous velocity field of the SRH
simulation.

Figure 4.11: A cross-sectional view of the time-averaged velocity field of the SRH
simulation.
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In the instantaneous temperature field, Figure 4.12, a slower-moving turbulent flow
structure can be observed above avionics 2, which is located at the top of the forward
bay. This structure moves towards the ventilation hole and creates a separation bub-
ble at the upper aft corner of avionics 2. The slower-moving flow structure can be
seen in the time-averaged temperature field in Figure 4.13 as a steady temperature
gradient on the top side of avionics 2. The separation bubble in the aft of avionics
2 in the instantaneous temperature field is clearly visible in the time-averaged tem-
perature field, suggesting that the bubble resides in the domain for some time. The
cold jet and wake of the jet from the forward bay to the aft bay is seen hitting the
isolated pipe and spreading along the aft wall of the internal bay, cooling the isolated
pipe and avionics 1. The average temperature in the aft bay is much higher than
the average temperature in the forward bay. This is most likely due to the leakage
from the valve pipe in the aft bay, where the leaking high-temperature airflow is
spreading the heat through mixing in the fluid. The higher temperature is expected
since the cooling flow from the ventilation hole is already heated from the forward
bay and thus does not have the capacity to cool down the aft bay. A slower-moving
hot fluid structure at the bottom of avionics 1, moving from the aft to the forward,
is seen in Figure 4.12. The phenomenon results in a line of higher temperature at
the bottom of the avionics in the time-averaged temperature field in Figure 4.13.

Figure 4.12: A cross-sectional view of the instantaneous temperature of the SRH
simulation.
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Figure 4.13: A cross-sectional view of the time-averaged temperature of the SRH
simulation.

4.3.2 Numerical comparison of the RANS simulations
Table 4.3 shows the surface-averaged mean temperature of the avionics and the out-
let. In this case, the mean temperature refers to the average temperature over 1000
iterations after the simulations had stabilized. Averaging was necessary since the
temperature oscillated slightly around a value between iterations.

The temperature of avionics 1 is best predicted by the RANS simulation using the
Lag EB k − ε turbulence model and a polyhedral mesh with 11 prism layers, being
4.1 ◦C off from the reference. For avionics 2, the temperature is best predicted by
the RANS simulation using the SST k − ω model without prism layers, being only
0.2 ◦C off compared to the reference. The most accurate simulation for predicting
the temperature of avionics 3 is the simulation using the Lag EB k − ε turbulence
model and a polyhedral mesh with prism layers. The isolated pipe temperature
was best predicted by the SST k − ω model on the polyhedral mesh with prism
layers. The outlet temperature was best predicted by two SST k − ω models, the
one without a transition model and the one with the γ transition model.
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The total error values presented in Table 4.3 were found by summing the absolute
values of the errors for each simulation. In general, the simulation with the smallest
total error in surface-averaged temperature presented in Table 4.3 is the RANS sim-
ulation using the SST k−ω turbulence model with the γ−Reθ transition model, a
polyhedral mesh with 11 prism layers, and Liou’s AUSM+ inviscid flux discretiza-
tion scheme. The simulation with the SST k−ω turbulence model on the polyhedral
mesh with 20 prism layers showed a slight reduction in total error by 1 ◦C. There
is some doubt about how well this result would compare to actual experimental
data instead of the reference simulation, since the reference simulation in this work
uses RANS with 11 prism layers close to the walls, which most likely skews the result.

Surprisingly, the simulation using the SST k − ω turbulence model on a polyhe-
dral mesh without prism layers produced a similar result to that of the simulation
using the SST k − ω turbulence model on a trimmed mesh with 11 prism layers
when studying the total error. This result suggests that the SST k − ω turbulence
model works much better on a polyhedral mesh than on a trimmed mesh. Another
interesting observation is that the total error for the simulations using the Lag EB
k − ε model on the polyhedral mesh with and without prism layers only differs by
6.1 ◦C, which is still a quite small difference. In other words, the Lag EB k − ε
turbulence model does not seem to be that affected by prism layers.

Table 4.3: Surface-averaged mean temperature of the parts inside the bay and
of the outlet for the SRH simulation. The RANS simulation values are the error
compared to the reference SRH simulation, where a negative error implies that the
result was lower and a positive error implies that the result was higher than the
reference.

Simulation case θAvionics1 θAvionics2 θAvionics3 θIsolatedP ipe θOutlet Total error
Reference 241.6 ◦C 191.4 ◦C 67.1 ◦C 217.4 ◦C 142.9 ◦C 0 ◦C
RANSV 1 +15.3 ◦C +2.9 ◦C -3.8 ◦C -0.9 ◦C +2.0 ◦C 24.9 ◦C
RANSV 2 +4.1 ◦C -16.6 ◦C -0.1 ◦C -5.2 ◦C +6.3 ◦C 32.3 ◦C
RANSV 3 +25.8 ◦C -0.2 ◦C +15.8 ◦C +4.4 ◦C +13.5 ◦C 59,7 ◦C
RANSV 4 -4.2 ◦C -8.8 ◦C +11.3 ◦C +1.6 ◦C +12.3 ◦C 38.2 ◦C
RANSV 5 +28.0 ◦C +21.5 ◦C -6.8 ◦C -1.7 ◦C +1.2 ◦C 59.2 ◦C
RANSV 6 +7.6 ◦C -8.7 ◦C -0.6 ◦C -8.6 ◦C +3.8 ◦C 29.3 ◦C
RANSV 7 +10.3 ◦C +0.9 ◦C -3.6 ◦C -3.3 ◦C +2.0 ◦C 20.1 ◦C
RANSV 8 +13.8 ◦C -0.8 ◦C -1.7 ◦C -1.2 ◦C +3.0 ◦C 20.5 ◦C
RANSV 9 +14.2 ◦C +2.2 ◦C -2.3 ◦C -2.2 ◦C +3.0 ◦C 23.9 ◦C
RANSV 10 +8.0 ◦C +0.8 ◦C -2.2 ◦C -1.9 ◦C +3.1 ◦C 16.0 ◦C
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The heat transfer from the fluid to parts in the domain is shown in Table 4.4. Just as
in the text discussing the temperatures in Table 4.3, the total error values in Table
4.4 were obtained by summing the absolute values of the errors for each simulation.

The simulation with the smallest total error in the table is the RANS simulation
using the SST k − ω turbulence model with the γ − Reθ transition model. The
simulations with prism layers predict heat transfer values that are much closer to
the reference result compared to the simulations without prism layers. This result
is expected as a mesh with prism layers would capture the thermal boundary layer
more accurately than a mesh without prism layers. Comparing the RANS simula-
tions using the SST k − ω turbulence model on a polyhedral mesh with 11 and 20
prism layers, it is noted that the predictions of the simulation with 20 prism layers
contain more errors than the simulation with only 11 prism layers. This suggests
that the optimal number of prism layers for the simulations is somewhere below 20.

