VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

Thesis submitted to Department of Aerospace Engineering, Faculty of
Engineering, University of Glasgow

MSc by Research

Computation of Transonic Buffet

© V.Spaine, July 2005



ProQuest Numlker: 10320521

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10390521

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



GLASGOW
UNIVERSITY
LIBRARY:



Contents

Contents

List of figures
Nomenclature
Abstract
Acknowledgement

1 Introduction
1.1 Scope and motivation of project

1.2  Transonic Aerodynamics . . . .

1.2.1  Transonic Aerodynamics of Aerofoils and Wings . . . .

1.2.2  Trausonic buffet of aerotoils and buffet boundaries . . .

1.3 Shock induced separation . . . .
1.3.1 Flow separation . . . . .
1.3.2 Types of separation . . .
1.3.3  Shock wave location . .

Increasing incidence . . .

15

19

20

21
21
23
23
25



Transonic Buffet Contenits

Increasing Mach number . . . .. .. .. ... ... 33

1.4 DExperimental work on acrofoil buffet . . . .. . ... ... .. 36
1.4.1  18% thick circular arc . . . . .. ... ... 36
1.4.2 12% thick NACA 16 series aevofoll . . . .. ... ... 43
1.4.3 14% Thick Biconvex Wing . . . . . . ... .. .. ... 49
1.44 CAST7/DOAL . .. .. .. . 52

1.5 Computational work on aerofoill buffet . . ... ... ... .. 57
1.5.1  18% Circular Arc Acrofoil computations by Levy . .. 37
Computational setup . . . . . .. ... oL, 57

Results . . . .. .. ... ... .. .. 58

1.5.2 NACA0012 Aerofoll computations by Raghunathan . . 61
Computational Set-np . . . .. .. L0 61
Results . . . .. ..o o o0 62

1.5.3 NACAO0012 Acrofoil computations by Barakes and Drikakis 64

Computational set-up . . . . . . .. ... 64

Results . . . . . . ... . . 65

2 Description of test cases G&
2.1 Previous work on test cases . . . .. ... L 68
2.1.1  Test Case 1 : BGK No.l Aerofoil . . .. ... . ..., 63

212 Test Case 2 : OATI5A aerofoil . . . . . ... ..., 73

2.2 Computational set-up for test cases . . . . . . ... ... T
2.2.1 Test Case 1- BGK No.l Aerofoil . . . . . . . ... ... 7

2.2.2 Test Casc 2 - OAT15A Aerofoll . . . . ... ... ... 81

University of Qlasgow 2 MSc Thesis



Transonic Buffel Contents

3 Validation and discussion of computational results 86
3.1 BGK Nod Aerafoil . . . .. . ... . o o 86
3.1.1 Shock/boundary layer flow field . . . .. ... ... .. 86

3.1.2 Unsteady mechanismof buffet . . . . .. .. ... ... 101

3.1.3  Coid and time step refinement . . . . . ... L 112

Steady How field . . . . ... ... ... 112

Unsteady flow fBeld . . . . .. . ... 0oL 113

3.1.4  Unsteadiness due to employed turbulence models . . . 131

3.2 OAT1I5A Acrofeil . . . .. . oo oo 135
3.2.1  Unsteadiness due to change in angle of attack . . . . . 135

3.2.2  Unsteadiness due to grid refinement . . . . . ., . . .. 144

4 Conclusion and Future Work 153
Appendix 156

University of Glasgow 3 MS¢ Thesis



List of Figures

1.1

1.3

1.4

1.5

1.6

1.8

1.9

1.10

111

Transonic flow pattern[B1] . ... . .. oL
Buffet boundary from [79] . . . . ..o
Buflet anset according to i36] . . . . .. .. ...
Region of shock oscillation for BGK No. 1 aerofoil [32)
Variation of acimal force with Mach number al o approxi-
mately 6° [36] . . .. . ...
Types of bubble flow {61] . . . . . ... ..o
Sketeh illustrating shock boundary layer interaclion: (2) bub-
ble separation, (b) bubble and rear sepayation [61]) . . . . . ..
Possibie types of flow separation on aerofoils 60] . . . . . . . .
Shadowgraph of steacy shock-induced separation with an over-
lay showing mean velocity profiles, M=0.79 and Re==11 million
Experimental and computed pressires and skin friction on the
aerofoil surface, M=0.79 and Re=11 million . . . . .. ..
Swrface pressure time histories on the aerofoil with unsteady

flow, M=0.76 and Re=11 million {46] . . . . . . ... .. ...




Transonic Buffet Contents

1.12

1.13

1.14

1.15

116
1.17

1.18

1.18

1.20

1.22

1.23

1.24

Time history of mean velocity components from conditionally
sampled data for one cycle of flow oscillation, M=0.7G and
Re=11 million; x/c=0.7 and y/c=0.125 [46] . . ... ... .. 41
Unsteady flow domain [52] . . ... .. ... .. ... ... .. 43
Classification of shock/boundary layer interactions and exci-
tation on the aerofoll [58] . . . . . . . . ... A5
Flow domains for a 14% thick biconvex aerofoil a = 0°, fixed
transition domains [48] . . . . Lo 49
The CAST 7/DOAL model and instrumentation [79] . . . . . 53
Averaged pressure distributions at pre and post-buffet onsct
conditions [79] . . . . . .. ..o 54
Relation between shock movement, shock strength and trailing

edge boundary thickness [79] . . . . . .. . ... ... .. 55
Depeudence of the reduced shock oscillation fregquency on Reynolds
number [T9) . . . . . . 56
Computed and cxperimental pressure distributions on the cir-

cular arc aerofoil, Re = 11x10% [46]. . . .. ... .. . .. .. 59
Computed and experimental skin-friction distributions on the
circular arc aerofvil, Re = 11 million, M = 0.783 [72] . .. .. 60
Computed and experimental velocity and eddy diffusivity pro-

files on the circular arc aerofoil, Re = 11 million, M = (.79

Periodic shock motion on the NACA 0012 aevofoill, M=0.7,
Re=10 milion and v =6°[65] . . .. ... ... ... ... .. 62
NACAO012 airfoil at M=0.7, Re — 10 million and « — 5° [63]. 63

Unguersity of Glasgow 5 MSc Thesis



Transonic Duffet Contents

1.25

1.26

Pressure coefficient distribution around the NACAQGOL2 aero-
foil:(a)grid size effects, {b)eomparisons between linear turbu-
lence models {c)comparison between non-linear turbulence mod-

els [7). . . . 66
Buffet onset for the NACAOQU12 aerofoil (Re— 10 million, M=0.775,

o = 4%}, Solution obtainad nsing the Spalart Allmaras model{crosaes)

and the non-linear k-w model {squares) [71. . . . . . . . .. .. 67
2.1 Schematic of the BGK No.l acrofloil showing pressure orifice

locasions[37] .« . . . 69
2.2 Location of the fast response transducers(37] . . . . . . .. .. 69
2.3  Steady pressure distributions on the upner surface of BGIK

No.l aerofoil at various «[3%. . . . . . . . oL 71
2.4 Variations of pressure intensities on the upper of BGK No.l

aerofoil at various angles of attack 37 . . . . .. ... ... 2
2.5 Ensemble-averaged pressure coefficient at various angles of at-

tackl371 L 7
2.6 Mesh avound the OATIHA aevoloil .. . o 0000 . 74
2.7 Steady pressure distribution at M=0.73 and o = 2.5° c. 1D
2.8  Temporal evolution of the shock location . . . ... . ... 76
2.9 Mean pressure fluctuations, computational results at o = 4.5°

and experimental results at ce = 3° and 3.5° . . ... ... 77
2.10 BGK No.l aerofoil - coarse grid . . . . . . ... .. ... 80
2.11 BGK No.i{ aerofoil - fine grid . . . . . . . . ... 81
2.12 BGK No.l aerofoil - finer grid . . . . ... ... .. ...... 82

University of Glosgow o MSe Thesis



Transonic Buffet Contents

2.13
2.14

3.1

3.3

3.4

3.6

3.7

3.9

3.10
3.11
3.12

OATI15A aevofoil - coarse grid . . . . . ... ... .. ... .. 84
OATI5A aercfoll - Tinegnid . . . . .. . . . ... ... .. 85

Pressure contours and streamlines plot at M = 0.71, Re—20x10°

and oo = —0.316° . ... ... 87
Pressure contours and streamlines plot at 44 = 0.71, Re=20x10%

and o =1396° ... .. ... . 37
Pressnre contours and streamlines plot at M = 0.71, Re=20x10°

and or = 8.017° . . .. . . [ 88
Pressure contours and streamlines plot at 4 = 0.71, Re=20x10°

and n=4.905° . . ... 89
Mach mumber contours and velocity vector plots at M = 0.71,
Re=20x10% and o =4.905° . . . . . ... . ... ... ... .. 90
Mach mumber contours and velocity vector plot at A4 = 0.71,
Re=20x10%° and v =6.970° . . . . . . . . .. ... . .. .. .. an

Shock loeation related to angle of attack for the different tar-

bulence models . . . . .. L 91
Attached flows at two different angles of attacks . . . . . .. . 92
Allachied and separated flow at =3.017°. .. .. ... . ... 92
Attached and separated flow at o=4.905 . . . . . .. ... .. 93
Attached and separated flow at =6.970°. . . .. ... .. .. 93

Turbulence Revnolds number profiles bofore the shock (x/¢=0.35)
for different turbulent models, alpha — 4.905°, M = 0.71
and Re —20x10° . . . ... ... ... 94

