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Abstract

The current study was carried out on behalf of GKN Aerospace as a Master’s thesis at Chalmers University
of Technology. The Department of Propulsion Engineering at this company wished to develop a deeper
understanding into the performance of supersonic engine intakes and to relate this to the influential physical
notions and geometry alterations. The ultimate objective was to obtain a CFD model to study the effects
of key variations of geometrical and physical parameters on the aerodynamic performance. This model was
initially to be validated on a model scale against the results of wind tunnel tests. The specific means by which
this validation was done was to compare the mass flow and total pressure recovery at the outlet of the intake,
as predicted by wind tunnel tests and by the CFD model. The results of the validation study show that despite
the two-dimensional geometry of the intake, the flow in the interior of the intake is highly three-dimensional.
This is mainly attributed to the separation in the subsonic diffuser, induced by shock waves and end-wall,
turbulent effects. This has highlighted distinct differences in the means by which the global, gross effects of
total pressure recovery is estimated in wind tunnel tests as compared to the model. Nevertheless, disregarding
from the explicable differences, a sound model was achieved.

The secondary objective was to scale this generic model intake to a real size, to meet the mass flow re-
quirements of a typical engine. As the scaling was performed, alterations to the external compression ramp
geometry was implemented. This was done in order to investigate the global effects of having an isentropic,
continuous-curve type ramp as compared to a discrete, two-step ramp. As the parametric study was carried
out, it was concluded that the effect of having a discrete ramp was mainly that of reducing the mass flow
swallowed by the intake. While having comparable levels of global total pressure recovery, the discrete-ramp
geometry featured the positive effect of limiting flow separation and distortion in the diffuser section. This
effect was attributed to the reduction in velocity and momentum of the ingested mass flow, due to less efficient
external compression and increased mass flow spillage. Finally, aerodynamic performance of the large-scale
intake was assessed in terms of aerodynamic drag forces and pitch torque. On the basis of the conclusions
formed in this project, some recommendations for future work were given.

Keywords: Intake, Supersonic, Rectangular, Shock wave, Separation, Diffuser, SST, Shear Stress Transport,
Validation Study, Parametric Study, Wind Tunnel

i



ii



Preface

The idea of taking on a Master’s thesis involving a CFD study of a supersonic engine intake came into existence
after taking a course in Compressible Flow at Chalmers University of Technology in the Spring of 2017. I had
previously been introduced to the field of Computational Fluid Dynamics and the interest steadily grew as I
was able to perform an introductory study on the SR-71 Blackbird engine intake. Being enrolled in the final
year of my engineering studies, I wished to deepen my knowledge and experience in this academic field to be
able to pursue a career therein. Being offered the opportunity to perform this thesis at GKN Aerospace was
a great chance to do this. The Department of Propulsion Engineering at this company wished to create a
validated CFD model of a generic supersonic intake, on which basic design alterations could be made to predict
and study global aerodynamic performance.
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Nomenclature

Physics Constants

Cp Reference, specific heat of air in an isobaric process 1006 J · kg−1K−1

Cv Reference, specific heat of air in an isochoric process 717.1 J · kg−1K−1

γ Ratio of specific heats of air 1.4

R Specific gas constant of air 287 J · kg−1K−1

g Gravitational constant 9.81m · s−2

Variables

t Time [s]

a Local speed of sound [m · s−1]

ρ Density [kg ·m−3]

p Pressure [kg ·m−1 · s−2]

T Temperature [K]

x, y, z Displacement components in a Cartesian coordinate system [m]

u, v, w Velocity components in a Cartesian coordinate system [m · s−1]

V Magnitude of velocity vector [m · s−1]

e Internal energy [J · kg−1]

h Enthalpy [J · kg−1]

θ Deflection angle [◦]

β Shock wave angle [◦]

µ Dynamic viscosity [kg ·m−1 · s−1]

ν Kinematic viscosity [m2 · s−1]

τ Viscous shear stress [kg ·m−1 · s−2]

S Strain-rate tensor [s−1]

n Distance between cell nodes [m]

k Turbulent kinetic energy [m2 · s−2]

ε Turbulent eddy dissipation rate [m2 · s−3]

ω Turbulent eddy frequency [s−1]

q̇ Heat flux [J · kg−1 · s−1]

K Thermal conductivity [J · s−1 ·m−1 ·K−1]

ṁ Mass flow [kg · s−1]

W Specific work [J · kg−1]

D Drag force [kg ·m · s−2]

L Lift force [kg ·m · s−2]

F Force (used in multiple contexts) [kg ·m · s−2]

P Pitch torque [kg ·m2 · s−2]

A Area [m2]

Dimensionless coefficients

M Mach Number

Re Reynolds number
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TPR Total Pressure Recovery (usually denoted η)

MFR Mass Flow Ratio/Capture Area Ratio (usually denoted ε)

CD Drag coefficient

y+ Non-dimensional wall distance

CFL Courant (Courant-Friedrichs-Lewy) number

SF Scale factor used for geometry transformation

DIST Distortion factor

δij Kronecker delta

Indices and Abbreviations

p Referring to an isobaric process

v Referring to an isochoric process

s Referring to an isentropic process

0 Referring to stagnation (total) conditions

∞ Referring to free stream (capture face) conditions

d Referring to design conditions of intake

e Referring to engine face conditions

n Referring to conditions normal to pertinent shock wave

N Referring to nozzle exhaust conditions

1 Referring to conditions upstream of pertinent shock

2 Referring to conditions downstream of pertinent shock

∗ Referring to conditions obtained after an isentropic acceleration to sonic speed

x, y, z Referring to the axes of a Cartesian coordinate system

int Referring to internal contribution from the interior of the intake

ext Referring to external contribution from the exterior of the intake

add Referring to additive contribution

PT Referring to axis of pitch torque

corr Referring to corrected quantity

w Referring to conditions adjacent to walls

ss Referring to conditions at small scale

ls Referring to conditions at large scale

V Referring to implementation in validation study

P Referring to implementation in parametric study

IR Referring to Isentropic Ramp, a continuous-curve type intake ramp

DR Referring to Discrete Ramp, an intake ramp featuring straight segments

LE Referring to leading edge

TE Referring to trailing edge

BP Referring to intake back pressure

LP Referring to low intake back pressure

HP Referring to high intake back pressure
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1 Introduction

Modern supersonic aircraft rely heavily on the performance of the engine intake, whose primary function
is to decelerate and direct the incoming air to the engine to allow for a propulsion of the aircraft to be
achieved. It is argued by many authors, of which a few are mentioned here [12] [26], that the engine intake
is critical to the overall aerodynamic performance of the propulsion unit. The flight domain is paramount
to understanding engine intake design philosophy, as the deceleration and compression of air is achieved in
different manners depending on the desired Mach number range. Engines for subsonic operation, mainly
found on subsonic passenger aircraft, utilize rotational parts in the form of stator and rotor blade rows in the
compressor and turbine, where the former requires a work input supplied by the latter to compress the air
to a sufficient pressure. In contrast, engines for supersonic operation employ an initial air intake prior to the
compressor, that is less intricate in the sense that it has no moving parts, as the kinetic energy of the air is
sufficient to achieve a high level of static pressure rise at supersonic speeds. Hence, the pressure rise in the lat-
ter mode, mainly performed in the intake, is achieved by a successive diffusion of air velocity with no work input.

To aid in the description of a generic supersonic intake, a schematic view that includes key terminology
is provided in Figure 1.1. A supersonic intake generally involves a supersonic and a subsonic diffuser, giving
rise to a mixed-compression mode. The supersonic diffuser is a convergent section, designed in such a way
that the flow area is reducing towards the throat section, where the area is at a minimum. The domain of
supersonic flight is associated with the presence of shock waves, which originate due to the inability of sudden
changes of flow properties to propagate upstream at a velocity greater than the local speed of sound. The
design procedure involves choosing a sequence of oblique shock waves, that are characterized by the varying
angles they form to the flow upstream of the shock, and to control the strength of the terminal, normal shock
which controls the transition from supersonic to subsonic flow. As the flow enters the subsonic diffuser at a
velocity below the speed of sound, further deceleration is achieved by means of a flow area increase, hence this
constitutes a divergent section.

Figure 1.1: View of a generic, supersonic, rectangular engine intake including key terminology.

When evaluating the aerodynamic performance of supersonic intakes there is a strong consensus among authors,
of which a few are mentioned here, as to the objectives that are of importance. The primary objective to engine
intake design is to maximize the total pressure recovery [7] [10] [22], by means of minimizing total pressure losses.
These losses are a direct consequence of entropy creation due to the various transport phenomena that occur
as the flow decelerates from the free-stream supersonic flow to the subsonic flow at the intake outlet, such as
thermal conduction and viscous diffusion across shock waves [2]. The intake outlet, also denoted engine face, is
identified in Figure 1.1. Saravanan et al. [22] argues that a good total pressure recovery increases the attainable
engine thrust and reduces the fuel consumption. Ran & Mavris [20] elaborates on this by estimating that for
1% total pressure loss, the engine suffers at least 1% thrust loss. Furthermore, a quantity that is of essential
interest is the mass flow entering the engine [10] [22]. This objective is usually stated as a criterion rather than
a quantity subject to optimization [10], meaning that the engine requires a certain mass flow as a function of the
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operating Mach number, and the excess can be utilized as a bypass flow that is redirected prior to the engine.
Moreover, it is desired that the air flow at the engine face exhibits a uniform pressure and velocity distribution,
while maintaining a Mach number around 0,4 [22] [20]. Secondary objectives to engine intake design are
the minimization of added aerodynamic drag to the aircraft, which will reduce the required engine thrust
that is needed for the desired level of aircraft propulsion, as well as minimizing the added mass to the aircraft [7].

Benchmarking procedures used in modern industry involves experimental, numerical and analytical methods.
There is an extensive analytical framework for analysis of shock waves and boundary layer evolution in external
flows. However, the interaction of these phenomena in supersonic intakes, potentially including the effects of
separation and viscosity, increases the flow complexity to such an extent that analytical methods are insufficient
to accurately model the intake flow [23]. Furthermore, it is argued [23] that the costs of experimental tests
limits their use to the evaluation of special cases, such as validation of numerical results. Also, taking advantage
of the dynamic similarity laws, these procedures require scaled physical models of the intakes that are the
subject of the study, further compromising the feasibility of parametric studies. [10] argues on the basis of the
conclusion formed by [19], that some major advances in technology have resulted in a revolution of the process
of intake design. The first is the development of simulation software for aerodynamic performance prediction
that features accuracy, robustness and efficiency. As an example of a highly efficient simulation tool, the 2ES3D
(Euler semi-empirical simulation for three-dimensional intakes) has been developed [5], and is able to accurately
predict total pressure recovery and mass capture ratio for a significant range of the performance curve of a
three-dimensional supersonic intake in a few minutes on a single-processor workstation. Consequently, this
tool was chosen as the CFD software in an automated design optimization study conducted on the French
VESTA missile [9]. The 2ES3D solver was coupled with a genetic algorithm for the selection and generation of
improved designs in an automated procedure, where an optimized shape of the supersonic intake was achieved.
The conclusion of that study was that a comparable design in terms of aerodynamic performance was achieved
in three months using the automated approach, where classical methods used for the original design required
about two years. On the other end of the efficiency spectrum are the full Navier-Stokes simulations using
conventional two-equation turbulence models, that may require computational efforts in the range of several
hundreds of CPU hours [6]. Another of these major technological advances is the continued increase of computer
and network performance, as it is estimated that processor speeds double every 18 to 24 months [10]. As this
evolution progresses, CFD tools that are heavy in terms of computational requirements may be utilized to a
greater extent in larger parametric studies as well as automated design procedures.

1.1 Background

The current study was performed as a Master’s thesis at Chalmers University of Technology on behalf of the
supplier of the mission, GKN Aerospace. The Department of Propulsion Engineering of said company wished
to develop a deeper understanding into the performance of supersonic intakes and relate this to the physical
notions as well as the geometrical variations that are influential to the aerodynamic performance, by creation
of a CFD model. It was therefore of great interest to not only perform a numerical, parametric study but
also a comprehensive literature study to profit from the conclusions drawn from previous work on the subject.
While there is a wide range of parameters that influence the intake performance, the essential interest has
been defined by selecting a few of these. The design variation is focused on the external compression ramp
shape. Furthermore, physical parameters of interest that determine the domain of operation are the operating
Mach number as well as the back pressure created at the engine face. Considering these conditions as the
governing input parameters, the output is the performance in terms of total pressure recovery, engine mass
flow, flow distortion and aerodynamic drag. As a starting point, the results of wind tunnel tests conducted
on a generic, rectangular, supersonic intake were made available. This particular intake features a ramp
of continuous deflection curvature rather than the typical ramp which is comprised of a discrete number of
inclination steps. It was therefore of great interest to compare these two conceptual designs in terms of their
individual performance.

1.2 Purpose

The purpose of this project is to create a CFD model of a supersonic intake, which initially is to be validated
on a small, model scale against existing wind tunnel test results. As this model is created and validated,
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the secondary objective is to employ it to perform a parametric study on a full-scale, generic intake. The
performance in terms of total pressure recovery, engine mass flow, flow distortion and aerodynamic forces is to
be evaluated as a function of the ramp geometry of the intake as well as the free-stream Mach number and
intake back pressure. Two ramp geometry configurations will be the subject of this parametric study. Firstly,
the continuous-curvature type, isentropic ramp that was the subject of the small-scale, validation study will
be used as a reference. Secondly, another configuration will be generated by replacing this curvature with
two straight segments, such that the initial and total deflection angles of both ramp geometries are the same.
A comprehensive literature study will be carried out simultaneously to support the project and to benefit
from conclusions drawn from previous work. The ultimate goal is to use these results to obtain a deeper
understanding into how these variations affect the intake performance as specified above and to obtain a model
that can be used to generate and evaluate further candidate geometries in the future.

1.3 Limitations

Due to the time frame of this project, some limitations were introduced in order to set the scope of the work to
a feasible extent. As the project was concluded, these limitations were the basis of recommendations for future
work, where a scope extension could prove to be interesting. For the sake of structure and conciseness, these
limitations are listed below.

1. Due to the requirements of CFD simulations in terms of computational efforts, only two geometry
configurations were the subject of the study, as outlined in Section 1.2. Furthermore, the performance in
the intermediate, parametric range of physical conditions was estimated by means of linear interpolation.