From the total error of the results in Table 4.4, the SST k − ω turbulence model
seems to perform better on the trimmed mesh than on the polyhedral mesh, which is
the opposite of what is seen in Table 4.3. The Lag EB k−ε turbulence model seems
to perform better on the trimmed mesh than on the polyhedral mesh for predicting
heat transfer. This is noted to be true also for predicting the temperatures in Table
4.3. The simulation with Liou’s AUSM+ inviscid flux scheme did not predict heat
transfer results as well as the simulation using the Weiss and Smith Roe’s inviscid
flux scheme.

Table 4.4: Mean heat transfer from the fluid to the different parts inside the bay
and to the outlet of the bay of the SRH simulation. The values for the RANS simu-
lations are shown as errors compared to the reference simulation, where a negative
error implies that the result was lower and a positive error implies that the result
was higher than the reference.

Simulation case HTAvionicsP ipe HTIsolatedP ipe HTOutlet HTPipeWithV alve Total error
Reference −266.44 W −298.29 W 5691.36 W −12.54 W 0 W
RANSV 1 +6.77 W −1.37 W −105.99 W −21.17 W 135.30 W
RANSV 2 −35.46 W −7.26 W −149.99 W −13.42 W 206.13 W
RANSV 3 −206.45 W +5.82 W +175.01 W +5.97 W 393.75 W
RANSV 4 −195.2 W +2.18 W +172.57 W +15.43 W 385.38 W
RANSV 5 +12.16 W −2.38 W −98.9 W −15.59 W 129.03 W
RANSV 6 −25.47 W −11.01 W +51.5 W −23.51 W 111.49 W
RANSV 7 +6.53 W −4.4 W −103.97 W −20.35 W 135.25 W
RANSV 8 −9.69 W −2.05 W −53.86 W −19.59 W 85.19 W
RANSV 9 +3.63 W −3.53 W −161.56 W −20.65 W 189.37 W
RANSV 10 −8.1 W 2.64 W −118.81 W −16.29 W 145.84 W
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4.3.3 Comparison of the fluid fields
All the simulations with prism layers in the mesh, Figures 4.14, 4.15, 4.17, 4.18 and
4.19, had a maximum wall Y+ below 3, where the great majority of the cells have
a wall Y+ below 1. The regions with a wall Y+ above 1 in these simulations are
either impingement zones, the ventilation hole, or regions close to the inlet or outlet
boundaries. The simulations based on meshes without prism layers, Figure 4.16,
had a wall Y+ above 1 in nearly the entire domain, where a large region near the
isolated pipe in the aft bay had a y+ above 20 in both simulations.

Figure 4.14: Wall Y+ values of the reference simulation. Only wall Y+ values
above 1 are shown in the figure.

(a) RANS simulation using the SST k −
ω turbulence model and the polyhedral
mesh with 11 prism layers.

(b) RANS simulation using the Lag EB
k−ε turbulence model and the polyhedral
mesh with 11 prism layers.

Figure 4.15: Wall Y+ values of the RANS simulations. Only wall Y+ values above
1 are shown in the figure.
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(a) RANS simulation using the SST k −
ω turbulence model and the polyhedral
mesh without prism layers.

(b) RANS simulation using the Lag EB
k−ε turbulence model and the polyhedral
mesh without prism layers.

Figure 4.16: Wall Y+ values of the RANS simulations. Only wall Y+ values above
1 are shown in the figure.

(a) RANS simulation using the SST k−ω
turbulence model and the trimmed mesh
with 11 prism layers.

(b) RANS simulation using the Lag EB
k − ε turbulence model and the trimmed
mesh with 11 prism layers.

Figure 4.17: Wall Y+ values of the RANS simulations. Only wall Y+ values above
1 are shown in the figure.

(a) RANS simulation using the SST k−ω
turbulence model with the γ transition
model and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the SST k−ω
turbulence model with the γ−Reθ transi-
tion model and the polyhedral mesh with
11 prism layers.

Figure 4.18: Wall Y+ values of the RANS simulations. Only wall Y+ values above
1 are shown in the figure.
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(a) RANS simulation using the SST k −
ω turbulence model with the polyhedral
mesh with 20 prism layers.

(b) RANS simulation using the SST k−ω
turbulence model with γ−Reθ transition
model, polyhedral mesh with 11 prism
layers and the AUSM+ inviscid scheme.

Figure 4.19: Wall Y+ values of the RANS simulations. Only wall Y+ values above
1 are shown in the figure.

A cross-section of the time-averaged velocity field of the SRH simulation is shown
in Figure 4.20 and the mean velocity fields of the RANS simulations are shown in
Figures 4.21-4.25. In the forward bay, the wake behind the avionics pipe seen in
the reference simulation (Figure 4.20) has clearly separated from the pipe. This is a
behaviour that none of the RANS simulations capture accurately, however, the Lag
EB k − ε turbulence model (Figures 4.21b, 4.22b, 4.23b) captures this separation
better than the SST k − ω turbulence model (Figures 4.21a, 4.22a, 4.23a, 4.24a,
4.24b, 4.25a & 4.25b), although it is still far off from the reference. A noticeable
difference in the velocity magnitude and flow shape between the RANS simulations
using prism layers (Figures 4.22a & 4.22b) and the ones that do not, can be seen in
the jet of air passing through the ventilation hole. The shape of the wake from the
jet is best predicted by the RANS simulations using the SST k−ω turbulence model
with γ − Reθ transition models and 11 prism layers in the mesh (Figures 4.24b &
4.25b). The AUSM+ inviscid flux scheme, Figure 4.25b, seems to predict a faster
decrease of the velocity in the jet than the Roe inviscid flux scheme, Figure 4.24b
and also predicts a slightly tighter wake from the jet, with more separation behind
the isolated pipe in the aft bay.
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Figure 4.20: Mean velocity field of the reference simulation shown at the right
cross-section.

(a) RANS simulation using the SST k −
ω turbulence model and the polyhedral
mesh with 11 prism layers.

(b) RANS simulation using the Lag EB
k−ε turbulence model and the polyhedral
mesh with 11 prism layers.

Figure 4.21: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.20.
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(a) RANS simulation using the SST k −
ω turbulence model and the polyhedral
mesh without prism layers.

(b) RANS simulation using the Lag EB
k−ε turbulence model and the polyhedral
mesh without prism layers.

Figure 4.22: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.20.

(a) RANS simulation using the SST k−ω
turbulence model and the trimmed mesh
with 11 prism layers.

(b) RANS simulation using the Lag EB
k − ε turbulence model and the trimmed
mesh with 11 prism layers.

Figure 4.23: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.20.

