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ABSTRACT

Intake of a supersonic gas turbine requires the highest possible total pressure recovery
and minimal total pressure lost in order to obtain an efficient operation. The supersonic
intake is mainly affected by two substantial factors which are the angle of attack and the
geometry of the spike (wedge angle). At zero angle of attack, the solution is quite direct,
but at non-zero angle of attack, the shock system structure will be affected and the flow
distribution will be unsymmetrical in the upper (leeside) and the lower side (windward
side) of the inlet. The objective of this work is to analyze the thermo fluid mechanism
and fo investigate the flow characteristic in the diffuser part of the intake. The analysis is
carried out under the assumption of viscous, steady, 2D compressible fluid flow. The
external part (shock system part) is to be modelled and analyzed analytically. The shock
system part is successfully modelled using Microsoft Excel. The internal part (diffuser)
will be simulated and analyzed numerically using CFD software. The available
FLUENT and GAMBIT software in the department will be used for modelling and
simulation. In conclusion, the study on combination effect of angle of attack and wedge
angle is very essential as it directly affect the performance of the compressor and in turn,

the gas turbine operation.
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NOMENCLATURE

Symbol

a Local speed of sound

Gy Specific heat at constant pressure for air
Dy Hydraulic diameter

H Altitude of aircraft

k Thermal conductivity

L Length of diffuser

M Mach no.

P Pressure

P, Stagnation Pressure

R Gas constant

Re Reynolds number

T Temperature

u Velocity component in X-direction
v Velocity component in Y-direction
v Velocity in one-dimensional flow
w Width of the diffuser

XY Cartesian coordinates

y Height of diffuser

(] Angle of attack(incident angie)

) Deflection(wedge) angle

Omax Maximum deflection(wedge) angle
Y Specific hear ratio, for air(1.4)

1} Viscosity coefficient

6 Optimum angle

p Density

o Oblique shock angle

Gmax Maximum oblique shock angle

v Prandtl-Meyer shock angle



Subscript

1 Upstream of the shock

2 Downstream of the shock

X Upstream of the N.S.W

y Downstream of the N.S.W

0 Free Stream

Abbreviations

CFD Computational fluid dynamics
N.S.W Normal shock waves

0OS.W Oblique shock wave

P-M Prandtl-Mayer wave



CHAPTER 1
INTRODUCTION

The title of this research is Simulation and Flow Characterization of Spiked
Supersonic Gas Turbine at Non-Zero Angle of Attack. In this section, a brief
introduction on the supersonic gas intake will be discussed. The problem statement,

objectives, scope of study and significant of work will be covered as well.
1.1 BACKGROUND

The designs of the inlet of the supersonic gas turbine engines play a vital role in
determining the performance of the propulsion system of an aircraft. At present, all
turbojet engines require subsonic flow at the entry of the compressor face where it
must be reduced to approximately 0.3 to 0.5 Mach, even if the aircrafl is flying at
supersonic speed. However, in decelerating the external supersonic flow to a
subsonic speed acceptable to the compressor, there will be pressure losses which will
highly affect the performance of the gas turbine. Therefore, the intake has to be
properly designed to reduce the velocity of the air intake and simultaneously keep the

total pressure losses to 2 minimum.

Basically an intake of a supersonic gas turbine consists of two main parts which is
the spike and the subsonic diffuser shown in Figure 1. {1]

Contara | @: Comprossor

Ditfuser

Figure 1.1: Simple Intake,
i




12 PROBLEM STATEMENT

In supersonic gas turbine engines, the shock wave system and air mass flow rate are.
controlled by spiked intake. Non zero incidence angle changes the effective
deflection angle of the shock wave at the upper and the lower side of the spike, so the
combining effect of incidence and forebody angles is essential for the intake

performance of the gas turbine engine.

1.3 OBJECTIVES

The objectives of this research are:
e To simulate numerically the spiked intake of supersonic gas turbine engine.
o To analyse the thermo fluid mechanism and investigate the flow

characteristics in the diffuser part of the intake at different angle of attack.

1.4  SCOPE OF STUDY

In this research, there are three scope of studies required. First, is the modelling of
the external and internal part of the supersonic intake. The modelling of the external
part will be modelled using programming Microsoft Excel whereas the internal part
will be modetled using CFD software.

Secondly, is to investigate the pressure distribution in the diffuser part by performing
a simulation on the spiked intake of supersonic gas turbine. The results from the
simulation are to be verified by comparing with similar numerical works and

experimental works.

Thirdly, is to perform a simulation and analysis of the spiked supersonic intake at
different angle of attack and Mach number.



1.5 SIGNIFICANT OF THE WORK

High efficiency and performance of a supersonic gas turbine engine is one of the
most important criteria for a turbojet engine. With the change of incidence and
forebody angle, the pressure distribution of the diffuser part in the leeside and the
windward side will be highly affected. The difference in pressure distribution in the
leeside and windward side will hence affect the performance of air compression in
the gas turbine engine. In addition, if the difference in pressure distribution between
the two sides of the compressor is too high, it will also cause mechanical failure, for

example the bending of the compressor blade and bearing failure.

