

















Table of Contents

DECLARATION OF ORIGINAL WORK

L

12

TITLE i
ACKNOWLEDGEMENTS m
TERMS OF REFERENCE v
SYNOPSIS v
TABLE OF CONTENTS VI
LIST OF ILLUSTRATIONS X1
LIST OF TABLES XN
LIST OF SYMBOLS XV
CHAPTER 1: INTRODUCTION 1
CHAPTER 2: BACKGROUND 4
21  MILITARY AIRCRAFT PROPULSION 4
22 AR COMBAT 5
CHAPTER 3: SIMULATION OVERVIEW 7
3.1 PERFORMANCE INDICATORS 7
311 RANGE 7
3.12 THRUST SPECIFIC FUEL CONSUMPTION 8
3.13 SPECIFIC EXCESS POWER 8
314 SUSTAINED TURN RATE AND ATTAINED TURN RATE 9
3.15 THRUST - DRAG - LOAD FACTOR CHART 10
3.2 MODELLING THE ENTIRE AIRCRAFT 11
CHAPTER 4: PROPULSION MODEL 12
41 TURBOJET MODEL 12
4.2  TYPICAL THERMODYNAMIC CYCLE

4.3 ENGINE COMPONENTS AND PROPERTIES 13



4.4

44.1
44.2
443
4.5

45.1
452
4.6

4.6.1
4.6.2
4.6.3
464
4.7

351

5.11
5.1.2
5.1.3
5.14
5.1.5
5.1.6
5.2

5.3
54

54.1
542
543
544
5.5

6.1

ESTIMATING THE THRUST

14

MODELLING ASSUMPTIONS AND SIMPLIFICATIONS 14
CALCULATION OF THE THRUST PER UNIT AIRFLOW INTO THE GAS GENERATOR 14
CALCULATION OF NET THRUST OUTPUT 20
ENGINE PERFORMANCE INDICATORS 21
THRUST SPECIFIC FUEL CONSUMPTION (TSFC) AND SPECIFIC IMPULSE 21

T-8 DIAGRAM CALCULATIONS 22
FACTORS AFFECTING ENGINE PERFORMANCE 2
REFERENCE CONFIGURATION FOR THE PARAMETRIC INVESTIGATION 22
TURBINE INLET TEMPERATURE 24
COMPRESSOR PRESSURE RATIO 24
INTAKE PRESSURE RECOVERY 25
SOFTWARE IMPLEMENTATION OF THE PROPULSION MODEL 26
CHAPTER 8: INTAKE MODELLING 27
OVERVIEW OF INTAKE OPERATION 27
SUBSONIC FLIGHT 27
DETACHED SHOCK MODE 28
CRITICAL MODE 28
SuB CRITICAL MODE 29
SUPER CRITICAL MODE 29
MASS FLOW AND PRESSURE RECOVERY FOR DIFFERENT OPERATING MODES 30
CONICAL SHOCK PROPERTIES 31
STANDARD INTAKE PERFORMANCE CURVES 33
NUMERICAL ESTIMATION OF INTAKE PERFORMANCE 34
DETACHED SHOCK SOLUTION 34
CRITICAL SOLUTION 35
SUB CRITICAL SOLUTION 37
SUPER CRITICAL SOLUTION 37
SOFTWARE IMPLEMENTATION OF THE INTAKE MODEL 38
CHAPTER 6: AERODYNAMIC MODE]L, 39
OVERVIEW OF BASIC AERODYNAMICS © 39
SUBSONIC FLIGHT AND WING SECTIONS 40