(a) RANS simulation using the SST k−ω
turbulence model with the γ transition
model and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the SST k−ω
turbulence model with the γ−Reθ transi-
tion model and the polyhedral mesh with
11 prism layers.

Figure 4.24: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.20.
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(a) RANS simulation using the SST k −
ω turbulence model with the polyhedral
mesh with 20 prism layers.

(b) RANS simulation using the SST k−ω
turbulence model with γ−Reθ transition
model, polyhedral mesh with 11 prism
layers and the AUSM+ inviscid scheme.

Figure 4.25: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.20.

The time-averaged temperature field of the reference simulation is shown in Figure
4.26. The mean temperature fields of the RANS simulations are shown in Figures
4.27-4.31. A general trend observed is that the RANS simulations based on meshes
without prism layers (Figures 4.28a & 4.28b) severely overpredict the temperature
in the fluid. The worst case of overpredicted temperature is seen in Figure 4.28a,
which shows the RANS simulation utilizing the SST k−ω model and the polyhedral
mesh without prism layers. For the RANS simulations based on a mesh with prism
layers, the simulations utilizing the SST k − ω turbulence model (Figures 4.27a,
4.29a, 4.30a, 4.30b, 4.31a and 4.31b) show better prediction of the temperature in
the aft bay than the simulations utilizing the Lag EB k− ε model (Figures 4.27b &
4.29b).

The RANS simulation that used the SST k− ω turbulence model with the γ −Reθ
transition model with the AUSM+ inviscid flux scheme (Figure 4.31b) shows the
most similar jet flow into the aft bay and the most similar temperature field in the
aft bay, compared to the reference simulation. However, the temperature close to the
forward wall of avionics 1 is overpredicted in this simulation. The most significant
differences between the Roe and AUSM+ inviscid flux schemes, Figures 4.30b and
4.31b, respectively, are that the simulation with the AUSM+ inviscid flux scheme
predicts the forward high temperature region from the leakage closer to the refer-
ence than the simulation with the Roe inviscid flux scheme. The AUSM+ scheme
also predicts the temperature of the thermal boundary layer along the aft wall of
avionics 2 closer to the reference than the Roe scheme. The overall temperature in
the aft bay is also better predicted by the AUSM+ scheme than it is by the Roe
scheme.
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Figure 4.26: Mean temperature field of the reference simulation shown at the right
cross-section.

(a) RANS simulation using the SST k −
ω turbulence model and the polyhedral
mesh with 11 prism layers.

(b) RANS simulation using the Lag EB
k−ε turbulence model and the polyhedral
mesh with 11 prism layers.

Figure 4.27: Temperature fields of the RANS simulations on a cross-sectional
plane. The temperature color bar and the location of the cross-sectional plane are
found in 4.26.
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(a) RANS simulation using the SST k −
ω turbulence model and the polyhedral
mesh without prism layers.

(b) RANS simulation using the Lag EB
k−ε turbulence model and the polyhedral
mesh without prism layers.

Figure 4.28: Temperature fields of the RANS simulations on a cross-sectional
plane. The temperature color bar and the location of the cross-sectional plane are
found in 4.26.

(a) RANS simulation using the SST k−ω
turbulence model and the trimmed mesh
with 11 prism layers.

(b) RANS simulation using the Lag EB
k − ε turbulence model and the trimmed
mesh with 11 prism layers.

Figure 4.29: Temperature fields of the RANS simulations on a cross-sectional
plane. The temperature color bar and the location of the cross-sectional plane are
found in 4.26.
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(a) RANS simulation using the SST k−ω
turbulence model with the γ transition
model and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the SST k−ω
turbulence model with the γ−Reθ transi-
tion model and the polyhedral mesh with
11 prism layers.

Figure 4.30: Temperature fields of the RANS simulations on a cross-sectional
plane. The temperature color bar and the location of the cross-sectional plane are
found in 4.26.

(a) RANS simulation using the SST k −
ω turbulence model with the polyhedral
mesh with 20 prism layers.

(b) RANS simulation using the SST k−ω
turbulence model with γ−Reθ transition
model, polyhedral mesh with 11 prism
layers and the AUSM+ inviscid scheme.

Figure 4.31: Temperature fields of the RANS simulations on a cross-sectional
plane. The temperature color bar and the location of the cross-sectional plane are
found in 4.26.
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The mean velocity field of the reference simulation is shown in Figure 4.32. The
right side, bottom side in the figure, of the jet from the ventilation hole between
the forward and aft bay hits the pipe with the leaking valve, which generates an
adverse pressure gradient that causes the jet to curve slightly to the left, upwards
in the figure. The flow from the jet is seen to spread along the isolated pipe in the
aft bay, and some recirculation regions are visible aft of the pipe.

All of the RANS simulations, Figures 4.33-4.37, capture the adverse pressure gradi-
ent of the pipe with the leaking valve. The predicted behaviour of the jet, however,
changes widely between the RANS simulations. The simulations based on a mesh
with prism layers and using SST k − ω model, Figures 4.33a, 4.35a, 4.36a, 4.36b,
4.37a and 4.37b, predict the shape of the jet closer to the reference simulation than
the simulations with the Lag EB k − ε model, Figures 4.33b & 4.35b, do. The Lag
EB k− ε model predicts a large wake behind the pipe with the leaking valve, which
is nonexistent in the results from the reference simulation.

The simulations without prism layers, Figures 4.34a & 4.34b, show a straighter
jet with a large wake from the flow around the pipe with the leaking valve that con-
nects to the wake from the jet itself. These simulations also predict an increase in
the velocity of the jet along the wall of the pipe compared to the other simulations.
This effect is most likely the result of a lack of small cells along the wall of the pipe,
resulting in the boundary layer along the pipe not being captured. The simulations
with the SST k − ω model on the trimmed mesh, Figure 4.35a, predict the angle
of the jet better than the other RANS simulations, but it also overpredicts the ve-
locity aft of the isolated pipe in the aft bay and underpredict the velocity of the
jet itself compared to both the other RANS simulations and the reference simulation.

The simulation based on the polyhedral mesh with 20 prism layers, Figure 4.37a,
showed an identical result to the same simulation setup with only 11 prism layers,
Figure 4.33a. In other words, there was no performance increase in adding more
prism layers when studying the velocity of the fluid in this cross-section. There
is also little to no difference between the results from the SST k − ω simulation
without a transition model, Figure 4.33a, and the SST k−ω simulations with tran-
sition models, Figures 4.36a & 4.36b. The simulation with the AUSM+ inviscid flux
scheme, Figure 4.37b, did not show any improved velocity predictions compared
to the simulation with Roe’s inviscid flux scheme, Figure 4.36b, and the reference
simulation, Figure 4.32.
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Figure 4.32: Mean velocity field of the reference simulation shown at the top
middle cross-section.