The present research is fo investigate the pressure distribution and the flow
characteristic at the diffuser part of the intake at higher accuracy so that in the future,
further modification can be done on the intake to improve the efficiency of the gas
turbine or to provide information to the operator on fhe unfavourable region of the
operation for continuous safety flight. In addition, the reliability of the gas turbine

engine can be increased with the avoidance of mechanical failure.



CHAPTER 2
LITERATURE REVIEW

A spike is a wedge or cone-shaped body which is positioned at the gas turbine intake
with the main purpose of creating shock series outside the intake front face. The
spike installed in the gas turbine can be a stationary and a movable spike. For the
stationary spike, the geometry is fixed and hence leads to a fixed throat area. On the
other hand, the movable spikes will provide a variable geometry intake. This kind of
intake are required to produce a throat area which is large enough for the
establishment of supersonic flow and, which can subsequently be reduced to provide

efficient wedge compression in the running conditions. [2]

With the use of spike, the deceleration of the flow intake from supersonic to subsonic
are conducted in stages instead of just a single step (as by only with the normal shock
wave). [3] With the implementation of spike at the inlet, two types of shock waves
will be created, which is the oblique shock wave and the normal shock wave. The
number of oblique shock wave is determined by geometry of the spike (number of

corners or the contour of the spike).

s P
Oblique Shock iR 7/’
wave "
Compressor
Normal Shock  2x_y <
wave -

Figure 2.1: Supersonic Spiked Intake with One Deflection Feature.



The operational characteristics of an oblique shock diffuser can be summarized into
three typiéal conditions which are the critical, subcritical and supercritical modes,
The critical operation mode is denoted when the normal shock wave is exactly at the
position of the diffuser throat, where the cross section is minimal. Hence, the airflow

rate is at maximum and stagnation pressure losses are minimal.

If the normal shock waves moves upstream the duct entry, then this intake mode of
operation is denoted as subcritical, as shown is Figure 3(b). [4] This condition is
highly unstable and will produce shock oscillating in high rate at the intake. As if the
normal shock moves downstream the throat, it will results in poor flow quality. This
intake operation is denoted as supercritical, as shown in Figure 3(c).

M>1 > -

----------------------------

(a) Critical

.
e A

(¢) Supercritical

Figure 2.2: Supersonic Intake-Modes of Operation.



The intake performance of the supersonic gas turbine engines are basically
affected by two sﬁbstantiai factors which are:

o The angle of attack () and

o The spike geometry (forebody angle (6) and shape of spike).

At different angle of attack, the upper side (lee side) and the Iower side
(windward side) will expeﬁence different shock system. When the angle of
attack is larger than zero, the oblique shock wave on the lee side will
possessed smaller shock angle and experience supercritical condition.
Whereas in the windward side, the deflection angle of the shock wave is
larger and consequently, the variation of properties is larger than in the lee
side. [5]

Cowl lip

b

Windward side

Figure 2.3: Outline of Two-Dimensional Inlets.



2.1 LITERATURE SURVEY

Beastall(1953) presented the certain types of flow instability that occur with the
centre-body diffuser at supersonic speed. An experimental work has been suggested
to provide data in designing diffuser which are stable with regards to large and small
osciliation. Experimental work suggested that wind tunnel test should be done with
different wedge angle and different position of centre-body with a given Mach
number, Limits of position of centre body for unstable flow can be found and hence
with this information it is possible to design a diffuser which is stable. Further testing
are still required as although a diffuser may be stable with regards to large oscillation
it may still be vulnerable to small osciliation.[6]

2001, 8.8 Gokhale and V.R. Kumar uses the compressible Navier-Stokes equations in
two dimensions without body force or external heat addition as the governing
equation. The Baldwin-Lomax turbulence model is used to simulate the effects of
fine scale turbulence. A Prandtl-Van Driest formulation is used in the inner region
and the Clauser formulation with Klebanoff intermittence function is used in the

outer region.

A 151*91 grid with clustering near the wall region is used to predict the pressure in
the duct region. For Scramjet, the inlet Mach of 3.0 and 2.5 with same geometry is
considered in the study. From the isoMach contour plot it show for both Mach no,
the flow in the duct is shock free as only isentropic compression takes place followed

by compression due to cowl shock impinging on the lower wall.

The code created is capable of predicting all complex inlet flow features(shock due
to forebody, multiple shock reflections, normal shock, shock boundary layer
interaction and associated separation for two dimensional and axisymmetric inlets
and computed values are in good agreement with the experimental data available.
The code can be used to study supersonic inlet performance under off-design
operating conditions. [7]



Salih (2003) carried out an analysis on the effect of angle of attack on the shock
system in the single wedge and double wedge spikes to the pressure recovery in the
inlet of compressor. The analysis is carried out by dividing the intake into two parts;
the external part (the shock wave system) and the internal (subsonic diffuser). The
external part (shock wave system) is modelled and analysed analytically. The flow in
the subsonic diffuser part is considered perfect, non-viscous and two dimensional.
The set of governing equation is to be solved by Patankar method called “SIMPLE”.
A preliminary program was design to state the inlet boundary conditions by taking
into account the shock system at the inlet of intake Study was done on the pressure
recovery behaviour with the change in angle of attack{from 0 to 10) at different
flying Mach pumbers(1.8 and 2.2) for single wedge and double wedge
spike(5;=6°3,~4° p=6°).