University of Glasgow 7 MSe Thesis



Transonic Buffet Contents

3.13

3.14

3.15
3.16

3.19

3.20

3.21

3.22
3.23

3.25

Tuwrbulence Reynolds number profiles after the shock (x/c=0.6)
for different turbulent models for alpha = 4.905°, M = 0.71
and Re =20x10% . . .. ... .. ... ... . ... ... 95
Residual plots for alpha = --0.316°, M = 0.71 and Re =
20x108 L 96
Residual plots for a: = 3.017°, M=0.71 and Re = 20z10%° . . . 97
Residual plots for alpha = 4.905°, M = 0.71 and Re =
20x10°% . L 98
Residual plots for alpha = 6,970° M = 0.71 and Rc = 20x10% 99
Steady surface pressure plots on the upper surface of the BGK
No.l acrofoil at @=—0.316° . . . . .. . ... ... .. ... 100
Steady surface pressure plots on the upper surface of the BGK
No.1 aerofoil at @=1.396% . . .. .. .. . ... ... ... .. 101
Steady swrface pressure plots on the upper surface of the BGK
No.1l aerofoil al a=4.905° . . .. .. ... ... ... ... 102
Lift coeflicient plots using the Baseline model for various an-
gles of attack using the coarse grid, M = 0.71 and Re — 20x10%103
Shock movement with the Baseline model . . . . . .. . .., 104
Oune cycle of shock movement at a==4.905%, Baseline and coarse
grid ..o 105
One cycle of shock movement al, :=4.905°, Bascline and coarse
grid . e e e e e 106
Variations in shock movement, shock height and boundary

layer thickness through time for a=4.905° . ... .. ... .. 107

University of Glasgow 8 MSc Thests



Transonic Buffet Contents

3.26

3.27

3.29
3.30
3.31

3.32
3.33
3.34
3.35
3.36

3.37

3.38

Experimental unsfeady pressures compared with computational
unsteady pressures using the Baseline model, oo = 4.905°,

M =071 and Re=20x10% . . ... ... .. ... .. ..., 109
A closer comparison between experimental and computational
unsteady pressures using the Baseline model ¢ = 4.905°, M =

0.71 and Re=20x10% . . . . . . ... ... .. .. ... 110
Variations of pressure spectra al various probe locations at

M = 0.71, Re=20x10° and « =4.905° using the Baseline

model and coarse grid. . . . . ..o L o 111
lffects of grids on surface pressures at o = —0.316° . . . . . . 112
Effects of grids on surface pressure at o =1.396°. . . . . . . . 113

Lift coefficient plots using the Baseline model for varions au-

gles of abback using the coarse grid, M — 0.71 and Re — 20x10%114

Lift coefficient plots using time steps of 0.l and 0.5 . . . . . . 115
Lift coefficient plots using time steps of 0.1 and 0.02 . . . . . . 116
Pressure intensity plots using time steps of 3.1 and 0.02 . . . . 116

Shock movement using the three different grids at o = 4.905° . 117
Temmporal variation in separation regions during an upstream
shock movement at o = 4.905” using the Baseline model and
thecoarsegrid. . . . . . .. .. .. L 118
Temporal variation in separation regions during a downstrean
shock movement at « — 4.905° using the Baseline model and
thecoarse geld, . . . . . .. L 119
Pressurc spectra plots at different probe locations for o = 4.905°

using the Baseline model and the ine grid . . . . . .. .. .. 120

University of Glasgow 9 MSec Thesis



Transoric Buffet Contents

3.39

3.40

3.41

3.42

3.43

3.44

3.45

3.46

3.47

3.48

3.49

Temporal variation in separation regions during an upstream
shock movement at o = 4.905° using the Baseline model and
thefine gric. . . . . . . ... 121
Temporal variation in separation regions during & downgtyeam
shock movernent at ¢ = 4.905° using tle Baseline model and
thefinegrid. . . . . ... .. .. ... o 122
Shock movement using the SST and the Baseline models with

the fine grid at e =4.905° . . . ... . ... oL 123
Pressure spectra plots at different probe locations for ¢ = 4.905°
using the SST model and the finegrid . . .. ... . .. ... 123
Temporal variation in separation regions during an upstream
shock moverent ai « = 4.905° using the SST wodel and the
finegrid. . . . . .. .o 124
Temporal variation in separation regions during a downstream
shock movement at o = 4.905° nsing the SST model and the
finegrid. . . . .. ..o 2B

Shock movement using the SST and the Baseline models with

the finer grid at @« =4.905°, . . . .. ... ... ... ... ... 126
Shock movement using the SST model at o = 4.905° . . . . | 126
Shock height using different grids . . . . .. . . .. ... .. 127

Trailing edge displacement thickness with different grids at
a=4808% . _ . e 127
Shock height related to shock movement for the Baseline and

SST models ab e =4.905° . . .. . . . ... ... ..., 128

Ungversity of Glasgow 10 MSc Thests



Trunsonic Buffet Conients

3.580 Trailing edge displacement thickness related to shock move-

ment for the Baseline and 33T models al o =4.905° . . . . . 129
3.581 Pressure invensities for the Baseline model using two different

grid levels ab e =4.905% . . . ... Lo 130
3.52 Tressure intensities for the Baseline and S5T models using the

fine grid at @ =4.905° . . . . ... L o oo 130
3.53 Reynolds turbulence stress, 73y profiles along the upper surface

for three different turbulence models, M=0.71 and a=4.905° . 132
3.54 Reynolds turbulence stress, 7, profiles along the upper surface

for three different turbulence models, M=0.71 and a=4.905° . 133
3.55 Reynolds turbulence stress, 1, profiles along the upper surface

for three different turbulence models, M=0.7] and «==4.905" . 134
3.56 Lift coefficient plots at two different angles of attacks for M =

0.73 and Re =3x10% . . . . ... ... ... ... ... 135
3.57 Streamlines indicating a separation bubble at a=2.5° . . . . . 136
3.58 Streamlines indicating a separation bubble and trailing edge

soparation at @=3° . . . . ... o 137
3.59 Streamlines mdicating a separation bubble, trailing edge sep-

aration and an interaction region between the circulation re-

gionsat a=3.5" . . ... oL 137
3.60 Streamlines indicating a separation bubble, trailing edge sep-

aration and an interaction region between the circulation re-

gions at a=391° . . ... 138

3.61 Residual plots at Lwo different angles of attaclk, M = 0.73 aud

University of Clasgow 11 MSec Thesis



Transonic Buffel Contents

3.62

3.63

3.64

3.63

3.66

3.67

3.68

3.69

3.70

3.71

Re; contowrs at the separation bubble, M = 0.73, Re —
3x10%and 3° . .. ... 140
Rep contours at the separation bubble, M. = 0.73, Re =
3x10%and 35° . ... ... 141
Turbulent Reynolds number plot along the upper surface for
Jand 35 deg. . . ... 141
Turbulent Shear stress, 7., plots along the upper surface for 3
and 3.5deg. . . . e e e e e 142
Turbulent x-normal stress, 7. plots along the upper surface
for3and3Bdes. . .. . ... L 142
Turbuleat y-normal stress, 7, plots along the upper surface
for3and 35deg. . ... ... oo 143
Normal stress profiles in the wake for two different angles of
attack, M =0.78 and Re=3x10% . . . . ... .. ... ... 143
Temporal variation in separation vegions duriug an upstream
shock movement at « == 3.0° using the Baseline model and the
coarse grid. . . . . . L L e e 145
Temporal variation in separation regions during a downstream
shock movement at «e =— 3.0° using the Baseline model and the
coarse grid. . . ..o L 146
Temporal variation in separation regions during an upstream
shock movement at « = 3.91° using the Baseline modc! and

thecoawse grid. . . . . . . . ... 147

University of Glasgow 12 MSe Thesis



Transonic Buffel Contents

3.72 Temporal variation in separation regions during o downstream

shock movement at @ = 3.91° using the Baseline model and

the coarse grid. . . . . . . .. Lo 148
3.73 Pressurc intensity plot along the upper surface at 4.5 deg. . . 149
3.74 Shock movement at 4.5 deg. . . . .. ... L 149
3.75 Pressure intensity plot along the upper surface at § deg, . . . 150
3.76 Pressure intensity plot along the upper sirface at 5.5 deg. . . 150

3.77 Temporal variation in separation regions during an upstream

shock movement at o = 3.91° using the Baseline model and

3.78 Temporal variation in separation regions during a downstreaim
shock movement at o = 3.91° using the Baseline model and

thefinegrid. . . . .. . ... o 152

Universtly of Glasgow 18 MSe Thests




List of Tables

2.1
2.2
2.3
2.4

4.1
4.2
4.3
4.4

4.0

4.7

4.8
4.9

Numerical parameters used for test case T, . . . . .. L L. 78
Details of the finite volume grids used for test case 1. . . . . . 80
Numerical parameters used for tesl case 2 ., . . . . ... L. 83
Details of the finite volune grids vsed for test case 2 . . . . . 83

Summary of experimental work done on the BGK No.l aercloll 157
Summary of experimental worl on the Joukouski aerofoil . . . 158
Summary of experimental work done on the WTEA II aerofoil 158
summary of experimental work done on the 12% thick NACA

8 series aerofoil . . . . . . ... .. 159
swnmary of experimental work done on the NACA 0012 . . . 159
Summary of experimental work done on the 14% thick bhicon-

vex aerofoill . . .. ..o 160
Summary of experimental work done on the Cast 7/D0OA1

asvofoil . . . . . L 160
Summary of experimental work done on the NACA 631-012 . 161

Summary of experimental work done on the 18% circular acr . 161

14



Nomenclature

¢ Chord

cy Skin I'riction coeflicient
Cp Pressure coefficient

Cy Lift coefficient

e Fnergy

E Total energy

E(x) Energy spectral density
b Dominant {buffet) frequency
o Pitching frequency

F,G,IT Flax vectors

h Enthalpy

ho Stagnation enthalpy

H ‘lotal enthalpy

i,ik Cartegian unit vectors

k Kinctic energy of turbulent fluctuations per wnit mass
L Identity matrix

J Jacobian matrix of transformation

{ Characteristic eddy size



Transonic Buffet

Nomeandclature

M

U, U, W
Usor Uing
A%%

T, Y, 2

Freestream Mach number

Unit normal to a streamline (natural coordinates)
Non-dinensional pressure, dinensional pressure
Prandtl number

Pressure

Dengity

Dynatmic pressure

Heat flux component

Vector of residuals

Reynolds Nwnber {based on root chord length)
Turbulent Reynolds number (pp/p)

Entropy

Direction along streamline (natural coordinates)
Non-dimensional time, dimensional time
Temperature