(a) RANS simulation using the SST
k−ω turbulence model and the poly-
hedral mesh with 11 prism layers.

(b) RANS simulation using the Lag
EB k − ε turbulence model and the
polyhedral mesh with 11 prism layers.

Figure 4.33: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.32.
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(a) RANS simulation using the SST
k−ω turbulence model and the poly-
hedral mesh without prism layers.

(b) RANS simulation using the Lag
EB k − ε turbulence model and the
polyhedral mesh without prism layers.

Figure 4.34: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.32.

(a) RANS simulation using the SST
k − ω turbulence model and the
trimmed mesh with 11 prism layers.

(b) RANS simulation using the Lag
EB k − ε turbulence model and the
trimmed mesh with 11 prism layers.

Figure 4.35: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.32.

(a) RANS simulation using the SST
k − ω turbulence model with the γ
transition model and the polyhedral
mesh with 11 prism layers.

(b) RANS simulation using the SST
k − ω turbulence model with the γ −
Reθ transition model and the polyhe-
dral mesh with 11 prism layers.

Figure 4.36: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.32.
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(a) RANS simulation using the SST
k−ω turbulence model with the poly-
hedral mesh with 20 prism layers.

(b) RANS simulation using the SST
k− ω turbulence model with γ −Reθ
transition model, polyhedral mesh
with 11 prism layers and the AUSM+
inviscid scheme.

Figure 4.37: Velocity fields of the RANS simulations on a cross-sectional plane.
The velocity color bar and the location of the cross-sectional plane are found in 4.32.

Figures 4.38-4.43 show the mean temperature field on a cross-section located roughly
in the middle of the ventilation hole, normal to the z-axis. The cross-section is
viewed from the top. Studying the temperature in the cross-section shown in Figure
4.38, the reference simulation shows that the cold jet is tight and does not mix with
the surrounding air in the aft bay until the jet hits the isolated pipe, where the
cooling air spreads out along the pipe. All the RANS simulations show an overall
colder right side, below the jet in the figures, of the aft bay compared to the reference.

Simulation using the polyhedral mesh without prism layers, Figures 4.40a & 4.40b,
shows an expanding wake from the jet. The cooling jet from the ventilation hole is
almost normal to the ventilation hole, which differs from the reference simulation,
Figure 4.38. This could be the result of the jet hitting the pipe with the leaking
valve, causing some separation behind the small pipe, resulting in the increased size
of the wake. The effect is also visible in Figure 4.41b, showing the simulation using
the Lag EB k−ε turbulence model on a trimmed mesh. However, in this simulation,
the wake behind the pipe with the leaking valve is far more pronounced. In general,
this phenomenon might be caused by poorly placed cells in the mesh.

The simulation using the SST k − ω turbulence model on the trimmed cell mesh
with prism layers, Figure 4.41a shows a colder jet flow than both the reference
simulation and the other simulations using the SST k − ω turbulence model on a
polyhedral mesh with prism layers, Figures 4.39a, 4.42a, 4.42b, 4.43a and 4.43b.
Both simulations utilizing the trimmed mesh, Figures 4.41a & 4.41b, underpredict
the temperature in the forward bay slightly compared to the simulations based on
the polyhedral mesh with prism layers, suggesting that the polyhedral mesh is better
for these simulations. It is also noted that, as previously discussed, the simulations
based on meshes without prism layers, Figures 4.40a & 4.40b, tend to overpredict
the temperature, which is clearly visible in the forward bay.

56



4. Results and Discussion

It is difficult to say which simulation setup predicts the temperature field the best
from this cross-section, but the RANS simulation using the SST k − ω turbulence
model with the γ − Reθ transition model, polyhedral mesh with 11 prism layers
and the AUSM+ inviscid scheme, Figure 4.43b, seems like the best candidate. The
simulation predicts the temperature of the bulk fluid in the forward and aft bay
closest to the reference simulation. The flow around the pipe with the leaking valve
and the lack of a cold wake from the pipe is comparable to the reference simulation.

Figure 4.38: Mean temperature field of the reference simulation shown at the top
middle cross-section, the location of which is shown in the top right of the figure.

(a) RANS simulation using the SST
k−ω turbulence model and the poly-
hedral mesh with 11 prism layers.

(b) RANS simulation using the Lag
EB k − ε turbulence model and the
polyhedral mesh with 11 prism layers.

Figure 4.39: Temperature fields of the RANS simulations. The temperature color
bar and the location of the cross-sectional plane are found in 4.38.

57



4. Results and Discussion

(a) RANS simulation using the SST
k−ω turbulence model and the poly-
hedral mesh without prism layers.

(b) RANS simulation using the Lag
EB k − ε turbulence model and the
polyhedral mesh without prism layers.

Figure 4.40: Temperature fields of the RANS simulations. The temperature color
bar and the location of the cross-sectional plane are found in 4.38.

(a) RANS simulation using the SST
k − ω turbulence model and the
trimmed mesh with 11 prism layers.

(b) RANS simulation using the Lag
EB k − ε turbulence model and the
trimmed mesh with 11 prism layers.

Figure 4.41: Temperature fields of the RANS simulations. The temperature color
bar and the location of the cross-sectional plane are found in 4.38.

(a) RANS simulation using the SST
k − ω turbulence model with the γ
transition model and the polyhedral
mesh with 11 prism layers.

(b) RANS simulation using the SST
k − ω turbulence model with the γ −
Reθ transition model and the polyhe-
dral mesh with 11 prism layers.

Figure 4.42: Temperature fields of the RANS simulations. The temperature color
bar and the location of the cross-sectional plane are found in 4.38.
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(a) RANS simulation using the SST
k−ω turbulence model with the poly-
hedral mesh with 20 prism layers.

(b) RANS simulation using the SST
k− ω turbulence model with γ −Reθ
transition model, polyhedral mesh
with 11 prism layers and the AUSM+
inviscid scheme.

Figure 4.43: Temperature fields of the RANS simulations. The temperature color
bar and the location of the cross-sectional plane are found in 4.38.

Figure 4.44 shows the isosurface at 200 ◦C in the aft bay of the reference simulation.
Comparing the RANS simulations, Figures 4.45-4.49, to the reference simulation,
it is clear that none of the RANS simulations capture the temperature field at 200
◦C correctly. The simulations based on the polyhedral mesh with prism layers, Fig-
ures 4.45a, 4.48a, 4.48b, 4.49a and 4.49b, produce isosurfaces more similar to the
reference simulation than the simulations based on the trimmed mesh with prism
layers, Figures 4.47a & 4.47b. The simulations without prism layers, Figures 4.46a
& 4.46b, show an isosurface with a large difference to the reference simulation. This
is expected since the previously discussed results from the simulations without prism
layers indicated a tendency for overpredicting the temperature in the fluid.