The flow assumption of viscous flow is necessary to be taken into consideration as
different results are obtained than that of non-viscous flow assumption. The results
obtained from the numerical analysis are in agreement with those obtained

experimentally by previous researchers. {5]

In 2003, Thangadurai and Chandra solved governing equations and boundary
conditions are using the flow simulation software FLUENT. Finer grids were used in
the steep-gradient zones, such as boundary layers near the walls and also at the
locations of normal and oblique shocks. The conservation equations for mass,
momentum, energy and turbulence quantities are solved using the finite volume
technique. The results from the numerical analysis are then validated by comparing
with the experimental data.

Axisymmetric and two-dimensional supersonic mixed compression air intake of
realistic configuration has been studied. For axisymmetric mixed compression, the
predicted cowl inner wall static pressure and pressure recovery show good agreement
with the experimental data. As for the two-dimensional mixed compression, the
prediction of static pressure variation along the cowl inner surface and the ramp outer

surface show good agreement with the experimental data as well.



From the results of the numerical simulation also, heat addition significantly
increases the pressure recovery along the cowl inner surface and centre body. The
model developed by the author to predict the flow in air intake is able to capture the
flow features such as shock pattern and pressure recovery. The flow model

developed can be used effectively to predict the flow environment in generic intake.

[81

Jain and Mittal (2003) carried out a numerical simulation of 2D mixed compression
supersonic inlet by solving unsteady compressible Euler equation via a stabilized

finite element method.

Computations are carried out for various back pressures with the same inlet geometry
(R52.1" configuration) ranging from 20 to 32.4. As the back pressure increases the
normal shock wave moves to the convergent part. When it is increased till 32.4, the

normal shock wave moves ahead of the throat and causes unstart.

Computations also done on four different geometries: inlet where they have air
intakes with different length of the second ramp. All intakes have the same total
length and throat area. The four geometries of inlet are denoted by R54.5, R54.1,
R533 and R52.1(R54.4 means 54.4" from the leading edge of intake till the
throat).From the results, the last main reflected oblique shock from the cowl surface
lies in the convergent section for the R54.5 and R54.1 cases and in the divergent

section for the other two geometries. Hence, unstart occurs for R54.5 and R54.1.

Critical pressure and corresponding total pressure recovery is higher for inviscid
flow. The variation between total pressure recovery and back pressure is almost
linear. As the back pressure increases the normal shock waves moves upstream
towards throat where pressure losses decreases. It is found that in addition to the

throat-to- inlet area ration, the ramp geometries plays an important role in the start-
up dynamics.{9]



Al-Kayiem & Aboud (2007) carried out an analysis of the flow field in the supersonic
spike intake by subdivided it into three different region. The first and second regions
which are the flow across oblique shock wave and across normal shock wave are
predicted by analytical simulation using the related goveming equations. The
equations are solved under different operating condition and results after the normal
shock wave is used as inlet conditions for the internal part of intake. The internal part
of intake is analysed by CFD technique based on finite difference approximation.
The solution is carried out numerically under assumption of 2-D, compressible and
non-viscous. The nodal network was re-mapped by using a rectangular

computational nodal network to represents the complex physical domain

The results are obtained for different operating condition at incidence
angles=0°4°,8°,12°,16" and 20°. Mach number is varied from 1.3 to 3. The entire
analysis is carried out with two different spike deflection angles (6° and 12°). The

total pressure recovery is the main parameter for comparison at different conditions.

From the results the total pressure recovery evaluation demonstrates considerable
variation in the pressure forces at the compressor inlet. The angle of attack and spike
angle contributes effectively in the flow structure and resulting in pressure recovery
in the compressor inlet. [4]

Soltani et. al (2008} studied the effect of heat source addition to the performance
improvement of a supersonic external compression. Firstly, he solved the flow field
around the inlet without heat addition by using commercial CFD code. The
numerical solver uses a hybrid grid with triangular and quadrilateral cells. The
numerical results were then compared with the experimental data. This is done to
validate the numerical prediction. After the comparison is done, the effect of heat
addition was investigated in two methods. First method is by heating the front
portion of spike .The second method is by placing a heat source at a distance away
from the body. The effect of heat source position on the flow field was investigated.
After finding the best location, the optimum size and shape is obtained using try and

error method.

10



Resuits show that from the first method, the drag coefficient is reduced. However, it
, reduces the inlet mass ﬂow sigxﬁﬁcanﬂy. In the second rnethod, fhe heat source
always reduces the drag coefficient but in some locations it may reduce the inlet
efficiency and mass flow rate. The best location was found which is in front of the
spike nose not very far from the nose oblique shock. In this location, the drag
coefficient reduces significantly and inlet efficiency and inlet mass flow increased
negligibly. It is also found that the best shape of heat source was a rectangular cross
section that stretched in the free stream flow direction. The second method is a more
suitable method to use as if it is placed in a suitable position the drag coefficient can

be reduced and mass flow rate and inlet efficiency can be increased.[10]
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CHAPTER 3
THEORY OF COMPRESSIBLE FLUID F1L.OW

+ Neormal Shock Wave

Figure 3.1: Shock Waves in the Intake.