Cartesian velocity components

Freestream velocity

Vector of independent flow variables

Cartesian coordinate system

Greck Symbols

&

AW

Angle of attack
Vector of conservative updates

Dissipation per unit mass

University of Glasgow 16

MS¢ Thesis



Transonic Buffet Nomenclature

7 Kolmogorov length scale

y Ratio of specific heats

1 Molecular viscosity

1753 Turbulent eddy viscosity

w Specific dissipation rate, magnitude of vorticity vector
o] Helix angle

P Density

&n,¢  Curvilinear coordinates

Subscripts

crit critical

7 inlet conditions

NS root mean square

o0 Freegtream value
Superscripts

S Dimensional quantity

Time averaged component i.c. p

Turbulent fiuctuation component i.e. p’

-~

Veclor of variables in conservative form j.e. F

Instanlaneous component i.e. Cp

Universily of Glasgow 17 MSe Thesis



Transonic Buffet

Nomenclature

Acronyms

CFL Courant-Friedrichs-Levy

PMB  Paraltel multi-block

RANS Reynolds-Averaged Navier Stokes
RET Turbulent Reynolds number {pr/u)
§—A  Spalart Allmaras

SST Shear Stress Transport

University of Glasgow 18

MSe Thesis



Abstract

The computation of the unsteady aerodynamic phenomeron of buffet is be-
coming more feasible with the advent. of faster comnputers and better numer-
ical methods, This thesis is concerned with the computation of the Reynolds
Average Navier-Stokes equations (RANS) in an attempt to further the un-
derstanding of the physics related to transonic buffet despite RANS being
an approximation. The report concentrates on 2-dimensional (2-D) buffet
of two supercritical aerofoils and comparisons of experimental and computa-
tional results are presented. Different turbulence models were employed in
the computations. Results show that both steady and unsteady flow fields
are heavily dependent on the turbulence models used. The two equation SST
and Baseline models are found to be the most reliable models in predicting
the onset of bhuffet. However, the Baseline model tends to over-predict the
intensity of the buffet phenomenon. A comparison of various turbulence
properties was made in order to explain why buffet occurs at coertain angles
of attack. Detailed time and grid relinement studies were also performed,

although further grid refinement is necessary.



Acknowledgement

I would like to give my sincere thankfuliess to my project supervisor Prof. K.
Badcock for giving me the opportunity to work in the field of Computational
Fluid Dynamics. His gnidance and support were most appreciated during
my university yoars.

The financial support provided by EPSRC and BAE Systemns is gratefully
acknowledged.

I would also like to thank my Head of Departimen$ and the Accommodaltion
Office for their support during the difficult stages of my studies.

I also want to thank my mother and my younger brother. Because of their
financial and spiritual support, I have been able to come to Glasgow and
study at an advanced academic level.

I am grateful to all the present and past members of the CI'D Laboratory at
Glasgow University cspecially Dr. G. Barakos for their help and many useful
discussions we had during the project.

Last but not least, 1 thank the almightly Lord for his grace.



Chapter 1

Introduction

1.1 Scope and motivation of project

One of the most challenging problems in computational fluid dynamics is the
computation of unsteady viscous flows around acrofoils. Turbulence and vis-
cous effects are of fundamental importance to the aercspace industry, being
paramount in aerodynamic design, This is becoming even more importaut
because, as the design of aircraft, helicopters and jet engines is improved, a
large number of unsteady phenomena appear that have serious implications
in terms of achievable performance or safety. As the speed and memory ca-
pacity of computers continues Lo increase, the computation of unstealy flows
i3 becoming more leasible, however it is still quite expensive. In addition,
relatively little effort has been spent in the systematic analysis of the time-
accurate computations of unsteady flows. Current cfforts have been focused
ou improving our understanding and modelling of complex, viscous, unsteady

flow phenomena such as turbulence, transition and shock-houndary layer in-

21



Transonic Buffet Introduction

teraction.

The present study deals with the computations of the RANS cquations for
2-D aerofoils in transonic and high Reynolds Number flows. Two test cases
were studied in this project; test case 1 involves work done on the BGK
No.1 supercritical acrofoil and test case 2 is on the OATIBA supercritical
acrofoil with a blunt trailing edge. Previous work on test case 1 has mainly
been experimental work by Lee[32,34,36,37], whilst previous work on the
OAT15A aerofoil has been hoth experimental and computational work done
at ONERA[12]. 2-D aerofoil buffet computations car now be conducted at
relatively low computational coste and theve are large quantities of experi-
mental data available for validation.

Buffef was detected over fifty years ago but the physics and cause of the peri-
odic shock motion is still nol fully understood. This study aims at improving
out knowledge of the self-sustained motion of shock waves in a butfet flow
regime. At transonic flow conditions, many unsteady phenomena are asso-
clated with shock wave interactions with separated regions. The resulting
pressure fluctuatious can cause control surface oscillalions known as aileron
busz, periodic flows in supersonic intakes and cascades. and many other un-
desirable unsteady effects [36].

The onset; of huffet can be predicted Ly numerical methods using fast comput-
ers. Viscous effecis such as viscous-inviscid interactions can be numerically
simulated on modern computers with relatively low CPU costs. Ilowever,
the efficiency in predicting buflet onsel using computational methods still
hag room for improvement.

Solving the Navier-Stoles equations is usually done by averaging the conser-

University of Glusgow 22 MSec Thesis
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vation equations, Reynolds Average Navier-Stokes (RANS) equations. ‘L'hese
equations wore proposed by Osborne Reynolds over a cenbwry ago. In the
Reynolds-average approach to turbulence, all of the flow parameters are as-
sumed to be composed of a mean and a fluctuating quantity. Averaging the
Navier-Stokes equations gives rise to terims that must be modelled, known
as Reynolds stresses. The presence of Reynolds slresses means that the
RANS equations are nol closed. Some approximations are necdaed to repre-
sent the Reynolds stresses. The approximations introduced are called turbu-
lence models. The modcls mainly used in this study are the k-w, 58T and
Baseline two equation models snd the Spalart. Allmaras one equation model.
The equations, therefore must be used with caution if they are to be used to

understand flow plysics.

1.2 Transonic Aerodynamics

1.2.1 Transonic Aerodynamics of Aerofoils and Wings

Transonic flow occurs when there is mixed sub- and supersonie local flow in
the same flow field (typically with f{reestream Mach numbers from M = 0.6
or 0.7 to 1.2). Usually the supersonic region of the flow is terminated hy a
shock wave, allowing the {low to slow down to subsonic speeds. As the Mach
number increases, shock waves appear in the flow fleld, getting sironger as the
speed increases. Figure 1.1, taken from Maseon:51], shows the development

of the flow with increasing Mach number, starting from subsonic speeds.
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Figure 1.1: Transonic flow pattern[51]

At some Mach number the [low becomes sonic at. a single point on the
upper surface where the local flow reaches its highest speed. T'his is the
critical Mach nuvmber. As the Mach number increases further, a region of
supersonic flows develops, Normally the flow is brought back to the subsonic
region by the occurrence of a shock wave in the flow. As the Mach number
increases, the shock moves aft and becomes stronger. As the Mach numnber

continnes to increase, a supersonic region and shock wili develop on the lower
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surface. As the Mach number approaches unity, the shocks move all the way
to the trailing edge. Finally, when the Mach number becomes slightly greater
than one, a Low wave appears just ahead of the aerofoll, and the shocks at
the trailing edge become oblique, many variations in the specific details of
the flow feld development. are possible, depending on the specific geometry

of the aerofoil.

1.2.2 Transonic buffet of aerofoils and buffet bound-

aries

Buffeting is the dynamic response of an aircraft structuve, such as o wing,
to unsteady forces acting on it. The buffet loads at transonic speeds arve far
more severe than those at low subsonic or supersonic, that is why this review
wainly concentrates on transonic buffeling. Transonic buffet is of greater
importance in terms of aircraft manoeuverability and strictural integrity
considerations. The process is essentially driven by the interaction ol the
shock wave with the boundary layer which influences the development of the
shock-induced separation or rear separation. The divergence of an acrofoil’s
trailing edge pressure can be used to estimate the magnitude of buffet loads.
A normal practice in buffet aerodynamics is to define a buffet boundary. An
example of one of the early definitions of the buifet houndary illustrated in
a lift versus Mach number plot is shown in Figure 1.2. Thomas{79] defined
the ouset boundary to be a curve separating the regions where the flow is
essentially attached or partially separated and those where the flow is fully

separated. In the subsonic region the boundary coincides with the maximum
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lift versus Mach number curve. As the flight speed is increasad, a shock wave
is formed and it moves rearwards and finally reaches the frailing edge of the
aerofoil. Separation will disappear and we have a buftet-free supersonic Aow.
For thin wings at small incidence, this condition can be reached even before
the shock wave has attained an intensity great enough fo initiate buffeting.
There is & buffet-free corridor whereby it 18 possible for a suitably designed
supevsonic aircraft to pass through the transonic region without encountering
buffeting. The onsei of buffet is defined similagly for Aghter and transonic
aircraft, but permissible opcration of the aircraft excursion into the huffet
regime is diffevent. For a combat aircraft, light buffeting is delined as the
first appearance of sizeable vibrations noticed by the pilot and the aireraft
can safely operate in that regime. The margin set for moderate buffeting
repregents the highest values of instantaneous puil-ups or twn rates at which
the weapon platform may still be effective in releasing stores or cavrying
out a tracking mission. Heavy buffet is determined by the structural limits
of the aireraft and should be avoided at all costs. For transport aireraft
during normal cruise, the aireraft may encounter a strong gust which carries
it over the buffet boundary. However, excursion ingide this boundary for any
prolonged period of time is not permissible.

Pearcy[60] and Pearcy and Holder[61] defined one of the earlicst methods to
determine bulfet onset. Buffet onsct is determined by the Mach number or
incidence when the bubble reaches the trailing edge and bursts. This can also
be obtained from the divergence of the trailing edge pressure. Mabey[48] also
defined another method for determining buffet onset using unsteady forces

or pressure measurements. n two-dimensional serofoil testing, a convenient
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Figure 1.2: Bullet boundary from [79]

quantity Lo usc is the unsteady normal force oblained either from integration
of the unsteady pressures on the aerofoil surfaces or from direct measurement
with a force balance. Lee and Tang[43] used the divergence of this quantity to
define the buffet boundary. Lee and Ohman(42] have shown experimentally
that for the BGK No.l aerofoil, large fluctuations in the normal forces are
detected at Mach munber approximately 0.733. Tt is shown in Figure 1.3 that
the aerofoil can experience a large normal force from a small excursion into
the buffet regime al iransonic flow conditions. The source of this behaviour
is agsociated with the presence of the periodic shock motions.