The simulation showing an isosurface closest to that of the reference simulation
is the RANS simulation using the SST k − ω turbulence model with γ − Reθ tran-
sition model, polyhedral mesh with 11 prism layers and the AUSM+ inviscid flux
discretization scheme, Figure 4.49b. The SST k − ω simulations with transition
models, Figures 4.48a & 4.48b, showed to produce isosurfaces closer to the refer-
ence than the simulation without, Figure 4.45a, especially the simulation with the
γ −Reθ transition model, Figure 4.48b.
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Figure 4.44: Isometric view of the isosurface of the temperature at 200 ◦C from
the reference simulation.

(a) RANS simulation us-
ing the SST k − ω tur-
bulence model and the
polyhedral mesh with 11
prism layers.

(b) RANS simulation us-
ing the Lag EB k−ε tur-
bulence model and the
polyhedral mesh with 11
prism layers.

Figure 4.45: Isometric view of the isosurface of the temperature at 200 ◦C from
the RANS simulations.
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(a) RANS simulation us-
ing the SST k − ω tur-
bulence model and the
polyhedral mesh without
prism layers.

(b) RANS simulation us-
ing the Lag EB k−ε tur-
bulence model and the
polyhedral mesh without
prism layers.

Figure 4.46: Isometric view of the isosurface of the temperature at 200 ◦C from
the RANS simulations.

(a) RANS simulation us-
ing the SST k − ω tur-
bulence model and the
trimmed mesh with 11
prism layers.

(b) RANS simulation us-
ing the Lag EB k−ε tur-
bulence model and the
trimmed mesh with 11
prism layers.

Figure 4.47: Isometric view of the isosurface of the temperature at 200 ◦C from
the RANS simulations.
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(a) RANS simulation us-
ing the SST k − ω tur-
bulence model with the γ
transition model and the
polyhedral mesh with 11
prism layers.

(b) RANS simulation us-
ing the SST k − ω tur-
bulence model with the
γ−Reθ transition model
and the polyhedral mesh
with 11 prism layers.

Figure 4.48: Isometric view of the isosurface of the temperature at 200 ◦C from
the RANS simulations.

(a) RANS simulation us-
ing the SST k − ω tur-
bulence model with the
polyhedral mesh with 20
prism layers.

(b) RANS simulation us-
ing the SST k−ω turbu-
lence model with γ−Reθ
transition model, polyhe-
dral mesh with 11 prism
layers and the AUSM+
inviscid scheme.

Figure 4.49: Isometric view of the isosurface of the temperature at 200 ◦C from
the RANS simulations.
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4.3.4 Comparison of velocity profiles
The velocity profiles along the top surface of avionics 1, created from the marked
points in Figure 4.50, are shown in Figure 4.51. The ratio 2V

Vmax
for the velocity

profiles was chosen as a representative ratio in the figure, and Vmax is the maximum
value of the scales in Figures 4.20 & 4.32, i.e. Vmax = 18 m/s. The graph labeled
SRH refers to the reference simulation. Only every other of the locations along the
x-axis in Figure 4.50 is plotted to reduce the clutter in Figure 4.51.

Studying the graph of the reference simulation, the velocity profile along the x-axis
clearly shows the development of a boundary layer near the wall. The boundary
layer of the reference simulation is nearing separation at x = 0.44 as the velocity
decreases from x = 42. The boundary layer does, however, stay attached along the
entirety of the top surface of avionics 1 for the reference simulation.

Studying the RANS simulations, a very noticeable behaviour is observed: both
simulations show a velocity greater than zero near the wall at several locations.
This lack of prism layers means that the cells close to the wall are too large to
capture a boundary layer properly. Still, some of the boundary layer is captured
at a later location. At x = 0.42, for example, the velocity profiles of the simula-
tions without prism layers compare to the reference simulation further away from
the surface. This is because the boundary layer has grown thick enough for the
normal-sized cells in the mesh to capture it. The RANS simulations using the SST
k−ω turbulence model on the polyhedral mesh without prism layers also show a sep-
aration point at x = 0.46, where the velocity in the points near the wall goes to zero.

The simulation using the SST k − ω turbulence model on a trimmed mesh cap-
tures the development of the boundary layer but underpredicts the magnitude of
the velocity at all locations compared to the reference simulation. The RANS sim-
ulation also predicts a separation at x = 0.44, earlier than the RANS simulation
using the SST k − ω model and a mesh without prism layers.

The Lag EB k − ε turbulence model performs slightly better on the trimmed mesh
with prism layers than on the polyhedral mesh with prism layers. It captures the
boundary layer development well, but captures the start of the separation slightly
later than the reference. The simulations using the different SST k − ω models on
the polyhedral mesh with prism layers show very similar velocity profiles. The in-
creased number of 20 prism layers does not seem to provide any meaningful increase
in predicting the boundary layer along the top surface of avionics 1. The AUSM+
inviscid flux discretization scheme performed a lot worse at the separation point
of x = 0.46 than Roe’s scheme, suggesting that Roe’s scheme should be used for
simulations where the boundary layer is of interest.
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(a) Isometric view (b) Right side view (c) Top side view

Figure 4.50: Figures showing the locations of the measured data presented in
Figure 4.51.

Figure 4.51: Figure showing the velocity profiles of the simulations along the top
surface of avionics 1. The figure only shows the profile of the x-component of the
velocity, since this is the dominating component due to the jet.

The velocity profiles inside the jet, created from the points shown in Figure 4.52, are
shown in Figure 4.53. The ratio V

Vmax
is the ratio of local velocity to the maximum

velocity, Vmax = 18. Only every third of the locations along the x-axis in Figure
4.52 is plotted to reduce the clutter in Figure 4.53.

The general trend of the velocity profiles in Figure 4.53 is that the simulations
using the SST k−ω turbulence model on a mesh with prism layers predict a profile
closer to the reference than any of the other RANS simulations. This could be due
to the fact that the reference simulation was also run using the SST k−ω turbulence
model. All the simulations using the Lag EB k − ε turbulence model show similar
velocity profiles in the wake. The reason to why even the simulation without prism
layers in the mesh shows a profile close to the simulations with prism layers in the
mesh is most likely because at around x = 0.27, the jet or wake of the jet is far
enough away from any wall that the prism layers don’t increase the accuracy of the
prediction. When the flow hits the wall of the isolated pipe, the velocity has already
reduced significantly.

The RANS simulations, which predicted velocity profiles closest to the reference
simulation, are the simulations using the SST k − ω turbulence model with a tran-
sition model on a mesh with prism layers.
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(a) Isometric view (b) Right side view (c) Top side view

Figure 4.52: Figures showing the locations of the measured data presented in
Figure 4.53.

Figure 4.53: Figure showing the velocity profiles of the simulations along the top
surface of avionics 1. The figure only shows the profile of the x-component of the
velocity, since this is the dominating component due to the jet.