6.1.1



viii

6.1.2 VARIATION OF DRAG WITH MACH NUMBER 42
6.2  DIGITAL DATCOM MODEL 42
6.2.1 DESCRIBING THE AIRFRAME 42
6.2.2 FLIGHT CONDITIONS 46
6.2.3 LIMITATIONS OF THE MODEL 46
6.3 RESULTS OF THE DATCOM MODEL 47
6.3.1 Cp VS, AOA 47
6.3.2 Cp VS, AOA 47
6.3.3 Crmax VS. M 48
634 Cp VS. MACH NUMBER 49
6.3.5 C/Cpvs. Cp " 50
6.4 SOFTWARE IMPLEMENTATION OF THE AFRODYNAMIC MODEL 81
CHAPTER 7: SIMULATION RESULTS 52
7.1 COMPARISON OF ENGINE PERFORMANCE 52
7.1.1 PROPULSION MODEL INPUT PARAMETERS 52
7.1.2 THERMODYNAMIC CYCLE: T-8 DIAGRAMS 54
7.1.3 THRUST SPECIFIC FUEL CONSUMPTION (TSFC) 56
7.14 NET THRUST 58
7.2 COMPARISON OF THE INTAKE MODEL WITH STANDARD CURVES 60
73  THRUST - DRAG - LOAD FACTOR CHART 61
74  SPECIFIC EXCESS POWER 64
7.5 SUSTAINED TURN RATE 65
7.6  RANGE 66
CHAPTER §: CONCLUSIONS AND BRECOMMENDATIONS 68
8.1 CONCLUSIONS 68
8.2 RECOMMENDATIONS 69
BREFERENCES T8
APPENDIX A: INTAKE MODEL, 72
APPENDIX A-1 FLow CHART 72



APPENDIX A-2 DETACHED SHOCK EQUATIONS : .73
APPENDIX A-3 SAMPLE CONICAL SHOCK DATA 75
APPENDIX A-4 INTAKE MODEL: CLASS CCONEINTAKE 76
A4l HEADER FILE: CONEINTAKEH ‘ 76
A42 IMPLEMENTATION FILE: CONEINTAKE.CPP 77
APPENDIX B: DATCOM MODEIL 92
APPENDIX B-1 SCHEMATIC DRAWINGS 92
APPENDIX B-2 SAMPLE INPUT FILE 94
APPENDIX B-3 SAMPLE OUTPUT FILE 98
APPENDIX B-4 DATCOM POST-PROCESSING SOURCE CODE 101
B.4.1 PROGRAM: DATCOM PoST 101
B.42  PROGRAM: CD _CL 107 |
B4.3 PROGRAM: CL._CD_FuLL 111
APPENDIX C: PROPULSION MODEL 116
FLOW CHART FOR ESTIMATING THRUST QOUTPUT 116
APPENDIX C-2 PROPULSION MODEL: CLASS TURBOJETID 117
C2.1 HEADER FILE: 1DPROPMODEL. HPP 117
c22 IMPLEMENTATION FILE: 1DPROPMODEL.CPP 120 1
{
APPENDIX C-3 PROPULSION SIMULATION CODE 138 ?
C3.1 PROGRAM: TSFC 138
C3.2 PROGRAM: THRUST 142
C.3.3 PROGRAM: CALCTSDIAGRAM 148
APPENDIX D: PERFORMANCE ESTIMATION SOURCE CODE 182
APPENDIX D-1 SUSTAINED TURN RATE 182
APPENDIX D-2 SPECIFIC EXCESS POWER 158
APPENDIX D-3 DRAG - THRUST « LOAD FACTOR CHART 168
D31 PROGRAM: COMNALT 168