2. A mesh convergence study was conducted on the small, model scale of the intake to estimate the mesh
dependency of the results. This did not include the whole Mach number range but was limited to a
single Mach number case. The results on the small scale proved to be independent of mesh size. How
this dependency translated to the full scale was neglected, but it is reasonable to suspect that viscous
effects are less pronounced when the model is enlarged as they are absolute in size, resulting in a higher
Reynolds number.

3. The effects of the aircraft fuselage on the free-stream flow was neglected. It is reasonable to suspect
that an interaction of the free-stream flow with the fuselage will cause a change in variables required for
boundary conditions such as static and total pressure as well as angle of attack and yaw. It was therefore
assumed that the free-stream conditions are the ambient, atmospheric conditions and that the flow is
completely aligned with the axis of the intake.

4. The flight mode selected for this study corresponds to cruise operation, indicating a constant-velocity,
free-stream flow that is completely aligned with the axial direction of the intake. Should maneuverability
of the aircraft be taken into consideration, this would include variations of angles of attack and yaw,
changing the free-stream flow direction. Hence, these variations were neglected.

5. Minor simplifications were made to the geometry of the reference, small-scale intake, to reduce mesh
complexity. These changes were made such that the results were not compromised.

6. Limited consideration was given to the dependency of the results on the choice of turbulence model
implemented in the CFD model. On the basis of the literature study, supervisor recommendations as well
as time window of the project, a suitable turbulence model was chosen.

7. The choice of mesh resolution adjacent to walls and parameters such as the size of time steps was made
while taking into consideration the associated increase in computational efforts, respecting the time
window of the project.
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2 Method

This chapter aims at reproducing the methodology involved in the creation of the CFD intake model that is
the basis of this study. The starting point is considered to be the scaled, physical model of the intake that is
the subject of the wind tunnel test results. The procedure of obtaining a complete CFD model will be outlined
in chronological order, starting with the geometry and mesh creation and proceeding to the numerical aspects
of the CFD solver chosen. As the data is gathered, the objective is then to describe how these are reduced into
results by means of post-processing. To simplify the extraction of model settings from this chapter, Table 2.1 is
used to summarize all the discussed settings in a structured format. Furthermore, Figure 2.1 illustrates the
domain and the discussed boundaries.

2.1 Geometry and Mesh Creation

The primary intake studied in in this project is of the rectangular, mixed-compression type with a continous-
curve external ramp shape. Subsequent to the ramp is a bleed channel in the centerbody, after which a duct
aligns the flow with the axial direction. The purpose of the bleed channel is to divert the boundary layer flow
of the ramp to the exterior of the intake, as it is of less quality in terms of total pressure than the flow far
away from walls. Finally, a subsonic diffuser is implemented, leading the flow to the engine face. A generic
representation of the intake profile is seen in Figure 1.1. The creation of the geometrical model was done using
the software ANSA. For the sake of an efficient implementation, some geometrical features that were deemed
not critical for the results were removed or simplified. This involved eliminating an extrusion of the sidewalls
over the lip wedge (corresponding to the side E-I in Figure 1.1) as well as a simplification of the shape of the
bleed hole. In the latter case, rounded corners of a rectangular bleed hole shape were removed to simplify the
mesh, with the condition that the cross-sectional area of the bleed hole was kept intact. An isometric view
of the model geometry is provided in Figure 4.1. The curves of the intake profile shape were given as sets
of coordinates with tangent angles at each point. As these points were implemented and a curve adaptation
was performed to intersect these points, the resulting shapes featured one or more inflexion points, where a
concavity-convexion transition would occur. This was deemed to be an undesirable feature and one or more
points causing this were neglected. This approximation led to the initial deflection angle as well as the total
deflection angle of the ramp being underestimated by 0.2◦, a deviation that was considered to be insignificant
and likely within component tolerance limits. Finally, the free-stream domain was extended to the farfield in
the upstream and transverse directions, respectively.

The resulting domain as seen in Figure 2.1 was of a rectangular shape, where the sides corresponded to
inlet and outlet at which the free stream would flow perpendicularly as well as sides along which the free stream
would flow parallel. The extension into the farfield of the domain was made such that the oblique shock waves
forming at the forebody of the intake would be swallowed by the free-stream outlet boundary, simplifying the
implementation of boundary conditions. This was achieved by using Equation 3.48 to approximate the wave
angles. The evaluation of quantities such as the total pressure and mass flow at the intake outlet was done in a
plane just prior to the engine face of the subsonic diffuser, in accordance with the corresponding pressure rake
location in the wind tunnel tests. A constant-area extension was added to the subsonic diffuser. As shall be
discussed in Section 2.2.1, this was done in order to simplify the implementation of an intake outlet boundary
condition.

The meshing procedure was far more intricate than the creation of the geometry, as this involved more
freedom of choice and guidelines to follow. As the geometry was created, this was exported to ANSYS ICEM
CFD v17.1 where a multi-block, structured meshing approach was adopted. The resulting cells would be of the
hexahedral type. To minimize the requirements of computational efforts associated to simulations, the mesh
was very coarse in the far-field domain where free-stream conditions would dictate the flow. Furthermore, the
mesh was refined in the interior of the intake where large gradients of thermodynamic properties and complex
flow structures were expected. This was done in the regions of shock waves, boundary layers etc. Moreover,
the extension added to the subsonic diffuser was meshed with hexahedral cells initially, transitioning into
tetrahedral cells with continuously increasing coarseness in the axial direction. Should the cell sizes increase
too rapidly, pressure waves may reflect in this interface. This is analogous to matching the impedance in an
electrical system to avoid reflections of signals or to match the thickness of a guitar string to avoid wave reflections.
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Two dimensionless parameters that are indicators of a mesh that is qualitative and adapted to the specific
application are the CFL and y+ numbers, which are both locally defined. The CFL number (Courant-
Friedrichs-Lewy), also usually referred to as the Courant number, applies primarily to transient flow simulations
[4]. For a one-dimensional grid, it is defined as;

CFL =
u∆t

∆x
(2.1)

This parameter indicates how far flow information will travel by means of convection during a discrete time
step and relates that distance to the local cell size. As the governing equations upon which the CFD solver is
based are discretized and a numerical scheme is chosen, cell values of flow properties are iterated upon and
based on linear combinations of the corresponding values of neighboring cells. Hence, if a fluid element were to
be considered, it is important that this element does not displace too far during a time step into a region that
has no influence on its thermodynamic state. Consequently, for the sake of numerical stability, the desire is to
limit this number to respect recommendations that are set depending on the application. However, it is argued
[4] that ANSYS CFX, as an implicit code, does not require this number to be small to ensure numerical stability.

The other dimensionless number that is of interest, y+, relates to the treatment and resolution of the flow
boundary layers adjacent to walls. The definition follows from [4];

y+ =

√
τw/ρ ·∆n

ν
(2.2)

This is an indicator of the transverse displacement in a boundary layer relative to its thickness, hence the
normalization using variables that are expected to influence this thickness. In order to accurately resolve the flow
in a boundary layer, it is desired to limit the value of this number to allow for the placing of one or several cell
nodes inside this layer. The recommended upper limit is very specific to the application. Using wall functions,
high-Reynolds-number applications may include values of y+ safely exceeding 1000 while low-Reynolds-number
applications with more predominant viscous effects may be limited to within y+ = 300 [4]. Wall functions are
an efficient way of modelling a boundary layer by extrapolating velocity profiles onto it, rather than actually
resolving the boundary layer flow. This is done using the log law, also known as the law of the wall. Attempts
were made to respect this latter condition for both the small-scale and large-scale intakes, relating to the
resolution adjacent to all the interior walls.

Since the size of fully-developed boundary layers is absolute, the same absolute cell size is required re-
gardless of model scaling to obtain the same level of boundary layer flow resolution. This means that a
large-scale model will require a smaller relative wall cell size. Using a structured, block-meshing approach, it
proved very difficult to lower this relative size beyond a certain extent. This is due to the primary drawback of
this meshing strategy, which is the propagation of cell counts and/or sizes along common block edges. When
trying to maintain the same absolute wall cell sizes while enlarging the model, larger local expansion ratios of
cell sizes will be encountered. In this case, this occurred in regions where the coarse, free-stream mesh meets
the finer, intake interior mesh that propagated outwards along the block structure. As these expansion ratios
grew too large, the robustness of the mesh was compromised and numerical issues were encountered in the
CFD solver. Ultimately, the wall cell sizes of the large-scale mesh were iteratively changed a few times and the
final size was chosen such that these problems were avoided. Wall cell sizes, values of y+ and mesh cell counts
for the different meshes are summarized in Table 2.1.

2.2 CFD Modelling

The model involving geometry and mesh was subsequently exported to ANSYS CFX v.18, which was the
software chosen to set up the CFD solver. This environment offers a lot of customizable settings, where a
common trend is that a compromise has to be made between accuracy of results and associated computational
efforts of simulations. This section describes the approach to setting up the solver. An essential setting is the
selection of turbulence model. Hence, Section 2.2.3 will be devoted to this subject. Options that have been
maintained in default setting will be neglected from discussion.
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2.2.1 Boundary Conditions

The validity of boundary conditions are paramount to the fidelity of the CFD model. A majority of the
numerical issues encountered in this project have been related to these. It is therefore of great importance to
establish flow conditions encompassing the domain that do not interfere with the flow by means of boundary
condition reflections or other mechanisms. A visualization of all the model boundaries are provided in Figure
2.1. The most simple boundary conditions apply to the walls of the intake, on the interior as well as the exterior.
To allow for the simulation of boundary layers, all walls are considered to be of the type No Slip Wall, which
implies zero velocity at the wall. The only exception to this is the walls of the subsonic diffuser extension, that
are of the type Free Slip Wall, indicating no obstruction of the flow other than that of passing through the wall.
This is related to the purpose of this component, which is to eliminate all gradients and mix the fluid to such
an extent that it is axially uniform when passing through the intake interior outlet of the domain, namely the
extension exit. This will reduce potential reflections of the boundary conditions on the outlet, such as pressure
waves travelling back and forth in the intake. Furthermore, an additional purpose of this extension was to
place the interior outlet far away from zones of potential separation, where circulation is induced in the flow.
Placing this outlet close to the exit plane of the subsonic diffuser may cause the mass flow to enter the domain
rather than leaving it, due to separation-induced circulation. Initially, when the extension was not long enough,
this was a recurring problem during the iterative procedure of the CFD solver. This caused the solver to place
walls at the parts of the diffuser outlet with an inverse mass flow. In turn, these walls caused a redirection of
the local flow, successively spreading this effect to the whole diffuser outlet. The final outcome was a complete
blockage of the mass flow, causing rapidly diverging solutions and a solver crash.

Figure 2.1: Isoview of model domain.

The type of boundary condition used for the interior outlet is Outlet Subsonic, where the static pressure was
imposed. This is identified as the intake back pressure, a key parameter in this study. The far-field inlet
and outlet of the domain is, with the exception of the case of solution initialization, defined as being Inlet
Supersonic and Outlet Supersonic, respectively. At the inlet, the static and total pressure are defined, the first
being known from the atmospheric conditions at the pertinent altitude and the second being known from the
addition of the dynamic pressure corresponding to the desired Mach number (Equation 3.12). Furthermore, at
the inlet boundary, the flow direction is chosen as Normal to Boundary Condition and the values of k and ε are
set to 10−6[m2/s2] and 10−6[m2/s3], respectively, while setting these to be the transport variables. The static
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temperature is implicitly stated through the total temperature (Equation 3.10). The supersonic outlet does not
require any additional information, as this information can not propagate upstream against a speed superior to
that of the local speed of sound. Finally, the remaining sides of the farfield domain, along which the free-stream
flow is parallel, are defined as Opening Subsonic, with the specification of the static pressure and temperature
as well as Zero Gradient as turbulence option. In the case of initializing a stationary solution, the free-stream
Mach number needs to be ramped up from zero, to avoid a sudden flow onset causing numerical issues. It is
therefore a sound strategy to ramp up the free-stream flow to sonic speeds, utilizing Inlet Subsonic and Outlet
Subsonic conditions, where the static pressure is defined. These values can be set to evolve from zero to a set
value over a number of iterations by the use of Expressions, avoiding numerical issues. As a sonic solution
is obtained, this can be used as a starting guess to initialize a supersonic, stationary simulation. The Mach
number is then ramped up from sonic speeds to a desired supersonic value over a specified number of iterations.
This ramping strategy has also been employed to smoothly increase or decrease the intake back pressure.

2.2.2 Model Settings

All the settings discussed in the forthcoming sections are summarized in Table 2.1, for the sake of structure
and brevity. The settings categories are outlined in the tree section of ANSYS CFX-Pre. The first option in
the tab Analysis Type involves choosing a stationary or transient formulation. As will be discussed in Sections
2.3.1 and 2.3.3, transient formulations were used to record time-averaged solutions, initialized from stationary,
converged solutions. After choosing the simulation type, the number of and size of time steps are defined. Auto
Timescale was selected for stationary simulations. For the stationary formulation, the implication of a time step
is false. However, the option controls the time scale as a means of under-relaxing the equations as iterations
are performed towards convergence [4]. For the transient, small-scale simulations, the size of the time step was
10−5s. For the transient, large-scale simulations it was selected as 10−3s. These values were selected to keep the
CFL number at reasonable levels in regions of unsteady flow while limiting the computational efforts associated
to a decrease of the time step size. Under the tab Default Domain, the fluid is assumed to be air obeying the
ideal gas law, defined by Equation 3.2. Furthermore, Total Energy with the inclusion of the Viscous Work Term
is chosen, allowing for an internal heating by means of viscous work. The Shear Stress Transport turbulence
model is chosen, along with Wall Functions Automatic to model the behaviour of the boundary layer by
means of extrapolation of velocity profiles, as previously discussed. Under the tab Initialization, Low Intensity
Turbulence is selected, as a very low value of the turbulent kinetic energy κ is expected in the free-stream domain.

