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B-B Interaction

Volumetric oscillation

MistMist Temperature 
Distribution

Internal Phenomena
of a Cavitation Bubble Bubble Cloud Cavitating Flow 

around a Hydrofoil

Micro Mezzo Macro

of a Cavitation Bubble around a Hydrofoil

Micro Mezzo Macro
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Time history of bubble radiusTime history of bubble radius

AA
EE

RR 1313AA
BB DD

RR0 0 = 13= 13 ��mm

ffd d = 0.2 MHz= 0.2 MHz

pp0 0 = 100 kPa= 100 kPa

��pp = 50 kPa= 50 kPa
CC

��pp 50 kPa50 kPa

CC
MistMist 240240 840 [K]840 [K]

AA BB CC DD EE

Temperature distribution inside bubbleTemperature distribution inside bubble

AssumptionsAssumptions

(1)(1) Gases inside the bubble and the surrounding liquid move Gases inside the bubble and the surrounding liquid move 
maintaining spherical symmetrymaintaining spherical symmetrymaintaining spherical symmetry.  maintaining spherical symmetry.  

(2)(2) Gases inside the bubble obey the perfect gas law. Gases inside the bubble obey the perfect gas law. 

(3)(3) NonNon--condensable gas obeys Henry’s law at the bubble wall.  condensable gas obeys Henry’s law at the bubble wall.  

(4)(4) Classical theory for generation and growth of mist under quasiClassical theory for generation and growth of mist under quasi--
equilibrium condition is applied, because the temperature inside equilibrium condition is applied, because the temperature inside 
the bubble does not change so rapidly . the bubble does not change so rapidly . 

(5)(5) Coalescence and fragmentation of the mist are ignored.  Coalescence and fragmentation of the mist are ignored.  

(6)(6) Mist has the same velocity as the gas mixture and the effect of Mist has the same velocity as the gas mixture and the effect of 
diffusion by Brownian motion is assumed to be small and diffusion by Brownian motion is assumed to be small and 
ignored. ignored. 

(7)(7) Viscosity of the liquid is ignored except at the bubble wall. Viscosity of the liquid is ignored except at the bubble wall. 
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Governing equations of Governing equations of 
Direct Numerical Simulation (1)Direct Numerical Simulation (1)( )( )

Using simulation code developed by Takemura & Matsumoto (1994)Using simulation code developed by Takemura & Matsumoto (1994)

Full conservation equations in gas phase with mistFull conservation equations in gas phase with mist

Using simulation code developed by Takemura & Matsumoto (1994)Using simulation code developed by Takemura & Matsumoto (1994)

Conservation equation of Mass Conservation equation of Mass 
Conservation equation of Momentum Conservation equation of Momentum 
Conservation equation of EnergyConservation equation of EnergyConservation equation of EnergyConservation equation of Energy

Nucleation rate equation of mist by homogeneous condensationNucleation rate equation of mist by homogeneous condensation

Conservation equation of number density of mistConservation equation of number density of mist

Energy equation in liquid phaseEnergy equation in liquid phase

Diffusion equation of nonDiffusion equation of non condensable gas in liquidcondensable gas in liquidDiffusion equation of nonDiffusion equation of non--condensable gas in liquid condensable gas in liquid 

Governing equations of Governing equations of 
Direct Numerical Simulation (2)Direct Numerical Simulation (2)( )( )

Motion of bubble wallMotion of bubble wall
Equation of bubble wall motion Equation of bubble wall motion Fujikawa & Akamatsu, 1980Fujikawa & Akamatsu, 1980

�� ConsideredConsidered
Liquid compressibility (1stLiquid compressibility (1st order approximation)order approximation)
Phase change at bubble wallPhase change at bubble wall

This document is provided by JAXA.
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Time history of bubble radiusTime history of bubble radius

RR = 13= 13 ��mmRR0 0 13  13 ��mm

ffd d = 0.2 MHz= 0.2 MHz

100 k100 kpp0 0 = 100 kPa= 100 kPa

��p p = 50 kPa= 50 kPa

Bubble motionBubble motion

Comparison between simulation and experimentComparison between simulation and experiment
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Maximum bubble radiusMaximum bubble radius

RR0 0 = 3 ~ 40 = 3 ~ 40 ��mm

ffdd = 0.2 MHz= 0.2 MHz

pp00 = 100 kPa= 100 kPapp00

��p p = 50 kPa= 50 kPa

Time histories of bubble radius, temperature Time histories of bubble radius, temperature 
and mist density inside bubbleand mist density inside bubbleand mist density inside bubbleand mist density inside bubble

RR0 0 = 13 = 13 ��m,m, ffdd = 0.2 MHz, = 0.2 MHz, pp0 0 = 100 kPa,  = 100 kPa,  ��p p = 50 kPa= 50 kPa
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Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

AAAA
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

BBBB
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa
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Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

CCCC
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

DDDD
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa
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Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

EEEE
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa

Distributions of temperature, vapor Distributions of temperature, vapor 
concentration and mist densityconcentration and mist densityyy

FFFF
RR00 = 13 = 13 ��mm00 ��
ffd d = 0.2 MHz= 0.2 MHz
pp00 = 100 kPa= 100 kPapp00 100 kPa100 kPa
��p p = 50 kPa= 50 kPa
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Maximum bubble radiusMaximum bubble radius
RR0 0 = 0.3 ~ 4 = 0.3 ~ 4 ��mm
ff = 2 MHz= 2 MHzffdd = 2 MHz= 2 MHz
pp0 0 = 100 kPa= 100 kPa

Spherical bubble modelSpherical bubble model

Internal thermal phenomena are consideredInternal thermal phenomena are considered
�� Mass andMass and heat transfer through the bubble wallheat transfer through the bubble wall
�� Phase change at the bubble wallPhase change at the bubble wall
�� Counter diffusion of vapor and nonCounter diffusion of vapor and non condensable gascondensable gas�� Counter diffusion of vapor and nonCounter diffusion of vapor and non--condensable gascondensable gas
�� Mist condensation and evaporationMist condensation and evaporation

Matsumoto, Matsumoto, Trans. of JSMETrans. of JSME, 1986., 1986.

�� Temperature gradient model at the bubble wallTemperature gradient model at the bubble wall
Preston et al., Preston et al., CAV2003,CAV2003, 2003.2003.

Mist

This document is provided by JAXA.
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Governing equationsGoverning equations

The motion of the bubble wall (Fujikawa & Akamatsu equation)
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The energy conservation equation in liquid phase                                
The diffusion equation of non condensable gas in liquidThe diffusion equation of non-condensable gas in liquid 
The nucleation rate equation of mist

Present model vs. DNSPresent model vs. DNS

Internal gas: nitrogenInternal gas: nitrogen
Initial bubble radius: 2 Initial bubble radius: 2 ��mm
Initial pressure:Initial pressure: 100 kPa100 kPa
I iti l t t 293 KI iti l t t 293 KInitial temperature: 293 KInitial temperature: 293 K

DNS: Takemura and Matsumoto, DNS: Takemura and Matsumoto, 
JSME I JJSME I J 19941994JSME Int. J.JSME Int. J.,, 1994.1994. 100 kPa � 90 kPa � 100 kPa100 kPa � 90 kPa � 100 kPa

100 kPa � 50 kPa � 100 kPa100 kPa � 50 kPa � 100 kPa 100 kPa � 10 kPa � 100 kPa100 kPa � 10 kPa � 100 kPa
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Heating Mechanism of Microbubbles  Heating Mechanism of Microbubbles  
Energy affecting the heat near the bubble