D32 PROGRAM: CLVSMVSN 172



APPENDIX E: GENERAL SOURCE CODE

176

APPENDIX E-1 TAYLOR-MACOLL FLOW

E.l.l MAIN FILE: TMFLOWPROPSMAIN.CPP

E.1.2 HEADER FILE: TMFLOWPROPS.H

E.13 IMPLEMENTATION FILE: TMFLOWPROPS.CPP
APPENDIX E-2 LOOKUP TABLES

E2.1 HEADER FILE: LOOKUPTB.HPP

E2.2 IMPLEMENTATION FILE: LOOKUPTB.CPP
E23 HEADER FILE: LOOKUP4D.H

E24 IMPLEMENTATION FILE: LOOKUP4D.CPP

APPENDIX E-3 IDEAL GAS BEBAVIOUR

E3.1 HEADER FILE: IDEALGAS.H

E3.2 IMPLEMENTATION FILE: IDEALGAS.CPP

E3.3 HEADER FILE: IDEALGASSTREAM.H

E34 IMPLEMENTATION FILE: IDEALGASSTREAM.CPP

APPENDIX E-4 DaTa INPUT FILE SYSTEM-

E4.1 HEADER FILE: DATAFILEINPUT HPP
E4.2 IMPLEMENTATION FILE: DATAFILEINPUT.CPP

176

176
178

179

187

187
188
194
195
203

203
204
211
212
213

213

215




List of Illustrations
Figure 2.1: Trends in Thrust to Weight RAtio ......cccovvievcrninnecinnnrene s ecvecnenessesssssssiesessnnsne 4
Figure 2.2: Typical Aircraft Operating Envelopes and Stagnation Temperature limits. ............... 5
Figure 2.3: Trends in TSFC.. .o iviiiiiiiiiiicrnnerensrsnssnesssnninecsessnsnssesnesssssssssssessssssosnesssssssnsssenes 5
Figure 3.1: STR and ATR in simulated short range combat ........c.ccovevireerereecnnececrinrnnsrensnncenne 10
Figure 4.1: Schematic of a turbojet engine with byPass........ccccveniveriereeriecnnenesneceensieneesnn 12
Figure 4.2: Typical T-s diagram for the Brayton cycle, with bypass and losses.........cccevuennee.. 12
Figure 4.3: Variation of TSFC and F/r_ with turbine inlet temperature. .........ccoeeiennicnininnne 24
Figure 4.4: Variation of TSFC and F /s, with compressor pressure ratio........ccocoenvecvverensecuenes 24
Figure 4.5: Variation of TSFC and F/r_ with diffuser pressure recovery. ......oouvevcinivnveninnes 25
Figure 5.1: Schematic of a supersonic conical intake with two-shock system.......cccocvveccrnevnene 27
Figure 5.2: Detached shock armangement ..........ccocvvvvininiiiriiiniinerieeeeeneeretsccssssoseencsessesnens 28
Figure 5.3: Critical mode shock arrangement ..........c..covervnciriiinnninniniennsncensnsssnssesessosasnssens 28
Figure 5.4: Two flow arrangements in sub critical mode........ccveervrivvininicnnnnnennnnncinn, 29
Figure 5.5: Super critical mode shock arrangement...........cocorvevvecnnnnnrcrcennnsnnnsineensene. 30
Figure 5.6: Mass flow and Pressure Recovery for different operating modes. .........cccovvnecnann. 30
Figure 5.7: Streamlines for supersonic flow OVer @ Cone ......o.cvieccnvnnccincnsissnsrencsssnsnin, 31
Figure 5.8: Comparison between published conical shock wave data and calculated results.....32 .
Figure 5.9: Standard pressure r€COVETY CUIVES...uuiimiiiciiiiiisisimsmssissmsesssesssssssssnsonssssss 33
Figure 5.10: Schematic representation of a detached shock and its discretisation.........c.cooueuee. 34
Figure 5.11: Pressure recovery in critical mode operation.......cuvcecevnrcvnnccrennsnisecssinnenins 35
Figure 5.12: Parameters for determining the mass flow through the intake.........cococcervrnvnreccnn. 36
Figure 6.1: Basic aerodynamic forces acting on a Wing. ......cooveeeensincnnnscsninnninenissses 39
Figure 6.2: Variation of lift coefficient with angle of attack......c.cocvvveveervricivinnciccnnnnnniennn 40
Figure 6.3 : Idealised variation of drag coefficient with angle of attack..........ccceorevcervvncsnnionnae 41
Figure 6.4: Variation of Lift-to-Drag ratio With Cr..ccovvvininennininncnncciniinsninsnecsinmissins 41
Figure 6.5: Variation of Cpo with Mach number......ccecvvvnirinnnnnnrnecenccnsenessrisne s 42

Figure 6.6: Schematic aircraft model for use in the Digital DATCOM .......ccoermninvcvennnsvenenne 43