The following assumptions are being used in this study:

1. The fluid is perfect, i.e

Constant pressure specific heat, Cp =1.005 kl/kg.K
Specific heat ratio,y =14
Gas constant, R =0.287 klkg.K

Since the flow is compressible, i.e. density not constant, and it can be evaluated
from the equation of state as shown below:

P
p=v= (31)
and velocity at any point is equal to:
V=Ma (3.2}
where

a=.yRT (3.3)

12



2. The flow is isentropic through the external flow except through the layer of shock
which is adiabatic.

3. The flow field in the diffuser part is considered as 2-D, steady and viscous
(p= constant).

4. The spike is of fixed geometry, i.e. the critical condition cannot be achieved every
time

5. Free stream properties (Too, Poo) depend on the altitude of the aircraft(H)[for this
study the fly is assumed at 10000m] as in these relations:

[5]

Too = 288.16 - 0.0065H (3.4)

&03415!-!
)zee =T, (3.5)

R = 101325(

3.1 MODELLING OF SHOCK SYSTEM
3.1.1 Isentropic Flow

The isentropic flow is characterized by frictionless and adiabatic flow. As in this
study, the local Mach number is the reference or characteristic parameter. When the
flow area is changed, the velocity would change. With the change of velocity the
Mach number along the stream wise would change as well. As a result, the local flow

properties would change and are evaluated in the ratio form as shown below [5]:-

Pressure ratio:

— 1+—M2?‘*'1 3.6
o =[1+ =—M]T (363)

Density ratio:

-1, L
%‘—- [1 +1 > -M*]r=1 (3.6b)

13



Temperature ratio:

T ¥—1
. ——MZI 3.6¢
T [ T (369

3.1.2 Modelling of Oblique Shock Wave

e
-

e
’
s
P
v
&

M, > 1 / / M,
@ /";\\\@ //““‘\
- \
-

//
f_uﬂ“
-~ -

Figure 3.2: Oblique Shock Wave.

The properties of flow behind the oblique shock wave is function of the upstream
Mach number, assume M;, and the shock angle (&) can be found by equation below

using iterative solution.

2 coto (MIsin®o — 1)

Wl = Aty Teoszey | 79
Downstream Mach number
" | (r - 1)MZsin®o +2 1

- ‘ 3.7b
¢ JZy‘Mfsinz'a — (y — V)sin‘a sin? (o — &) (3.75)

Pressure ratio

P 2 -1 '
2. Misin?o — Y (3.7¢)
P, y+1 ¥+ 1

14



Density ratio:
o (y + \MZsin’o

== 3.7

py 2+ (y-1Misin*c (3:74)

Temperature ratio

T. 2 -1\ 2+ (y — 1)MZsin’c

2 (—nysinza' i ) - DMysino) 500
T, Ww+1 ¥+1 (y + L)Misin*c

Total pressure ratio

Yy—1,.2
Po, P, 1+%f=—=mM} v_
2 =22( 231 (37f)
Pgl P1 1_1_?"'1

2z 1

3.1.3 Modelling of Normal Shock Wave

!
M>1 P; l Py M<1
]
Px C o I [ > Py
Ty [ Ty
P03 ! Po}.

Figure 3.3: Normal Shock Wave,

The upstream of the shock is defined as (x) and the downstream behind the normal
shock wave is denoted by (y).

Downstream Mach number

1 y=UMg 42
My = St O3

15



Pressure ratio

P, 2 -1
L SV (3.8)
P y+1 7 y+1
Density Ratio
. M2
py o b+ LMy (3.8c)

b, 2+(y—1)M?

Temperature ratio

T},_(Z}f . }f—l)Z+(‘y—-1)M§
T. \w+1 * y+41 (y + 1}MZ

) (3.8d)

Total pressure ratio

-1 X
Po., 2y — 1\F=1 + 1IM? \y-l
¥ ( 4 M2 _‘}' )y ( (')’ ) z ) (3.88)

Po, \Wy+1 * y+1 2+ (y = M2

3.1.4 Modelling of Detached Shock Wave

. Detached oblique shock

_._...._..’ r),l"
1[‘ o
R / -
j -
May>1 ., / May < 1 -
. — -~ \\am‘h’ama.\
U B A
1 -\_N-“hﬁ-ﬂ
— 1 \-\\M__
—
. \\ -
- \

Figure 3.4; Detached Shock Wave,
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Detached shock wave is shock waves with no contact with the body it originates
from. It occurs, when the flow pass a wedge with deflection angle greater than
maximum deflection angle for detail Mach number i.e. when 3>8max

8max can be found from the equation:

20010, (M,sin? 0y, — 1)

i = 3.9
tan Smee = —5 7 MZ(y + cos20,..) (392)
Where oy is obtained from:
. 3 _y+1 1 y—1 y+1
sin*o, .. = T—m 1~ y+1)i1 +'*""2""*Mf +'—iﬂgﬂ.ﬁ’f§ (3.95)

As M, increases, 8, increases as well so that if a wedge with a given turning angle

accelerates from low to high Mach mumber, the shock can be detached at the low
Mach numbers and become attached at the higher Mach number. [11]. Hence the
front side of the wedge can be treated as normal shock wave. [12]

3.1.5 Prandtl-Meyer Waves Modelling

.~ Expansion waves

// \\\. May

Shock

Figure 3.5: Prandtl-Meyer Wave.
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Prandtl-Meyer expansion waves occur when the angle of attack becomes higher than
the wedge deflection angle where the nature of flow is expanded. The change in
properties occurs gradually across a series of waves emanating at the surface.