Under the tab Solver Control, High Resolution turbulence and advection schemes are chosen. Further-
more, for the transient simulations, the Second Order Backward Euler scheme was chosen and the Convergence
Control implies 7-10 equilibrium iterations inside each time step. Finally, High Speed Numerics is selected,
which is an option adapted to supersonic flow involving shocks. Some of the numerical characteristics of this
option are the addition of a special type of dissipation at shocks as well as nodal pressure gradients being set
to zero at all pressure boundaries and openings [4]. For transient simulations, the quantities that were to be
time-averaged are defined in the Trn Stats tab of the Output Control section. The statistical representation of
these variables were made by calculating the Arithmetic Average. To enlarge the scale of the model, a Scale
Transformation was performed under the tab Transformations. Finally, in Execution Control, the initial guess
from which the solution procedure is initialized is defined by choosing a preexisting, converged solution.

2.2.3 Review of the SST Turbulence Model

The choice of a suitable turbulence model to accompany the Navier-Stokes Equations is very much dependent
on the application. On the basis of the literature study performed in this project as well as supervisor
recommendations, the SST (Shear Stress Transport) model is an appropriate choice to account for the transport
of turbulent quantities in the internal flow of the intake. This turbulence model, which is argued to be
numerically robust [15], is a variation of the BSL (Baseline k − ω) model, where the transported quantities
are the turbulent kinetic energy k and the turbulent eddy frequency ω. Furthermore, the SST model is able
to account for the transport of turbulent shear stress in adverse-pressure-gradient boundary layers, a present
characteristic in a subsonic diffuser. Although the ability to predict separation is often praised, many authors
point to its tendency of overestimating the onset of separation and turbulence in wakes, of which [24] is one. A
review, provided by [11], concludes that the SST model has been found to provide very good predictions of
wall-bounded flows even with highly separated regions.
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Table 2.1: Selection of settings relating to geometry, mesh and model creation.

Geometry
Software ANSA

Simplifications Smoothening of ramp curve shape
Side wall extrusions over lip wedge removed

Bleed holes made rectangular
Meshing

Software ANSYS ICEM CFD v17.1
Type Multi-block, structured meshing (hexahedral cells)

Unstructured meshing in diffuser extension (tetrahedral cells)
Mesh cell count 8.6M (coarse mesh)

35.8M (fine mesh)
33.5M (modified, large-scale, fine mesh)

∆nw/y
+ 200 [µm] / < 700 (coarse mesh)

50 [µm] / < 200 (fine mesh)
750 [µm] / < 500 (modified, large-scale, fine mesh)

CFL < 100 in unsteady regions
Boundary Conditions

Software ANSYS CFX v18.1
Farfield Inlet Inlet Sub-/Supersonic

p∞, v∞, T0,∞/p∞, p0,∞, T0,∞
Normal to Boundary Condition

k = 10−6[m2 · s−2]
ε = 10−6[m2 · s−3]

Farfield Outlet Outlet Sub-/Supersonic
p∞/ ∼

Farfield Sides Opening
p∞, T∞

Zero Gradient
Intake Walls No Slip Wall

Diffuser Extension Walls Free Slip Wall
Intake Interior Outlet Outlet Subsonic

pe
Model Settings

Type Stationary / Transient
Stationary time step size Auto Timescale
Transient time step size 10−5[s] (small-scale)

10−3[s] (large-scale)
Number of transient time steps 500 (small-scale)

250 (large-scale)
Turbulence model Shear Stress Transport (SST)

Wall Functions Automatic
Miscellaneous Total Energy

Viscous Work Term
Low Intensity Turbulence

Second Order Backward Euler
High Resolution Turbulence/Advection

High Speed Numerics
Convergence Criteria

RMS values of cellular residuals U-, V-, W-Mom, P-Mass, H-Energy
∼ 10−5 of respective units

Global continuity imbalance U-, V-, W-Mom, P-Mass, H-Energy
∼ 10−5 of respective units

Extension massflow imbalance < 1%

8



2.3 Post-Processing and Analysis of Results

This project consists of three individial studies, two of which are used for validation purposes prior to the
final, parametric study. This section aims at describing the procedure for reducing data into results for these
different parts as well as the validation methodology involved.

2.3.1 Validation Study

The starting point of this project was the results of the wind tunnel tests performed on a scaled, physical model
of the intake. To specify, these results are in the form of characteristic curves relating to ratios of total pressure
recovery and mass flow, for the implemented range of free-stream Mach numbers and intake back pressures.
The specified, ambient conditions were those of sea level, p∞ = 101325[Pa] and T∞ = 288.15[K]. Furthermore,
these curves are obtained by varying the intake back pressure, and this procedure is done for a set of different
supersonic Mach numbers. As the values of back pressure for the physical test cases were not given as an input,
these were estimated and the objective was to reproduce the curves rather than individual test points of the
wind tunnel tests. After initial stationary simulations, the flow in the subsonic diffuser showed tendencies of
separation and subsequent unsteady flow. This tendency was pronounced in terms of fluctuating momentum
residuals and periodic signals of mass flow and total pressure in the evaluation plane. To increase the statistical
accuracy of the results used for validation purposes, a strategy was implemented where transient simulations
were used to record time-averaged representatives of these results, after being initiated from stationary solutions
as described in Section 2.2.2. The choice of two transient parameters directly influenced the numerical and
statistical accuracy as well as the computational efforts of the simulations, namely the number of and the size of
time steps. Implicitly defined by the choice of these two parameters is the total, physical simulation time. This
should allow for the unsteady flow in the intake to progress long enough such that the reduced output signals
of mass flow and total pressure in the evaluation plane display 5-10 periods of its lowest frequency component.
Furthermore, the total simulation time chosen allowed for a particle of sonic speed to travel 5-10 times the length
of the intake. When choosing the size of the time step, the governing parameter is the CFL number defined
in Equation 2.1. The time step was chosen such that this number was safely below 100 in regions of unsteady flow.

When constructing the transient output signal of mass flow in the evaluation plane of the subsonic dif-
fuser, the mass flow in each time step was simply evaluated by means of a summation of contributions across
the plane. The statistical representative of the mass flow was then chosen as the arithmetic time-average of the
values in each individual time step. The corresponding procedure used for the total pressure was a bit more
intricate, as this also included a mass flow averaging of the total pressure in the evaluation plane inside each
time step. The reason for choosing a mass flow average rather than an area average is that the total pressure
is not spatially conserved and regions of high mass flow need to have a proportionally larger influence on this
metric than regions of low mass flow. Finally, the mass flow entering the intake through the capture area was
considered to be steady-state and calculated from free-stream conditions. The final values of mass flow and
total pressure recovery ratios for each simulation case, corresponding to Equations 3.14 and 3.64, were then
implemented to construct performance curves. To obtain these curves from the results of a set of evaluated
cases, linear interpolation was used in the intermediate range. These were later compared to the corresponding
curves of the wind tunnel test results. For this purpose, the software MATLAB was chosen.

2.3.2 Mesh Convergence Study

To evaluate whether the results obtained in this study were independent of the mesh and to ensure that a
sufficient resolution was chosen, a mesh convergence study was performed. The scope of this study was the
evaluation of a curve relating to ratios of total pressure recovery and mass flow for a single Mach number case
using two significantly different mesh resolutions on the small-scale model. Furthermore, the local resolution
adjacent to walls in the interior of the intake was further increased in the fine mesh. The cell count for the
coarse and fine mesh was 8.6M and 35.8M , respectively. Observing an approximate factor of 4 between these
cell counts, this roughly corresponds to a halving of the cell sizes in the x- and y-directions, as depicted by
Figure 1.1. This includes a decrease of the transverse wall cell size from 200 to 50 [µm]. The resulting values
of y+ as defined by Equation 2.2 for the two different meshes were roughly within 200 and 700, respectively.
Hence, the fine mesh, unlike the coarse mesh, respected the condition of y+ < 300 outlined in Section 2.1. Note
that this evaluation was done using the variable Yplus rather than Solver Yplus in CFX-Post, which are two
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differing quantities as defined by [4]. The evaluation of the results of simulations run using these different
meshes followed the same procedure that was outlined in Section 2.3.1. Finally, the comparison was made
between the generated curves to evaluate the mesh sensitivity. It should be noted that the coarse mesh was
used for all the other simulations in the Mach number and back pressure range of the validation study.

2.3.3 Parametric Study

The primary part of this project was the parametric study performed on the large-scale intake. The implemen-
tation featured two major differences as compared to the small-scale, validation study. Firstly, the geometry of
the intake was scaled to a real size to match the mass flow requirements of a typical engine, according to the
procedure outlined in Section 3.6. This resulted in a scaling factor of SF ≈ 37. Secondly, the flight altitude
was changed from sea level to a significantly higher, stratospheric design altitude for the intake, resulting in
a dramatic decrease of ambient conditions of static pressure and temperature. The parametric variations of
geometry concerned the construction of the external compression ramp, where the two configurations that
were deemed to yield the most useful comparison were studied. The first was considered to be that of the
reference intake, namely the continuous-deflection type ramp, also referred to as an Isentropic Ramp (IR).
To compare the effect of discrete flow deflections, or more specifically the effect of oblique shock waves to
continuous compression modes, a two-step, discrete ramp (DR) was implemented as the second configuration.
The condition for this configuration was that the initial and total deflection angle of the ramp would be the
same as those of the reference case. Knowing these two angles, the point of intersection between ramp segments
and their individual lengths were implicitly defined. As the deflection angle of the ramp is a key parameter to
the obtained level of external compression, this was expected to yield an insightful comparison. The geometry
candidates are illustrated in Figure 4.2.

Having these two geometries as the starting point, simulations were run with varying supersonic, free-stream
Mach numbers and intake back pressures to predict the characteristic performance curves. The same strategy
of running transient simulations initiated from stationary, converged solutions and recording time-averaged
quantities, as described in Section 2.3.1, was used. Moreover, Arithmetic Averages in time of the distributions
of static temperature and pressure, total temperature and pressure, density, Mach number, CFL number, wall
shear and y+ were used to visualize the flow, rather than instantaneous quantities. This was also the case
for the small-scale simulations of the validation study. The statistical representation also involves Minimum,
Maximum, Standard Deviation and Root Mean Square values for the same properties. These options allows
for a calculation of the distortion factor of total pressure, as defined by Equation 3.15. Furthermore, these
time-averaged representations of static pressure and wall shear were used to calculate the aerodynamic forces
outlined in Section 3.7, by means of the respective integral expressions.

Finally, as the mesh convergence study was concluded, the decision was made to use a modified version
of the fine mesh for the parametric study, translated into the large scale by means of a uniform scale factor
SF ≈ 37. Since it proved difficult to identify shock structures on the small-scale, coarse mesh, and large-scale
simulations likely would require a greater number of cells to resolve the shock structures that are absolute
in size, a modified version of the fine mesh was used. These modifications involved further decreasing the
resolution in the free stream as well as increasing the resolution in the interior of the intake, including regions
adjacent to walls. The resulting mesh used for the large-scale, parametric study had a cell count of 33.5M . Due
to the same difficulties of maintaining absolute wall cell sizes when enlarging the model, that were discussed in
Section 2.1, the transverse sizes of cells adjacent to interior walls were set to roughly 750 [µm].

2.3.4 Convergence Criteria

To ensure the numerical quality and convergence of the solutions obtained, regardless of which individual study
it pertains to, monitoring of local and global residuals in CFX-Solver has been performed. On the local level,
Root Mean Square (RMS) values of cellular residuals of mass flow, energy and momentum in all three principal
directions of a Cartesian coordinate system have been limited to an order of magnitude of 10−5 of the respective
units, whether it be stationary or transient simulations. Furthermore, on the global level, the continuity check
was performed using the defined inflow and outflow boundaries of the domain, where the imbalance of inflow
and outflow of the aforementioned quantities is of the order of magnitude 10−5 of the respective units.
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Another tendency has proved capable of compromising the results while escaping detection in these con-
tinuity checks and relates to the stationary approximations from which final, transient simulations were
initiated. This is primarily attributed to the addition of the diffuser extension as well as the far-field strecthing
of the domain inlet, and relates to the implemented boundary condition ramping strategy discussed in Section
2.2.1. When imposing conditions of Mach number and static pressure on the domain inlet and intake outlet
boundaries, a large number of iterations is required for these conditions to propagate throughout the domain
and for the domain flow structures to become fully developed. This is due to the increased physical distance
from these boundaries to the interior of the intake. It has therefore proven important to ensure that enough
iterations are added to the simulation to allow for the solution to stabilize. To ensure that a fully developed
flow was obtained for each stationary solution, an additional continuity check was implemented. This related to
the inflow and outflow of mass to the diffuser extension. Since this extension was made significantly longer prior
to the parametric study, this primarily concerns the large-scale simulations. For these cases, the imbalance of
the mentioned mass flow was typically limited to within 1%, which was deemed acceptable.
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3 Theory

This chapter aims at introducing the main theoretical framework of flow features present in a supersonic
engine intake. The idea is to promote conceptual understanding and to introduce the tools behind preliminary
design, such as shock relations that are used when designing the intake forebody at the design Mach number.
Furthermore, aerodynamic forces as well as dimensionless performance coefficients are defined. Unless otherwise
stated, [2] is used as the source for all derivations in this chapter. For the sake of being concise, some derivations
will be omitted and the reader is assumed to have some prerequisites.