4.3.5 Comparison of surface temperatures
Figure 4.54 shows the temperature at the top of avionics 1, the surface marked in
the upper right of the figure. The area where the wake of the cooling jet from the
ventilation hole flows along the surface is clearly visible as the cold streak in roughly
the middle of the surface. A colder area is also seen on the right side, left side of the
figure, at the aft of the surface, which could be the result of a recirculation region.
Figures 4.55-4.59 show the different RANS simulations of the same surface.

A noticeable difference between the RANS simulations and the reference simulation
is that the RANS simulations overpredict the temperature of the surface, predicting
hotspots at 350 ◦C or above in almost all simulation setups. The simulation that
shows the least amount of hotspots is the RANS simulation using the SST k − ω
turbulence model on a polyhedral mesh without prism layers. The cold wake from
the jet is, however, less pronounced for this simulation. It is interesting that the
simulation setup, which overall predicts a higher surface-averaged temperature, also
predicts fewer hotspots. However, this figure only shows one side of a six-sided
object, so it is not possible to draw any conclusions from this result.
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The simulations using the Lag EB k − ε turbulence model on a mesh with prism
layers, Figures 4.55b & 4.57b, capture the effect of the wake on the surface and the
colder region at the aft of the surface better than the RANS simulations using the
SST k − ω turbulence model in all forms. However, the Lag EB k − ε model also
predicts hot regions around or above 350 ◦C, which do not exist in the result from
the reference simulation.

The general shape of the temperature profile on the surface of avionics 1 is bet-
ter predicted by the SST k − ω simulations using a polyhedral mesh with prism
layers, Figures 4.55a, 4.58a, 4.58b, 4.59a and 4.59b. The simulation using the SST
k − ω turbulence model on the trimmed mesh, Figure 4.57a, severely overpredicts
the hot regions close to the front and left edges, bottom and right edges in the figure,
of the surface, once again suggesting that the SST k − ω turbulence model works
better on a polyhedral mesh. The RANS simulation using the SST k−ω turbulence
model with the γ−Reθ transition model on a polyhedral mesh with 11 prism layers
and the AUSM+ inviscid flux discretization scheme, Figure 4.59b, seems to predict
values that are closer to the reference simulation than any of the other investigated
RANS simulations.

Figure 4.54: Reference simulation showing the temperature of the top surface of
avionics 1. The location of the plane is shown highlighted in the top right of the
figure.
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(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh with 11
prism layers.

Figure 4.55: RANS simulations showing the temperature of the top surface of
avionics 1.

(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh without
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh without
prism layers.

Figure 4.56: RANS simulations showing the temperature of the top surface of
avionics 1.
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(a) RANS simulation using the
SST k − ω turbulence model and
the trimmed mesh with 11 prism
layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the trimmed mesh with 11
prism layers.

Figure 4.57: RANS simulations showing the temperature of the top surface of
avionics 1.

(a) RANS simulation using the
SST k−ω turbulence model with
the γ transition model and the
polyhedral mesh with 11 prism
layers.

(b) RANS simulation using the
SST k−ω turbulence model with
the γ − Reθ transition model
and the polyhedral mesh with 11
prism layers.

Figure 4.58: RANS simulations showing the temperature of the top surface of
avionics 1.
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(a) RANS simulation using the
SST k − ω turbulence model
with the polyhedral mesh with 20
prism layers.

(b) RANS simulation using the
SST k−ω turbulence model with
γ − Reθ transition model, poly-
hedral mesh with 11 prism layers
and the AUSM+ inviscid scheme.

Figure 4.59: RANS simulations showing the temperature of the top surface of
avionics 1.

The temperature of the forward surface of avionics 1 from the reference simulation is
shown in Figure 4.60. The impingement zone from the leaking valve is clearly visible
as the large, almost oval hot spot on the face. Another line of hotter temperature is
visible almost as a circle around the previously mentioned hot spot. This could be
the result of a recirculation region occurring around the impingement zone. There
is also another hot region near the bottom left edge, the bottom right edge in the
figure, of the surface. Once again, none of the RANS simulations, Figures 4.61-4.65,
capture the impingement region of the leakage shown in the results of the reference
simulation correctly.

The simulations without prism layers in the mesh, Figures 4.62a & 4.62b, do not cap-
ture any of the flow features shown in the solution of the reference simulation. Both
of the simulations actually underpredict the temperature of the surface severely.
This result is most likely due to the low number of cells in the region, making it
hard for the solver to capture the flow properly since the surface is relatively close
to the leaking valve.

Comparing the results of the SST k − ω and Lag EB k − ε turbulence models
on the polyhedral mesh with prism layers, the Lag EB k − ε model, Figure 4.61b,
showed a larger region of hot temperature on the ring from the impingement zone
than the SST k−ω model, Figure 4.61a, and the reference. The Lag EB k−ε model
does, however, predict the curve of the region closer to the reference than the SST
k− ω model. The SST k− ω model seems to predict the shape of the impingement
zone closer to the reference than the Lag EB k − ε model.

The simulations based on the trimmed mesh, Figures 4.63a & 4.63b, showed less
curvature of the ring around the impingement zone than predicted by the reference
simulation. This is most likely because the trimmed mesh is built by ordered cells,
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promoting the transport of information in the Cartesian directions. The ring also
covered a larger region and the region also showed a hotter temperature than the
reference simulation had predicted. The Lag EB k − ε turbulence model predicted
a smaller region of colder temperature at the top edge of the surface, near the im-
pingement zone, as predicted by the reference simulation. The SST k−ω turbulence
model did not predict this cold region, suggesting that Lag EB k − ϵ model works
better on a trimmed mesh than the SST k − ω does.

The RANS simulation based on the polyhedral mesh with 20 prism layers, Fig-
ure 4.65a, shows a more accurate prediction of the temperature in the hot regions
than the RANS simulations with only 11 prism layers, Figure 4.61a, when compared
to the reference simulation. The general temperature profile of the surface is, how-
ever, identical for the two RANS simulations.

Studying the effects of the transition models for the SST k − ω model, both the
simulation with the γ transition model, Figure 4.64a, and the simulation with the
γ − Reθ transition model, Figure 4.64b, capture the flow features predicted by the
reference simulation better than the simulation using no transition model, Figure
4.61a. The RANS simulation with the AUSM+ inviscid flux scheme, Figure 4.65b,
performed worse than the simulation with Roe’s inviscid flux scheme, Figure 4.64b.
The RANS simulation using the SST k − ω turbulence model with the γ − Reθ
transition model on the polyhedral mesh with 11 prism layers and Roe’s inviscid
flux discretization scheme performed the closest to the reference simulation of the
RANS simulations.