Figure 6.7 : Airfoil section used for wing specifiCation...........cccevrrrrereneerererrereeererssnsensseesesnsenns 4
Figure 6.8: Lift coefficient (Cp) for various angles of attack, at various Mach numbers............ 47
Figure 6.9: Drag coefficient (untrimmed) for various angles of attack and Mach numbers ....... 48
Figure 6.10: Maximum lift coefficient vs. Mach number. ..................................................... 48
Figure 6.11: Cp for maximum Cp at 400010 .....c.ccvveermerecrenneerreeiireeseeeenieeseessessreesessseseessessesas 49
Figure 6.12: Variation of Cpe with Mach Number at 4000m ...........cccovvvveeiinnniennnnnenceccnenennnns 50
Figure 6.13: Variation of Lift to Drag ratio with Lift in the supersonic regime at sea level....... 50
Figure 7.1 : T-s Diagram for the 9k50, M=0.66, A/B = Off, Sea Level....cocccvvcnricncvncnciveonnns 54
Figure 7.2: T-s Diagram for the M53, M=0.66, A/B = Off, Sea Level ...........ccccervvevvnrncvcrnnrannn, 55
Figure 7.3: T-s Diagram for the 9k50, M=0.66, A/B = On, Sea Level .......cccoccvvvccrennneccrunnnne 55
Figure 7.4: T-s Diagram for the M53, M=0.66, A/B = On, Sea Level........c.cooveereerrecsncernnnnan 56
Figure 7.5: Comparison of TSFC between the 9k50 and M53 at Sea Level........oocevvcenninnnne 56 ‘
Figure 7.6: Comparison of TSFC between the 9k50 and M53 at 14 km........ccoccevnirvinnnnnncenee. 57
Figure 7.7: Comparison of Thrust output between the 9k50 and M53 at Sea Level.................. 58
Figure 7.8: Comparison of Thrust output between the 9k50 and M53 at 4 ktn ........................... 59
- Figure 7.9: Comparison of Thrust output between the 9k50 and M53 at 14km........cccovvrnvicnene 60
Figure 7.10: Diffuser performance COMPAriSOn ...........oceieriiieristorsrmerssesaesearensssssismsessssosmssssoseans 60
Figure 7.11: C; required for a given load factor and Mach number at 4km....c...occcvnecervcrcrecens 61
Figure 7.12: Cp for n=1 to n=9 with C; superimposed at 4Kim .........cccccvreremrenverencrersonsssensncnenna 62
Figure 7.13: Load Factor Map for Mach number and Altitude ..........ccoorerencennnnecrnncnnnas e 63
Figure 7.14: Speciﬁc Excess Power (SEP) [nv/s] for the 9kS50 and MS53, n=1 ....coovrcccvrcninnncnn, 64
Figure 7.15: Sustained Turn rate comparison for the 9k50 and M53 at 4km.......ccccccvvnvninncrnee 65
Figure 7.16: Sustained Turn rate, with Attainable Turn Rate (ATR) superimposed................... 66
Figure 7.17: Relative Range for different engine configurations at 4000m.........ccccccvcvervenneene 67
Figure B.1: Plan view of the hypothetical fighter .......cccecovvnrvneniiniicnniicencinrsine 92
Figure B.2: Elevation view of the hypothetical fighter ........... ................................................... 92

Figure B.3: Schematic outline superimposed on drawings from Jane's [3]...ccccevvnvrcinccicnans 93