3.1 Thermodynamic Properties of Air

Two fundamental assumptions that will be made when implementing boundary conditions in the CFD model
are the material equations relating to a calorically perfect and ideal gas;

h = CpT (3.1)

p = ρRT (3.2)

Adopting a gross-effect evaluation over a finite region, the principles of conservation of mass, momentum and
energy lead to the following expressions;

ρ1V1 = ρ2V2 (3.3)

p1 + ρ1V
2
1 = p2 + ρ2V

2
2 (3.4)

h1 +
V 2
1

2
= h2 +

V 2
2

2
(3.5)

The total (also denoted stagnation) properties of air, denoted with a subscript 0, are obtained by considering a
complete, isentropic stagnation of the flow, using Equations 3.5 and 3.1;

CpT +
V 2

2
= CpT0 (3.6)

Furthermore, the specific heat can be expresssed as;

Cp =
γR

γ − 1
(3.7)

Momentum conservation across a sound wave yields the expression for the speed of sound;

a =
V

M
=

√
γp

ρ
(3.8)

or equivalently, using 3.2;
a =

√
γRT (3.9)

Using Equations 3.6-3.9, the total temperature can be expressed as a function of the static temperature and
Mach number according to;

T0
T

= 1 +
(γ − 1)

2
M2 (3.10)

The first law of thermodynamics can be written in a form that relates stagnation temperature to stagnation
pressure and density;

p0
p

=

(
ρ0
ρ

)γ
=

(
T0
T

)γ/(γ−1)
(3.11)

Consequently, using Equations 3.10 and 3.11, the total pressure and density can be written as;

p0
p

=

(
1 +

γ − 1

2
M2

)γ/(γ−1)
(3.12)
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ρ0
ρ

=

(
1 +

γ − 1

2
M2

)1/(γ−1)

(3.13)

Finally, the total pressure recovery TPR is, by common practice, defined as the ratio of the total pressure
at the engine face to the total pressure in the free stream flow prior to entering the intake. The parameter
governing this performance indicator is thus;

TPR =
p0,e
p0,∞

(3.14)

A useful, statistical tool in the analysis of the results in a later stage of this project is the distortion coefficient,
applied to total pressure at the engine face. As the name implies, it helps in determining the level of variance
of a given property in an arbitrary domain, in this case applied to the engine face. It is defined as;

DIST =
max(Q)−min(Q)

mean(Q)
(3.15)

where Q is an arbitrary quantity, in this case the total pressure.

3.2 Governing Conservation Principles

The physical principles that provide the framework for all fluid dynamics analysis are the governing equations
of conservation of mass, momentum and energy. Generally, there are two approaches to establishing useful
expressions [27]. Firstly, one can seek to determine gross effects over a finite region, allowing for a suitable
implementation of the control-volume approach. This will be the case when determining property changes
across a shock wave in Section 3.3. Secondly, the more general approach to establishing the expressions of
conservation is to adapt an infinitesimal perspective to determine a continuous, point-by-point evolution of the
respective properties. This leads to the differential equations of conservation that is the subject of this section.
The derivations are quite extensive and consequently, the majority of these will be omitted. The interested
reader is referred to the respective authors which are cited for the derivations. Anderson [2] is chosen as the
source for the equation of mass conservation, while White [27] is chosen for the momentum equation. For the
energy equation, an alternative to the standard form is that of considering the total energy (e+ V 2/2) as the
transported quantity. Anderson [1] provides the derivations for the total energy equation and is consequently
chosen as the source. Note that the expressions obtained in the following sections will be general in the sense
that they are valid for compressible, viscous and unsteady flows.

3.2.1 Conservation of Mass

Considering an infinitesimal volume, the time rate of change of mass inside the element volume equals the net
mass flow entering the element volume by means of convection across the surface boundary. Considering the
velocity components in a cartesian coordinate system as;

V = [u, v, w]T (3.16)

Furthermore, the vector gradient operator is defined as;

∇ =

[
∂

∂x
,
∂

∂y
,
∂

∂z

]T
(3.17)

The equation of mass conservation yields the following form;

∂ρ

∂t
+

∂

∂x
(ρu) +

∂

∂y
(ρv) +

∂

∂z
(ρw) = 0 (3.18)

or more compact, using the above notations;

∂ρ

∂t
+∇ · (ρV ) = 0 (3.19)
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3.2.2 Conservation of Momentum

The treatment of fluid momentum follows from Newton’s Law, which, in its appropriate form, states that
the time rate of change of momentum inside the element equals the net flux of momentum into the domain.
Summing the forces acting on a control volume results in the following expression;

∑
F =

∂

∂t

(∫
CV

V ρdV

)
+
∑

(ṁV )out −
∑

(ṁV )in (3.20)

Considering an infinitesimal volume, this reduces to a derivate term according to;

∂

∂t
(V ρdV ) ≈ ∂

∂t
(ρV )dxdydz (3.21)

Elaborating the flux terms, introducing the gravitational body force vector in the downward direction gz = −g
and taking into account surface forces arising from pressure and shear stresses acting on the control volume
boundary surfaces yields the full expressions for momentum conservation in the three principal directions;

ρgx −
∂p

∂x
+
∂τxx
∂x

+
∂τyx
∂y

+
∂τzx
∂z

= ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z

)
(3.22)

ρgy −
∂p

∂y
+
∂τxy
∂x

+
∂τyy
∂y

+
∂τzy
∂z

= ρ

(
∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z

)
(3.23)

ρgz −
∂p

∂z
+
∂τxz
∂x

+
∂τyz
∂y

+
∂τzz
∂z

= ρ

(
∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
+ w

∂w

∂z

)
(3.24)

Introducing the following notation for the viscous shear stresses;

τxy =

τxx τyx τzx
τxy τyy τzy
τxz τyz τzz

 (3.25)

and the material (substantial) derivative;

D

Dt
=

∂

∂t
+ u

∂

∂x
+ v

∂

∂y
+ w

∂

∂z
(3.26)

D

Dt
=

∂

∂t
+ (V ·∇) (3.27)

a more compact form of the momentum conservation equations is obtained;

ρg −∇p+∇·τxy = ρ
DV

Dt
(3.28)

3.2.3 Conservation of Energy

The differential equation of energy conservation resulting from selection of the total energy (e+ V 2/2) as the
transported quantity, stems from the following balance consideration [1];

E1 = E2 + E3 (3.29)

where

• E1: Rate of energy change inside element

• E2: Net flux of heat into element

• E3: Rate of work done on element due to pressure and shear stress forces acting on boundary surface
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Following the derivations [1] of the individual terms of Equation 3.29, the energy conservation equation is
obtained;

ρ
D(e+ V 2/2)

Dt
= ρq̇ +

∂

∂x

(
K
∂T

∂x

)
+

∂

∂y

(
K
∂T

∂y

)
+

∂

∂z

(
K
∂T

∂z

)
−∇·pV +

∂(uτxx)

∂x
+

+
∂(uτyx)

∂y
+
∂(uτzx)

∂z
+
∂(vτxy)

∂x
+
∂(vτyy)

∂y
+
∂(vτzy)

∂z
+
∂(wτxz)

∂x
+
∂(wτyz)

∂y
+
∂(wτzz)

∂z

(3.30)

This equation shows the inherent difficulty of dealing with viscous flows as compared to inviscid flows, considering
the addition of several terms. Furthermore, it translates directly into the CFD model, where the viscous terms
contribute to a heating of the fluid. Note that the constitutive assumptions of a Newtonian fluid that will be
defined in the following Section 3.2.4, can help to obtain a more explicit form of this equation.

3.2.4 Navier-Stokes Equations

Introducing the constitutive assumption of a generalized Newtonian fluid, one can obtain an alternative form
of the momentum equations 3.22-3.24. The viscous shear stress components take the following form, using
Einstein notation [3];

τij = µ

(
2Sij −

2

3
Smmδij

)
(3.31)

where the strain-rate tensor is defined as;

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(3.32)

Expanding these individual terms and inserting them into Equations 3.22-3.24, one obtains the full Navier-Stokes
Equations;

ρ
Du

Dt
= ρgx−

∂p

∂x
+
∂

∂x

(
−2

3
µ

[
∂u

∂x
+
∂v

∂y
+
∂w

∂z

]
+ 2µ

∂u

∂x

)
+
∂

∂y

(
µ

[
∂u

∂y
+
∂v

∂x

])
+
∂

∂z

(
µ

[
∂u

∂z
+
∂w

∂x

])
(3.33)

ρ
Dv

Dt
= ρgy−

∂p

∂y
+
∂

∂y

(
−2

3
µ

[
∂u

∂x
+
∂v

∂y
+
∂w

∂z

]
+ 2µ

∂v

∂y

)
+
∂

∂x

(
µ

[
∂u

∂y
+
∂v

∂x

])
+
∂

∂z

(
µ

[
∂v

∂z
+
∂w

∂y

])
(3.34)

ρ
Dw

Dt
= ρgz−

∂p

∂z
+
∂

∂z

(
−2

3
µ

[
∂u

∂x
+
∂v

∂y
+
∂w

∂z

]
+2µ

∂w

∂z

)
+
∂

∂x

(
µ

[
∂u

∂z
+
∂w

∂x

])
+
∂

∂y

(
µ

[
∂v

∂z
+
∂w

∂y

])
(3.35)

Only a limited number of analytical solutions to these equations are available [27], yet this is the basis of
modern CFD modelling, where these expressions are discretized on fine meshes and solved for on a cellular
level. When extending to turbulence modelling, these equations often employ a one- or two-equation turbulence
model that depicts the transport of turbulent quantities.

3.3 Shock Relations

The approach to deriving relations that depict the behavior of normal and oblique shock waves start in
recognizing the fundamental, governing laws of nature - the preservation of mass, momentum and energy. As is
recognized from following the full derivations [2], oblique shock waves only differ from normal shock waves in
the sense that they are more general, meaning that it is only the upstream velocity component normal to the
shock that determines the wave strength and the changes of properties across. Hence, an oblique shock wave
includes a velocity component parallel to the shock wave which remains constant due to the preservation of
momentum across. Figure 3.1 illustrates the characteristic angles as well as the Mach number evolution over
an oblique shock wave.
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Figure 3.1: Illustration of characteristic angles as well as Mach number evolution over an oblique shock wave.

The conservation equations 3.3-3.5 using a gross-effect evaluation as well as the expressions for the speed of
sound 3.8-3.9 are here reiterated while it is assumed that the changes occur across a shock wave.

ρ1V1 = ρ2V2 (3.36)

p1 + ρ1V
2
1 = p2 + ρ2V

2
2 (3.37)

h1 +
V 2
1

2
= h2 +

V 2
2

2
(3.38)

a =
V

M
=

√
γp

ρ
(3.39)

a =
√
γRT (3.40)

Performing some cumbersome algebra while using these equations as well as the material equations from Section
3.1, the Mach number downstream of a normal shock wave can be written as a function of the upstream Mach
number as follows;

M2
2 =

1 + [(γ − 1)/2]M2
1

γM2
1 − (γ − 1)/2

(3.41)

This relation shows that, considering a calorically perfect gas, the downstream Mach number is only a function
of the upstream Mach number, which will prove to be a very powerful parameter. The conservation equations
3.3-3.5 along with the equation of state 3.2 lead to the following expressions relating to the thermodynamic
property changes across normal shock waves;

p2
p1

= 1 +
2γ

γ + 1
(M2

1 − 1) (3.42)

ρ2
ρ1

=
(γ + 1)M2

1

2 + (γ − 1)M2
1

(3.43)

T2
T1

=
p2
p1

ρ1
ρ2

(3.44)

As previously stated, the oblique shock wave behaves in the same way as the normal shock wave, with the
exception of the addition of a tangential velocity component that is preserved. Hence, to consider property
changes across an oblique shock wave, it is sufficient to replace the Mach numbers M1 and M2 with the
corresponding normal components Mn1 and Mn2 in Equations 3.42-3.44. These are simply defined by use of
the characteristic angles as;

Mn1 = M1 sinβ (3.45)

Mn2 = M2 sin (β − θ) (3.46)
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The relation between the downstream and upstream normal Mach number component takes the form;

M2
n2 =

M2
n1 + [2/(γ − 1)]

[2γ/(γ − 1)]M2
n1 − 1

(3.47)

Finally, an essential relation when it comes to the design of external compression ramps is the θ-β-M relation,
which relates the upstream Mach number to the deflection angle θ of the ramp and the resulting oblique shock
wave angle β;

tan θ = 2 cotβ

[
M2

1 sin2 β − 1

M2
1 (γ + cos 2β) + 2

]
(3.48)

Looking at Equation 3.48, as often is the case, the upstream Mach number and the ramp deflection angle is
given. In this case it is quite cumbersome to analytically solve for the shock wave angle. An iterative approach
may be used to solve for this angle with a desired level of accuracy.

3.4 Area-Velocity Relation

The conceptual intake considered in this project is of the rectangular kind, where the intake interior profile
can be simplified as being constant in the z -direction as depicted by Figure 4.1. It could therefore prove
tempting to consider the flow two-dimensional, or even neglect the transverse flow and consider the flow to be
axial and one-dimensional. Any of these assumptions would be erroneous. Experimental wind tunnel tests as
well as Reynolds-Averaged Navier-Stokes (RANS) simulations have proved the flow in supersonic inlets to be
highly three-dimensional [16], which also extends to the rectangular intake described above under symmetric
free-stream conditions. Nevertheless, when considering the internal part of the intake, an assumption that leads
to some interesting analytical features is the approximation of quasi one-dimensional flow. This approximation
is a relaxation to the assumption of one-dimensional, constant-area flow. Here, the cross-sectional flow area is
allowed to gradually vary in the axial direction, and the transverse velocity components are neglected to enable
all flow properties to vary in the axial direction only.

With the assertion of quasi one-dimensional flow, a differential approach to the conservation equations in an
internal duct yields the following expressions for conservation of mass, momentum and energy, respectively;

d(ρuA) = 0 (3.49)

dp = −ρudu (3.50)

dh+ udu = 0 (3.51)

Assuming isentropic flow, the speed of sound can be written as;

a2 =
dp

dρ
=

(
∂p

∂ρ

)
s

(3.52)

Performing some algebra while combining these equations and neglecting second-order terms involving products
of differentials, it can be shown that;

dA

A
= (M2 − 1)

du

u
(3.53)

This result, also known as the Area-Velocity Relation, contains some striking features on the characteristics of
intake duct flow. The identification of 4 cases is made as follows;

1. As M → 0, the limit pertaining to incompressible, constant-density flow is approached and the familiar
continuity equation is obtained, Au = const.

2. In the range 0 ≤M ≤ 1, an area increase is associated with a decrease in velocity and vice versa.

3. For supersonic flow M > 1, an area increase is associated with an increase in velocity, and vice versa.
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4. For sonic flow M = 1, Equation 3.53 yields dA/A = 0, which corresponds to a minimum or maximum of
flow area, where the former is the only physically sound solution. Hence, sonic conditions will always be
attained at the aerodynamic throat section.

The conclusion of this discussion that applies to the studied intake is that a convergent-divergent duct is
required in order for air to compress isentropically from supersonic to subsonic speeds, where sonic flow is
attained at the throat. Another powerful parameter governing the behavior of the divergent section is the
back pressure of the subsonic diffuser. At a certain balanced value, the flow will become choked at the throat,
meaning that no further mass flow can be achieved my means of lowering the back pressure, and the flow
throughout the divergent section will be subsonic. This is governed by Equation 3.53. Should the back pressure
be lowered further a normal shock will appear in the divergent section, which requires the flow to accelerate to
supersonic speeds after the throat section. The position of this shock will be controlled by the back pressure.