24 R
T

W l �� �
Heat deposition

4 R
r

W l
lT �� �
�

��

Viscous dissipation

244 RR
R

R
W lV �� ��� �

�

Viscous dissipation
R

R

Acoustic emission
l�
lT

: thermal conduction
: temperature

� � 2

22

4
2

R
c

RRR
W lA �� �

�
�

���

Acoustic emissionlT

l�

l�

: temperature
: viscosity
: density

cl

Energy escaping to large distanceslc : sound speed

Energy Radiation  Energy Radiation  

Frequency    : 1.0 MHz

Amplitude    : 100 kPa

Initial radius : 1 10 �mInitial radius : 1 - 10 �m

Internal gas   :     air

This document is provided by JAXA.
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Properties of Microbubbles  Properties of Microbubbles  

Bubble radius
10�m

Shell

�

material, thickness …

Internal gas
microbubble

Specific 
heat ratio

Gas 
constant

Heat 
conductivityheat ratio

[-]
constant     
[J / kg K]

conductivity 
[mW /m K]

Argon (Ar) 1 67 208 1 18 2Argon (Ar) 1.67 208.1 18.2
air 1.40 287.0 26.9

Sulfur Hexafluoride (SF6) 1 09 56 9 14 8Sulfur Hexafluoride (SF6) 1.09 56.9 14.8

Ar bubble  Ar bubble  

Frequency    : 1.0 MHz

A lit d 100 kPAmplitude    : 100 kPa

Initial radius : 1 - 10 �m

Internal gas   :     Ar
(Air bubble)(Air bubble)

e a gas :

This document is provided by JAXA.
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SFSF66 Bubble  Bubble  

Frequency    : 1.0 MHz

A lit d 100 kPAmplitude    : 100 kPa

Initial radius : 1 - 10 �m

Internal gas   :     Ar
(Air bubble)(Air bubble)

e a gas :

Acoustic emission from a microbubbleAcoustic emission from a microbubble

Acoustic velocity of water

=1.478 103(m/s)

Emitted acoustic pressure from micro bubble in far field

Fujikawa, 1979Fujikawa, 1979

This document is provided by JAXA.
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Nonlinear oscillation of a microbubbleNonlinear oscillation of a microbubble

RR00 = = 1.51.5 ��m, m, pp0    0    = = 101.3101.3 kPa,  kPa,  ff00 = = 22 MHz,  MHz,  ��p  p  = = 100100 kPakPa
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Time history of ambient pressure, bubble radius Time history of ambient pressure, bubble radius 
and acoustic pressure from the bubbleand acoustic pressure from the bubble

Nonlinear oscillation of a microbubbleNonlinear oscillation of a microbubble
RR00 = = 1.51.5 ��m, m, pp0    0    = = 101.3101.3 kPa,  kPa,  ff00 = = 22 MHz,  MHz,  ��p  p  = = 100100 kPakPa
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Calculation Conditions Calculation Conditions 

2.0 [�m]Initial Bubble Radius, Rb0

293 [K]Initial Temperature
101.3 [kPa]Initial Ambient Pressure, p�0

1.34 [MHz]Ultrasound Frequency,  f0

sinusWaveform of Ambient Pressure
[ ]q y, 0

0 [kPa] ~ 1 [MPa]Amplitude of Ambient Pressure

tf

Formula of ambient ultrasound pressureFormula of ambient ultrasound pressure

� � 0
5

0
0 102sin

500 �� ��� ptfA
tf

p �

Bubble RadiusBubble Radius

Time history of bubble radiusTime history of bubble radius

Bifurcation diagram of bubble radiusBifurcation diagram of bubble radius
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Acoustic TurbulenceAcoustic Turbulence

Power spectrum of bubble radiusPower spectrum of bubble radius Power spectrum of acoustic pressurePower spectrum of acoustic pressurePower spectrum of bubble radiusPower spectrum of bubble radius Power spectrum of acoustic pressurePower spectrum of acoustic pressure

Experiment of PMs in Water Experiment of PMs in Water (Depth = 30 m)(Depth = 30 m)
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Simulation ModelSimulation Model

• Assumption
(1) Gases inside the bubble and the surrounding liquid 

move maintaining spherical symmetry. 
(2) Pressure and temperature inside the bubble are(2) Pressure and temperature inside the bubble are 

uniform except the thin boundary layer near the 
bubble wall.

(3) Non-condensable gas obeys Henry’s law at the 
bubble wall.  

(4) Viscosity of the liquid is ignored except at the 
bubble wall.

Time History of Bubble RadiusTime History of Bubble Radius
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Time History of Pressure DistributionTime History of Pressure Distribution (p�=400(p�=400 Pa)Pa)

Time History of Pressure Distribution Time History of Pressure Distribution (p�=400(p�=400 Pa)Pa)

This document is provided by JAXA.



20 宇宙航空研究開発機構特別資料　JAXA-SP-10-010

Time History of Emitted Pressure at 0.7 mTime History of Emitted Pressure at 0.7 m

Bubble Collapse and Shock Wave FormationBubble Collapse and Shock Wave Formation
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•

•

•

•

•

Model of a bubble cloudModel of a bubble cloud

The following phenomena are consideredThe following phenomena are consideredThe following phenomena are considered.The following phenomena are considered.

�� Compressibility of the liquidCompressibility of the liquid

�� Evaporation and condensation Evaporation and condensation 
of the liquid at the bubble wallof the liquid at the bubble wallof the liquid at the bubble wallof the liquid at the bubble wall

�� Evaporation and Evaporation and 
condensation of the mistcondensation of the mist

�� ff

condensation of the mist condensation of the mist 
inside the bubbleinside the bubble

�� Heat transfer through Heat transfer through 
the bubble wallthe bubble wall

Shimada, Kobayashi and Matsumoto (1999)
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AssumptionsAssumptions

Assumptions for a bubble cloudAssumptions for a bubble cloud
� The bubble cloud oscillates maintaining spherical symmetry.
� Bubbly liquid inside the cloud is treated as a continuum fluid.
� Bubbles move with the surrounding liquid.� Bubbles move with the surrounding liquid.
� Coalescence and fragmentation of bubbles in the cloud are ignored. 
� Viscosity of bubbly mixture is ignored in the cloud.
� Th t t f th li id i th l d i t t� The temperature of the liquid in the cloud is constant.

� Each bubble oscillates maintaining spherical symmetry.
Assumptions for each bubbleAssumptions for each bubble

� Each bubble oscillates maintaining spherical symmetry.
� The pressure and temperature inside the bubble are uniform except 
for the thin boundary layer near the bubble wall.
� Temperature at the bubble wall is equal to that of liquid� Temperature at the bubble wall is equal to that of liquid.
� Mass of non-condensable gas inside a bubble is constant.
� Gases inside a bubble obey the van der Waals gas law.
� Coalescence and fragmentation of mist inside a bubble are ignored. 