Figure 1.4 shows the rogion where shock oscillation occurs for the BGK
No. 1 acrofoil. Comparison with Figure 1.3 shows the region where large
values of normal foree fluctuation is devected lies inside the shock oscillation
region. "This region where discrete requency oscillations occur increases in

dimension for thicker supercritical aerofoils.
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Figure 1.3: Buffet onset according to |36]

The excursion into the buflel regime is shown in Figure 1.5 where « is

fixed at approximately 6° and the Mach nwumber varied from 0.6 to 0.81.

The results obtained by Tee for the BGIC No.1 acrofoil show the [luctuating

normal force Lo increase almost linearly from M — 0.6 to 0.69. Tha onsct

boundary is crossed at M = 0.615 and the shock oscillation region begins at

M = 0.67. Between M = 0.67 and M = 0.69, the shock is very weak and

the normal force continues Lo increase approximately in a lincar manner. A

maximum normal force is located al M=0.733 close to the design value of
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Figure 1.4: Region of shock oscillation for BGK No. 1 aerofoil [32]

0.75. The slope of the graph for 0.616 < M < 0.69 is much smaller than
for 0.69 < M < 0.733 where fairly strong shock oscillations occur in the
latter range of M. At the higher values of Mach numbers (M > 0.733), the
shock weakens and the pressure field due to shock oscillations decreases wilh

increasing M, resulting in a decrcasc in the normal force.

1.3 Shock induced separation

1.3.1 Flow separation

Some familiar types of flow separation encountered in or around engineering

sbructures are shown in Figure 1.6, These are guasi 2-D bubble separations
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proximately 6° [36]

which can be modelled and the associated pressure {luctuations predicted.
However, aircraft performance is also influenced by the increase of drag and
buffeting arising from the separation of a haundary layer from an essentially
smoothly-contioured tifting surface. Because of the wide variation of Mach
number and angle of attack, flow separation on combat aircraft wings can
be expected in certain regions of the dight envelope. In manoeuviing flight
a combat aircraft wing exhibits a complex, changing pattern of attached,
separated and vortex flows across its span. The management of separated

flows and minimization of buffet vequires significant design effort.

1.3.2 Types of separation

For the subsonic astached flow past an acvofoil, viscous etfects are usually

assumed to be confined to a thin layer adjacent to the aerofoil surface and in
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the wake. As Mach is incrcased, a critical value is reached. Above the critical
Mach munber, a supersonic region appears which is generally terminated by
a shock wave. When the pressure rise acrosgs the shock reaches a sufliciently
large value, shock-induced separation of the boundary layer occurs.

In considering shock-induced boundary layer separation on aeroloils, there is
always a region of supersonic/subsonic flow separated by a shock wave. This
is followed by the presence of continuons adverse pressure gradient in the
subsonic flow downstream of the shock. Development of upper-and lower-
surface boundary layers near the trailing edge and their merging into the

wake have significant influence on the circulation, and throush it éhe pressuve

Unaversity of Glasgow 31 MS¢ Thesis



Transonic Buffet Introduction

distribution and shock location.

At low incidences when shock waves occur on both surfaces, the introduction
of a disturbance at the foot of the shock will cause a change in the pressure
recovery downstream of the shock. The flow al the lower surface is affected
which in turn causes the shock to move rearwards, The static pressure along
the wake is also disturbed and in order that the pressure may fall to the
freestreamn value to satisfy the compatibility condition, the shock and the
separation point on the upper surface must move forward. The compatibility
condition is where the static pressure on the two sides of the wake has {o be
equal, or near equal[60)].

Pearcy[60] aud Pearcy and Holder[61] studied mostly bubble separation. A
slketch of this type of separation found commonly in aerofoils of conventional
design is shown in Figure 1.7 where a supersonic repion extends along the
edge of the bubble downstream of she foot of the shock. This region lies
in an area where the pressure increases in the downstream direction causing
the streamlines to converge. This offsets the tendency for the shear layer
lo re-attach and delays the closure of the bubble. On the other hand, a
local subsonic flow with diverging streamlines would help to promote re-
attachmené. As long as the rise near the forward part of the bubble re-
establishes subsonic flow, the bubble size would tend to be self-limited.

In addition to the presence of a bubble separation, rear separation tends
to accur and spread forward [rom the trailing edge for thick supercritical
aerofoils. The onset and rate ol forward movement depends mainly on the
thickness and velocity profiles of the boundary layer approaching the trail-

ing edge as well as local pressure gradient. Complicated interactions hotween
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Figure 1.7: Sketch illustrating shock boundary layer interaction:
(a) bubble separation, (b) bubble and recar separation [61]

rear and bubble separation can occur. If the boundary is already on the verge
of separating near the trailing edge when a bubble separation occurs finrther
forward, this bubble will likely disturb the boundary layer profile sufficiently
to trigger rear separation. Pearcy ot al [61] named this flow separation as
model B to distinguish from the bubble scparation which is modet A {see
Figure 1.7).

As stated earlier, the nature of flow separation ig complex. Fignre 1.8 illus-
trates several different. characteristics encountered in the How over the npper
surface of the aerofoil as incidence is inereased for a range ol subsonic speeds
[60]. In producing Ligh maximum Eft at low speed a strong adverse pres-
sure gradient is generated well forward on the section which can separate the
boundary layer (possibly still laminar) as a bubble close to the leading edge.

The bubble itself is a source of buffet and circumstances can causc a sudden
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expansion of the buhble, creating a wide unsteady wake, a rapid increase of
buffet (Cases 1 and 2 in Figure 1.8). In practice excessively high suetion on
the leading edge could be relieved by introducing camber. In that case, the
initial buffet would arise {rom the growth of separation spreading forward

from the aerofoil trailing edge (Case 3).
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Figure 1.8: Possible types of flow separation on acrofoils [60]

Lt general at higher speed (Cases 4 to 7) as discussed eavlier, a region of
supersonic flow will develop on the upper surlace of the aerofoll, terminated
by a shock., With increasing incidence and/or Mach nunber the shock wave
moves rearwards until the pressure rise through the shock is sullicient ta
cause the boundary layer to separate at the foot of the shock. Initially, this
shock induced separation will form a closed bubble with a re-attachment a
shorf: distance downstream from the shock wave. At this stage there may

be no trailing edge separation (Case 4); or a trailing-cdge separation may be
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present. prior to the shock-induced separation onsct fluctuations.

1.3.3 Shock wave location

The factors that affect the shock wave location are the incidence, [reestream

Mach number and the aerofoil configuration.

Increasing incidence

With the {reestream Mach nmnber held constant, an increase in incidence
increases the local Mach number at fixed points upstream of the shock wave.
For a small bubble at the shock, the disturbance dies out before reaching
the trailing edge where the pressure is practically unaffected by the change
in incidence. As the bubble grows in size, it will affect the trailing edge
pressure causing divergence when the separation bubble reaches the trailing
edge. A furtler increase in incidence resulbs in a greater decrease in the
trailing edge pressure and a stronger disturbance at the wake. Pearcy [60]
showed that for a 6% thick RAE 104 aerofoil at Mach numbers between 0.7
and 0.95, the shock initially moves downstream will incidence until a value

is reached where any further increase will cause the shock to move forward.

Increasing Mach number

The behaviour in the shock position with increasing Mach number is quite
sinilar to that for increasing incidence. In this case, the [reestream pros-
sure falls as the Mach number increases, and the separation bceomes more

severe due o the stronger local Mach nunber ahead of the shock wave. The
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aerofoil shape determines the local Mach number ahead of the shock and
hence controls the onset of separation as well as the rate at which the shock
moves over the surface [36]. As Mach number increases the shock usually
tends to move rearward. However, for thick aerofoil sections siuch as those
found in supercritical aerofoil design, a forward moving shock may occeur for

sufficiently high freestream Mach mimbers.

1.4 Experimental work on aerofoil buffet

1.4.1 18% thick circular arc

Levy [46] has conducted extensive experiments on the 18% thick cireular arc
acrofoil to investigate its bullel propertics. This acrofoil is characlerized by a
constant radius of curvature. The experiments were conducted in the NASA
Aines high Reynolds number wind tunnel. This wind tunnel is designed for
operation at Reynolds numbers per foot up to 40x10% for subsonic flows and
to 200x10° for supersonic flows, To eliminate upper and lower wall interfer-
ence eflects, and to prevent choking of the tunnel, these walls were contoured
to follow the aerafoil free-air streamnlines for the chosen test condition.

The test data included surface-pressure measurements on the aerofoil and
channel walls, oil-filin studies to display surface streamlines and locate lines
of flow separation and flow ficld shadowgraphs. The tests were conducted at
freestream Reynolds numbers; hased on serofoil chord length, ranging from
1x108 to 17x10%. The tesi Mach number was varied from near the critical

valne (M=0.71) to vhe highest possible without choking the channel. Pres-
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gurc measurements were made along the centerline on both upper and lower
aerofoil surfaces and at spanwise stalions on one surface. The results indi-
cated two-dimensional flow over most of the aerofoil.

During the course of the investigation it was discovered (from viewing higl-
speed shadowgraph movies of the flow ficld) that unsteady oscillatory oc-
curred for certain combinations of Reynolds numbers and Mach numbers.
To provide detailed information in this unsteady fiow regime, four miniature
pressure sengors were located directly in the aerofoil.

A shadowgraph of the flow field taken through the test scction windows at
M=0.79 and Re=11x10° is shown in Tigure 1.9. At these test conditions
shock-induced separation occurs near the foot of the shoek wave and extend
downstream beyond the shock wave and Mach waves appears to emanate
from the interface between the turbulent shear layer and the outer flow. Su-
perimposed on the shadowgraph are mean axial velocity profile data obtained
with a laser velocimeler.

The values of the swface pressure and skin friction were alse investigated
by Levy [46], see Figure 1,10, The data show a small pressure recovery
aft of the shock-induced separation point. The magnitude of the pressure
coefficient downstreamn of the scparation is slightly lower than the critical
pressure and the flow may be slightly supersonic, This interpretation is
cousistent with the shadowgrapl observation (Figure 1.9) which revealed an
oblicue shock near the separation point.