Figure 4.60: Reference simulation showing the temperature of the forward surface
of avionics 1. The location of the plane is shown highlighted in the top right of the
figure.
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(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh with 11
prism layers.

Figure 4.61: RANS simulations showing the temperature of the forward surface
of avionics 1.

(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh without
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh without
prism layers.

Figure 4.62: RANS simulations showing the temperature of the forward surface
of avionics 1.
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(a) RANS simulation using the
SST k − ω turbulence model and
the trimmed mesh with 11 prism
layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the trimmed mesh with 11
prism layers.

Figure 4.63: RANS simulations showing the temperature of the forward surface
of avionics 1.

(a) RANS simulation using the
SST k−ω turbulence model with
the γ transition model and the
polyhedral mesh with 11 prism
layers.

(b) RANS simulation using the
SST k−ω turbulence model with
the γ − Reθ transition model
and the polyhedral mesh with 11
prism layers.

Figure 4.64: RANS simulations showing the temperature of the forward surface
of avionics 1.
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(a) RANS simulation using the
SST k − ω turbulence model
with the polyhedral mesh with 20
prism layers.

(b) RANS simulation using the
SST k−ω turbulence model with
γ − Reθ transition model, poly-
hedral mesh with 11 prism layers
and the AUSM+ inviscid scheme.

Figure 4.65: RANS simulations showing the temperature of the forward surface
of avionics 1.

Figure 4.66 shows the temperature profile of the forward-facing surface of the iso-
lated pipe in the aft bay for the reference simulation. The region where the cold
jet’s wake hits the surface is clearly visible, and the cooling effect extends to the
left and right of the impingement zone as the cold air moves away from the region.
There are two regions at the rightmost, to the left in the figure, and leftmost, to the
right in the figure, walls where the temperature is upwards of 250 ◦C.

Figures 4.67 - 4.71 show the temperature of the front surface of the isolated pipe
in the aft bay produced by the RANS simulations. In general, the simulations with
the SST k − ω turbulence model using a mesh with prism layers, Figures 4.67a,
4.69a, 4.70a, 4.70b, 4.71a and 4.71b, show an impingement zone and cooling spread
closer to that of the reference simulation than the simulations using the Lag EB
k − ε turbulence model, Figures 4.67b, 4.68b and 4.69b, and the simulations with-
out prism layers in the mesh, Figures 4.68a & 4.68b. Increasing the number of prism
layers from 11, Figure 4.67a, to 20, Figure 4.71a did not affect the result noticeably.
All the RANS simulations with prism layers underpredicted the temperature of the
impingement zone, showing more cooling than the reference simulation predicted.
The RANS simulation that captured the temperature profile closest to the reference
simulation was once again the RANS simulation using the SST k − ω turbulence
model with the γ − Reθ transition model on the polyhedral mesh with 11 prism
layers and the AUSM+ inviscid flux discretization scheme.
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Figure 4.66: Reference simulation showing the temperature of the front surface of
the isolated pipe in the aft bay. The location of the surface is shown highlighted in
the top right of the figure.

(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh with 11
prism layers.

Figure 4.67: RANS simulations showing the temperature of the front surface of
the isolated pipe in the aft bay.

(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh without
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh without
prism layers.

Figure 4.68: RANS simulations showing the temperature of the front surface of
the isolated pipe in the aft bay.
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(a) RANS simulation using the
SST k − ω turbulence model and
the trimmed mesh with 11 prism
layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the trimmed mesh with 11
prism layers.

Figure 4.69: RANS simulations showing the temperature of the front surface of
the isolated pipe in the aft bay.

(a) RANS simulation using the
SST k−ω turbulence model with
the γ transition model and the
polyhedral mesh with 11 prism
layers.

(b) RANS simulation using the
SST k−ω turbulence model with
the γ − Reθ transition model
and the polyhedral mesh with 11
prism layers.

Figure 4.70: RANS simulations showing the temperature of the front surface of
the isolated pipe in the aft bay.

(a) RANS simulation using the
SST k − ω turbulence model
with the polyhedral mesh with 20
prism layers.

(b) RANS simulation using the
SST k−ω turbulence model with
γ − Reθ transition model, poly-
hedral mesh with 11 prism layers
and the AUSM+ inviscid scheme.

Figure 4.71: RANS simulations showing the temperature of the front surface of
the isolated pipe in the aft bay.

The reference temperature of the bottom surface of avionics 2 is shown in Figure
4.72. Two low-temperature areas, split by a line of higher temperature, are visible
on the surface. The profile is the result of the separation from the avionics pipe
shown in Figure 4.20.

Figures 4.73 - 4.77 show the predicted temperature of the RANS simulations on
the same surface. As previously discussed, none of the RANS simulations capture
the separation behind the avionics pipe. This means that the colder regions pre-
dicted by the reference simulation do not appear in any of the results from the
RANS simulations. The RANS simulations based on meshes without prism layers,
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Figures 4.74a & 4.74b, show temperature profiles where no cold region or hot region
is predicted; the temperature is quite even on the entire surface in both simulation
results. The RANS simulation using the SST k−ω turbulence model on the trimmed
mesh shown in Figure 4.75a overpredicts the temperature along the forward and aft
edges, corresponding to the right and left edges in the image, creating hotspots that
do not show up in any of the other simulation results. These three results indicate
that the simulation setups without prism layers and the simulation setup using the
SST k − ω turbulence model on a trimmed mesh perform worse for capturing the
temperature profile of the surface compared to the results of the other RANS sim-
ulations.

The RANS simulations utilizing the Lag EB -̨ε turbulence model on a mesh with
prism layers, Figures 4.73b & 4.75b, predict more separation from the avionics pipe
than the RANS simulations using the SST k−ω turbulence model in any form. Two
predicted low-temperature zones are shown in the results from the simulations with
the Lag EB k− ε model; however, the aft region appears closer to the forward edge
than the aft region of the reference simulation. All RANS simulations with prism
layers underpredict the lowest temperature of the cold region and predict a wider
spread of the cooling effect towards the left edge, the bottom edge in the figures,
than the reference simulation.

Figure 4.72: Reference simulation showing the temperature of the bottom surface
of avionics 2. The location of the surface is shown highlighted in the top right of
the figure.

76



4. Results and Discussion

(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh with 11
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh with 11
prism layers.

Figure 4.73: RANS simulations showing the temperature of the bottom surface of
avionics 2.

(a) RANS simulation using the
SST k − ω turbulence model
and the polyhedral mesh without
prism layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the polyhedral mesh without
prism layers.

Figure 4.74: RANS simulations showing the temperature of the bottom surface of
avionics 2.
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(a) RANS simulation using the
SST k − ω turbulence model and
the trimmed mesh with 11 prism
layers.

(b) RANS simulation using the
Lag EB k − ε turbulence model
and the trimmed mesh with 11
prism layers.