Governing equations 1Governing equations 1
The motion of the bubble cloud interface

23 1
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The mass and momentum conservation equations
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The conservation equation of the number density of bubbles 

� �21
0

n
r nu

� �
� �

The governing equations for each bubble (The motion of the bubble wall, 

� �2
0br nu

t r r
� �
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g g q ( ,
The energy conservation equation, The nucleation rate equation of the mist
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Governing equations 2Governing equations 2

The motion of the bubble wall (Fujikawa & Akamatsu equation)
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The energy conservation equation in gas phase with mist
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The nucleation rate equation of mistq

Frequency response of a bubble cloudFrequency response of a bubble cloud

Maximum pressure inside the bubbles in the cloudMaximum pressure inside the bubbles in the cloud
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Natural modes (Natural modes (��pp = 10 kPa)= 10 kPa)

ff = 200 kHz= 200 kHz ff = 600 kHz= 600 kHz

Water pressure inside the bubble cloudWater pressure inside the bubble cloud

Natural mode shapesNatural mode shapes
Linearized analysis of a spherical bubble Linearized analysis of a spherical bubble 
cloud (d’Agostino & Brennen, 1989)cloud (d’Agostino & Brennen, 1989)

Natural mode shapesNatural mode shapes

( g , )( g , )
•• Continuity equationContinuity equation
•• Momentum equationMomentum equation

R l i hR l i h Pl t tiPl t ti•• RayleighRayleigh--Plesset equationPlesset equation

Frequency response of a bubble cloudFrequency response of a bubble cloud

Maximum pressure inside the bubbles in the cloudMaximum pressure inside the bubbles in the cloud
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Pressure wave in the bubble cloudPressure wave in the bubble cloud

��pp = 75 kPa, 190 kHz= 75 kPa, 190 kHz��pp = 10 kPa, 200 kHz= 10 kPa, 200 kHz

Collapse of the cloud Collapse of the cloud ((��pp = 125 kPa, 160 kHz)= 125 kPa, 160 kHz)
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su
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M
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/ R [ ]
time,  t / T [-]

r / Rc0 [-]

Water pressure inside the bubble cloudWater pressure inside the bubble cloud
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•
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Cavity Velocity(|u|) Pressure

6.0deg,6 ��� ��

�

CFD �
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B-B Interaction

Volumetric oscillation

MistMist Temperature 
Distribution

Internal Phenomena
of a Cavitation Bubble Bubble Cloud Cavitating Flow 

around a Hydrofoil

Micro Mezzo Macro

of a Cavitation Bubble around a Hydrofoil

Micro Mezzo Macro
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•
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PIN 0.00 0.00

PIDF 0.158 0.174

POUT 2.508 2.626

P1D00 0.901 0.940

P1D03 1.221 1.263

P1D07 1.303 1.337

P1D10 1.324 1.344

PVF 2.070 2.178

PBPF 1.792 2.136

P2D00 2.133 2.132

P2D03 2.338 2.500

P2D07 2.446 2.518

P2D10 2.451 2.523

PIBHF 0.495 0.888 PCVOF1 1.365 1.389

Exp.      LES

Exp.      LES

Exp.      LES

� 5%
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Y2D00

Y1D00

flow angle@0% & 100% chord 
length of 1st diffuser

Y1D00Y1D10

flow angle@0% & 100% chord 
length of 2nd diffuser

Y2D00Y2D10

�
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36

Pressure fluctuation@0% to 100% 
chord length of 2nd diffuser

PV2D00-1

PV2D10 PV2D07

PV2D03

NZ 2NZ

� Frequency spectra gives good agreement with experimental results
� Strong signals are observed at NZ and 2NZ
� Fluctuation is strongest at 30% chord-wise length
� Gradually decreases which is also captured by our LES results

(RP)

CFD

�
�

�

� 6dB
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total field
(=incident + scattered) incident field
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3

H-IIA

Dynamic behavior of liquid propellant
also in the tanks of ELVs
are expected to be clarifiedare expected to be clarified
with the developed technology. 

4
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H-IIA

5

6
Ref. AIAA 2002-3987 (Himeno)
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( , ,2008) (NASA SP-106, 1967)

7

SRLV : Sub-orbital Reusable Launch Vehicle

( )

4
(LOX/LH2)

11 m
3 m

8

8900 kg ( )
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SRLV : Sub-orbital Reusable Launch Vehicle

9

Ref. AIAA 2005-3931 (Himeno)
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20
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10

+ z
+ x

Clearance 0.20 m
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- :

LH2 LOXLH2 LOX

13

0 50G0.50G

The sloshing and following wave breaking observed in the experiment (Case 9)
were appeared also in the computation.

As to the surface deformation not only the earlier period of excitationAs to the surface deformation, not only the earlier period of excitation,
the shape of wave caps were well reproduced in the computation, 
even after the occurrence and settlement of wave breaking.

At th tiAt the same time,
it was found that the bubbles and droplets smaller than the grid scale 
were not resolved in the computation.
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Before the occurrence of wave breaking,

since the contours of T were almost parallel curves to the liquid surface, 
h d i f d b d i i h ifi i
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heat conduction was found to be dominant in the temperature stratification
near the interface during this period.
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When the wave braking took place in the following period,

shear flow and vortices were induced and found to disturb 
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Time [sec]

Temperature Vorticity

the temperature stratification near the surface. 
The convective heat transfer was thought to be dominant in this region. 

At th tiAt the same time,
the vortices accompanied by the droplets mixed
almost whole region in the gaseous phase.

This document is provided by JAXA.



69東京大学　ロケットエンジンモデリングラボラトリー（JAXA社会連携講座）　シンポジウム

0.1015

0.000

0.1010

C 14 0M
Pa

]

: (
0
)/p

0

Computation

0.1005

C  = 14.0

Pr
es

su
re

 [M

a r
iz

ed
 P

re
ss

ur
e 

:

Experiment

0.1000

N
or

m
a

T t V ti it

It was suggested that
the large deformation of liquid surface induce shear flow and vortices

0.0 0.5 1.0 1.5 2.0
Time [sec]

Temperature Vorticity

the large deformation of liquid surface induce shear flow and vortices
which enhance  convective heat transfer,

and that
the magnitude of heat flux and dropping rate in pressure becomethe magnitude of heat flux and dropping rate in pressure become
much larger than that in the early period of excitation.
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噴霧特性に大きく影響する 噴射器の近傍における一次微粒化は 特に実噴霧特性に大きく影響する、噴射器の近傍における 次微粒化は、特に実
験的計測が難しい。
液体ロケットエンジンの非設計点作動まで見据えて、噴射条件と噴射器近
傍 微粒化 関連 およびそ 流体力学的機構を明らかにする傍の微粒化の関連、およびその流体力学的機構を明らかにする。
噴射器内部あるいはその上流の影響までも考慮する。

Farago,Z(1992)

Classification of liquid jet atomization at coaxial type injector
・数値解析とあわせて、対応する実験を実施。数値解析とあわせて、対応する実験を実施。
・低 数の比較的単純な単一液滴分裂現象から、段階的に高 数の
液膜微粒化、液柱微粒化現象を対象として、微粒化現象の知見を蓄積。
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G P S tton(2000)G.P.Sutton(2000)
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CFD

Step 1 : DNS (DNS)

Step 2 : p

GNGN
2Dense N2

GN
2

Step 3 : RANSStep 3 : RANS

LN2/GN2 CFDLN2/GN2 CFD

Coaxial Injector GN2 GN2
LN2

Coaxial Injector
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Pratt & Whitney Rocketdyne

Overview of 
Pratt & Whitney Rocketdyne

Modeling & Simulation Practices 
for Liquid Propellant Rocket Engines

Munir M. Sindir, Ph. D.
Director
Engineering Technical Disciplines
Pratt Whitney Rocketdyne
United Technologies Corporation
818 586-1627
Munir.sindir@pwr.utc.com

September 28, 2010

New Horizon of Rocket Engine 
Modeling & Simulation

University of Tokyo

Pratt & Whitney Rocketdyne
Page 2

Agenda

• Rocket Test Video

• Liquid Rocket Engine Characteristics

• Key Rocket Engine Components
• Function
• Physics
• Examples of Current Modeling & Simulations Practices
• Engineering Needs & Technology Gaps

