Transient Behaviour Modelling of Liquid
Rocket Engine Components

Von der Fakultit fiir Maschinenwesen der
Rheinisch-Westfilischen Technischen Hochschulle Aachen
zur Erlangung des akademischen Grades
einer Doktorin der Ingenieurwissenschaften genehmigte Dissertation

vorgelegt von
Chiara Manfletti

aus Mailand

Berichter:  Universititsprofessor Dr.-Ing. Wolfgang Wilhelm Koschel
Universitatsprofessor Dr.-Ing. Wolfgang Schroder

Tag der miindlichen Priifung: 15. Juni 2009






Berichte aus der Luft- und Raumfahritechnik

Chiara Manfletti

Transient Behaviour Modelling of
Liquid Rocket Engine Components

Shaker Verlag
Aachen 2010



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: D 82 (Diss. RWTH Aachen University, 2009)

Copyright Shaker Verlag 2010

All rights reserved. No part of this publication may be reproduced, storedin a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
ofthe publishers.

Printedin Germany.

ISBN 978-3-8322-8878-5

ISSN 0945-2214

Shaker Verlag GmbH ¢ P.O. BOX 101818 ¢ D-52018 Aachen

Phone: 0049/2407/9596-0 * Telefax: 0049/2407/9596-9
Internet: www.shaker.de ¢ e-mail: info@shaker.de



ai miei genitori






Hiding in the deepest corners

of my mind, I spin a web

to seize my impossible dream
destroying myself with every
successive thread of silk consumed
until I am born anew.

Erminea






Contents vii

Contents

Nomenclature X
1 Introduction 1
1.1 Start-up and Shutdown Transients . . . . . ... ... ... ... ... .. ... 1
1.1.1 Start-up of a Pressure-Fed Engine: Aestus . . ............... 1
1.1.2 Start-up of a Gas Generator Engine: Vulcain and Vulcain2 . . ... .. 3
1.1.3 Start-up of an Expander Engine: Vinei . .. .. ... ... . ... 4

1.1.4 Start-up and Shutdown of a Staged Combustion Engine: Space
Shuttle Main Engine . . . ... ... ... ... . ... ... .. ... 5
1.2 History of Hydraulic Pressure Transients Research . . .. ... ... ... ... 8
1.3 Recent Research Efforts: State of the Art . . .. ... ... ... ......... 9
1.4 Aimand Structureof Thesis. . . . . .. ... ... ... ... .. .. .. ..... 10
2 Numerical Methods 13
2.1 Lumped Parameter Method ILPM) . . . . . .. . ... . i i i 13
2.1.1 History of the Lumped Parameter Method . . . . . . . .. .. ... .. 13
2.1.2 Fluid Resistance, Capacitance, and Inductance . . ... ......... 14
2.1.2.1 Fluid Resistance . . .. ... ... ... ... ... ... ... 14
2.1.2.2 Fluid Capacitance . .. . ... ... .. vt 15
2.1.23 FluidInductance . . . . . ... ...« 17
2.1.3 Dimensioning of an Lumped Parameter Model . .. ... ........ 18
2.1.4 Lumped Paramecter Model Boundary Conditions . . . .. ... ... .. 18
2.2 Method Comparison: MMOC, RBandILPM . ... ................ 18
2.3 Time Stepping . . . . . . . Lo e e 20
23.1 BurERMethod . ... ... .. ... 20
2.4 Fluid Properties . . . . . v v v i et et e e e e e e e e e e e e 20
2.5 MOLIERE: Programme Structure . . . .. ... ... ... ...t 21
3 Liquid Rocket Engine Component Modelling 23
3.1 Frequency Analysis . . . .. . . oL 24
3.2 Pipelines . . . . . e e e e e 25
3.2.1 SimplePipelineFlow. . ... ... ... . ... ... .. ... . .. ... 26
3.2.2 Fillingof Pipelines . ... ... .. ... ... ... .. ... . ... .. .. 29
3.2.3 Modificd Model for the Filling of Pipclines . . . ... ... ... ... .. 31
3.2.4 Fffective Speed of Sound in Pipelines . . . ... .............. 33
3.25 ThrustEffects . . . . . .. . .. ... ... 34
3.26 System A-TPPT ... .. . . .. e 34