The turning angle:
f=v,—vy  (3100)

where ¥ = f(M) as shown in the relation

y+1 L ¥l
——tan" ! = (M = 1) = tan~ M2~ 1 3.10b
o arn j?"*“i( } = tan ( )]

The change of properties across these waves is isentropic, so both the stagnation
temperature, T, and stagnation pressure, P, are constants. Downstream Mach number
M; can be found from equation (3.10b) by iteration (substituting v»). The other flow
properties downstream of the expansion can be calculated by using the isentropic
flow relations.

3.2 MODELLING OF DIFFUSER FLOW

Diffuser

C Compressor
Flow  ——» \}
eSS

Figure 3.6: Diffuser Part of the Intake.
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Assumptions:
El
Steady, e 0

Viscous, p#)

No body force, pg =0

Compressible flow, so density not constant and can be evaluated by the equation of
state:

P
p=r= (3.11)

The continuity equation

d(pu)  d(ov)| _

[Bx + 3y =0 (3.12a)
X-momentum:

du fu ap Pu *u
( ) dx iu(

pua + pv§§ 'é;“é‘ +-a—}:~z—) (3.125)

Y-momentum:

(ui“i-i— v@)— EE-I— azv+52v 3.12
P TPy T Ty T g Tz (312

Energy Equation

el ollrg)) _opm, s om,

+ —
dx dy ) ay\ ay

g, ad
+ —UP + U T ny) + (_—vp +UTyy + ""Tw) (3.12d)

2 ?
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3.3 TURBULENCE MODELLING

The flow turbulence in this study was simulated by using the standard k-epsilon
model with enhanced wall treatment. In the k-epsilon model, two additional transport
equations are being solved which are the turbulence kinetic energy, k and the
turbulence dissipation rate, €. The turbulence viscosity is then computed as a function
ofkande.

The turbulence kinetic energy, k, and its rate of dissipation, €, are obtained from the

following transport equations:

. ... @ 4 y-,) ok

o (pk} + E(Pkui)” 57, [(p: + FYETY + G .+ G,— pe-Yy, + 5, (313)
And

d d
Ep (pe) + ‘é‘;{_ (pew;)
2

" ox, (#'4- _)5;; + Gy (G + C3e6p) — ngﬂ‘g + 5, (314)
J € ]

Where

Gy = generation of turbulence kinetic energy due to mean velocity
gradients

Gp = generation of turbulence kinetic energy due to buoyancy

Ym = contribution of the fluctuating dilatation in compressible turbulence
to the overall dissipation rate

The turbulent viscosity, p; is computed by combining k and ¢ as follows:

kZ
e =pC— (3.15)

where Cu is a constant.
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For the model constants Cy;, Ca¢, Cy, ok and o, the default values set by FLUENT are
heing used. The values used are as follows:

Cie =144
C: =192
C, =009
o =10
o =13

These values are being used in this study because the default values have been
determined experimentally and have been found to work fairly well for wide range of

wall-bounded and free shear flows.
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CHAPTER 4
METHODOLOGY

Some previous researchers have simulate the entire flow field of the spiked intakes,
e.g. Stater et al(2002).In present work, the field will be divided into two parts, the
external part and the internal part.

41 TECHNIQUE OF ANALYSIS

The analysis will be conducted by simulating the flow field:
a. The external part (the shock wave system), to be modelled and analyzed
analytically. The shock wave system is modelled by using programming in

Microsoft Excel.

b. The internal part (the diffuser), to be simulated and analysed numerically
using CFD software.

c. Simulation and analysis will be done at different angle of attack and Mach
number, The results are then to be verified by comparing with another

previous work done.
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4.2

WORK FLOW CHART

The planned work flow for the project is as shown below.

Cson >

Problem Statement

I

Spiked Supersonic Gas
Turbine Intake
Literature Review

I

Analytical Analysis
(External Part Shock System)

b

l Yes

Model Complete

Numerical Analysis
{External Part-Diffuser)
Yes

No

Computational

Result interpretation

h 4

End

Figure 4.1: Flow chart of the project.
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Figure 4.2: Suggested milestone for the first and second half of Final Year Project
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CHAPTER 5
ANALYTICAL ANALYSIS

This chapter consists of three sections, which are:
e The analytical analysis done using Microsoft Excel.
¢ The workflow of the program.

¢ The results from analytical solution
5.1 ANALYTICAL ANALYSIS

The external part (the shock system) of the diffuser is to be modelled and analysed
analytically to solve the waves system in the upper part and the lower part of the
diffuser. The output from the analytical analysis is then used as the input for the
numerical analysis by using CFD software (FLUENT and GAMBIT).

In order to solve the external flow, a program is created using Microsoft Excel. The
program basically consists of three main parts which is called program OSW
(oblique shock relation), program NSW (normal shock relation) and program P-M
(Prand!t-Meyer shock relation)

The required information to be inputted into the program is M, a, 8, y, H which vary

in the range, as below:

M, 1.4-3.0
o 0°-10°

5 6°

H 10 000m
Y 14
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5.1.1 Program OSW

This program calculates the flow properties just after the oblique shock wave from

Eqn. (3.7).