• Challenges in Rocket Engine Development & Future Direction 
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Pratt & Whitney Rocketdyne
Page 4

Liquid Rocket Engine 
Development is Challenging

• Tremendous Power Output

• High Power Density

• Extreme Environment

3 Space Shuttle Main Engines (SSMEs) produce 
as much power as 23 Hoover Dams

Thrust produced by a single SSME
is more than 20 F-15 turbofan engines

SSME operates at greater temperature extremes 
than any mechanical system known to man 

(from 6000o  F in the combustion chamber to fuel at 
-423o F just a few inches away) 

Attention to Every Detail is Essential

Pratt & Whitney Rocketdyne
Page 5

Typical Liquid-Propellant Rocket 
Engine Components

Rotating Machinery

Thrust Chamber

Externals & Feed System

New Engine Development Cycle
Conceptual Design ~ 2-4 months
Preliminary Design ~ 6-8 months
Detailed Design ~ 12-14 months

• Preburners
• Main injector
• Combustion chamber
• Nozzle

• Turbopumps 
(high & low pressure)

• Manifolds
• Ducts
• Valves

Staged Combustion Engine Cycle (e.g. Space Shuttle Main 
Engine)

This document is provided by JAXA.
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Pratt & Whitney Rocketdyne
Page 6

Rotating Machinery

Rocket engine rotating machinery generally consist of pumps 
driven by turbines (turbopumps).  The function of the turbopump
is to receive the liquid propellants from the vehicle tanks at low

pressure and deliver them to the combustion chamber at the
required flow rate and injection pressure.

Typical Turbopump Cross-section (SSME HPFTP)

Pratt & Whitney Rocketdyne
Page 7

Key Turbopump Sub-components

Inducer

Impeller

Crossover
Duct

Turbine Blade Cascade

Volute

Centrifugal flow devices that change 
the flow direction from axial to radial 
and impart kinetic energy by doing 
work on the fluid

The axial inlet portion of the 
turbopump rotor whose function
is to raise the inlet head by a 
amount sufficient to preclude
cavitation in the following stage

Scroll type devices required
to capture the flow out of the
turbopump stages and direct
it into the downstream piping
system

Blade cascade that provides
the power to drive the pump

Stationary elements
that convert kinetic
energy imparted on
the fluid by the
rotating components
to the static pressure
as well as provide the
correct flow angles
to the downstream
elements 

This document is provided by JAXA.
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Pratt & Whitney Rocketdyne
Page 8

Turbopump Physics

Rotating machinery flows are among the most complex internal flowpaths
• 3D, large regions of separation, strong flow non-uniformities

• May contain incompressible, subsonic, transonic and even supersonic
flows within the same turbopump

• High speeds of rotation (e.g. 38,000 RPM for the SSME HPFTP) create
a highly turbulent, and strongly anisotropic flow dominated by vortical
motions, separated boundary layers and vortex shedding

• Multiphase flows (cavitation in inducers and liquid-gas mixtures around
some types of bearings) are also observed

• Extremely high dynamic loads and thermal gradients (e.g. temperatures
change by ~ 2000o R within a few inches)

Pratt & Whitney Rocketdyne
Page 9

High NPSH Low NPSH
Near Tip Vapor Distribution

• High efficiency single-stage and multi-
stage centrifugal pumps for high power 
density applications
• SSME, RL-10, J-2X, RS-68

• Excellent rotordynamic environments
• Hydrostatic bearings
• Long life, high-speed turbopumps

• Cavitation-free axial inducer research
• Active and passive tip-vortex suppression

• Advanced pump design and simulation 
tools, DigitalTurbopump
• 1-Billion node flow simulation 

demonstration using commodity hardware, 
collaboration with Microsoft in 2007

• Rotor-stator interaction
• Cavitating flows
• Coupled propellant tank and feedlines

Advanced Pump Designs

Advanced Simulation Capability

Centrifugal Pump Modeling 
and Simulation - Aerothermal

AIAA-2000-3243

AIAA-2004-2641
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Pratt & Whitney Rocketdyne
Page 10

Turbine Modeling and Simulation 
– Aerothermal

MB-XX Flange-to-Flange Simulation

NASA TPO Validation

• Applied to several booster and upper 
stage liquid rocket engines – validated 
with multiple data sets
• SSME, J-2S, J-2X, RS-68, RS-68A

• Advanced turbine design and simulation 
tools provide advanced analysis 
capabilities
• Subsonic and supersonic turbines
• Fully unsteady rotor-stator interaction
• Single- and multi-stage analysis
• Periodic sector and “full-wheel” analysis 

with large high-resolution computational 
grids (O 100 million grid cells)

• Provides unsteady loading for 
complementary structural analysis

Pratt & Whitney Rocketdyne
Page 11

Turbopump Modeling and 
Simulation – Structures & Dynamics

Robust Parametric Design Methods and Tools

Rapid 3D Meshing and Stress Analyses
Integrated Pump &

Turbine Analysis & Optimization
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State of the Art Analytical Design Technologies
• Flight validated structural solutions over wide 

range of rocket engine turbopump pressure & 
temperature environments

• Unsteady dynamic pressure analysis linked to 
turbine life prediction for full wheel geometry

• Cavitation free inducer design & analysis
• Efficient turbine damper technologies
• Low leakage seal design & analysis
• Transient load prediction for journal bearings

This document is provided by JAXA.



86 宇宙航空研究開発機構特別資料　JAXA-SP-10-010

Pratt & Whitney Rocketdyne
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Turbopump Engineering Challenges 
& Technology Needs

• Ability to rapidly predict the flow and thermal environment in the entire
turbopump (a CFD challenge – dynamic grid adaptation; highly efficient
solvers for 3D transient mixed flows; workable turbulence models; PC-based 
parallel computing capability (~ 1000 PCs); and large database management & 
postprocessing technologies)

• Interfacing CFD predicted flow and thermal environments and loads with
stress and structural dynamics codes and material databases to determine
part thickness, yield and failure limits, and margins of safety (dual 
challenge – CFD has to provide what stress needs, stress has to understand
CFD’s limitations and areas of uncertainty)

• Understanding turbine disk instability mechanisms including acoustic 
excitation

• Developing a user-friendly methodology to include secondary (thermal)
stresses in fracture mechanics analysis

• Acquiring quality test data and experiments to validate models and predictions

Pratt & Whitney Rocketdyne
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Thrust Chamber

Thrust chamber assemblies consist of three major components:
the injector,the combustion chamber, the nozzle. The injector delivers the fuel and 

oxidizer to the combustion chamber through gas-gas, gas-liquid, or liquid-gas 
injector elements. In the combustion chamber, the fuel and oxidizer

are injected, vaporized (if necessary), mixed, ignited, and burned.   Once the 
propellants are combusted they can be expanded through a convergent-divergent 

nozzle producing thrust in the process.