3.2.6.1 Case Al .. . . . i e e e e e 35



viii

Contents

3262 Case A2 . ... e e e 41
3.3 Control and Regulation Devices . ... ... ... ... ... ... ... ..... 44
3.3.1 Lumped Paramcter Model of Throttling Devices . . . .. ... .. ... 46
332 System B-TPRPT ... ... .. .. ... 49
34 GasAccumulatorS. . . ... ... 56
3.4.1 Lumped Parameter Model of Gas Accumulators . ... ......... 57
342 System C-TPDaP ... ... ... ... ... .. ... 60
3.5 Injection Domes . . . . . .. .. e e e e 64
3.5.1 Lumped Paramcter Model of Injection Domes . . . . .. ... ... .. 66
3,52 SystemD-TPDo . ... ... . . . e 70
353 SystemE-TPRPDo. . ... ... . ... . 73
3.53.1 CaseELl . ... . e 73
35382 CaseE2 . . . e 77
3.6 CombustionDevices . . . ... .. ... e 81
3.6.1 CEA CombustionAnalysis. . ... ... ................... 82
3.6.2 Lumped Parameter Model of Combustion Processes . . . . ... ... . 83
363 SystemF-MMCo ........ ... ... i 87
3.7 Turbopump Assemblies . .. ... ... ... ... 91
3.7.1 PUMDPS . . e e e e e e e e e e 91
3.7.2 Cavitation PhenomenainPumps ... ... .. ... ... ........ 96
3.73 Turbines . .. . . . .. 98
3.7.4 Rotational Motion of a Turbopump Assembly . . . . . .. .. ... ... 103
Case Study - M3.1 Test Bench DLR Lampoldshausen 105
4.1 Introduction - Overview of the M3.1 TestBench . . ... ............ 105
4.2 Simulation of the M3.1 Test Bench T.Ox Feed Tiines . . . .. . ... ... .... 107
4.2.1 Qualitative Analysis of the M3.1 Test Bench Transients . . . ... ... 110
4.2.2 SimulationResults . . ... .. ... .. .. L L o 115
4.3 Simulation of Hard Ignition O»/CH4 Combustion at the M3.1 Test Bench . . 121
4.3.1 Modeclling of Heat Transfer in Liquid Rocket Enginc Components . . . 122
4.3.1.1 Thermal Capacitance and Resistance . . . . .. ... ...... 123
4.3.1.2 Convective Heat Transfer in Rocket Engine Combustion
Chambers . .. ... ... ... .. . . 126
4.3.1.3 Radiative Heat Transfer in Rocket Engine Structures . . . . . . 127
4.3.2 Hard Ignition and Ignition Over-Pressure . ... ............. 127
4.3.3 Wall Temperature Measurements in the Microcombustor . . . . .. .. 130
4.34 Combustion Temperature Computation Using Heat Transfer
Considerations . . . . . . . .. L 132

4.3.5 Coherent Anti-STOKES RAMAN  Scattering Spectroscopy (CARS)
Combustion Temperature Measurements . . . .. ... .. ....... 135



Contents ix

4.3.6 Ignition Over-Temperaturc and Temperature Ratio. . .. . . . .. ... 139

5 Conclusion and Outlook 143
References 147
A Water Hammer Simulation Using MOLIGRE and Unsteady Friction 153
Al Water Hammer Theory. . . . . o .. oo e 153
A2 Unsteady Friction . . . . . ... . . e 154
A.3 Water Hammer Lumped Parameter Simulation . . .. .............. 155

Index 161



Nomenclature

Nomenclature
Latin Symbols:
a speed of sound
a,b,c constants
A cross-sectional area
A* unsteady friction constant (Annex A)
c* characteristic velocity
Co spouting velocity
C discharge cocfficicnt
Cr fluid capacitance
Cp constant pressure specific heat
Cy constant tempcraturc specific heat
c* unsteady friction constant (Annex A)
C; thermal capacitance
d diameter
erf(x) error function (erfw = 2 /i e~ dr, Annex A)
E YOUNG’s modulus
f FANNING friction cocfficient
F force
F thrust
h height
h specific enthalpy
H head
Iy fluid inductance
Isp specific impulse
k thermal conductivity
K loss coefficient
{ length
L characteristic length
m mass
m mass flow
Ma MACH-number (Ma = v/a)
Mp mixture ratio

LOCKHART-MARTINELLI coefficient

m®/N
]/ (kg K)
]/ (kg K)
J/K

m

Pa



Nomenclature

xi

Td

STCUR NSO D QD

>
=
N

specific speed

BroT number (Ng = hL/k)
surface area

pressure

radius

rccovery factor

diameter ratio

hydraulic fluid resistance
specific gas constant
REYNOLDS-number (Re =p v d/u)
heat transfer per unit area
heat transfer

time

temperature

spccific internal energy
volume

volume flow

rate of work

CARTESIAN coordinates

Greck Symbols:

R D DI XD DB OTTHTTH R RR R

angle of inclination

throttle control drive position (Figure 3.19)
thermal diffusivity

void fraction (Equation 3.26)

angle of pitch

liquid-to-gas density ratio (Equation 3.26)
thickness

difference

expansion ratio (¢ = A./Ay)

emissivity

loss coefficient due to section changes
cfficiency

angle

POISSON's ratio

ratio of specific heats

kg/m?*s
J/ kg K)
W/m?
W

s

K

J/kg

m3/s
J/s

rad.
rad.
m?/s

rad.



Nomenclature

S @ " g MMM E R >

g =
-

Subscripts:

cap
cond
conv
crit

damp
dyn

eng
fric
fu

geo

friction factor
dynamic viscosity
flow coefficient
velocity (y-direction)
resistance coefficient
density

surface tension

wall shear stress
characteristic time
velocity (x-direction)
velocity coefficient
non-dimensional time (Annex A)
rotational speed

total conditions
one phase (flow)
unconfined conditions
ambient
adiabatic
break-up time
break time
chamber
capacitance
conductive
convective
critical

dome

damper
dynamic

exit

engine

friction

fucl

gas

geometry

kg/(m s)

m/s
kg/m?®
N/m
N/m?
S

m/s

rad/s



Nomenclature

xiii

gen
hyd
id
ind
inj

mix
mod
nom
nzl
orif
op
ox

res

rd
ref
reg

sat
sh
sl
sub
sup
sv

tng
thr

generated
hydraulic
ideal
inductance
injector
liquid
mixture
modified
nominal
nozzle
orifice
over-pressure
oxidiser
piston
pressure
pump
radial
resistance
reduced
reference
regulator
ratio
isentropic
specific
saturation
superheat
sea level
subsonic
supersonic
slide valve
thermal
throat
tangential
throttle
transient
turbine



xiv

Nomenclature

u unsteady

v vacuum

v volumetric

w wall

Superscripts:

ss steady state

Constants:

g0 acceleration of gravity (standard) g0~ 9,80665m/s?

R universal gas constant R =~ 8.3145]/(molK)

g STEFAN-BOLTZMANN constant op ~5.6704-10"8W/m?K*

Acronyms:

2D two-dimensional

3D three-dimensional

CAD computer aided design

CARS Coherent anti-Stokes RAMAN Scattering Spectroscopy

CEA Chemical Equilibrium with Applications (NASA Lewis Research Center
combustion programme)

CFD computational fluid dynamics

CFL COURANT-FRIEDRICHS- LEWY

CNES Centre National d’Etudes Spatiales (French Space Agency)

CPU Central Processing Unit

DLR Deutsches Zentrum fiir Luft- und Raumfahrt e.V. (German Aerospace
Research Center)

EPC Ftage Principal Cryogénique (Central stage of the Ariane 5)

EPS Ftage a Propergols Stockables (Upper stage of the Ariane 5 with storable
propellants)

ESA European Space Agency

FPOV fuel preburner oxidiser valve

IMSL International Mathematical Statistical Library

VP initial value problem

LH2 liquid hydrogen



Nomenclature

LOx
LPM
LRE
MCC
MFV
MMCo
MMOC
MOC
MOLIERE
MOV
NASA
NIST
NTO
RP
ODE
ONERA

OPOV
SSME
TPDaP
TPPT
TPRPDo
TPRPT
TVD
WAF

liquid oxygen

lumped parameter method

liquid propellant rocket engine

main combustion chamber

main fuel valve

mass flow mass flow combustor (system F)

modified method of characteristics

method of characteristics

tool for the MOdelling of LIquid rocket Engine tRansiEnts
main oxidiser valve

National Aeronautics and Space Administration (US Aerospace Agency)
National Institute of Standards and Technology

nitrogen tetraoxide

RIEMANN problem

ordinary differential cquation

Office National d’Etudes et de Recherches Aérospatiales (French
Aerospace Research Establishment)

oxidiser preburner oxidiser valve

Space Shuttle Main Engine

tank pipc damper pipe (system C)

tank pipc pipe tank (systcm A)

tank pipc throttle pipc dome (system E)

tank pipe throttle pipe tank (system B)

total variation diminishing

weighted average flux