Input My, P, p1, Ti, Pot, v, 8, vi
Output i My, Py, p2, T2, Vo, P2, ©
5.1.2 Program NSW

This program calculates the flow properties behind the normal shock wave from Eqn,
(3.8).

Input . Mx, Px, px; Tx, POX! 'Y
5.1.3 Program P-M

This program calculates the flow properties behind the Prandtl-Meyer waves from
Eqn(3.10).

Input: M, Py, p1, T1, Po1, ¥, R, 8, vi

Output: vy, My, Pa, p2, T2, Vi, P2

5.1.4 REFLECT
This program calculates the flow properties behind the reflected O.S.W inside the

intake, from Eqn(3.7) and Eqn(3.8).

The results of the program have been verified by comparing with the standard gas
tables.
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3.2 WORK FLOW OF ANALYTICAL ANALYSIS

| CALCULATION OF (T F) FROM EQN(3 4) AND {3.5)
| CALCULATIONOF (p) FROM EQN (3.1)
CALCULATION OF (V) FROM EQN (3.2}
' CALCULATION OF (Po) FROM EQN (3.65)
@=tan-1 ASFECT

0o

i o NO
L[remeer ][] v ]
v '
¥
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Lesside @ Windvward side
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N
Figure 5.1: Flow chart of the program for analytical solution.

5.3 VERIFICATION OF PROGRAM FOR ANALYTICAL ANALYSIS

After the completion of the program OSW, program NSW and program P-M, the
results from this program are being compared with oblique shock properties graph,
normal shock properties graph and Prandtl-Meyer properties table respectively. The
results as shown in Table 5.1, 5.2 and 5.3 show that the programs agreed with the
value from the standard properties graph and table. Hence, these programs can be
used for the analytical analysis.
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Table 5.1: Results comparison for program OSW

M, Shock Wave Angle (degrees)
Program OSW O.S Properties Graph
1.8 39.48 39.5
2.0 3524 35
Table 5.2: Results comparison for program NSW
Ma,=1.8 Ma, =2.0
Program NSW N. S, Program NSW ¢ N, S,
Properties Table Properties Table
My 0.6165 0.6165 0.5774 0.5774
P,/P, 3.613 3.613 4.5 4.5
Py/Px 2.359 2.359 2.667 2.667
Ty/Tx 1.532 1.532 1.687 1.687
Poy/Pox 0.8127 0.8127 0.7209 0.7209
Table 5.3: Results comparison for program P-M
M, M,
Program P-M P-M Properties Table
1.5 2.208 2.208
20 2.831 2831
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CHAPTER 6
RESULTS AND DISCUSSION

This chapter consists of three sections, which are:
o Modelling of diffuser.
¢ Results from the numerical analysis.

6.1 MODELING OF DIFFUSER

The same geometry used by Abbood A.H [13] is being adopted in the numerical
analysis. The diffuser is modelied by using GAMBIT. The geometry and the vertices
of the diffuser are shown in Figure 6.1. For the sake of FLUENT, an extension of
about 50% of the diffuser length of the numerical domain is necessary to prevent the

occurrence of excessive reversed flow at the outlet {17]

For the boundary types, the inlet of the diffuser is set to be ‘MASS FLOW INLET,
outlet is set to be ‘PRESSURE OUTLET’; upper and lower wall is set to be
SWALL™

(1.0,0.5)

(0, 0.329)

©,0) (1.0,0)
X & y axes not to Scale, Alt Dimensions in Metres (m).

Figure 6.1: Diffuser geometry with vertices.
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Spike Wall: Wall

Outlet; Pressure

Inlet: Pressure Far Field QOutlet

Outer Wall: Wall

= A e S .

Figure 6.2: Boundary types of the diffuser.

6.1.1 Computational Grid Generation

The grid for the diffuser is generated by using GAMBIT as well. In order to establish
the adequacy of the finite element mesh required to obtain an accurate resuits, three
different meshes are generated. Mesh M1 consists of 40*120 grids by using
quadrilateral cells. For mesh M2 and M3 the meshes used are 50*150 grids and
60*180 grids respectively. The three different meshes are tested under the same input
parameters in FLUENT which is at Ma= 1.8, §=6.0 and 0=0. The solutions obtained
with the three meshes are shown in Figure. From the results obtained, mesh M1 and
mesh M2 results are quite similar in terms of pressure recovery and percentage error.
As for the mesh M3, the results are the closest to the results from Ref [5] but it
required a lot more computational time compared to mesh M1 and M2, Since mesh
M1 and M2 results are quite similar, this suggests that mesh M1 is adequate to
accurately capture all the details associated with the flow with minimal
computational time. Hence, all the remaining part of the study will be computed by

using mesh M1.
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Figure 6.3: Diffuser inlet grid (40 x 120 quadrilateral cells).

Note: a-b is the line of interest for the numerical analysis.

Table 6.1: Pressure recovery for different mesh sizes

Mesh Mesh

Name Size P.(kPa) Pe/P, Ref{Pe/Pow) % Error
Ml 40%120 109.734 0.7207 0.745 3.26
M2 50*150 109.709 0.7205 0.745 3.29
M3 60*180 109.924 0.7219 0.745 3.1
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6.2 RESULTS FROM NUMERICAL ANALYSIS

6.2.1 Results Comparison with Previous Numerical Work

A comparison has been done between the results from the CFD work of this study
with the previous numerical work [5]. This comparison is done to verify the accuracy
of the model done using the commercial CFD software.