3.5 Area-Mach Number Relation

When expanding on the notion of continuity, another interesting relation can be obtained that relates the Mach
number in an arbitrary duct to the evolution of the cross-sectional area. Furthermore, as this Mach number
distribution is obtained, one can calculate the isentropic values of static properties as described below. Once
again, quasi one-dimensional and isentropic flow is assumed. Applying conservation of mass at an arbitrary
location in the duct and relating to sonic (throat) conditions, denoted with a superscript ∗, yields;

ρ∗V ∗A∗ = ρV A (3.54)

Per definition, u∗ = a∗, and Equation 3.54 becomes;

A

A∗
=
ρ∗

ρ

a∗

V
=
ρ∗

ρ0

ρ0
ρ

a∗

V
(3.55)

At this point, one can utilize the expression for stagnation density, Equation 3.13, and assume M = 1 to obtain;

ρ0
ρ∗

=

(
γ − 1

2

)1/(γ−1)

(3.56)

Considering the energy equation for one-dimensional, adiabatic flow, it can be shown [2] that;(
V

a∗

)2

= M∗2 =
γ+1
2 M2

1 + γ−1
2 M2

(3.57)

Combining Equations 3.55, 3.56, 3.57 and 3.13, the area-Mach number relation is obtained as follows;(
A

A∗

)2

=
1

M2

[
2

γ + 1

(
1 +

γ − 1

2
M2

)](γ+1)/(γ−1)

(3.58)

As stated above, this relation can be used to obtain the Mach number variation in a duct as a function of the
ratio of the local duct area to the sonic throat area. As this information is gained, it is possible to calculate the
values of static temperature, pressure and density according to Equations 3.10, 3.12 and 3.13. It is reiterated
that the applicability of this relation depends on the validity of the approximation of isentropic, quasi-one
dimensional flow. Nevertheless, it is a practical tool to preliminary design as, given a capture area of the intake
and a free stream Mach number, one can approximate the required throat area.

3.6 Compressible Mass Flow Equation

At low Mach numbers, where density changes occuring in the flow are negligible and it can be assumed to be
incompressible, mass flow is easily expressed as;

ṁ = ρV A (3.59)

where A is the area that is perpendicular to the flow. However, when exceeding Mach numbers of M = 0.3,
compressibility has to be taken into consideration and density changes can no longer be neglected [8]. Due to
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density changes resulting from pressure losses, velocity changes can occur in a constant-area duct in high speed
flows [25]. Hence, total properties are invoked and the mass flow for a compressible flow is expressed using
Equations 3.59, 3.10, 3.12 and 3.13. Neglecting the derivations for the sake of conciseness, this equation takes
the following form;

ṁ
√
CpT0

Ap0
=

γ√
γ − 1

M

[
1 +

γ − 1

2
M2

]− 1
2 ( γ+1

γ−1 )
(3.60)

Note that the assumption of an ideal gas is implicitly stated through the use of the equations for total properties.
Finally, the corrected mass flow, corresponding to the mass flow which would be obtained for ambient conditions
at sea level can be expressed as follows;

ṁcorr = ṁ

√(
T0
T

)
/

(
p0
p

)
(3.61)

These equations are used to calculate the intake capture area that is required to sustain a certain mass flow to
the engine at the design Mach number, given ambient conditions corresponding to a certain altitude. Combining
these expressions with Equation 3.7, the required capture area can be solved for according to;

A∞ =
ṁcorr

√
RT

Mp
√
γ

[
1 +

γ − 1

2
M2

]− 1
2 ( γ+1

γ−1 )
(3.62)

Knowing that the intake features a rectangular inlet area and assuming that A∞,ss is the value of this area at
the small scale and that the required large-scale value is A∞,ls, the corresponding scale transformation factor
SF can be calculated as;

SF =

√
A∞,ls
A∞,ss

(3.63)

The dimensionless parameter relating to mass flow in this study is the capture area ratio, or mass flow ratio
MFR, expressed as a ratio of the mass flow entering the engine face to the mass flow swallowed by the intake
capture area;

MFR =
ṁe

ṁ∞
(3.64)

3.7 Aerodynamic Forces

The prediction of aerodynamic forces acting on a submerged body has been a centralized subject for aerody-
namicists throughout the centuries. This concerns the area of compressible flow in particular, as the prediction
of lift and drag forces on bodies in all Mach number domains is at the heart of the subject of Aerodynamics [2].
The mechanism by which an aerodynamic force is transmitted from a fluid to a surface stems from two sources:
fluid pressure and fluid shear stress acting on the surface, where the latter arises from the viscosity of the fluid.
By common practice, a decomposition of the resulting force vector is made into components of drag and lift,
that act parallel and perpendicular to the free stream flow direction, respectively. The mathematical definition
of the force resulting from pressure and shear stress follows [2];

F =

∮
S

pndS +

∮
S

τmdS (3.65)

where n and m are unit vectors perpendicular and parallel to the surface element dS, respectively. Since the
free-stream flow direction coincides with the axial direction of the intake, the drag and lift are acting in the
x- and y-directions, respectively. Hence, the decomposition of the force vector into drag and lift are made as
follows;

D =

∮
S

pnxdS +

∮
S

τmxdS (3.66)

L ≈
∮
S

pnydS (3.67)

For most practical aerodynamic shapes, it is mainly the surface pressure distribution that generates lift [2],
hence the neglect of the shear stress contribution in the expression for lift. Note that also the shear stress
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contribution to the drag is in general small. However, it is included in the expression for drag seeing as this
assumption will be subject to validation later on as the results of the study are presented. It is safe to assume
that the generated lift of the intake will be small in comparison to that of the aircraft wings, thus the primary
interest related to the lift will be that of determining the pitch torque it induces on the aircraft body. Selecting
an arbitrary pair of coordinates (xPT , yPT ) in the intake, the pitch torque about the z -axis at this location
becomes;

P ≈
∮
S

pny(x− xPT )dS +

∮
S

pnx(y − yPT )dS (3.68)

The drag is related to the net propulsion force F of the aircraft according to [18];

F = FT −Dadd −Dext (3.69)

where FT is the net thrust generated by the engine and the total drag is divided into additive and external
contributions. There exists many different classifications of drag sources, depending on the application. Malan
& Brown [14] divides the drag acting on the intake into spillage, wave and profile contributions. Spillage drag
is defined as the drag induced by mass flow that is spilled on the outside of the intake, thus it is present when
the engine mass flow demand is less than the maximum that can be swallowed by the intake at the pertinent
Mach number. Wave drag is defined as the drag increase due to the presence of localized or global supersonic
flow. Finally, profile drag is divided into skin friction and form drag, where the former is due to the viscous
shear stress acting on the intake and the latter is due to the shape of the intake. In contrast, as previously
stated, Mount [17] divides the total drag into additive and external contributions as depicted by Equation 3.69.
The recognized definition of additive drag [14] [17] is the force acting on the stream tube of air entering the
intake by the surrounding atmosphere.

As the purpose of this study is to gain knowledge into how the key parameters of free stream Mach number,
intake back pressure and mass flow affect the total drag rather than to perform a benchmarking of the intake,
a more relaxed classification will be adopted. A large emphasis of the interest is put on how the mass flow
spillage affects the drag, thus the drag will be divided into internal and external contributions. The internal
contribution is from the forces generated by the mass flow that ultimately enters the engine, acting on the
ramp, internal duct and subsonic diffuser section. The external force contribution stems from the exterior
surfaces of the intake, including those of the bleed channel. In the case of the intake studied in this project,
two different sources of mass flow spillage exists. Firstly, when oblique shock waves forming at the external
ramp are not swallowed by the intake, a portion of the capture area mass flow will be diverted over the lip
wedge. Secondly, a portion of the interior flow is redirected into the bleed channel by means of expansion over
the trailing edge of the ramp or re-circulation in the throat section. Since mass flow spillage over the lip wedge
and in the bleed channel are expected to redistribute the pressure on these exterior surfaces, the mass flow
spillage is represented implicitly as the relative change of external drag.

D = Dext +Dint (3.70)

Finally, the non-dimensionalized drag coefficients are obtained by means of division with the product of
free-stream, dynamic pressure and the projected, cross-sectional area of the intake;

CD,ext =
Dext

(1/2)ρ∞v2∞A∞
(3.71)

CD,int =
Dint

(1/2)ρ∞v2∞A∞
(3.72)

CD = CD,int + CD,ext (3.73)
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3.8 Ideal Brayton Cycle

The analysis of thermodynamic cycles prove very useful to the determination of efficiencies relating to the work
output [13] of the propulsion unit. However, the current objective is merely to gain a conceptual understanding
of how the static pressure increase across the compression unit is necessary to gain a positive net work output
in the propulsion unit as a whole. A simplified, schematic view of the Ideal Brayton Cycle is shown in Figure
3.2. Furthermore, this cycle is represented in a h-s and a T-s graph in Figure 3.3.

Figure 3.2: Simplified view of the jet engine cycle.

The individual steps of the simplified cycle are identified as follows;

• 1→ 2: Isentropic compression.

• 2→ 3: Isobaric heat addition.

• 3→ 4: Isentropic expansion.

• 4→ 1: Isobaric heat rejection.

Figure 3.3: Ideal Brayton Cycle represented in a h-s and T-s graph.

Combining the first and second law of thermodynamics, it can be shown [2] that;

Tds = dh− vdp (3.74)

Consequently, as isobaric processes are considered, the following relation is obtained [13];(
∂h

∂s

)
p

=
dh

ds
= T (3.75)
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It is apparent that the slope of the isobaric curves in the h-s graph is the temperature. As is the case in
this study, a calorically perfect gas is considered, leading to Equation 3.1. Hence, the isentropic increase of
enthalpy in the compression phase implicitly gives an increase of temperature, with the scale factor Cp. This is
the reason that the two isobars in the depicted Brayton cycle diverge, due to the increased slope at a higher
temperature. The net work output of the propulsion unit is expressed as;

W = ∆h3→4 −∆h1→2 = Cp(∆T 3→4 −∆T 1→2) (3.76)

Due to the divergence of isobars, it is apparent that;

∆h3→4 > ∆h1→2 (3.77)

leading to a positive net work output as defined by Equation 3.76. This is the fundamental reason that a
net positive work output can be drawn from an engine with an integrated compression unit. As a direct
consequence of the ideal gas law, Equation 3.2, it is also realized that a higher pressure ratio in the compression
unit leads to a higher divergence of isobars, which can be shown to ultimately increase the cycle efficiency of
the propulsion unit [13].

3.9 Jet Propulsion

The propulsion of an aircraft stems from sources, one static and one dynamic in nature. The static contribution
is provided from the net force exerted on the aircraft due to pressure and shear stress distributions acting
on the surface. When dealing with the relatively low viscosity of air, the shear stress contribution is very
small as compared to that of pressure [2], hence it can be neglected. Ultimately, the static contribution to the
propulsion of the aircraft is that of a net pressure force being exerted on the submerged body. The dynamic
contribution to the thrust can be derived from the integral form of the momentum equations outlined in Section
3.2.2, and is a direct result of Newton’s laws of motion. As mass enters and exits a propulsion unit, it will
experience a change of momentum flux as a result of the heat addition in the combustion chamber. This change
of momentum flux will result in a force being exerted on the engine in the direction opposed to that of the mass
flow, contributing to the propulsion of the aircraft. Ultimately, the uninstalled momentum thrust equation
takes the following form [2];

F = (ṁNVN − ṁ∞V∞) + (pN − p∞)A∞ (3.78)

Note that, using the above sign convention, the force is defined as positive in the direction of aircraft motion.
The first term corresponds to the momentum thrust and the second to the pressure thrust exerted on the
aircraft. Seeing as the effects of the pressure distribution are known through the total drag, calculated with
Equation 3.66, this term can be replaced in the above equation to obtain;

F = (ṁNVN − ṁ∞V∞)−D (3.79)

Once again, the shear stress contribution seen in Equation 3.66 is neglected due to its small influence. As
the momentum thrust requires knowledge about the work input by means of heat addition in the combustion
chamber of the engine unit, the momentum thrust can be obtained through engine specifications.
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4 Results

In this chapter, the results of the geometry creation as well as the validation and parametric studies will be
presented, in the mentioned order. Considering that the mesh convergence study is a part of the validation
study, it will be included in Section 4.2 where the results of the validation study are presented. Due to the
confidential nature of the results, exact geometries, boundary conditions and numerical results will not be
subject to disclosure. In the forthcoming sections, all geometries have been distorted, boundary conditions
are represented algebraically and numerical results are scaled. Naturally, this will mean a compromise of the
results to some extent, after which the performance in terms of the studied parameters can not be compared to
similar intakes investigated in other studies. However, it still allows for a qualitative understanding of how the
intake performance depends on the key parameters to be developed.

The numerical results are primarily represented by graphs depicting the global behavior of the intake. To aid
in analyzing these results in more detail, flow field visualizations in terms of key quantities of total pressure,
static pressure and Mach number distributions inside the intake have been made available as appendices.
These illustrations include two different views. One is a profile view of the intake at the symmetry plane, or
centralized intake depth coordinate (along the z-axis as depicted in Figure 4.1). The other is an isometric view
including the flows in transverse planes at key, axial positions in the intake. The purpose of this latter view is
to account for the three-dimensional nature of the flow, which is neglected in the profile view. Furthermore, to
clearly illustrate the shock wave patterns residing in the intake for the various flow scenarios, density gradient
illustrations have been generated using only the profile view. Please note at this stage that the density gradient
illustrations are based on instantaneous rather than time-averaged distributions. This is to further highlight
the complex flow structures by avoiding more diffuse patterns associated to mixing in time. Finally, due to
the extent of the study, a vast number of these illustrations have been generated and only key cases will be
included to elaborate on the general behavior, for the sake of brevity. This concerns both the validation and
parametric study.