A portion of the experimental surface pressure time histories taken during
a Mach number sweep through the unsteady flow region lor twa positions

on the aerofoil are shown in [Figure 1.11. Ixamination of these data shows
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Figure 1.9: Shadowgraph of steady shock-induced separation with
an overlay showing mean velocity profiles, M=0.79 and Re=11 mil-
lion [46]
that the unsteady pressure are periodic and that the pressures on the upper
and lower surfaces are 180° out of phase. The frequency of oscillation was
found to be independent of the position with a value of 188 Hz. A series
of weak shock waves form near the trailing edge where they build strength
and coalesce into a .\‘ln'__',]t' wave that moves toward the midchord As the
shock approaches the midchord it weakens appreciably and the cycle repeats
itself periodically. A similar situation occurs in the lower surface 180° out of
phase.

A vortex is seen to form near the trailing edge and sheds alternately
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Figure 1.10: Experimental and compubed pressures and skin fric-
tion on the aerofoil surface, M=0.79 and Re=11 million [46]
upwards and downwards, depending ou the direction of the asymmelry of
the periodic fow.

Levy [46] used Jaser velocimetry to determine the velocity field during
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Figure 1.11; Surface pressurc time histories on the aerofoil with
unsteady flow, M=0.76 and Re=11 million [46]

the flow oscillations. Instantaneous velocity components were recorded and
plotted against dimensionless fraction of time for one cycle of the oscillation,
Figure 1.12. The velocity increases with Lime initially and then shows a
marked decrease as the shock wave passes upstream. Examiuation of the
velocity field data and the shadowgraphs revealed a complete picture of the
flow field. As the shock wave begins to form near the rear of the aerofoil, it
strengthens aud moves upsiream. Separalion cccurs ab the foot of the shock
with subsequent ve-attachment on the aerofoil surface. Downstream at the
trailing edge a small vortex is formed and circulation occurs from the aerofoil
surface with attached {low, around the trailing edge to the surface with shock
separated flow.

Levy observed both trailing edge separation as well as separation at the

University of Glasgow 40 MSe Thesis



Tronsonic DBuffet Introduction

400 — xle = 0,7¢
yle =025
(o}
000%7°
w0 @ 80\
© o] 8—-.
OO0,
200
g™ o
r] £ v
"] Me® OBLIOUE SHOGK
% 100 - THEORY
apb 'B_ o o
Sepangod? B
-100 | I { | |
0 2 4 6 8 1.0
T

Figure 1.12: T'ime history of mean velocity components from con-
ditionally sampled data for one cycle of flow oscillation, M=0.76
and Re=11 million; x/¢=0.7 and y/c=0.125 [46]

foot of the shock. At M=0.75 the pressure recovery over the aft portion
of the aerofoil is weak and the shock-induced separation occurs. The flow
field is directly affected by the displacement effect of the boundary layer and
the eflect of changes in Reynolds number on pealk pressure coeflicient, shock
strength, shock location,and aft pressure recovery are appreciable, particu-
larly at low Reynolds numbers. In general, the Reynolds number effect is
small for numbers above 10 million.

Levy also concluded that as test Mach number is increased above the criti-
cal value (M=0.71), steady flow with strong aft pressure recovery, and with
boundary layer separation located near the trailing edge {x/c—0.9), persists
for the test Reynolds number range (1x10% to 17x10%) until approximately

M=0.76. As the freestream Mach number is increased from about 0.76 to
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0.78, the flow is unsteady. About M=0.78 the flow is again steady (except
for the lowest Reynolds number of 1 million), with separation now fixed av
the base of the shock wave.

McDevitt et al [52] alse conducted tests on an 18% thick circular-arc acro-
foil at Reynolds number between 1 and 17x10°. By varying the peak Mach
number just ahead of the shock from about 1 to 1.4, weak and strong shock
boundary layer interactions were observed. Unsteady pressure measurements
were taken at x/c=0.5 and 0.775, and these measurements show periodic mo-
tion of the flow to be asynunetric and the shock movement on the upper and
lower surfaces is exactly 180° out of phase. This is congistent with the results
obtained by Levy. Shadowgraph movies were taken of the flow over the aft
portion of the acrofoil as Mach number was varied from 0.74 to 0.785 at a
rate dM/dt=0.001, and the results show that on the aerofvil surfaces, alter-
nate shock—induced and trailing edge separation occur.

MecDevilt suggested that during a particular phase of the oscillation cycle
when the peak in pressure is ahead of the shock on the upper surface is
above the the critical value, shodk-induced separation will occur. The shock
on the lower surface, being closer to the trailing edge, will induced rear sep-
aration. The effective aerofoil profile is no longer symmetrical and the effect
of the negative camber is to slow down the fow over the upper surface. This
tends to suppress the shock-induced separation phenomenon but at the same
time induces higher velocities over the lower surface, and the flow felds re-
verse. When the freestream Mach number is increased to a value snfficiently
above the critical, the oscillatory behaviour ceases and hoth surlaces experi-

ence steady, shock-induced separation.

Universily of Glasgow 42 MSe Thesis



Transonic Buffet Introduction

Figure 1.13 shows the regions where periodic shock oscillations occur for in-
creasing and decreasing Mach number at a rate of dM/dt = £0.001. This
figure was documented by MecDevitt after further works on the circular-
arc aerofoil. The right-hand boundaries are essentially the same but the
left-hand boundaries are consistently different. The first appearance of the
shock-induced separation on the onset of periodic flow occurs at peak Mach

number ahead of the shock to be approximately 1.25.
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Figure 1.13: Unsteady flow domain [52]

1.4.2 12% thick NACA 16 series aerofoil

Extensive measurements of pressure fluctuations caused by two-dimensional
shock/boundary layer interactions on a 12% thick NACA series aerofoil were
conducted by Mundell and Mabey[58]. The measurements illustrated some
interesting features of shock/boundary layer interactions not well established

previously.
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A NACA 16 series aerofoil had a thickness/chord ratio of 11.7%, a chord of
152 mm and a span (2b)of 606 mm was used in the experiments. This model
was mounted in the RAL 2t x 1.5ft transonic tunnel. The Mach number
range for this investigation was from M=0.7 to 0.86, Reynolds number was
relatively low; 1.4 million for @ = 0° and 3.6° and 1 million for o = 6.7°.
Transition was free for o = 0° bl lixed for @ = 3.6° and 6.7¢ by roughness
bands at x/c=0.07 and 0.1 on the upper and lower swlfaces respectively.
Mabey did a classification of the shock/boundary layer interactions from
results obtained in these cxperiments. This is illustrated in Figure 1.14 for
constant Mach numbers as the angle of incidence increases. Type 1 indicates
the weak shock with a turbulent boundary layer. In the time-mean flow Lhe
main effect of the shock is to thicken the turbulent boundary layer. The

thiree regions of excitation may be identified:
1. upstream of the shock, a low level rms pressure al all froquencies.
2. close to the shock a low level, low [requency, small scale excitation, and

3. a short distance downstream of the shock, the pressure fluctuations re-
vert, to the tunnel-emply level. The low frequency excitation close to
the shock could be integrated to give a small net foree at low frequen-
cies. However this force would be masked generally by the net force

due to unsteadiness in most transonic tunnels.

Type 2 is a complicated interaction of a shock sufficiently stroug Lo sep-

arate the turbulent boundary layer locally, this separation being followed by

University of Glasgow A4 MSc Thesis



Trunsonic Buffet

B Introduction

type ! Weak shock
thickens boundary
[ayar

type 2 Shronger shock
foralty separabes
boundary layer,
{allowed by
reattachment

type 3 Very strong shock
separates boundary

Excitatlon regions

1, Low level upsiream of shock at
alt frequencies.

2, Llow level, fow frequenty, small scale
clase ta shock.

3, Tunnel-empty noise (evel {attached
baundary tayer pressure (luctuations
oulside measurement bandwidth

I, Low lavel upstream of shaock

2, High level, low frequency larger scale
fairly close to shock

3, High frequenty due to bubble {outskde
measurement bandwidlh In these. tests]

¢, Low frequeacy pressure Tluchuations
fall as beundary (ayer recovers after
raattachment

g, Tupnel - emply nelse level

1, Low {evel upstream al shock

2, High level, low frequency exlends
over wide region

2A Towards the end of separated
region high frequency pressure
flyctystions from tubbie appear
in measurement bandwidth in
these tests

layer o trailing edge

Figure 1.14: Classification of shock/boundary layer interactions

and excitation on the aerofoil

[58]

re-atlachment. Tn the (lmemean flow the maiu effect is a rapid iucrease in

the boundary thickness at the trailing edge, and the divergence ol the trailing

cdge pressure. Five regions of excitations may be identified:

1. upstream of the shock there is a low lovel rms pressurve. Quite similar

to type 1.

2. fairly close 1o the shock a high level, low frequency large scale excita-

tion,

3. along the hubble the low frequency excitation due to the shock atien-
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uates and the high frequency excitation due to the bubble increases.

4. as the boundary layer recovers downstream of the re-attochment the

low frequency excitation falls rupidly, and

5. towards the trailing edge the excitation due to the shock reverts to the

tunnel-empty level.

Type 3 is the final stage of the shock induced separation. The strong shock
now separates the furbulent boundary layer and this does not re-attach so
the aercofoil. In the time-mean flow the main change is the thick separaled

shear layer at the trailing edge. Three regions of excitalion may be identified:

1. upstream of the shock therc is low level rms presswre,

2. downstream of the shock a high level, low frequency large scale excita-

tion extends from over the wide separated flow region, and

3. towards the end of this separated flow region, gome high [requency

excitation from the bubble, formed by the closure of the wake appears.

However, the results from these experiments were greatly influenced by
the wall effects from the tunnel. When the shock from the model intersects
the boundary layer on the rool of the tumnel, shock disturbances can prop-
agate upstream through the subsonic portion of the plenum chamber of a
slotted tuunel.

Mabey also kept the angle of incidence constant at 3.6° while the Mach nur-
ber was varied. A weak shock with attached flow was observed for M—0.74.