In this comparison, the effect of angle of attack on the pressure recovery at the
leeside and windward side is being used. The comparison is done with Ma=1.8 at
constant wedge angle which is at 6° The graphs for leeside and windward side are
being plotted as shown in Figure 6.4 and Figure 6.5. From the comparison done, the
percentage difference between the current work and previous numerical work [5] is
less than 9% deviation. Since the percentage difference is less than 10%, the results
are verified to be accurate. The main reason of this difference in results is because in
the current work the turbulence modelling is taken into consideration while the
previous work did involve it in the analysis.

| Pressure Recovery vs Angle of Attack at

| Ma=1.8 and 6=6
0.9
0.85
} 0.8 —-Ma=1.8
= 0.75 ~@-Ma=1.8[ref]
0.7
0.65
0.6
0 2 4 6 8 10
a, degree

Figure 6.4: Results comparison at leeside for Ma=1.8.



Pressure Recovery vs Angle of Attack at
Ma=1.8 and 6=6
\ 0.9

o /,_——4———0—‘
08
é r,.”"___.___._. —+—Ma=1.8
& 075 ~#—Ma=1.8(ref)
&
0.7

0.65

0.6

: a, degree

Figure 6.5: Results comparison at windward side for Ma=1.8.

6.2.2 Effect of Angle of Attack and Mach number

This study illustrates the effect of changing the angle of attack at different Mach no

on the pressure recovery at constant wedge angle.

Figure 6.6 indicates that in the leeside of the spike, the pressure recovery decreases
by increasing the angle of attack for all the Mach number. This phenomenon shows
that there is a loss in body compression, because by increasing the angle of attack in
the leeside it reduces the effective deflection angle.

Figure 6.7 indicates that in the windward side of the spike, the pressure recovery
increases by increasing the angle of attack. The reason is because the increase in
angle of attack in the windward side increases the effective deflection angle, hence
leading to a stronger shock. Considering Ma=1.4, as the angle of attack increases
from 2°, the pressure recovery decreases and becomes constant. At low Mach
number, the deflection angle increases and exceeded the maximum deflection angle.
This will eventually cause the occurrence of detached shock waves.

It can be observed as well that the pressure recovery decreases as Mach no increases
because as Mach no increases the shock angles will decrease and become very weak.
The decrease of shock angle will cause the shock reflects inside the intake, resulting

to decrease of pressure recovery.
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Figure 6.6: The effect of angle of attack on the pressure recovery at leeside.
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Figure 6.7: The effect of angle of attack on the pressure recovery at windward side.
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6.2.3 Static Pressure Contour

The contour of static pressure for both sides of the diffuser is being created by using
FLUENT software. The contour shown are done at Ma=2.2 with different angle of
attacks(8=0, 5=4, 6=10).

From Figure 6.8 it can be observed that the contour at the leeside and windward side
are identical, because the analysis is done at zero angle of attack. At zero angle of
attack, the deflection angle at created by the spike is identical at both sides of the
spike. Hence, the pressrue distribution at the leeside and windward side of the
diffuser will also be identical.

In Figure 6.9 and Figure 6.10, they represent the static pressure contour at 6=4 and
8=10 respectively. At 8=4 and 8=10, the deflection angle at the leeside and windward
side of the spike will be different. These difference in deflection angle will
eventually cause the pressure distribution at the leeside and windward side of the
diffuser to be different. At a higher angle of attack(§=10) shown in Figure 6.10, the
difference in pressure distribution will be more significant compared to lower angle
of attack(6=4) as shown in Figure 6.9.
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Figure 6.8: Contour of static pressure for leeside and windward side at Ma=2.2, §=0.
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Figure 6.9: Contour of static pressure for leeside and windward side at Ma=2.2, 5=4.
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Figure 6.10: Contour of static pressure for leeside and windward side at Ma=2.2,
6=10.
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6.2.4 Contour of Static Temperature

Figure 6.11 shows the temperature contour for leeside and windward side at zero
angle of attack. As the flow moving towards the compressor face (x-direction), the
temperature increases. Due to zero angle of attack the temperature distribution at
both sides are identical. In addition the temperature contour indicates that at the
region near the spiked wall, the temperature is higher in comparison with the outside
wall region. This is because at the spike wall region, the flow slows down faster
(Figure 6.12) than the region in the outside wall. Hence, from the energy equation
this will cause the rise in temperature at the spike wall region
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Figure 6.11: Contour of static temperature for leeside and windward side at Ma=2.2,
§=0°.
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As shown in Figure 6.12, when it is at 10° angle of attack, the temperature
distribution will be higher at the leeside in comparison with the windward side.
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Figure 6.12: Contour of static temperature for leeside and windward side at Ma=2.2,
5=10°.
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6.2.5 Contours of Velocity Magnitude

Figure 6.13 shows the velocity distribution at the leeside and the windward side at
zero angle of attack. At the region close to the wall, the velocity is indicated by blue
region indication zero velocity. This shows the fluid flowing over a stationary
surface comes to a complete stop at the surface due to the non-slip condition.
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Figure 6.13: Contour of velocity for leeside and windward side at Ma=2.2, §=0°.
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Figure 6.14: Contour of velocity magnitude for leeside and windward side at
Ma=2.2, $=10.
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CHAPTER 7
CONCLUSION

The analysis of the flow in the supersonic intake is modelled by dividing the flow
field into two regions. The outer part which consists of the waves system is modelled
and analysed analytically. On the other hand, the internal part of the diffuser is

modelled and analysed numerically using Fluent and Gambit.