4.1 Geometry Creation

Following the procedure outlined in Section 2.1, the geometry of the primary intake was created and exported to
mesh creation. This primary intake, which was the subject of the validation study, was then enlarged uniformly
by a scaling factor as discussed in Section 2.3.3. On the basis of this enlarged intake, an alternate geometry
was created, representing an alternative ramp shape. These two large-scale geometries were the basis of the
subsequent parametric study and are presented in Figures 4.1-4.2 below.

Figure 4.1: Isometric view of intake geometry.
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Figure 4.2: Profile views of intake ramp geometry configurations. The upper geometry is the discrete-ramp
(DR) configuration while the lower is the reference, continuous-curve, isentropic-ramp (IR) configuration.

4.2 Results of Validation Study

The scope of the validation study that was carried out was the generation of performance curves relating to
mass flow and total pressure recovery using the obtained CFD model. This global behavior was mapped as
a function of the intake back pressure for a set of different Mach numbers. The operating conditions that
were implemented in the study were defined in two levels. Firstly, 4 distinctly different free stream Mach
numbers were implemented. Secondly, for each of these, a back pressure variation was implemented such that
3-5 distinctly different levels of back pressure were modelled, depending on the applicable range in the model.
Table 4.1 is used to illustrate the scope of the study in terms of the performed simulations. For the set of Mach
numbers, {MV,1,MV,2,MV,3,MV,4}, listed in increasing order, the index V is used to denote implementation in
the validation study. Furthermore, back pressure levels are denoted pm,n, where m relates to the Mach number
in increasing order and n is the index of increasing order of back pressure.

As these performance curves were generated, they were compared to the corresponding curves obtained
in the wind tunnel tests. Finally, the level of accordance between these two sets was assessed and deviations
were analyzed. To not only validate the fidelity of the CFD model but also the robustness of the mesh, a mesh
dependency study was carried out to evaluate the dependency of the results on the spatial resolution of the
mesh that was employed in the model. The complete procedure is outlined in more detail in Chapter 2.

4.2.1 Mass Flow and Total Pressure Recovery

The characteristic intake performance curves, described in Section 4.2, are illustrated in Figures 4.3-4.6 below.
For the sake of comparison between Mach number cases, note that the axes have the same numerical ranges
in all the Figures. Two things are important to take into consideration at this stage when examining these
graphs. Firstly, given a Mach number, by increasing the back pressure one moves from the lower end of the
respective curve to the upper end. Three characteristic regions of these curves are identified, and will be defined
in more detail below as they are referenced. They are best exemplified by Figure 4.4. The first is the subcritical
operating range, which corresponds to the horizontal, upper part of the curve. The second is the supercritical
operating range, corresponding to the vertical, lower part of the curve. The critical operating point is defined in
the region of transition between these two ranges. In short, this attribute indicates the positioning of the sonic
transition. At the critical point, the sonic transition occurs in the aerodynamic throat section, while it occurs
upstream and downstream of this location in the subcritical and supercritical range, respectively. Finally, as
the objective was to reproduce the curves obtained from wind tunnel testing rather than the individual testing
points, of which the levels of intake back pressure were unknown, there is no correspondence between points on
the CFD curves and points on the wind tunnel testing curves.
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Table 4.1: Simulations of validation study.

Case Comments
MV,1 Off-design operation, MV,1 < Md

p1,1 Supercritical range
p1,2 Supercritical range
p1,3 Supercritical range
p1,4 Critical point
p1,5 Subcritical range
MV,2 Off-design operation, MV,2 < Md

p2,1 Supercritical range
p2,2 Supercritical range
p2,3 Supercritical range
p2,4 Critical point
MV,3 On-design operation, MV,3 ≈Md, chosen for mesh convergence study

Coarse mesh Fine mesh
p3,1 Supercritical range Supercritical range
p3,2 Supercritical range Supercritical range
p3,3 Supercritical range Supercritical range
p3,4 Supercritical range Supercritical range
p3,5 Critical point Critical point
MV,4 Off-design operation, MV,4 > Md

p4,1 Supercritical range
p4,2 Supercritical range
p4,3 Critical point

Figure 4.3: Mass flow versus total pressure recovery for small-scale intake, M = MV,1

25



Figure 4.4: Mass flow versus total pressure recovery for small-scale intake, M = MV,2

Figure 4.5: Mass flow versus total pressure recovery for small-scale intake, M = MV,3
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Figure 4.6: Mass flow versus total pressure recovery for small-scale intake, M = MV,4

Mach M = MV,1

At the critical point of operation for the Mach number MV,1, exemplified by the flow scenario of Appendix
A.1, the back pressure is chosen such that the normal shock terminating the external compression phase
is placed in the aerodynamic throat section of the intake. In the external compression phase at this Mach
number, two key features are identified. Firstly, the initial oblique shock wave angle is large enough to divert
a significant portion of the incoming, capture area mass flow to the outside of the intake. As will be made
evident later on, this angle is made smaller as the free-stream Mach number increases. As the angle is made
smaller, less mass flow is spilled to the outside and the mass flow swallowed by the intake increases. This
signifies the Mach number dependence of the swallowed mass flow, the regulation of the initial oblique shock
wave angle as accurately predicted by the theory of Section 3.3. The second feature of the external phase
is that the compression, resulting from the continuous flow deflection of the ramp, causes a negligible total
pressure loss. This validates the notion of an isentropic intake. As the pressurized flow enters the interior of
the intake, leaving the trailing edge of the ramp, it expands. This causes an acceleration and a diversion of
the boundary layer flow of the ramp into the bleed channel, precisely as intended. Subsequent to the bleed
channel section, the terminating normal shock is induced, causing the transition to the subsonic flow of the
subsonic diffuser. An interesting feature of this normal shock is that its strength, or intensity, varies across
the duct section due to the upstream acceleration fan. Ultimately, the total pressure loss across the normal
shock is larger close to the centerbody of the intake. Another consequence of this acceleration fan is that an
additional normal shock occurs at the trailing edge of the ramp. As the subsonic flow enters the subsonic
diffuser after the terminating normal shock, the flow distortion is kept at a minimum by means of efficient mixing.

When further increasing the intake back pressure, the terminating normal shock is pushed upstream in-
side the intake, moving the operating point into the subcritical range. As this happens, the mass flow diverted
into the bleed channel increases rapidly, beyond the intended levels. This will decrease the intensity of this
shock, further increasing the total pressure recovery at the expense of a decrease of mass flow ultimately
entering the engine. The subcritical range is exemplified by A.2.

Departing once again from the critical point of operation, the intake back pressure can be decreased to
access the supercritical range, as is the case in Appendix A.3. As the overall static pressure increase of the
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subsonic diffuser is now smaller, the flow is forced to remain supersonic throughout a significant portion of
this section. Consequently, the obtained shock wave structure is far more intricate and multiple reflections are
observed. An undesired effect of this behavior is the flow separation that occurs inside the subsonic diffuser. This
separation is in general initiated at locations of shock wave reflections, as will be observed across the Mach num-
ber range. This well-known phenomenon of shock-induced separation is attributed to the rapid pressure increase
across shock waves. This disturbance is strong enough to cause a high-momentum, supersonic particle travelling
along the subsonic diffuser surface to be redirected by the impulse of the shock wave, causing strong separation
and regions of re-circulation to be induced in the wake. The primary outcome of separation in the subsonic
diffuser section is that the flow entering the engine face is heavily distorted in terms of velocity and total pressure.

Observing Figure 4.3, it appears that the model is able to predict a wide range of ratios of total pres-
sure recovery, closely resembling the curve of wind tunnel tests. However, a somewhat constant offset of mass
flow is observed between the curves. A plausible explanation for this is the placement of the trailing edge of the
bleed channel in terms of hardware manufacturing tolerances, combined with the underestimation of the initial
and total deflection angle of the ramp in the model, as described in Section 2.1. When studying the general
flow at this Mach number (Appendix A), it can be concluded that the amount of mass flow entering the bleed
channel is very sensitive to the placement of this edge and the rate of expansion of the flow leaving the ramp.

Mach M = MV,2

The increase of the free stream Mach number to a value MV,2, slightly below the design Mach number Md, is
made evident by a reduction of the initial oblique shock wave angle. The inclination is such that this shock
wave propagates outside the tip of the lip wedge by a small margin, as can be seen by the flow field representing
the critical operating point in Appendix B.1. As argued in the previous paragraph, the range of mass flow
swallowed by the intake is increased due to this effect. This is observed in Figure 4.4. Another interesting
feature of increasing the free stream Mach number is that the effective area of the throat section, terminating
the convergent part of the intake, decreases. Having an effective aerodynamic throat area that is smaller than
the actual, physical area of the intended throat section, causes the shear layer of the flow leaving the ramp to
be ingested by the internal duct. As this happens, mass flow is spilled by means of diffusion across the shear
layer and re-circulation into the bleed channel, caused by an adverse pressure gradient. Having a shear layer
ingested in the subsonic diffuser section increases the complexity of the flow, compromising the axial uniformity
of the flow. This effect is also present at higher Mach numbers.

At a point pe2 of supercritical operation, shown in Appendix B.2, the lower overall static pressure increase of
the subsonic diffuser forces larger velocities in this section. For the same reasons that were previously discussed
while treating a low back pressure case at MV,1, separation is induced, causing heavy flow distortion. Upon
inspection of the results in Figure 4.4, it can be seen that the range of modelled total pressure recovery is
quite narrow as compared to that of the tests. However, the predicted mass flow by the model almost coincide.
Furthermore, the total pressure recovery seems to converge towards a minimum value as the back pressure
is lowered. Finally, there is no representation of the subcritical range in the model results. Attempts have
been made to raise the back pressure levels beyond that of the critical point to access the subcritical range.
However, this domain of operation is strongly associated with instability, as the intake will be unstarted when
the terminating normal shock is pushed upstream to the convergent part of the intake. Hence, no such solutions
were obtained that were deemed satisfactory.

Mach M = MV,3

As the design Mach number is slightly exceeded by reaching MV,3, the initial oblique shock wave of the external
compression phase is swallowed by the intake, eliminating mass flow spillage to the exterior of the lip wedge.
This Mach number MV,3, being the best approximation of the design Mach number Md, was chosen for the
mesh convergence study. The overall results can be seen in Figure 4.5. The same flow features of shear layers,
re-circulation, separation and distortion that were discussed in the previous paragraph are present at this
Mach number. Furthermore, the same intake back pressure dependency is observed. Hence, the supercritical
operating scenario of Appendix C.1 was chosen to highlight the differences of flow fields obtained when using
the different meshes. A few distinct tendencies are identified. Firstly, as the wall resolution is increased, the
boundary layer thickness increases, made evident by the flow adjacent to the ramp. Secondly, large gradients
associated with shock wave structures are better resolved using the fine mesh. Finally, the point of separation
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along the subsonic diffuser wall moves marginally downstream as the boundary layer modelling is neglected
while using a coarse mesh. However, the main observation is that the flow structures and modes remain the
same regardless of mesh resolution.

The global results are presented in Figure 4.5. The first observation is that a negligible difference is ob-
tained when using different mesh resolutions, and thus the prediction of mass flow and total pressure recovery
can be considered independent of mesh resolution. Secondly, the range of mass flow predicted by the model
closely resembles that of the wind tunnel tests. However, just as previously concluded, the total pressure
recovery predicted by the model seems to converge in the supercritical range towards a minimum value. This
results in an overestimation as compared to the test results.

Mach M = MV,4

When increasing the free stream Mach number far beyond the design Mach number Md, the angle of the initial
oblique shock wave is very small. Consequently, as can be seen in Appendix D.1, a portion of the incoming,
capture area mass flow is subjected to a very strong normal shock close to the tip of the lip wedge, causing a
significant total pressure loss. The resulting flow structure of the intake interior is a supersonic tail encompassed
by viscous shear layers. As this tail progresses into the subsonic diffuser section, it is gradually diffused. It is
apparent from the interior shock wave structure that a virtual geometry change occurs due to the ability of shock
waves to reflect on viscous shear layers, which govern this change. Hence, the converging-diverging concept of
the intake is suppressed and it is difficult to identify the different ranges of operation. Hence, as the flow sce-
nario of Appendix D.1 is deemed to be in the critical range, the reader is encouraged to take this attribute lightly.

Finally, Figure 4.6 shows the global results at this Mach number. It appears that the range of mass flow
predicted by the model is narrow and that there is no dependence of total pressure recovery on the back
pressure variation. Two possible explanations to this are provided. Firstly, the range of intake back pressures
that was implemented at this Mach number was relatively narrow. As attempts were made to increase the
back pressure beyond pe3, the flow as predicted by the model became unstable and did not converge to any
satisfactory solution. Secondly, the normal shock manifested at the tip of the lip wedge is of such strength that
it constitutes a large part of the overall static pressure increase of the intake. This is the case regardless of
the intake back pressure, seeing as the flow of the convergent section is independent of this parameter. The
strength of this normal shock limits the degree of freedom of the subsequent flow, in terms of further increasing
the static pressure by varying shock structures. Consequently, the total pressure recovery as predicted by the
model appears to be invariant.

4.2.2 Conclusions of Validation Study

The general difference between the model and test results, as shown in Figures 4.3-4.6, is the prediction of total
pressure recovery in the low-back-pressure, supercritical range. The observed trend is that this response, as
predicted by the model, seems to converge towards a minimum value in this range. An investigation was carried
out to ascertain the reasons for this. The conclusion was found by first identifying the flow structures that
are present in this domain of operation. For a given Mach number and a relatively low intake back pressure,
the sonic transition will occur in the subsonic diffuser. This means that shock structures will be present in
this section. As previously argued, the reflections of oblique shock waves tend to cause separation along the
subsonic diffuser walls. Furthermore, end-wall turbulence in the corners of the rectangular cross-section is
another reason for strong separation. When these regions of separation merge, the consequence is highly
skewed and distorted flow, compromising the axial uniformity of the flow. The distortion in terms of total
pressure at the evaluation plane is illustrated in Figure 4.7. This graph shows the distortion coefficient
of total pressure, as defined by Equation 3.15. Note that an area average was used to calculate this coeffi-
cient. As concluded, this distortion increases with decreasing intake back pressure, for each of the Mach numbers.