The steady pressure distribution shows that close to the leading edge there
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is a small region of supersonic, terminated by a weak double shock. The
rms pressure fiuctnations have a maximum at the shock (upstream of the
measurement position for this condition) and then decrease steadily as x/¢
increases, reaching the tunnel level,

The Mach number was increased to M=0.8, at this Mach number the shock
was sufficiently strong to cause separation which is followed by re-attachment.
The Schlieren images showed that the shock now oscillates about a mean posi-
tion. The average Mach number at the shock derived from. the mean pressure
distiibution is ouly 1.18 and it is therefore not suvprising that astached flow
is predicted for this condition. The yms pressure fluctuations have two max-
ima, the firgt in the vicinity of the shock and the second in the vicinity of
the re-astachment point, Downstream of the re-attachment the rms pressure
fluctuations fall rapidly towards the tunnel level. The spectra of the pressure
ghowed gome interesting featuves. For x/¢=0.45, upstream ol the wean shock
position, there is peak at very low frequency. This is caused probably by the
intermittent separation associated with shock oscillations. In the vicinity of
the shock (x/¢=—0.5 and 0.53) this low [requency peak is present, together
with higher peak characteristics of shock-induced separation with turbulent
boundary layers.

When the Mach number was increased to 0.82 a shock-induced separation
without re-attachment was noticed. The shock was sufliciently strong to pro-
voke geparation withoul re-attachment. Steady pressure distribution gives
no indication of a bubble, and oil flow photographs showed that separation
extends from the shock to the trailing edge. The average Mach number at

the shock has increased to 1.25. The rms fluctuations are extremely low up-
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strcam of the shock, have a maximum in the vicinity of the shock and then fall
rapidly. Between x/c=0.7 and 1.00 other experiments by Lee [39] suggested
that the pressure fluctuations should increase steadily as the separation bub-
ble increases in depth towards the trailing edge. The spectra of the pressure
fluctuations show Lhat the level of excitation is extremely low npstream of
the shock. At the shock the excitation is dominated by the peak character-
istic of the shock boundery layer interaction. The tunnel Schlieren system
shows that the amplitude of the shock oscillation is larger at M=0.82 than
at M=0.80. AL M=0.84, measurements showed a shock sufficiently strong to
extend to the roof of the tunnel, as well as to provoke shock-induced sep-
aration without re-attachment. The steady pressurve distribution resembles
closely that at M=0.82 but now the shock is a little further downstream
(although weaker) and the separation is not two-dimensional in the vicinity
of the trailing edge. The rms pressure fluctuations are low up to the shock,
have an exceptionally high maximum at the shock (about p/g=0.08) and
then fall rapidly to p/q=0.02 at x/c—0.7, where q is the dynamic pressurc.
The spectra of the pressure fluctuations are particularly interesting. At the
shock the level of pressure flnctuations is about three times higher than at
M=0.82, although the shock i Lime-averaged flow is a little weaker. This
large increase in pressure [luctuations is due probably to the propagation of

disturbances from the boundary layer of the tunnel.
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1.4.3 14% Thick Biconvex Wing

Mabey [48] conducted experiments on the 14% thick biconvex aerofoil sec-
tion. The tests were made on small models (¢—300mun). Periodic low oc-
curred with both laminar and turbulent shock wave boindary layer interac-
tions. The flow involves the periodic movement of the shocks between the
{railing-edge and the maximum thickness position on alternative sides of the
aerofoil {as sketched in Figure 1.15) and generates large unsteady pitching

moments. The model was tested over the Mach number range from the criti-

Steady low, i Steady flow
tratilay - edge Osciltatory shock ~induced
0r separation separation separation
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Rxio X e X c Xeew Computed
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Figure 1.15: Flow domains for a 14% thick biconvex aerofoil « = 0°,
fixed transition domains [48]

cal value, M=0.74 to M==0.9 at a total temperature of about 290 K and over
the Reynolds number range from Re=1 x10% to 7x10° .

Mabey [48] noticed that just below the onset of periodic flow, for a Mach
number M=0.81, there is a shock between x/¢—=0.65 and (.7. This shock does
not. cause significant fow separation becanse the trailing-edge pressure does

nob diverge. However high speed shadowgraph pictures show a simall area
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of separation at x/c—0.87, well downstream of the shock. With an increasc
in Mach number to M=0.85, in the region of the periodic (low shows that
the mean shock weakens a little and moves forward to about x/c==0.6. High
speed shadowgraph pictures show that there is no stcady shock position. In-
stead a periodic motion develops, with shock moving upstrearn from about
x/c=0.75 to 0.55, alternating between the upper and lower surfaces (ie the
shocks move in anti-phase}. The mean separation position of x/c=0.83 was
observed by surface oil flow test at Re—=2x10° .

With an increase in Mach pumber (o0 M=0.88, just above the region of pe-
riodic flow, the mean shock position moves back to between x/c=0.65 and
0.70. The small Mach number gradient behind the shock indicates that the
flow is completely separated fromn the shock to the trailing edge.

Mabey also observed thaf the steady pressnres indicate no unusual features
in the transonic flow. T'he elassic Mach nwmber freeze develops upstroam of
the shock, and (railing edge pressure divergence clearly indicates the onset of
significant flow separation. For the critical Mach mumber, M=0.74, the pres-
sure fluctuations are nearly symmetric about the midchord of the wing, with
a maximum of p/g=0.04. This peak is attributed primarily to the influence
of wake fluctuatious and flow unsteadiness on the development of the region
of the sonic flow about maximum thickness.

When the Mach number increases to M==0.81 a small peak(p/q=0.04) devel-
ops near the shock. Upstream of the shock the pressure fluctuations are at o
cominon, low level of p/q=0.01, becausc the shock partially inhibits forward
movement of disturbances from the trailing edge or the diffuser ol the wind

tunnel. In contrast, downstreain of the shock the pressure Huclualions are
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at a higher common level of p/q=0.02 because disturbances can propagate
upstream into this region from the wake and diffuser.

When the Mach number increases to M=0.85 there is a radical change. Over
the region where the upstream shock motion occurs (from x/¢=0.75 to 0.55)
the pressure {luctnations increase substantially, peaking at p/q=0.34. These
pressure fluctuations are an inevitable result of rapid periodic changes from
supersonic to subsonic flow. Upstream of the shock, at x/c=0.5 the flow is
always attached, but the pressure fluctuations are at the relatively high level
of p/q=0.02 with an additional increase close to the leading edge. Forward of
the shock, weak pressure wave propagate obliquely over the sop of the shock
as the region of supersonic flow collapses.

When the Mach number is increased te M=0.88 the periodic flow is sup-
pressed and the inean shock position starts to move downstream again. The
pressure fluctuations peak at the shock with p/q=0.1. Upstream of the
shock the pressure fluctuations arve around 0,03, consistent with the low level
of pressure fluctuations known to propagate downstream from the settling
chamber of the RAE 3ft tunnel. Downstream of the shock the pressure flue-
tuations are random in character, with p/q about 0.03. Thus these pressure
fluctnation measurements {or M=0.88 are fairly typical of the normal excita-
tion encounterecd at transonic speecs. 'I'he high speed shadowgraph pictures
show that the shock waves remain at about x/e¢=0.67 on hoth surfaces, but
alternate in height, and presumably in strength, between the top and botiom
surfaces. The large pressure fluctuations are developed by the periodic flow
becausc of the larpe chordwise movements of the shocks on opposite surfaces

ol the wing. Shadowgraph pictures suggested that the shock moves forward
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from x/c=0.78 to 0.53 and remains stationaty there for about half a period,
gradually becoming weaker until the How suddenly reattaches and the shock

disappears.

1.4.4 CAST 7/DOA1L

Stanewsky carried out experimental investigation on a supercritical aerofoil
CAST 7/DOA1 to determine the effects of Mach number, angle of attack
and Reynolds number on the buffet phenomena and especially the effects on
shock oscillation frequency and amplitude [79].
It is vital that the effects of Reynolds number on the flow developrent is
known when developing a transonic aerofoil. The state and condition of the
boundary layer upstream of the upper surface plays an important part in the
development of shock waves and regions of separation. The aerofoil model
has a chord length of 100 mm. The experimental setup is shown in Figure
1.16. Surface pressure orifices were installed to measure and to determine
the average pressure distribution, surface flush-mounted dynamic pressure
transducers recorded the pressure fluctuations at various chord locations and
surface hot-film sensors mainly to detect transition and separation locations.
Density distributions in the unsteady flow fleld and flow visnalization were
obtained by a holographic higli-speed; real-time interferometer.

Figure 1.17 shows the surface time-averaged pressure distvibution at a
constant Mach number of M—0.775 and Reynolds number of Re = 8x10% ,
with increasing angle of attack going from a pre-buffet state to a condition

beyond buffet onset. The upper surface pressure distribution is character-
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Figure 1.16: The CAST 7/DO0OA1 model and instrumentation [79]

ized by a strong expansion near the leading edge followed by a plateau-Lypa
pressure distribution over the mid-section of the aerofoil and followed by a
relatively strong shock wave and fairly large rear adverse pressure gradients
making the aevofoil susceptible to trailing edge separation[79]. It can be seen
that the shock wave moves upstream with increasing angle of attack and at
the samc time there is a rapid drop in trailing edge pressure. Deocreasing
trailing edge pressure indicates a strong thickening of the boundary layer
at the trailing edge and it is likely that either separation starts to develop
at the trailing edge or the shock-induced separation hubble has reached this
position. At an angles of attack of 3° and 4° shock oscillations were observed.

Stanewsky and Basler!79] suggested that the thickening of the boundary
layer at the trailing edge and the corresponding drop in the trailing edge
pressure are the driving mechanisim for the periodic shock motion. Figure

1.18 shows the variation in shock strength represented Ly the height of the
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Figure 1.17: Averaged pressure distributions at pre and post-buffet
onset conditions [79)
shock wave in a cycle of shock oscillation. It is indicated that during the latter
stages in the downstream movement of the shock, the strength of the shock
increases, a process that continues during the subsequent forward movement
until a certain position on the aerofoil is reached. During the remainder of the
forward movement, the shock strength decreases[79]. The bottom plot shows
that during the whole process of the upstream movemnent the boundary layer
thickness at the trailing edge increases. 1t is believed thal the thickening of
the boundary layer at the trailing edge and the corresponding drop in trailing
edge pressure is driving the shock upstream since the shock must adjust its
position according to the trailing edge pressure.