xiii
List of Tables

Table 4.1: Turbojet engine components and Properties .........cvevrrcresrisnrrsesnssrsseessmsrmsessssrsens 13
Table 4.2 : Parameter values fof the reference cONfIGUIAtION. .....ccccorvrcenmrrssnscssessssessoronsesssssasassons 23
Table 4.3: Parameters for Function CycleThermodynamiics ........ccccecvnrennnrccnnsnniniessrnsnescosanones 26
Table 6.1: DATCOM parameters for the wing planform........c.ccvevninnnnniincioniercnions 44
Table 6.2: DATCOM parameters for modelling the Elevators .........cocovcvcccvninnnnnnccnininninenns 45
Table 6.3: DATCOM parameters for modelling the Tail........coocenvvinnciinnnnnininiciiinnn 46
Table 7.1: Propulsion model input parameters. .....ovvvemniniinmnenicomiesnsseseees 52
Table 7.2: Rated and Predicted Static Thrust for the 9k50 and MS53 at Sea Level...................... 58
Table 7.3: Flight conditions for Range estimation ........cc.coevinnnnicniimminnnennnisneeni. 67



List of Symbols

Roman

A Area

G Specific heat

D Drag

F Thrust

f Fuel/air ratio

g Gravitational acceleration

h Enthalpy or Height

L Lift

M Mach number

m Mass

n Load factor

p Pressure

Or Lower heating value of fuel

R Gas constant or Range

r Radius (capture streamtube)

S Aerodynamic reference area

s Entropy or Distance

T Temperature or Thrust

4 Time

u Fluid velocity

vV Speed

W Weight

X Linear position along conical centrebody axis
Aerodynamic Coefficients

C Lift coefficient

Ch Drag coefficient

Cy Thrust coefficient

Cw Weight coefficient

Subscripts

0 Actual intake capture streamtube
0-9 Station identifiers

a Afterburner or Primary air stream entering gas generator
avg Average

b Burner or Bypass stream

c Compressor or Cone surface or Capture
d Diffuser or Design
f Fan or Fuel

lip Cowl / Intake lip position

n Nozzle

Stagnation value or Turbine

Xiv



8

§
1

O O 8 3= 0 >

XV

Free stream

B

Bypass ratio or Conical shock angle

Stagnation / static pressure ratio

Drag to Lift ratio or Shock angle (Taylor-Macoll flow)
Specific heat ratio

Efficiency

Stagnation pressure ratio

Stagnation / static temperature ratio

Density

Stagnation temperature ratio



Chapter 1: Introduction

Recent advances in the areas of computational fluid dynamics, stability and control, structural
and material design have had a great impact on the aircraft industry. In particular, the design of
combat aircraft, which have always been at the forefront of technology, has benefited greatly

from innovations stemming from these advances.

New fighter aircraft are designed to be operated into the post-stall region to afford high agility, '
but remain controllable through advanced aerodynamic design and control systems. New
combat aircraft engines provide greater thrust to weight ratios and exhibit lower fuel
consumption [1]. More advanced technologies such as thrust vectoring [2] provide for an even

more manoeuvrable aircraft.

New developments in armaments have also taken place with a wide selection of short-range air-
to-air and ground-to-air missiles available. These weapons typically employ advanced
guidance/seeking systems which render them lethal and allow them to be all aspect weapons
[1]. Developments have also been made in the field of all aspect guns. Because these weapons
need not be fired with the aircraft pointing towards the target, the traditional combat scenario of
gaining an advantage over the opponent and firing from behind no longer applies to the same
extent as it did in the 1950's through 1980's.

New combat aircraft are typically capable of supersonic flight without the use of an afterburner.
This capability is termed supercruise and has arisen from the development of propulsion unit .
technology. Older aircraft do not have this capability and rely on the utilisation of an
afterburner to gain the necessary thrust to perform supersonic flight.

Thus, older aircraft are becoming increasingly more vulnerable in short-range combat. New
aircraft employing the latest techmology are expensive, and generally subject to export
restrictions from the country of manufacture. One component of these older aircraft that can"be
readily upgraded, however, is the propulsion unit. Newer propulsion units offer the high thrust

to weight ratios and low fuel consumption that the new aircraft have as standard.

However, combat performance is the integrated response of aerodynamics, avionics, structural
strength and propulsion. The investigation described in this report therefore aims to determine
what benefits and, possibly, drawbacks upgrading only the engine would have for an aircraft
with an old airframe design. Le. would an old airframe reap any tactical advantages by having

supercruise capability?
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In order to perform this task, a simulation model had to be developed. An overview of the
simulation model will be given in Chapter 3. The airframe, aerodynamics and propulsion unit
are identified as key components of this model. Chapter 3 also describes some of the
performance metrics identified as being indicative of the performance of an engine, and engine-
airframe combination.