Keeping this reasoning in mind, the estimation of total pressure in the evaluation plane is considered next. In
the wind tunnel tests, a total pressure rake was used to estimate this quantity. The rake is a series of thin
tubes aligned with the axial direction of the intake, in which the total pressure is estimated after a complete
deceleration of the flow. For a more thorough description of this measurement hardware, the reader is referred
to any available literature on the subject. To simplify, each tube provides a distinct value of the total pressure,
corresponding to a location in the flow. The final metric is the average of these distinct values. Since they
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are weighted equally, this corresponds to an area average of the total pressure in the evaluation plane. The
locations of these tubes are illustrated in Figure 4.8a.

Figure 4.7: Distortion of total pressure in evaluation plane for small-scale intake.

In contrast, the estimation procedure of the total pressure in the model is based on a mass flow average, a
choice that was discussed in Section 2.3.1. Furthermore, instead of basing the estimate on a discrete set of
numbers, it is based on an area integral of the whole evaluation plane. Now, considering the example total
pressure distribution of Figure 4.8b while taking into account that regions of high total pressure coincide with
those of high mass flow, some conclusions can be drawn. Should the mass flow average of this distribution be
calculated, it is evident that it would be heavily influenced by the region of high total pressure. Furthermore,
projecting the rake tube locations of Figure 4.8a onto this distribution and imagining an area average being
calculated as described above, it is understood why this value would be significantly smaller than the mass flow
weighted average. Clearly, the distortion and skewness of the total pressure distribution is the reason as to why
the area and mass flow averages differ. When considering the subcritical region, these coincide due to the very
low, associated flow distortion. In summary, as the total pressure distortion is made larger, the average as
predicted by the test and model results deviate to a greater extent. Therefore, in the supercritical region, the
tests are able to predict a lower range of total pressure recovery than the model. Hence, it cannot be concluded
that the intake flow as predicted by the model deviates in any way from the intake flow present in any physical
test. It can only be concluded that the means by which the total pressure recovery is estimated in the tests
and in the model are methodically different.

(a) Total pressure rake locations in wind tunnel tests. (b) Example of distorted total pressure distribution as predicted
by model.

Figure 4.8: Procedures of estimating the total pressure in the evaluation plane.
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Another general conclusion of the validation study is that the model solutions obtained in the subcritical range
were unstable and unsatisfactory, in general. As the intake back pressure was increased beyond critical values,
the terminating normal shock of the intake flow was pushed upstream of the aerodynamic throat section. Such
a shock is unsteady within the converging part of the intake, causing it to gradually move upstream and redirect
the incoming, free-stream mass flow to the exterior. The result is an unstart of the intake. Judging from the
investigated intake back pressure range, the stability margin is very small when transitioning from the critical
point to the subcritical range.

As the validation study was completed, it was concluded that the model was sound and best suited to
study Mach numbers at and below the design Mach number of the intake geometry. Several topics of discussion
that were outside the primary scope of the study arose and will be treated in Chapter 5. The primary question
relates to whether the wind tunnel testing or the CFD model provides the best estimation of total pressure
recovery in the supercritical range. Secondary subjects include turbulence and boundary layer modelling.

4.3 Results of Parametric Study

On the basis of the validated CFD model, the secondary objective was to perform a parametric study of a
real-size, generic intake featuring two distinctly different ramp configurations. These are illustrated in Figure 4.2.
The first is the reference geometry of the intake, uniformly scaled. The second is an alternative design in which
two straight ramp segments replace the continuous curve, such that the initial and total deflection angles of the
ramp are the same. In the forthcoming sections, IR (Isentropic Ramp) and DR (Discrete Ramp) are the short
names used to reference the different geometries. A decision was made to use the same reference intake geometry
that was used in the validation study. This was done for two primary reasons. Firstly, the time window of the
project did not allow for the creation of an entirely new geometry. Secondly, using the same geometry for both
small-scale and large-scale simulations would allow for a direct comparison between the two, in terms of the
studied performance. This would ultimately allow for conclusions to be drawn relating to the dynamic similarity
of the intake. Based on a typical engine mass flow requirement of a real-size intake at the design Mach number
and flight altitude, the scaling factor was calculated as SF ≈ 37, following the procedure of Section 3.6. Before
proceeding to the results of the parametric study, it should be noted that some modifications were made to the
CFD model after the conclusion of the validation study. Firstly, the employed mesh was a modified version of
the fine mesh, as described in Section 2.3.3. Secondly, in order to make the interior outlet boundary condition
more robust, the extension that was added to the subsonic diffuser section was made significantly longer. This
was done to avoid the problems of instability described in Section 2.2.1. The disadvantage of this increase
of extension length proved to be an increase of the number of iterations that was required by steady-state
simulations to obtain a fully developed flow, due to the increased propagation distance of the boundary condition.

When proceeding to the parametric study, the flight altitude was also changed from ground level to an
intake design, stratospheric altitude. In addition to studying the characteristic intake response in terms of
engine mass flow and total pressure recovery, aerodynamic forces have been predicted by the model. The results
are presented in Sections 4.3.1 and 4.3.2, respectively. The extent of the parametric study, shown in Table
4.2, is similar to that of the validation study in terms of the implemented range of Mach numbers and intake
back pressures. Due to the three-dimensional nature of the flow, it has proven difficult to identify the range to
which certain simulations belong. The reader is therefore encouraged to take these attributes lightly, as they
are listed in Table 4.2. Note that the Mach numbers investigated in the parametric study are different than
those of the validation study, with the exception of MV,1 = MP,1. Also, due to the increase of flight altitude,
the imposed intake back pressures are not the same in absolute terms. Although, while individual values were
slightly modified, the range in terms of the relative static pressure increase of the intake was maintained.

4.3.1 Mass Flow and Total Pressure Recovery

As the simulations of the respective geometries were completed, predictions of engine mass flow and total
pressure recovery were extracted using the same procedure as in the validation study. The results are presented
in Figures 4.9-4.12. Note that since MV,1 = MP,1, Figure 4.9 includes reference curves pertaining to the wind
tunnel tests and small-scale simulations. The abbreviations ss (small-scale) and ls (large-scale) are introduced.
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Table 4.2: Simulations of parametric study.

Case Comments
Geometry IR DR
MP,1 Off-design operation, MP,1 < Md

p1,1 Supercritical range Supercritical range
p1,2 Supercritical range Supercritical range
p1,3 Critical point Critical point
p1,4 Subcritical range Subcritical range
p1,5 Subcritical range Subcritical range

MP,2 Off-design operation, MP,2 < Md

p2,1 Supercritical range Supercritical range
p2,2 Supercritical range Supercritical range
p2,3 Critical point Critical point
p2,4 Subcritical range Subcritical range
p2,5 Subcritical range Failed due to instability

MP,3 On-design operation, MP,3 = Md

p3,1 Supercritical range Supercritical range
p3,2 Supercritical range Supercritical range
p3,3 Critical point Critical point
p3,4 Subcritical range Subcritical range

MP,4 Off-design operation, MP,4 > Md

p4,1 Supercritical range Supercritical range
p4,2 Supercritical range Supercritical range
p4,3 Failed due to instability Supercritical range
p4,4 Failed due to instability Critical point

Figure 4.9: Mass flow versus total pressure recovery for large-scale intake, M = MP,1
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Figure 4.10: Mass flow versus total pressure recovery for large-scale intake, M = MP,2

Figure 4.11: Mass flow versus total pressure recovery for large-scale intake, M = MP,3
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Figure 4.12: Mass flow versus total pressure recovery for large-scale intake, M = MP,4

Mach M = MP,1

The results of simulations run at MP,1 are shown in Figure 4.9. The first observed trend is that the scaling of
the intake has a negligible influence on the global performance in terms of mass flow and total pressure recovery.
Even though the Reynolds number is increased at a large scale, the resulting decrease of total pressure losses
associated to viscous effects appears to be negligible. The primary study, however, concerns the differences
in performance relating to the different geometries, and will be the subject moving forward. Flow fields
pertaining to the different operating ranges at the current Mach number, for the two geometries, are illustrated
in Appendix E. The most distinct difference between the respective geometries is the mass flow swallowed
by the intake. This is attributed to the characteristics of the external compression phase, where the oblique
shock waves at the discrete ramp dictate that a larger mass flow spillage occurs. Furthermore, the steady flow
prior to the aerodynamic throat section is independent of downstream pressure conditions in the critical and
supercritical range, hence the rather constant offset of mass flow at these conditions. When increasing the back
pressure enough to reach the subcritical range, it appears that the mass flow of the DR geometry deteriorates
rapidly. From Appendix E.2, it is obvious that a significant portion of the mass flow is diverted into the bleed
channel by the impulse of a skewed, adverse pressure gradient. This is likely a case of a very small stability
margin in terms of increasing the downstream static pressure. Since the flow leaving the ramp of the IR
configuration has a higher momentum due to the decreased mass flow spillage and more efficient compression, a
larger impulse is required to divert this flow into the bleed channel. This is a potential explanation as to why
this rapid diversion of flow into the bleed channel appears to be delayed when comparing to the DR configuration.

The second general observation is that while the mass flow is significantly different between the two ge-
ometries, the difference in overall total pressure recovery is very small. While the external compression fan of
the isentropic ramp causes negligible total pressure losses, there is a distinct total pressure loss associated to
the corresponding oblique shock waves of the discrete ramp. However, due to the increased interior mass flow
and velocities of the IR geometry, the losses attributed to the terminating normal shock are larger in this case.
Consequently, the global levels of total pressure recovery differ very slightly.
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Mach M = MP,2

As the Mach number is increased to MP,2, slightly below the design Mach number Md, the same general
observations as for MP,1 are made. The swallowed mass flow differs significantly between the geometries and
the total pressure recovery levels differ very slightly. The exception to the latter is the supercritical range,
where it appears that the levels are noticeably smaller for the DR geometry. For the same reasons discussed in
Section 4.2.2, the total pressure recovery converges towards a minimum value as the back pressure is reduced.
The supercritical range of this Mach number is illustrated in Appendix F. Another interesting tendency that
is observed is that separation is initiated on different sides of the subsonic diffuser, depending on the ramp
configuration. As the separation is initiated at locations of oblique shock wave reflections, this behavior is
likely very sensitive to the shock structure. The reader is encouraged to also observe the small separation
bubbles that occur at wave reflections prior to the the ultimate separation. An additional, general trend is that
separation propagates from the cross-sectional corners of the subsonic diffuser geometry due to end-wall effects.
These propagating separation wakes merge and cause the skewed and distorted distribution of properties at the
engine face.

Mach M = MP,3

An increase to the design Mach number MP,3 = Md is made evident by the angle of the initial, oblique shock
wave, as illustrated in Appendix G. This angle is such that this shock wave will reflect on the tip of the lip
wedge of the intake. For the IR geometry, this means that mass flow spillage over the lip wedge is eliminated,
maximizing the swallowed mass flow. Due to the second oblique shock wave present in the DR configuration,
which is significantly stronger than the initial one, mass flow spillage is still present in this case. Hence, the
difference in swallowed mass flow between the geometries is at a maximum at this Mach number. In the
subcritical range, when moving the sonic transition upstream from the throat section, the recirculating flow
causes a significant portion of the mass flow to bleed to the exterior. When reducing the adverse pressure
gradient by means of lowering the intake back pressure, the flow leaving the ramp is forced to expand and
accelerate over the trailing edge of the bleed channel, eliminating bleed spillage by means of circulatory flow.
Hence, a wide range of engine mass flows is predicted due to the undesired feature of re-circulation in the
subcritical range.

Mach M = MP,4

Increasing the Mach number to a value MP,4, greater than the design Mach number Md, minimizes the deviation
of mass flow between geometries, as the secondary oblique shock of the DR configuration now causes a very
small spillage over the lip wedge, as can be seen in Appendix H. The external compression fan of the IR
configuration now has a focal point that deviates to the interior from the lip wedge. Hence, a normal shock
is undergone by the remainder of the capture area mass flow. The result is an additional shear layer being
ingested in the interior of the intake, adding to the complexity of the flow both physically and numerically.
Despite numerous attempts using different sizes of time steps, ramping of boundary conditions and numerical
schemes, no converged solutions were obtained for the IR configuration at high intake back pressures.

4.3.2 Aerodynamic Forces

Apart from studying the performance of the intake in terms of total pressure recovery and ingested mass flow,
a large interest was put on the aerodynamic forces acting on the intake due to the various pressure and shear
stress distributions arising at the different operating conditions. Definitions of lift, drag and pitch torque
were introduced in Section 3.7, along with a classification of contributory sources. It was argued that the lift
generated by the intake is not of interest, since it is not its primary task. Furthermore, the drag, which is of
essential interest to intake design, was divided into sources of pressure and shear forces. Finally, the pitch
torque, acting about the z axis as depicted by Figure 4.1, was calculated while neglecting the contribution
of shear forces. This was done at two locations and the intermediate range was obtained by means of linear
interpolation, which is sufficient due to the expected linear response of torque along the axial direction. Using
the coordinate system of Figure 4.1, these locations were chosen to be (x1, ym), (x2, ym). The pair x1 and x2
was chosen as the leading and trailing edge of the intake, respectively. Also, ym was chosen as the y coordinate
of the subsonic diffuser symmetry plane. Hence, an axial distribution of pitch torque was obtained for the whole
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length of the intake. The sign convention is such that this quantity is defined positive in the counter-clockwise
direction.

Intake drag

The pressure-induced drag exerted on the intake at the different operating conditions is presented in Figures
4.13a-4.13d below. At this stage, two things are repeated. Firstly, the internal contribution is the drag acting
on all the surfaces encompassing the mass flow that ultimately enters the engine. The external contribution is
the drag on all exterior surfaces, also including those of the bleed channel. Consequently, the spillage drag is
represented implicitly as the relative change of external drag. Secondly, observing these graphs, the sizes of the
drag forces are omitted. A reference 0 is kept to highlight the change of sign. Still, all graphs feature the same
range of drag forces, allowing for a comparison between results of different Mach numbers in relative terms.
The levels of back pressure are also omitted, with the individual ranges being defined by LP (low pressure) and
HP (high pressure).

(a) Mach number M = MP,1 (b) Mach number M = MP,2

(c) Mach number M = MP,3 (d) Mach number M = MP,4

Figure 4.13: Pressure-induced drag acting on intake for the different conditions of flight.