The amplitude and frequency of the shock oscillation are likely Lo he de-

pendent on the Reynolds number or some characteristic boundary layer pa-
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Figure 1.18: Relation between shock movement, shock strength
and trailing edge boundary thickness [79]

rameter since this process is closely related to the development of separation,
Consider the dependence of the reduced frequency on the Reyuolds number
for angles of attack well within the bullet domain, Stanewsky ohserved that
the reduced frequency, based on the chord length, generally decreases with
Reynolds number, Figure 1.19, This holds for the two angles of attack con-
sidered, alpha= 4 * and 5 °, as well as for the three Mach numbers depicted,
M= 0.74, 0.76 and 0.78. Note that the shock oscillation frequency increases

with Mach numnber.
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1.5 Computational work on aerofoil bufifet

1.5.1 18% Circular Arc Aerofoil computations by Levy
Computational set-up

Levy[46,50,72] from NASA Ames Research Center has done extensive work
on the 18% circular arc using both experimental and computational fluid
dynamics for testing and guiding the development of turbulence mnodelling
within regions of separated Aows. The transonic fow field about the asrofoil
was simulated nmumerically using a program that utilizes an explicit finite-
difference method to solve the time-dependent, two-dimensional, Reynolds
averaged form of the Navier-Stokes equations applicable to compressible tur-
bulent flows. The turbulence is modelled using an algebraically sxpressed
eddy viscosity model.

The control volume, -12 and +8 chords in the x direction and £6 chords in
the y dircction, is divided into a 78 x 35 mesh, The fHow field development
within this vohumne is followed in time until it attains a steady state. At the
far upstream and transverse boundaries, the flow is assumed mniform and at
freestream conditions. At the downstream boundary, all gradients in the flow
direction are assumed negligible. The aerofoil is assumed impermeable (no-
slip boundary condition} and adiabatic, and the pressure gradient normal to

the surface is assumed zero.
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Results

Bxperimental pressure distributions and computed results ave shown for three
sets of freestreaun conditions, Figure 1.20. The steady How field at M-=0.720
is characterized by a weak shock wave and (railing-edge separation. The
computed results are in good agreement with experiments over most of the
acrofoil. Failure of these results to beller predict the pressures in the sop-
arated region uear the trailing edge s atllributed to inadequale turbulence
modelling in the region. The steady How field at M=0.783 is characterised
by a strong shock wave and shock-induced separation. The computed results
are in excellent agreement with experiment ahead of the shock wave. The
large differences between the computed and experimental results in the region
of the shock wave and aft in the region of shock-induced separation again
are attributed to inadequate turbulence modelling. The unsteady flow field
at M=0.754 is characterised by periodic shock-wave oscillations and bound-
ary layer separation between the trailing-edge and shock-induced separation.
The caleulated and experimental mean pressures agree well over the forward
half of the aerofoil. The similarity in the trends of the variation of the magni-
tude of the pressure {luctuations about the mean value strongly suggests the
possibility thal che wave form of the experimental pressure fluctuations also
may be reproduced by the calculations. The qualitative agreement hetween
the different wave forms is surprisingly good considering that the computed
unsteady resulls were obtained using a simple algebraic eddy viscosity to
model vurbulence. The 180° phase difference between the dynaivic pressures

on the upper and lower aerofoil at identical chord stations demonstrate that
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the oscillatory unsteadiness is an asymmetric phenomenon, both in the ex-
periment and in the computations. The reduced frequency of the surface
pressure oscillations determined from the numerical solution differs by only

20% from data.

i é EXPERIMENT, REF. 2

&% coweuTED

M=0.783

Figure 1.20: Computed and experimental pressure distributions on
the circular arc aerofoil, Re = 11x10° [46].

Computed and experimental skin-friction distribution can be seen in Fig-

ure 1.21, as in the case of the pressure distribution the agreement between
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the computed and measured values is good ahead of the shock wave. The
poor agreement in defining the shock-wave location and aft in the separated

flow region is again attributed Lo deficiencies in the turbulence model.

Q EXPERIMENT,

— COMPUTED
<004 ] 1 | ) S | b ' | i ]
2

Figare 1.21: Computed and experimental skin-friction distribu-
tions on the circular arc aerofoil, Re = 11 million, M = 0.783 [72]

A comparison of the computation with the velocity and eddy diffusivity
deduced from the experiments at two chord-wise locations on the aerofoil is
presented in Figure 1.22. The predicted separation height is smaller than
that determined experimentally. The maximum eddy diffusivities compare,
but their relative position in the boundary layer difler because the computed
shear layer is too thin. The main deficiency of the computation is that of un-
derpredicting both the separation region and the outer shear layer thickness

relative to the experiment.

University of Glasgow 60 MSe Thesis



Transonic Buffel Introduction

VELOTITY ) < ERDY DIFFUSIVITY B

O EXPERIMENT
COMPUTATION

€, m2fsec

Figure 1.22: Computed and experimental velocity and eddy dillu-
sivity profiles on the circular arc aerofoil, Re = 11 million, M =
0.79 [46]

1.5.2 NACAO0012 Aerofoil computations by Raghunathan
Computational Set-up

A two dimensional thin layer Navier Stokes code capable of computing flows
over an aerofoil with a moving grid was used by Raghnnathan|63,65] to in-
vestigate the mechanism of the origin of shock oseillations on a NACA0012
aerofoil. The code developed for these investigations included heat transfer
effects and a moving grid option in order to investigate the effect on periodic
flow of a trailing edge splitter plate motion, a flap motion or a pitching aero-
foil.

The implicit code solves the mass-welghted thin-layer Navier-Stokes equa-

tions using au upwind implicit predictor/corrector cell-centred finite-volume
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scheme. A modified version of the simple algebraic Baldwin-Lomax model
turbulence model was employed. ‘I'he minimum normal grid spacing was re-
duce to 5 milli chords, ensuring a valuc of y* less than & everywhere on the
aerofoil surface which ensured adequate resolution of the viscous shear layer.
Transition to turbulence was fixed on Loth the upper and lower surface atv

3% chord.

Results

The prediction of shock motion on the NACA0012 aerofoil at a Mach num-
ber of 0.7, Reynolds number of 10x10% and incidence of 6° can be seen in
Figure 1.23. This type of periodic motion has also been computed by Ed-
wards{19]. The predictions for both unsteady lift and shock motion agrees
favourably with the prediction of Edwards and experimental data available.
The non-dimensional frequency predicted by Raghunathan is 0.21 compared

with 0.235 by Edwards.
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Figure 1.23: Periodic shock motion on the NACA 0012 aerofoil,
M=0.7, Re=10 million and « = 6° [65]
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Raghunathan computed the flow field for & Mach number of 0.7, Reynolds
number of 10x10° and at incidence of 5°. This condition is just outside the
periodic regime and solutions for lift converge to a finite lhxil, Figure 1.24.
It was observed from the pressure contours and skin friction values that the

boundary layer downstream of the shock is separated.
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Pigure 1.24: NACAO0012 airfoil at M=0.7, Re = 10 million and
o = 5° [65].
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1.5.3 NACAQ0012 Aerofoil computations by Barakos

and Drikakis
Computational set-up

Computations on the NACAOQ12 have also been carried out hy Barakos
and Drikakis[6]. The computations were carried out for the experimental
cases of McDevitt and Okuno [54]. Their experiments were performed for
the NACAQOL2 aerofcil at Mach numbers belween 0.7 and 0.8, angles of
incidence less than 5° and Reynolds mumnber between 1 and 14 million.

The numerical simulations have been carried out using an implicit CFD solver
developed for unsteady and turbulent serodynamic flows. The main feature
of the method is the coupling of the turbulence model with the Navier-Stokes
equations, via an implicit uufactored scheme and a Riemann solver. The
Riemann solver is used in eonjuction witlt a third-order upwind interpolation
scheme. This scheme In conjuction with a characteristic-based flux averaging
15 used to calculate the inviscid fluxes at the cell faces. At cach time step
the final system of algebraic equations is solved by a point Gauss-Seidel
relaxation scheme. According to the present method, the trausport equations
for turbulence model are solved coupled with the fluid flow equations. The
following turbulence models were employed in this investigation: Balwin and
Lomax model, the one-equation model of Spalart and Allmaras, the Launder
and Sharma and Nagano and I{im linear k-¢ models, as well as the k-w version

and the non-linear eddy-viscosity model {(NLEVM)[6].
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Results

The pressure coefficient distributions for M == ).775 and o = 4° using various
closures and different grids are compared with the experimental results, see
Figure 1.25. For this Mach number and incidence angle, the flow has been
found to be steady and all turbulence models predicted steady flow as well.
As can be seen, none of the models was able to capture the exact experimen-

tal shock position.

Figure 1.26 is a comparison of numerical and experimental yesults for the
buffet onset. There is a well-defined region of Mach number and incidence
angle where buffet occurs. Initially, four computations were performed at
conditions helow the experimentally reported buffel onget and a steady~-state
solution were achieved (labelled no SIO: no shock-induced oscillation). After-
wards, the incidence angle was slowly increased to obtain unsteadiness and
it was found that after the initial peak of the lift coefficient carve the com-
putations resulted either in periodic loads, thus indicating buffet {labelled
S10), or in steady-state flow.