Nozzle

Injector
Elements

Main Injector

Combustion
Chamber

This document is provided by JAXA.
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Thrust Chamber Physics

Rocket engine thrust chamber design provides many challenges  
• Spray combustion process encompasses many physical processes of

different types, temporal and spatial scales, tightly coupled to each other
(two-phase mixing, combustion, turbulence, kinetics, instabilities) making
environment definition and modeling very difficult

• Extremely high heat loads require exotic materials and active cooling

• Transient phenomena can lead to severe instabilities in the combustor
and nozzle

• Performance and durability issues require trade-offs and limit the 
design envelope

• Test data are difficult and very expensive to obtain

Pratt & Whitney Rocketdyne
Page 15

Thrust Chamber Modeling and 
Simulation - Aerothermal

State of the Art Analytical Design Technologies at PWR
• Computational fluid dynamics (CFD) (mixing, vaporization, 

combustion & nozzle performance and loads)
• Boundary layer codes 
• Gas and liquid film cooling
• Linear stability analyses (baffles, injector, cavities)
• Finite element acoustics
• Igniter design tools
• Thermal protection system analyses
• Disciplined / integrated engineering design processes

Thrust Chamber Assembly Analysis -
Selected Mechanistic Models

-

Expansion
Field

-

Gas Film Cooling

Diamond Shock

Manifold and Injector
Elements

Injector Acoustics 
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Thrust Chamber Modeling and 
Simulation – Structures & Dynamics

Booster Stage

Upper Stage

Small
Thrusters

Robust Parametric Design Methods and Tools

Rapid 3D Meshing and Stress Analyses Detailed Analyses & Optimization

Generation 1 Generation 7

State of the Art Analytical Design Technologies
• Flight validated structural solutions over wide 

range of rocket engine thrust levels
• Expert structural analysis proficiency in strength, 

fatigue, fracture, dynamics, creep, plating, brazing 
& welding

• Large system dynamic interface load and 
environment prediction for random, sinusoidal, 
shock and acoustic loading sources

• High frequency accelerometer and strain gage data 
collection, analysis & storage

• Automated multi-disciplinary analysis and 
optimization system for nozzle and chamber design

Pratt & Whitney Rocketdyne
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• Ability to rapidly predict the flow and thermal environment in the combustion 
chamber (another CFD challenge – dynamic grid adaptation; highly efficient
solvers for 3D transient mixed flows; workable turbulence models; mechanistic 
combustion models & correlations; PC-based parallel computing capability (~ 1000 PCs); 
and large database management & postprocessing technologies)

• Interfacing CFD predicted flow and thermal environments and loads with
stress and structural dynamics codes and material databases to select
materials and coatings, yield and failure limits, active cooling requirements, 
and margins of safety (triple challenge – CFD has to provide what material scientists
and stress engineers need, and they have to understand CFD’s limitations 
and areas of uncertainty)

• Chamber durability and injector performance

• Combustion stability especially with hydrocarbon based fuels

• Acquiring quality test data and experiments to validate models and predictions

Thrust Chamber Engineering 
Challenges & Technology Needs

This document is provided by JAXA.
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Externals & Feed System

Propellant Feed System is an assembly of ducts, valves, pipes, and manifolds that 
deliver the propellants to the turbopumps from the fuel and oxidizer tanks and 

then from the turbopumps to the combustion chamber.  

SSME Hot Gas Manifold (HGM)
Typical Valves Fuel Flowmeter

Pratt & Whitney Rocketdyne
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Externals & Feed System Physics

These are largely incompressible internal flows in complex geometries
• 3D, large regions of separation, strong flow non-uniformities

• Strongly anisotropic flows dominated by vortical motions, separated 
boundary layers and vortex shedding

• Two phase (liquid/gas) flows may occur in some valves

• The challenge is to minimize the flow non-uniformities, total pressure
drop, and the static & dynamic loads across the system

• The goal is to minimize weight

This document is provided by JAXA.
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Lines/Fuel Systems Controls
System Modeling and Simulation

• Special purpose, custom programs

• General purpose tools- SINDA/FLUINT, 
Excel

• Transient thermal & conjugate hydraulics
• Built-in pressure drop and heat transfer 
correlations (SF)

• Pump performance curves (SF)
• Capillary devices
• 2-phase flow
• Fluid mixtures

• SINDA/FLUINT enhancements
• Process dynamics & control system 
algorithms

• Advanced accumulator transient 
simulation methodology

• Extended fluid property databases 
including cryogenic propellants

Fuel System Chilldown, Lines and 
Externals Modeling

Active and Passive Thermal Control

Pratt & Whitney Rocketdyne
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Externals & Feed System 
Engineering Challenges & Technology Needs

• Ability to rapidly predict the flow environment (a CFD challenge – dynamic grid
adaptation; highly efficient solvers for 3D transient mixed flows; workable turbulence 
models; PC-based  parallel computing capability (~ 1000 PCs); and large database 
management & postprocessing technologies)

• Interfacing CFD predicted flow environments and loads with stress and 
structural dynamics codes and material databases to determine
part thickness, yield and failure limits, and margins of safety (dual 
challenge – CFD has to provide what stress needs, stress has to understand
CFD’s limitations and areas of uncertainty)

• Acquiring quality test data and experiments to validate models and predictions

This document is provided by JAXA.
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New Rocket Engine Development 
Programs Face Many Challenges

• New engine development is expensive and requires multi-year commitment

• Product integrity and performance can not be comprised in any way –
especially in human flight

• However cost needs to be considered as an independent variable to
establish the business case (go, no-go decision on the program)

• The design process is still a mix of engineering, science, experience, & art

• Since the SSMEs there has been no new flight engine development in the 
USA for a quarter of a century until the RS-68 engine (first flown in 2003)

Pratt & Whitney Rocketdyne
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Critical Issues in Rocket Engine 
Development - Technical 

• System level design and analysis capability
• Component level (e.g. turbopump) vs sub-component level design

(e.g. impeller) considerations - entire engine being the ultimate goal
• Fast enough to enable tradeoffs early in the design cycle

• Efficient and accurate simulation of dynamic flow phenomena and loads
• Start-up and shut-down transients
• Nozzle side loads, structural response to off-design loads
• Instabilities (combustion and flow driven)

• Quantification of risk and uncertainty
• Tool validation/verification/calibration issues
• Scarcity of benchmark quality data
• Limited success in modeling key phenomena (e.g. turbulence)

This document is provided by JAXA.
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Critical Issues in Rocket Engine 
Development - Other

• Experience base diminishing
• Current SOP blends experience, new tools, art and science
• Experienced resident with key people retired or about to retire
• Knowledge capture not progressing fast enough

• Less testing, more modeling
• Cost considerations significantly reduce development testing
• Programs assume first time success
• No margin for error

• Rocket propulsion industry is changing
• Driven more by the commercial market (fixed cost deals)
• Global competition
• Significant investment of Company resources required to stay competitive

Pratt & Whitney Rocketdyne
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New Processes are Changing the 
Traditional Design & Analysis Practices

• Boundaries between design phases are shifting
• High fidelity analysis is being pushed earlier into the design

cycle due to increased computer speeds and automation
• Tools from detailed design (3-D CFD and FEM stress) are

now being used in preliminary design
• Preliminary design cycle times for some disciplines are

approaching conceptual design cycle times

• More demands are being placed on system level tools
• Operate in scalable heterogeneous computing environments 
• Control expensive analysis codes
• Support optimization techniques utilizing more variables
• Guide multiple disciplines

This document is provided by JAXA.
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New Processes Enhance Engine 
Reliability while Reducing Development Time and 
Cost

History Where We Need to be

• Streamline design, analysis, & test processes
• Identify all possible failure modes early
• Fully explore the design space
• Account for variabilities
• Quantify risks, sensitivities, margins, system & component reliability

Concurrent 
Engineering & 
Robust Design 

Practices

73% of program cost related 
to Test-Fail-Fix cycle

Pratt & Whitney Rocketdyne
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PWR Robust Design Computational 
System (RDCS)
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Major Components of Multi-Disciplinary 
Analysis, Optimization and Design Framework 

• Automated Multidisciplinary Workflow Modeling

• Significantly reduces the design cycle time

• Captures correlations and facilitates a consistent design • Design Space Exploration