For the sake of fluidity in the forthcoming analysis, the number of references to individual simulations in
appendices will be kept at a minimum. Hence, the reader is encouraged to independently consult these. On the
basis of the results shown in Figure 4.13, the first observation is that the shape of the ramp has a negligible
influence on the drag in a global perspective. The second observation made is that the external drag seems to be
fairly constant and independent of the intake back pressure. Knowing that the external drag for a given Mach
number case can only vary by means of increasing the mass flow spillage to the exterior, two sources would
potentially cause deviations. These are the mass flow spillages over the lip wedge and in the bleed channel.
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Now, since a significant redistribution of mass flow and pressure on the exterior is only possible by means
of pushing the terminating normal shock outside of the intake, an unstart would be required to significantly
increase spillage drag. Since this phenomenon lies well into the subcritical range and outside the range of model
stability, it is not accounted for. Hence, the only source in the range of model stability that causes a deviation
to the external drag is that of mass flow bleed. Moreover, spillage through the bleed channel is caused by two
different mechanisms; expansion over the trailing edge of the ramp or re-circulation of flow due to a mismatch
of the actual and effective throat area. The former is the way in which the bleed channel is supposed to operate
while the latter is an undesired feature. Two examples of flow situations featuring these mechanisms are shown
in Appendices E.1 and G.1, respectively. When considering the first scenario, the flow quickly expands to the
ambient pressure of the bleed channel after leaving the trailing edge of the ramp. Hence, no additional drag
is exerted on the intake as it aligns with the back surface of the bleed channel. In the second scenario, the
recirculating flow aligns with the front surface to provide a marginal reduction of the induced drag.

Finally, the drag component that exhibits the largest dependence on back pressure is the internal contri-
bution. In the supercritical range, the force exerted on the intake is acting in terms of conventional drag,
opposing the direction of movement. However, when raising the back pressure enough, a change of sign is
observed and the exerted force is acting in terms of thrust rather than drag. To explain this behavior, the
simplification of a convergent-divergent duct can be considered. Considering the external compression phase
as the convergent section, a relatively constant, positive drag contribution is made. In the subsonic diffuser
section, representing the divergent part, a negative drag contribution is made. When the adverse pressure
gradient and the overall pressure levels of this section is increased, it is natural that this contribution is made
larger. Furthermore, increasing the operating Mach number enables larger overall pressure ratios due to the
increase of converted kinetic energy. Hence, the exerted force in terms of thrust acting on the intake is increased
as the Mach number is increased. On a final note, the pressure thrust in the high-back-pressure, subcritical
regions are comparable to the momentum thrust of the engine on which the intake scaling was based.

Next, the drag resulting from viscous forces are considered and the results are shown in Figure 4.14.

Figure 4.14: Shear-induced drag acting on intake.

Here, three key tendencies are identified and attributed to the velocity distribution inside the intake. When
increasing the velocity along walls, the adverse velocity gradient is made larger as a result of the implemented
No Slip boundary condition. This ultimately increases the flow shear and the resulting forces. Consequently,
increasing the free stream Mach number increases the shear drag of the intake. Furthermore, the skin friction
drag is reduced by means of increasing the back pressure, allowing for subsonic flow throughout the subsonic
diffuser. When evaluating differences between forces of the different geometries, the DR configuration exhibits
slightly smaller forces for each Mach number case, with the exception of MP,4. A potential explanation to this
is the increased mass flow spillage and less efficient external compression of the DR configuration, limiting the
momentum and ultimately the velocities of the interior flow. At MP,4, the supersonic tail entering the intake of
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the IR geometry has a significantly smaller contact area with the intake, interior walls. Hence, the forces are
marginally smaller at this Mach number for the IR configuration. On a final note, the predicted viscous forces
are an order of magnitude smaller than the pressure forces.

Pitch torque

When considering supersonic intakes of the rectangular kind, non-symmetric pressure and shear stress distribu-
tions also give rise to an induced torque. Hence, as a secondary study, the axial distribution of pitch torque has
been predicted by the model, as previously described. No major differences were identified between the results
of different geometries. For the sake of conciseness, only the results pertaining to the Mach numbers MP,1 and
MP,3 are presented. The abbreviations LE (leading edge) and TE (trailing edge) are introduced, referring to
the axial position of the intake.

(a) IR geometry, M = MP,1. (b) IR geometry, M = MP,3

Figure 4.15: Axial distribution of pressure-induced pitch torque.

While no apparent trend is identified relating to back pressure variations, a change of sign occurs at a point of
equilibrium close to the leading edge of the intake. For the case of MP,1, this is realized by extrapolating the
linear response upstream of the intake leading edge. The Mach number variation indicates that the point of
equilibrium is moved further downstream as the Mach number is increased. Furthermore, as one moves further
downstream, the pitch torque grows in the clockwise direction. While the pressure force distribution of the
subsonic diffuser section is relatively symmetric, the non-symmetric distribution of the ramp gives rise to the
increase of torque towards the engine face. Finally, it can also be concluded that the wedge denoted as B-C in
Figure 1.1 is likely integrated to reduce the size of the induced pitch torque.

4.3.3 Conclusions of Parametric Study

Concluding the parametric study, the aerodynamic performance of the intake was evaluated at the different
operating conditions. This was done in terms of primary objectives of ingested mass flow and total pressure
recovery, and secondary objectives of intake drag and pitch torque. The most distinct difference observed
between the different geometries is that of significantly increased mass flow spillage using the DR geometry.
This effect is mostly pronounced for Mach numbers at and below the design Mach number. Furthermore, having
two discrete oblique shock waves in the external compression phase rather than a continuous compression fan
results in significantly higher, local total pressure losses. However, due to the decrease of ingested mass flow
and momentum, the total pressure losses associated with the terminating shock structures inside the intake
are made smaller. Hence, the global levels of total pressure recovery differ only slightly between geometries.
Following the same reasoning of a decrease of ingested mass flow and momentum, some secondary effects are
observed. Firstly, the stable range in the subcritical region is reduced using the DR geometry. This tendency
was pronounced at M = MP,1 where the ingested mass flow would quickly deteriorate as significant portions
were diverted into the bleed channel, but also at M = MP,2 where high back pressure simulations failed due to
instability. However, at M = MP,4 above the design Mach number, the opposite was observed. Due to the flow
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complexity resulting from the presence of several shear layers, the IR geometry featured a smaller stability
range in the subcritical range of this Mach number.

Relating to the secondary design objective of reducing flow distortion in the engine face, distortion coef-
ficients of total pressure were also calculated at the large scale. The results are shown in Figure 4.16. This is
the same behavior that was observed on the small scale, discussed in Section 4.2.2. Still, another tendency is
identified when extended to geometry variations. Using the DR geometry, the distortion is slightly reduced.

Figure 4.16: Distortion of total pressure in evaluation plane for large-scale intake.

Proceeding to the evaluation of intake drag, a negligible deviation was observed between the geometries. In
the range of model stability, the external drag acting on the intake was rather constant and spillage drag was
considered to be negligible. Finally, the internal drag varied greatly as a function of the intake back pressure.
At the critical point of operation of each Mach number case, a favorable pressure distribution in the subsonic
diffuser section was obtained, such that the exerted forces on the intake were in terms of thrust. While values of
these forces were omitted due to confidentiality, it can be concluded that the pressure thrust at these operating
conditions is comparable to the momentum thrust of the typical engine that was the basis of the intake scaling.
Caution is however advised. Due to the simplified model isolating the intake, this effect can be misunderstood.
The effect of a thrust contribution from the static pressure distribution of the intake is likely partially or
completely cancelled out by the subsequent components of the engine unit.
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5 Discussion

After the conclusion of the project, a lot of interesting topics of discussion have arisen. Following the validation
study, the drawbacks of the CFD model and the wind tunnel testing have been considered. On the basis of the
parametric study, some design guidelines have been identified. Also, the applicability of preliminary design
tools such as shock relations has been assessed. Considering numerical aspects, boundary layer and turbu-
lence modelling is critical to the fidelity of the CFD model, but also very heavy in terms of computational efforts.

Following the conclusions of the validation study, it was evident that the primary model uncertainty was that
of total pressure recovery estimation in the supercritical range. The one-dimensional pressure rake distribution
in the wind tunnel testing would be unable to account for the three-dimensional flow, as predicted in the
small-scale, CFD study. Hence, the question arose whether the wind tunnel testing equipment needs to be
extended or if the separation-induced skewness and distortion of CFD simulations are unrealistic. Numerous
authors, of which [24] is one, point to the tendency of overestimating the onset of separation while using the
SST model. Thus, the argument can be made that the level of distortion is unrealistic. However, the results of
this study consolidates those of experimental wind tunnel tests as well as RANS simulations [16], which have
proved supersonic intake flow to be highly three-dimensional. This also extends to rectangular intakes under
symmetric, free-stream conditions. On the contrary, the argument can thus also be made that the present wind
tunnel testing equipment is insufficient to account for such flow structures.

When considering the separation behavior observed in these studies, the common trend is that the large
variety of distorted flows is a result of separation caused by case-dependent, oblique shock wave reflections and
end-wall effects. The latter seems quite ambiguous, seeing as the end-wall separation regions seem to choose a
side even though the geometry, mesh and free-stream conditions are symmetric. It is likely that this tendency
is a result of small-scale non-symmetries in the mesh. Although, no indication of this has been found. However,
the locations of oblique shock wave reflections causing separation are likely very independent of the mesh,
seeing as the strong impulses resulting from adverse pressure gradients across shocks do not depend on the local,
spatial resolution to such an extent. Consequently, it is reasonable to suspect that while the level of distortion
likely would be unaffected by increasing the boundary layer resolution, the skewing induced by end-wall effects
could be. On the topic of flow distortion, the final conclusion is that the complex, supercritical flow scenarios
predicted by this model would be highly disadvantageous to blade design in subsequent compressor blade rows.
This design procedure heavily relies on the assumption of axially uniform upstream flow.

On the topic of turbulence modelling, a variety of factors influenced the choice of turbulence model. Primarily,
the time window of the project did not allow for models that were heavier in terms of computational efforts
by requiring a higher resolution in time. Selecting the SST model and employing the strategy of transient,
time-averaged solutions, CFL numbers in unsteady and turbulent regions were kept safely below 100 by the
choice of time step size. The two additional parameters affecting the computational requirements of the
simulations were considered to be the choice of mesh sizes and physical simulation time. These choices were
discussed in Chapter 2. It was estimated that the simulations of this project, including steady-state and
unsuccessful simulations, have required 100 000-150 000 CPU hours. Consequently, using turbulence models
such as LES (Large Eddy Simulation), that likely would require CFL numbers to approach unity, would not
be feasible. In summary, the choice of the SST model was made due to its praised ability of dealing with
wall-bound, adverse-pressure-gradient flow and of predicting separation. The choice of the parameters discussed
above was made to obtain a representative time average by mainly resolving the low-frequency components of
the flow and filtering the high-frequency components.

After the conclusion of the parametric study, some general design guidelines were made. The first relates
to the design of the ramp, which is chosen such that the capture area mass flow is completely ingested by
the intake at the design Mach number. When considering discrete and straight ramp segments, there is
an optimality condition corresponding to maximizing the total pressure recovery for a discrete set of shock
waves. Cited by many authors [20], the total pressure recovery of the shock system is maximized if all shocks
of the considered system are of equal intensity. The problem with implementing this condition in the DR
geometry of this study was that the initial shock wave of the two-wave system is significantly weaker than
the secondary shock, in general terms. If the initial shock wave were to be made stronger, the mass flow
spillage would be significantly increased. Hence, the maximization of total pressure recovery in the external
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compression is secondary to maximizing mass flow at the design Mach number. On the subject of ramp
design, shock relations are an excellent tool to accurately predict wave angles and estimate property ratios
across individual waves. The applicability is limited in the sense that when interactions of shock waves and
viscous effects are considered, CFD analysis is required. Another general observation relating to design is that
the aerodynamic throat section could be subject to improvement or optimization across the Mach number
range, adapting it to the effective throat area of the flow. This would likely reduce or eliminate recirculating
flow in the throat section and increase the efficiency of the bleed channel. Differential continuity relations
introduced in Chapter 3 allow an intuitive understanding of how this effective throat section area varies with
free stream Mach number. The applicability as a preliminary design tool is however likely limited due to the vio-
lation of the assumption of quasi one-dimensional, isentropic flow that precedes the derivations of these relations.

Some recommendations for future work are formed from the conclusions of the project. For the sake of
structure, they are listed below, in no particular order.

1. On the topic of CFD model uncertainty, useful insight would likely be gained by performing a validation
study on one or more cases using alternative turbulence models and increasing the resolution in time.

2. The practical advantage of having a discrete-segment ramp configuration is that it allows the user to
implement active control of the deflection angles. It would thus be interesting to optimize the discrete-type
ramp design for each Mach number case, simulate and compare the results to those of geometries featuring
the continuous-curve type ramp.

3. The aerodynamic throat section could be subject to improvement or optimization across the Mach number
range, as discussed above.

4. When considering free-stream conditions, a future study could include angles of attack and yaw, resulting
from maneuverability of the aircraft.

5. One of two major factors contributing to the distortion and skewness of diffuser flow is its cross-sectional
shape. A key to limiting these unwanted features could be to perform an investigation into potential
shapes that could more efficiently avoid the induction of end-wall turbulence that ultimately causes heavy
separation.

6. It is likely that a more efficient mesh, in terms of minimizing unnecessary, spatial resolution in the far-field
domain, could be obtained by adopting an unstructured meshing approach.
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A Validation study simulation, MV,1

A.1 Critical operating point, p1,4
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A.2 Subcritical operating range, p1,5
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A.3 Supercritical operating range, p1,1
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B Validation study simulation, MV,2

B.1 Critical operating point, p2,4
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B.2 Supercritical operating range, p2,2
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C Validation study simulation, MV,3

C.1 Supercritical operating range, p3,1, coarse/fine mesh
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D Validation study simulation, MV,4

D.1 Critical operating point, p4,3
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E Parametric study simulation, MP,1

E.1 Critical operating point, p1,3
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E.2 Subcritical operating range, p1,5
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E.3 Supercritical operating range, p1,1
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F Parametric study simulation, MP,2

F.1 Supercritical operating range, p2,1
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G Parametric study simulation, MP,3

G.1 Subcritical operating range, p3,4
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G.2 Supercritical operating range, p3,1
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H Parametric study simulation, MP,4

H.1 Supercritical operating range, p4,1
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