For combinations of Mach number and incidence angle considered hers, the
linear k-¢ models led to a steady solution, thus failing to predict buffet. The
computations predict the buffet onsel, boundary slightly shifted (o higher in-

ciclence angles and Mach number.
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Figure 1.25: Pressure coefficient distribution around the
NACA0012 aerofoil:(a)grid size effects, (b)comparisons between
linear turbulence models (c)comparison between non-linear tur-
bulence models [6].
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Tigure 1.26: Buffet onset for the NACAD012 aerofoil {Re= 10 mil-
lion, M==0.775, o = 4°). Solution obtained using the Spalart All-
maras model{crosses) and the non-linear k-w model {sguares) [6].
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Chapter 2

Description of test cases

2.1 Previous work on test cases

2.1.1 Test Case 1 : BGK No.1 Aerofoil

Lee [32,34,36,37] has done extensive work on the BCK No.1 aerofoil. Skin
friction and pressures were measured by Lee in some of his experiments to
study the characteristics of separated flows. He also considered the fluc-
tuating normal forces of the unsteady ioads experienced by the BGK No.l
aerofoil. The BGK No.l supercritical aercfeil has a design Mach number
and lift cocfficient of 0.75 and 0.63 respectively. The thickness to chord of
the aerofoil is 11.8 %. Figure 2.1 shows a schematic of the aerofoil. There
are 50 pressure ovifices on she upper surface and 20 on the lower surface for
steady pressure measurements. For the unsteady pressure measurements six-
teen fast response miniature transducers were used, all positions avre shown

in Figuare 2.2,
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Tigure 2.1: Schematic of the BGK No.1 aerofoil showing pressure
orifice locations{37]

Lee experimented using several flow conditions, however only the flow
conditions of M=0.71, and Re, = 20x10° will be discussed. Various angles

of attack were measured from —0.136" 1o 6.97°.
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Figure 2.2: Location of the fast response transducers[37]

Lee observed shock/boundary classifications similar to those previously
proposed by Mundell and Mabey [58]. T'he first one was a weak shock which
interacts with the turbulent boundary layer resulting in o low level excitation
close to the shock. A short distance from the shock, the pressure Auctuations
revert to the empty tunnel level. The average surface pressure coefficient, Cps
from these experiments are shown in Figure 2.3. At a = -(0.316° the flow on

the upper swface was found to be sub-critical. At « = 1.396°, a weak shock
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is formed and the turbulent boundary layer thickens near the interaction
region without separating. Figure 2.4 shows that there is a small increase in
the Auctuating pressure intensity, Cp’ behind the shock. Tncreasing to 3.017°
results in a large rise in the pressure infensity behind the shock at x/c=0.4.
The fluctuating pressure is limited to a small region near the shock, For
the three values considered so far, the fluctuating pressure intensity at the
last measuring position is very close to the tunnel level. This indicates that
trailing edge separation has not occurred, or has not reached the position of

the last pressure transducer at x/c=0.87. Cp’ [37]is expressed as:

Cypf = Prmn
Geo

At o = 4.905°, the steady pressure results show the formation of a
stronger shock which caused the flow to separate and reattach to form a
hubble. ‘I'he intensities of the pressure are practically constant in the reat-
tached region, which starts at approximately x/c = 0.6 and continues o the
last transducer location at z/c = 0.87. The pressure intensity plot shows
a small hump between x/c = 0.45 to x/c = (0.6, This hunp is usually
attributed to a separation bubble.

When o is increased fo 6.97°, the flow becomes fully separated . The
pressure levels are large behind the shock but decrease rapidly and rcach
a constant value of about 0.1 [rom the shock to z/¢ = 0.87. This value
ol pressure inteusity is significantly higher than the tunnel level of 0.004,
which is an average value at M = 0.71 from o between —0.316° (o 6.97°.

The ensemble-averaged pressure coefficient, C'p time histories are shown for
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Figure 2.3: Steady pressure distributions on the upper surface of
BGK No.1 aerofoil at various «[37]

M = 0.71 and several angles of attack in Figure 2.5.

The pressure coefli-

cient for the first two values of o indicate lines of constant magnitnde. Al

a = 3.017°, small pressure oscillations are obscrved at transducer 1. T'he pres-

sure field decays rapidly and fluctuations are hardly noticeable at transducer
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Figure 2.4: Variations of pressure intensities on the upper surface
of BGK No.1 aerofoil at various angles of attack [37]

J[36]. As v is increased o 4.905%, large pressure oscillations at transducer 1
are detected. Pressure fluckuations are quite uniform inside the separation
bubble. Pressure Auctuations are quite small downstream of the bubble. The

enserble-averaged pressire coefficient, Cp

37] was caleulated using:
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(jp = Cp, + C~p
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Figure 2.5: Ensemble-averaged pressure coeflicient at various an-
gles of attack[37]

2.1.2 Test Casc 2 : OAT15A aerofoil

Both experimental and computational work has becn conducted on the above
aerofoil. Experimental work has been done in the S3 wind tunnel of the
ONERA Chalais-Mendon centre. OAT15A is a suporeritical aerofoil with a
thiclkness-to-chord ratio of 12.3%, & chord length equal to 230 mm and a
thick trailing edge of 0.3% of the chord. Flow conditions were the following:

M = 0.73, B = 10%ar, 73 = 300K and Re.—3x10%. Tests were done from
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a=2.5° to a=3.91°. Computations were conducted using the elsA code devel-
oped at ONERA which solves the three dimensional compressible Reynolds
Averaged Navier-Stokes equations. It is based on a cell-centred finite volume
discretization[12]. Three turbulence models were used to model the buffet
phenomenon. The first one is the one transport equation Spalart-Allmaras
turbulence model. The second one is the two transport equations k —w/k — ¢
Menter model with SST corrector. The last one is an ASM model. The mesh
used in ONERA is shown in Figure 2.6. The total number of nodes used is

5,234. The far-field conditions are imposed 50 times the chord length.
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Figure 2.6: Mesh around the OAT15A aerofoil [12]

Figure 2.7 shows the steady pressure distribution at o = 2.5°. At this

angle of attack, a separated zone exists at the foot of the shock and in the
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trailing edpe region. Pressure levels are very well predicted on the lower side
of the aerofoil, and in the supersonic and the frailing edge regions on the
upper side. Al: turbulence models fail to predict the correct shock position.
The Menter SST turbulence model predicts closest the location of the shock
in comparisou with measurements but pressure levels are much too high at
the foot of the shock, showing an under-estimation of the size of the separated
ares Jocated in this region. The Spalart-Allmaras turbulence model computes

the most aft position of the shock[12).

Exp#. -2 2,.51"-M = 0,73 ..-u.r..u ..............................
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Figure 2.7: Steady pressure distribution at M=0.73 and o = 2.5°
(12]

In Figure 2.8, the temporal evolution of the shock location is plotted at
the angle of attack of 4.5° aud 5°. Coneerning the ASM model, two angles

of aftack 4.5° and 5° are presealed because the behaviour of this model ar 5°
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15 different in comparison with the other models. At 5° {and higher values),
the oscillating movement of the shock is not perfectly sinusoidal because of
the dillerent separated areas. On the other hand, at an augle of altack equal
to 4.5° {and lower values) the movement is sinusoidal as computed with
the other turbuleuce models. All models predict approximately the same
frequency for the buffei phenomenon around 78 Hz and the mean location of

the shock is about x/c=-04.
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Figure 2.8: Temporal evolution of the shock location [12]

Figure 2.9 represents the mean pressure fluctuations. This figure shows
that the computations carried out with the ASM model at Lhe angle of at-
tack equad to 4.5° is in very good agreement with experimental measurements

performed at an angle of attack equal to 3.5°. One must note that exper-
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iments showed that the buffet phenomenon first appeared at an angle of
attack equal to 3.25% and the main frequency of the phenomenon was abont

70 Hz whatever the angle of attack.
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Figure 2.9: Mean pressure fluctuations, computational results at
o =45 and experimental results at o = 3° and 3.5 [12]

2.2 Computational set-up for test cases

2.2.1 Test Case 1- BGK No.1 Aerofoil

Computations werc performed using the pmb3DD code developed al University

of Glasgow which solves the three dimensional compressible RANS equations
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for multi-domain structured meshes. Further discussion of the code and
turbulence models implemented is given in Appendix B. This solver is based
on coll-centred {inite vohune discretization. Several turbulence models can be
implemented in the pmb3D solver. The parameters used in the computations

are summarised in Table 2.1.

T Steady Unsteady Turbulence
parameters parameters models
Steady Explicit CFL: 0.4 S5ST
computations
Explicit steps: k-w
1000 i
lmplicit CFL: 20
Implicit step: 3000 Baseline
Convergence:1x1078
| Unsteady Explicit CFL: 0.4 | Final time: 600 kw
| computations
Fxplicit steps: 100 | No. of steps: 6000 | SST
Implicit CFL: 20 dt: 0.1 Baseline
Implicil step: 100 | Tolerance: 0.01
Convergence:1x10~% | Pseudo step: 50

Table 2.1: Nuwmerical parameters used for test case 1

Three grid levels were employed in the computations, a coarse, fine and
finer grid, sec THgures 2.10, 2.11 and 2.12 respectively, The computational

domain was extended fromm 11 chord lengths upstream to 10 chord lengths
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downstrear of the leading edge of the acrofoil. Table 2.2 lists details of finite

volume grids used. All dimensions have been non-dimensionalized using the

acrofoil chord, c.
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Total number

Minimum and

Minimum and

Wall distance |

of nodes maximum X | maximum y | of the first
coordinates coordimates node
Coarse grid 14, 760 -10/11 -10/10 5x107°
Fine grid 57, 316 -10/11 -10/10 5x10~°
Finer grid 208, 380 -10/11 -10/10 5x10~°

Table 2.2: Details of the finite volume grids used for test case 1
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Figure 2.10: BGK No.1 aerofoil - coarse grid
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Figure 2.11: BGK No.1 aerofoil - fine grid

2.2.2 Test Case 2 - OAT15A Aerofoil

Computations were conducted using the pmb3D code developed at University
of Glasgow. Only the two equation Baseline turbulence model was used for
both steady and unsteady computations for this test case. Table 2.3 lists
other CFD parameters given to the solver for this test case.

Two grid levels were employed in the computations, a coarse and fine
grid, see Figures 2.13, and 2.14 respectively. The computational domain was
extended from 54 chord lengths upstream to 60 chord lengths downstream of
the leading edge of the aerofoil. Table 2.4 lists detail of finite volume grids

used for this test case. All dimensions have been non-dimensionalized using
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Figure 2.12: BGK No.1 aerofoil - finer grid

the aerofoil chord, c.

Grid points were clustered towards the aerofoil surfaces because of the
large flow gradients that are expected in the boundary layer. Also, more
points were allocated on the upper surface than on the lower surface because
of the formation of shock that should occur on the upper surface. This
aerofoil is truncated at the trailing edge henc