• Systematic evaluation of design alternatives 
and sensitivities

• Efficient sampling in high dimensional space

A) Partial and Full Factorial Designs B) Design of Experiments

• Gradient, Genetic and Robust Design Optimization

• Weight minimization and performance maximization

• Reliability based optimization of designs

• Efficient optimization technologies in multi-dimensional                   
Space

• High Performance Computing

• Suite of Linux clusters 

• Use of high fidelity models

• Parallel computation

Geometry
Engine

Thermal
Analyzer

Fluid Flow
Analyzer

Static
Stress

Analyzer

Dynamic
Stress

Analyzer

Fatigue
Life

Analyzer
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• Automated 
screening 
parametrics:

• orbit angle
• altitude
• ISS

orientation 
angles

• Hundreds of 
cases with 
single submittal

• Massively 
parallel 
processing

RDCS (Robust Design Computation System)

• Automated 
analysis cycle

• Multiple orbit 
setup tools

• Orbital 
mechanics

• Environmental 
heating

• Radiation 
interchange

• Detailed
temperature 
response

TSC (TRASYS-SINDA Cycle)
ORBIT SETUP

THERMAL SOLUTION 
(SINDA/FLUINT) 

RADIATION ANALYSIS 
(TRASYS)

RADIATION RESULTS 
INTERFACING

THERMAL MODEL 
TEMPLATE UPDATE

Total Productivity Increase ~ 20:1
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Automated Thermal System for Space-Based Platforms

ISS Thermal Management System
Modeling and Simulation
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Some Closing Thoughts

• The future of Space Transportation will be controlled by market forces in 
military, commercial, scientific applications

• Safety and Reliability are essential but cost will be the discriminator
(both non-recurring and recurring costs will be considered)

• Upcoming decision on the direction of the US Space Program is critical

• New NASA vision seems to favor more international collaboration

• Global competition will however intensify especially in the commercial market

• Future development programs will rely heavily on system level thinking,
robust design principles, multidisciplinary analysis and optimization, and
on the use of high fidelity predictive tools even in the conceptual 
design cycle

• Development testing will be significantly reduced in favor of large scale,
high fidelity simulations and virtual engineering practices

This document is provided by JAXA.
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New Horizon of Rocket Engine Modeling and Simulation
September 28-29, 2010, Tokyo

Astrium ST‘s Liquid Propulsion Heritage and 
Simulation Capabilities
Oliver Knab
Astrium Space Transportation
Development Launcher Propulsion
Head of System Analysis
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Astrium Space Transportation, Ottobrunn
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
EADS – The Company

EADS - The step beyond

European Aeronautic Defence and Space Company

Eurocopter Astrium Cassidian

EADS

Airbus
Airbus Military
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Propulsion & Equipment

Eurocopter Astrium Cassidian

EADS

Airbus
Airbus Military

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium’s Activities within the EADS Group

Astrium 
Services

Astrium
Satellites

Astrium Space 
Transportation

The European 
prime contractor

for civil and 
military space 
transportation
and manned

space activities

A world leader
in the design 

and
manufacture of 

satellite
systems

At the forefront of 
satellite services

in the secure
communications, 
navigation and 

Earth ob-
servation fields

Astrium:

� 15000 employees 
in France, Germany, 
the Netherlands, 
Spain and the UK

� ranking first in 
Europe, third in the 
world

� € 4.8 bn turnover in 
2009

� shareholdings in 
Arianespace (Ariane
launcher), Starsem
(Soyuz launcher)
and Eurockot
(Rockot launcher)
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
European Access to Space: Europe’s Launcher Family

Ariane 5 ME 
(in development)

GTO capability

Soyuz VegaRockotAriane 5
ESC-A

Ariane 5
(de-commissioned

by 2009)

LEO capability

2.5 t / 5 t
1,400 km

1.1 t
700 km

1.5 t
700 km

12 t 10 t 6 t

> 20 t
300 km - 51 6

2.4 t / 3 t

Operator: Arianespace Starsem Eurockot Arianespace

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium Space Transportation (Astrium ST)

Space
Transportation

Satellites Services

Business Division

Defence

Business Division

Launchers

Business Division

Orbital Systems 
& Exploration

Business Division

Propulsion &
Equipment

Business Division

Competence
Centre

Functional Unit
Strategy & 

Market
Development

Functional Unit

Programme
Sourcing

Functional Unit

Company
Integration

Functional Unit
Technical 

Authority &
Quality

Business Division

Launchers

Business Division

Orbital Systems 
& Exploration

Business Division

Propulsion &
Equipment

Business Division

Competence
Centre

Functional Unit
Strategy & 

Market
Development

Functional Unit

Programme
Sourcing

Functional Unit

Company
Integration

Functional Unit
Technical 

Authority &
Quality

Eurocopter Astrium Defence
& Security

EADS

Airbus
Airbus Military Eurocopter Astrium Cassidian

EADS

Airbus
Airbus Military
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium ST’s Product and Capability Portfolio

� Ballistic missiles, missile defence

� Launchers: Ariane, Soyuz, Rockot, Vega

� Future launchers

� Orbital systems: Columbus, ATV, Operations, 
Atmospheric re-entry systems

� Propulsion & equipment

� System design, system integration & 
production

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
From MBB via DASA to EADS

Year Company 

1955 Ludwig Bölkow (helicopter & airplane development)

1965 Bölkow GmbH (also missiles and space propulsion)

1969 Foundation of Messerschmitt-Bölkow-Blohm (MBB)  

1981 MBB-ERNO (merger with the Northern Germany space company) 

1989 Deutsche Aerospace DASA (subsidiary of Daimler-Benz)

1995 Daimler-Benz Aerospace 

1998 DaimlerChrysler Aerospace

2000 Foundation of EADS (merger of the German DaimlerChrysler 
Aerospace, the French Aerospatiale-Matra and the Spanish CASA) 

2003 Reorganization of space activities � EADS Space Transportation 

2006 Reorganization of space activities � EADS Astrium

MBB

DASA

EADS
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Propulsion & Equipment

December 1966 1966/1967 Hydrogen high pressure 
thrust chamber (280 bar)

June 1968

1st flight of
the Europa 1 

upper stage

400 N bipro-
pellant engine 
for postioning
the Eldo
upper stage

1st hydrogen
engine in Europe

Ariane 1

Maiden flight
Dec. 1979

Aug. 1984 June 1988

Ariane 5 upper
stage EPS with
Aestus engine

Ariane 3

Ariane 4

Roll control
system (SCA)

Vulcain
EPC A5

Ariane 5

October 1997

201X

LOX/H2 or HC Staged 
Combustion Engine

1st staged 
combustion
cycle P111

1st fluor engine 
in Europe

27 kN engine
ELDO upper stage

1970 1966/1967

November 1963

December 1972

1st pulsed hydrogen
engine in Europe

HM-7 engine
Ariane 4
upper stage

HM-7/B engine
Ariane 4
upper stage

1st hydrogen 
ram jet engine in 
Europe hypersonic 
engineering

RS-72

2000                      2006

Vinci, Ariane 5 
upper stage

Foundation 
of the „Entwick-
lungsring Süd“
(development ring 
south)
1959

December 1992

Vulcain 2 EPC 
A5-ECA

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium’s Propulsion Heritage and Business

Bölkow MBB DASA EADS

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
LOX/Kerosene Heritage: The P111 Engine

� Development 1956 – 1967 by former Bölkow GmbH.

� Feasibility demonstration of a LOX/Kerosene, staged 
combustion cycle, ox.-rich preburner.