Figure 4.75: RANS simulations showing the temperature of the bottom surface of
avionics 2.

(a) RANS simulation using the
SST k−ω turbulence model with
the γ transition model and the
polyhedral mesh with 11 prism
layers.

(b) RANS simulation using the
SST k−ω turbulence model with
the γ − Reθ transition model
and the polyhedral mesh with 11
prism layers.

Figure 4.76: RANS simulations showing the temperature of the bottom surface of
avionics 2.
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(a) RANS simulation using the
SST k − ω turbulence model
with the polyhedral mesh with 20
prism layers.

(b) RANS simulation using the
SST k−ω turbulence model with
γ − Reθ transition model, poly-
hedral mesh with 11 prism layers
and the AUSM+ inviscid scheme.

Figure 4.77: RANS simulations showing the temperature of the bottom surface of
avionics 2.
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4.4 Resource consumption
The resource consumption for each simulation is presented in Table 4.5. The highly
resolved simulation using the SRH model was run using 1984 cores, whereas all the
RANS simulations were run on 192 cores, less than 10 % of the number used for the
SRH simulation. This clearly demonstrates the need for accurate, simplified RANS
simulations. There is a significant reduction in simulation time for the simulations
using the trimmed mesh compared to the simulations using the polyhedral mesh.
This might be due to the trimmed mesh containing roughly 2 million cells fewer
than the polyhedral mesh. The SST k − ω simulations without transition models
take a slightly longer time compared to the Lag EB k − ε model, on the smaller
meshes (the polyhedral mesh without prism layers and the trimmed cell mesh) than
it does on the larger polyhedral mesh with prism layers. This is interesting as the
Lag EB k − ε turbulence model solves one transport equation more than the SST
k−ω turbulence model without transition models, suggesting that the latter should
be faster on all meshes. The simulation with 20 prism layers in the mesh took the
longest time to complete at 21.4 hours, while producing similar or worse results to
the simulation with the same setup but with only 11 prism layers. An interesting
result in the table is that the solution time for the simulation with the AUSM+
inviscid flux discretization scheme was slightly lower, 14.8 h, than the solution time
for the same simulation setup with the Roe’s inviscid flux discretization scheme.
Yet, the simulation with the AUSM+ scheme produced temperature results closer
to the predictions of the reference simulation.

Table 4.5: The resource consumption for each simulation.

Simulation CPU time/iteration CPU hours Physical time
Reference 3447 s 744083 h 15.6 days
RANSV 1 249 s 2569 h 13.8 h
RANSV 2 285 s 2695 h 14.0 h
RANSV 3 124 s 996 h 5.2 h
RANSV 4 111 s 921 h 4.8 h
RANSV 5 162 s 1354 h 7.1 h
RANSV 6 161 s 1235 h 6.4 h
RANSV 7 303 s 2738 h 14.4 h
RANSV 8 354 s 2870 h 15.1 h
RANSV 9 515 s 4081 h 21.4 h
RANSV 10 277 s 2829 h 14.8 h

80



5
Conclusion

In general, the RANS simulation that had the best accuracy for predicting the tem-
perature profile of the walls was the simulation using the SST k−ω turbulence model
with the γ−Reθ transition model on the polyhedral mesh with 11 prism layers with
the AUSM+ inviscid flux discretization scheme. This RANS simulation also showed
the least amount of errors when predicting the surface-averaged mean temperature
of the avionics and pipes inside the internal bay. The Lag EB k − ε model lacked
accuracy in several regions, as well as in the surface- and volume-averaged tempera-
tures, when compared to the SST k−ω model on the polyhedral mesh. The Lag EB
k− ε model was, however, more accurate on the trimmed mesh than the SST k−ω
model was in both the surface- and volume-averaged temperatures and heat transfer.

Comparing the simulations with prism layers to the simulations without prism lay-
ers, a clear difference is visible in the right cross-sectional plane. The simulations
without prism layers in the mesh were severely overpredicting the temperature in
the internal bay by around 50 ◦C to 100 ◦C. Prism layers were required for capturing
the heat transfer and temperature of the boundaries inside the bay accurately, as
was shown in Section 4.3.2. The simulations using the polyhedral mesh with 11
prism layers showed results closer to the reference case than the simulations using
the trimmed mesh with 11 prism layers, both for the surface- and volume-averaged
temperatures and heat transfer, and in many of the temperature and velocity pro-
files. The simulation based on the polyhedral mesh with 20 prism layers showed no
real improvement compared to the simulation based on the polyhedral mesh with
only 11 prism layers.

The transition models for the SST k − ω turbulence model showed great poten-
tial, with the γ − Reθ model predicting values and profiles close to the reference
simulation in many cases. Switching from Roe’s inviscid flux discretization scheme
to the AUSM+ inviscid flux discretization scheme showed an increased performance
in capturing flow characteristics and surface temperatures. The AUSM+ scheme
was also cheaper in terms of the required solving time for a set number of iterations.

Regarding the sustainability aspect of this work, a reduction in simulation time
means a reduction in resource consumption. This reduces the power consumption
per simulation and the need for large data centers, which is beneficial for the envi-
ronment.
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For simulations of similar character, the RANS simulation using the SST k−ω turbu-
lence model with the quadratic constitutive relationship and the γ −Reθ transition
model run on a polyhedral mesh with prism layers using the AUSM+ inviscid flux
discretization scheme will provide results within roughly 4 % of the time-averaged
results of a highly resolved turbulent simulation, for a much shorter simulation time,
as shown in this thesis.

5.1 Future work
Future work would be to evaluate different prism layer setups to find a general setup
that captures the thermal boundary layer accurately. An optimization study com-
paring the measured temperature and heat transfer of the boundaries for different
placements of inlet, outlet and ventilation hole/holes might provide general guide-
lines for designing an internal bay. A CHT on simulation complete with thermal
radiation of an internal bay would also be recommended, as the heat transfer in
the wall separating the two bays would most likely have a large impact on the fluid
temperature in the front bay.

A downside of the SRH simulation is that the flow field near the wall is computed
using RANS. For temperature and heat transfer simulations, the thermal boundary
layer close to the walls is important. Using RANS near the walls introduces errors,
which might have a significant impact on the results shown in this thesis. For a
more accurate study, a LES or Direct Numerical Simulation (DNS) would be a bet-
ter reference if experimental data is not viable.

This thesis has not studied the convergence rates of the different RANS simulations.
Such a study might be interesting to determine which RANS simulation setup finds
the most accurate solution in the least number of iterations, further reducing the
computational cost.

A numerical study of how different turbulence models are affected by different in-
viscid flux discretization schemes would also be interesting, as the AUSM+ inviscid
flux discretization scheme showed great potential with the SST k − ω turbulence
model in this thesis.
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