The Dassault Mirage III was chosen as the basis of a hypothetical aircraft due to its age (the first
Mach 2 capable prototype was rolled out in 1956 [3]) and the large number that were deployed
by numerous airforces around the world, making it one of the most successful fighter aircraft
ever produced. Two engines from French manufacturer SNECMA were chosen for evaluétion,
the Atar 9k50 and the M53. The 9k50, a pure afterburning turbojet, was deployed in the Mirage
I fleet obtaiﬁcd by South Africa and subsequently utilised in the Cheetah. The M53 was first
used in the Mirage 2000 and is a low bypass ratio afterburning turbofan engine.

The development of the propulsion model is detailed in Chapter 4. The model developed is
one-dimensional and ignores three-dimensional flow effects. Instead the development
concentrates on the thermodynamic cycle and a theoretical analysis of it to arrive at a set of
equations which fully describe its behaviour. Some of the key factors affecting a turbojet's
performance are detailed through some simple simulation tests. The software implementation is

described at the end of the chapter.

The analysis of the propulsion unit identifies the air intake as a key factor in the performance of
the propulsion unit. Chapter 5 deals with this complex component. The various modes of -
operation are described and a numerical method for determining both the pressure recovery and
mass flow is developed. A brief description of the software implementation of this model is
then provided.

Chapter 6 provides some background on basic aerodynamic theory in order to put into context
the results obtained later in the chapter. The use of a numerical tool developed by the US
Airforce for estimating stability and control parameters, the Digital DATCOM, is described.
The model parameters and software for output processing from the DATCOM are described,
along with some of the primary aerodynamic coefficient results obtained. |

The combined model results are detailed in Chapter 7. Results from the combined intake and
propulsion unit models are used to compare two engine models, and an explanation of the
differences in their performance is given. The combined aerodynamic, intake and propulsion
model results are then presented, highlighting the changes in overall performance due a change

in engine.
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Chapter 8 describes some of the conclusions that can be drawn from the results obtained and

offers some suggestions with regard to areas that require more detailed study and how the model

can be improved.




Chapter 2. Background

This chapter provides a brief background to developments in military aircraft propulsion and

some of the developments in air combat practices.

2.1 _Military Aircraft Propulsion

Early fighter aircraft were developed with pure turbojet engines. A reheat, or afterburner,
section was generally provided to boost the maximum thrust that the propulsion unit could
deliver. In general, these engines provided insufficient dry (without afterburning) thrust to

achieve supersonic cruising [4].

Furthermore, these aircraft tended to have specialised roles such as, for example, bombing,
combat, interception and reconnaissance. Combat typically took place at high subsonic speeds
at fairly low altitudes in a head-to-tail chase arrangement [1].

Developments in military aircraft

propulsion have focussed around
providing engines which have higher Y . —
thrust to weight ratios (see Figure
2.1) and higher thrust per unit
airflow through the engine [4].
Maximum speed has not changed
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with high supersonic flow (see Figure 2.1: Trends in Thrust to Weight Ratio
Figure 2.2). Thus, higher thrust to Source: [5]
weight ratios and higher thrust per unit airflow allow a smaller, lighter engine to be utilised.

stagnation temperatures associated

This reduces the wing loading and allows an aircraft to have increased agility.

Modern combat aircraft also tend to have multi-role requirements [4]. This multi-role capability
imposes supersonic flight and cruise requirements on the aircraft. The supersonic flight
capability can be achieved at the expense of engine mass. By utilising the gains in thrust to
weight ratio and thrust per unit airflow, a modem engine of the same dimensions and mass as an
older engine can deliver significantly more thrust. This ability to cruise at supersonic speeds

without the use of an afterburner is termed supercruise.
































































































































































































































































































































































































































































































































































































































