6.1 CONCLUSIONS

From the numerical analysis, it shows that the pressure recovery degrades at the
leeside with the increase of the angle of attack. On the other hand, the pressure
recovery increases at windward side of the intake by increasing the angle of attack.
By increasing the Mach number, the pressure recovery will decrease at both leeside

and windward side.

The numerical simulation was performed successfully. The results obtained for the
numerical analysis of the present work are in agreement with those obtained
numerically by previous investigation. The simulation has been proven o be able to
characterize the supersonic intake and the pressure recovery at the face of the
compressor is predicted with good accuracy, The simulation also is able to
characterize the temperature and velocity distribution in the diffuser. In addition, it is
very important to include the turbulent effect into the modelling to acquire a more

accurate result,

The incidence angles and Mach number hold a significant effect on the flow structure
which affected the pressure distribution in the diffuser part of the gas turbine intake.
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Therefore, it is very essential to simulate numerically the s_pike intake as it will be

able to predict the flow characteristic more accurately.

6.2 RECOMMENDATIONS FOR FUTURE WORKS

With the completion of the present work, it can be extended further by adding more
complicated aspects to achieve a more complete analysis of the spike supersonic gas
turbine inlet.

There are a few suggestions that could be the topic of research for the future work

within the same field:-

1. Perform simulation on a double wedge spike. i.e. ‘A three shock intake’.
Simulation on the double wedge spike is a much complex analysis. At zero angle
of attack, the flow will go through two oblique shock waves at different shock
angles before flowing through the normal shock waves. Theoretically this might
improve the pressure recovery in the diffuser. Hence the analysis involving

double wedge worth being investigated.

. Double Wedge

2. Changing the geometry of the spike to two-dimensional gradual isentropic

compression, i.e., curved surface spike.
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APPENDICES

APPENDIX A: RUNNING FLUENT

4 Launch FLUENT
Lab Apps > FLUENT 6.3.26

Select 2ddp (2D, double-precision version) from the list of options and click Run

FLUENT Version %]
| Versions
2d

2ddp
3d

3ddp
Selection
| 2ddp

Run Exit

2, Import File

Main Menu > File > Read > Case...

. ! Analyze Grid

Main Menu > Grid > Check

Grid > Info > Size

Determine how many cells and nodes does the grid have.
Display > Grid
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Any errors in the grid would be reported at this time. Check the output and make sure

that there are no errors reported.
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4. Define Properties

Define > Models > Solver...
rSohm ﬂ
150!“1 Formulation '
| Segregated “ tmplicit
© Coupled r
Space Time
| =2 + Stesdy
' hdsymmetric " Unstesdy
T Mdsymmetric Swir
o
Velocity Formulation
* Absolute
* Relative
Gradient Option Porous Fermulation
# CeltBesed = Superficial Velocity
~ Node-Based " Physical Velocity

ox_[ Cancel| Help |

Define > Models > Viscous
[Modsl  ModelConstams 1
~ i Cmo =
* Laminae " .
Croptin oot a r
“ komega (2 eqn} Fn—fnL
* Reynalds Swees [5 oqn) ——
ieepsitan Model T
ol TKE Prandt Number
ANG S
" Reslizable -
Near'wall Trestmant User-Defined Functens

Prandt Numbers

Enhanced Walt Trestment Optians TAE Pemads vl

w Pressure Gradient Effects e

% Theml Efipcts

Options

I Viscows

" Full Buoysncy Effects ‘Eﬂ-ﬂh‘u J—

| St | -

Define > Models > Energy

Energy

Energy

¥ Energy Equation

OK | Cancel| Help |
—_—
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VIR DG 3] ras)
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hanges | S | Clese Hep |

Define > Operating Conditions

Dpeswtirg Comgtions ===]
Pressure Gravity
¥ Gravisy
Gravitatiensl Acceleration
Retorence Pressure Location X fs?) (o
e ¥ imie2) o
¥ il (yacee B ;
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| 28818
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o (] Smp-—— SR
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Ok | comit] wie |
Solve > Initialize > Initialize...
Sobtion Innislzmnon ===
From Frame
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Solve > Monitors > Residual...

Main Menu > File > Write > Case File...
Solve > lterate

Main Menu > File > Write > Data...

Save the solution to a data file after solution is converged

APPENDIX B: X-Y PLOT
The figures shown below are the X-Y plot for pressure, temperature and velocity
done at Ma=2.2 and =6 and a=0 in the leeside.

* defaui-interior
" it
& outer_wsl
L] w
Static
Pressure
{pascal)
%
Position (m)
Sutic Prassure May 04, 2009
FLUENT 6.2 (24. dp. segregated, ske)
Pressure Distribution
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