� Single shaft turbopump, axially integrated with 
preburner and main chamber (for interceptor aircraft 
integration )

� LOX-regenerative cooled main chamber.

� Copper liner with milled cooling channels, electro-
deposited copper and nickel close-out for high 
pressure applications.

� Main performance data:
Fsea = 49 kN �NE = 10.6
pc =  85 bar O/FMCC = 2.7
pPB = 116 bar TPB = 920 K

P111

September 2010 p10
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
LOX/H2 Heritage: The Bord 1 Thrust Chamber

BORD 1 – BOelkow/RocketDyne� Began in early 60s
� Data Exchange 

Agreement in 1962
� Modified Master 

Data Exchange 
Agreement in 1967

� Success of 1968 
testing was a key 
factor in NASA 
decision to award 
SSME to Rocketdyne

� Also a key factor in 
Germany’s propulsion 
industry becoming a 
European leader in 
thrust chamber design 
and production Fsea = 130 kN, pc =  283 bar, O/FMCC = 6.0

This document is provided by JAXA.



102 宇宙航空研究開発機構特別資料　JAXA-SP-10-010

September 2010 p11

Th
is

 d
oc

um
en

t i
s 

th
e 

pr
op

er
ty

 o
f A

st
riu

m
. I

t s
ha

ll 
no

t b
e 

co
m

m
un

ic
at

ed
 to

 th
ird

 p
ar

tie
s 

w
ith

ou
t p

rio
r w

rit
te

n 
ag

re
em

en
t. 

Its
 c

on
te

nt
 s

ha
ll 

no
t b

e 
di

sc
lo

se
d.

Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
MBB / DASA Ottobrunn Thrust Chamber Background

� Invention and Patent for 
Regenerative Cooled Copper 
Combustion Chamber Liner

� Successful LOX Rich Preburner
Staged Combustion Engine 
Demonstration – P111

� J-2 Engine Coax Injector 
Technology acquired through 
Cooperation with Rocketdyne in 
BORD-1 Program
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium’s Current Rocket Propulsion Portfolio

Aestus Engine
Upper Stage EPS

Vulcain 1 / 2 Thrust Chamber 
for Main Stage

Attitude Control 
System SCA
Main Stage

HM-7B Thrust Chamber
for Upper Stage ESC-A

Bipropellant MON/MMH Thrusters

4N 10N 400N/500N0.5N

Monopropellant Hydrazine Thrusters

2N 20N 400N5N1N 200N

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Upper Stage Propulsion Pre- and Development Activities

> 345 sec
LOX/CH4

420 kN

Includes foreseen 
development, test 
and production of the 
engine

ROMEO LOX/CH4

Gas Generator 
Cycle

Pre-Development DevelopmentPre-developmentPre-developmentStatus

464 sec
LOX/LH2

180 kN

Development, test 
and production
- thrust chamber
- LOX/LH2-valves

Vinci Engine
Ariane 5 ME 
Upper Stage

> 338 sec> 320 secPerformance
NTO/MMH
35 - 65 kN

Includes foreseen 
development, test 
and production of 
the engine

Aestus II / RS-72 
Storable Turbo-
pump-Fed Engine

NTO/MMHPropellants
4 – 8 kNThrust

Includes foreseen 
development, test 
and production of 
the engine

Astrium ST 
participation

3 – 8 kN Storable
Pressure Fed 
Engine

Engine
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Engineering Competences for a Huge Field of Application

RCS and LAE Thruster Upper Stage Engines Main Stage Engines
260

280

300

320

340

360
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400
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480

1 10 100 1000 10000 100000 1000000 10000000
vacuum thrust / N (log. scale)
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� Engineering capabilities 
needed for a huge field of 
application, including also 
LOX/HC engine studies

From storable to cryogenic propellants

From pressure-fed to pump-fed systems

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
TP2 – Programmes & Functional Responsibility Matrix

TP21
Systems Technology 
& R&D Programmes

D. Preclik

Fu
nc

tio
na

l

Programmes
TP22

Booster Propulsion 
Programmes
R. Nicolay

TP23
Upper Stage & In 

Orbit Propulsion Prog.
G. Hagemann

TP21
Systems Technology 
& R&D Programmes

D. Preclik

TP24
System
Analysis
O. Knab

TP25
Engineering

Analysis
M. Terhardt

TP26
Engineering

Design
G. Taubenberger

TP2
Launcher Propulsion 

Development
G. Langel
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Propulsion Engineering Analytical Efforts

Propellant Performance / Fluid Properties

Engine Cycle Optimization

Turbopump Performance

Thrust Chamber Performance

Heat Load Management

Injection / Combustion Modeling

CC /  NE Contour Optimization

Thermo-mechanical Analyses

CC High Frequency Stability Analysis

Propulsion Feed System Performance

Engine Transients Analysis

Engine

Propulsion 
System

Engine and 
Feed System

Prop. System Chugging Stability Analysis

Dynamic Feed System Analysis

focus of 
presentation

This document is provided by JAXA.



105東京大学　ロケットエンジンモデリングラボラトリー（JAXA社会連携講座）　シンポジウム

September 2010 p17

Th
is

 d
oc

um
en

t i
s 

th
e 

pr
op

er
ty

 o
f A

st
riu

m
. I

t s
ha

ll 
no

t b
e 

co
m

m
un

ic
at

ed
 to

 th
ird

 p
ar

tie
s 

w
ith

ou
t p

rio
r w

rit
te

n 
ag

re
em

en
t. 

Its
 c

on
te

nt
 s

ha
ll 

no
t b

e 
di

sc
lo

se
d.

Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Engineering Tasks of a Rocket TCA Responsible

Among others, main engineering tasks during a TC trade or development phase are: 

� Sizing and contouring of combustion chamber and nozzle 
extension (l*, �cc, �NE)

� Definition of injector pattern and injector element configuration

� Evaluation of heat 
transfer into CC & NE 
cooling circuit and 
injector face plate

� Tailoring of cooling 
channels and wall 
thickness distribution 
to fulfill pressure 
budget and life 
requirements

� Assessment
of additional
heat management 
devices such as film
cooling, thermal barrier 
coating, transpiration
cooling, etc.

� Performance optimization
(Isp, Life, Reliability, Cost)

September 2010 p18
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium ST’s Thrust Chamber Simulation Practices

3D combustion & heat transfer

3D injection 
element flow

3D heat transfer into 
structure and coolant

3D injector head flow 
distribution & heat transfer

Tmax = 

Tmax =

Tmax = 

Tmax =

3D channel 
inflow

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium’s Combustion & Heat Transfer Simulation Tools

Inflow

Outflow
Throat

U-turn

End of cylinder

M2-06 at 340 s
Rocflam-II/CFX

RCFS-II

2D/axisym., multi-phase 
Navier-Stokes code, 

propellant disintegration 
and evaporation, turbulent 

LOX/H2, LOX/HC, 
MMH/NTO combustion 

Hot-gas side 
heat transfer

Coolant- side 
heat transfer

3D Navier-Stokes code, 
dense gas turbulent LOX/H2

combustion

Advanced boundary layer
approach, equilibrium 

LOX/H2, LOX/HC, 
MMH/NTO chemistry, 2D 

flow expansion

3D Navier-Stokes code, 
fluid/structure coupling, H2,
CH4, N2, H2O real gas fluid

properties

Nusselt-type correlations 
coupled with 1D/2D 

structural heat conduction 
computation, analytical 
pressure drop modeling

Restricted to heat 
conduction through walls 
and radiation cooling to 

environment

Rocflam-II CFX
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Th
is

 d
oc

um
en

t i
s 

th
e 

pr
op

er
ty

 o
f A

st
riu

m
. I

t s
ha

ll 
no

t b
e 

co
m

m
un

ic
at

ed
 to

 th
ird

 p
ar

tie
s 

w
ith

ou
t p

rio
r w

rit
te

n 
ag

re
em

en
t. 

Its
 c

on
te

nt
 s

ha
ll 

no
t b

e 
di

sc
lo

se
d.

Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
The Rocflam-II Spray Combustion Tool Features

� compressible, sub- and supersonic flows
� k - turbulence model

� 2-layer model or logarithmic wall function
� compressibility effects

� chemical reaction models
- multi-step global reaction schemes 

(turbulence & kinetically controlled)
� Hydrazine/NTO, MMH/NTO, LOX/H2

- Presumed PDF with tabulated equilibrium 
chemistry

� LOX/H2, LOX/HC 
� Air/H2, Air/Kerosene
� Air/HTPB, LOX/HTPB

� real gas data
- down to the injection temperature
- for temperatures below the boiling/melting 

temperature: treatment of liquid water and 
ice as dense gases (quasi-condensation)

� Lagrangian partical tracking (Stochastic 
Separated Flow model)

- multi-class, bi-propellant, discrete particle 
injection and sequential tracking approach

� supercritical LOX & Methane gasification model

� annular liquid film cooling model
� advanced droplet-to-wall / film interaction model
� secondary droplet break-up
� viscous heating, species diffusion
� heat conduction in solid walls & radiation
� porous walls and crack simulation
� standard Jannaf property data base
� coupling with Astrium’s RCFS-II code 

(Regenerative Coolant Flow Simulation)
� 3D conjugate heat transfer analyses by coupling 

with commercial CFX CFD software package 

� 2-D, axisymmetric, finite volume
� Favre-averaged Navier-Stokes
� SIMPLE algorithm (pressure correction)
� implicit Stone solver 

� structured,
� non-orthogonal
� curvilinear meshes
� multi-block

This document is provided by JAXA.
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Propulsion & Equipment

Flow features as primary and secondary recirculation 
zones, stagnation and reattachment points are fairly 

well reflected by the ROCFLAM simulation

ROCFLAM simulation on high resolution 
mesh: Mascotte 10 bar

ROCFLAM simulation on high resolution 
mesh: Mascotte 10 bar

LES simulation 
(J. Oefelein): 
Sommerfeld
experiment

H2 droplets, evaporating
instantaneously

 LOX droplets

w
al

l
w

al
l

w
al

l

EADS’s methodology of spray initialization

� Method is suited for liquid, transcritical
and gaseous propellant injection (LOX/H2,
MMH/NTO, LOX/CH4 and LOX/Kero)

“virtual” H2 droplet parcels 
evaporating instantaneously

Astrium’s methodology of spray initialization

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Key Issue: Droplet/Spray Initialization

� Method is suited to initialize droplets 
on injection rows for 2D simulations

LOX droplet parcels
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Development Philosophy for Hardware & Tools

R
ep

re
se

nt
at

iv
ity

Complexity

Laboratory Tests

Subscale Tests

TCA
Demonstration 
Tests

Fullscale Engine
Tests

Single-Element

Fullscale Multi-Element

Subscale Multi-Element

model verification

model validation

This document is provided by JAXA.
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Propulsion & Equipment

� a huge data base for model and tool validation is available

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium ST’s Subscale Thrust Chamber Hardware Portfolio
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Propulsion & Equipment

� validation data obtained from calorimetric heat 
flux and wall temperature measurements

Rocflam-II LOX/H2
combustion modeling

simulated and measured 
heat flux profile

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Astrium 40kN LOX/H2 Calorimetric Subscale Combustor

This document is provided by JAXA.
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2D versus 3D Flow Field Resolution

Rocflam-II
(rotated)

3D CFD

Rocflam-II
(rotated)

3D CFD
3D design
verification

axisym.
layout

Resolution of 3D Effects
• circumferential heat load heterogeneities
• non-uniform face plate heating
• impact of injection element pattern on propellant disintegration

Capabilities for all propellant 
combinations (MMH/NTO, 

LOX/H2, LOX/CH4, LOX/Kero)
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
3D H2/O2 Combustion & Heat Transfer Modeling with CFX

� Dense gas approach (single phase) �
restricted to transcritical H2/O2

� Real gas properties down to cryogenic 
temperatures

� Flamelet combustion approach

� PPDF turbulent combustion

Resolution of 3D effects 
close to the injector head

Resolution of heat load heterogeneities

Resolution of injector pattern on propellant disintegration

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
3D H2/O2 Combustion & Heat Transfer Modeling with CFX

3D

2D

dense gas CFX

Rocflam-II spray combustion

� A high level of representatively has 
already been reached with the 3D 
dense gas approach

� However, some subjects may still be 
improved

�C* Qint,rel
[%] [%]

Rocflam-II 98.80 102.00
CFX 96.63 95.86
Test 98.50 100.00
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Coupled Hot Gas Side / Coolant Side Heat Transfer

 

coolant side
(3D CFD)

hot gas side
(Rocflam-II)

.
wall heat flux q

wall 
temperature Tw

coolant side
(3D CFD)

hot gas side
(Rocflam-II)

.
wall heat flux q

.
wall heat flux q

wall 
temperature Tw

coolant side + 
structure (3D CFX)

hot gas side
(axissym. Rocflam-II)

Resolution of channel flow characteristics: 

� thermal stratification effects

� secondary flow (curvature) effects

� channel surface roughness

� in- and outflow effects

Resolution of liner surface roughening: 

� temporal liner degradation

� local heat flux enhancement

rough surface

smooth surface

flow direction

This document is provided by JAXA.
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12f(x,3000s)

5f(x,610s)

0f(x,0s)

�Qintegral [%]ks

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Modeling of Temporal Liner Surface Degradation

increasing roughness

Modeling approach: 

� allowing for surface roughness in 2-layer wall turbulence model (lμ = f(Ra))

� calibration of wall roughness value to damping factor in turbulent length scale 
correlation via tube flow simulations and respective experimental data

� in future: approximation of rough-
ness evolution as a function of wall
temperature level and firing time

� essential for accurate liner life prediction !!
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Condensation Modeling Along Subcooled Walls

saturation

w
al

l t
em

pe
ra

tu
re

 T
w

axial coordinate x

temperature

wall temperature

with condensation model

without condensation model
�T

Modeling approach: 

� consideration of liquid water and ice species in Rocflam-II chemistry tables

� energetically correct homogeneous mixture (dense gas) model

� coupled hot gas side / coolant side conjugate heat transfer computation

� essential for accurate heat pick-up computations

P&W CECE

This document is provided by JAXA.
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Rocflam-II predicted liquid water 
mass fraction distribution

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Condensation Modeling Along Subcooled Walls

coupled Rocflam-II/CFX 
heat transfer model

measured and calculated heat load enhancement
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96.510.46Test data

97.110.74Rocflam-II

�c*  [%]pc [bar]S400-15

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Liquid Film Cooling Modeling in MMH/NTO Thrusters

Employed Rocflam-II models: 

� annular liquid film cooling model

� advanced droplet-to-wall / film 
interaction model

� secondary droplet break-up

� currently the 500 N 
EAM thruster is 
under development

� Rocflam-II analyses
support configuration
layout (l*, �cc)

EAM double swirl
configuration

This document is provided by JAXA.
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Propulsion & Equipment Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Novel Rocflam-II Modeling  – Pre-burner & Gas Generator

Spray combustion simulations at: 

� low mixture ratios

� liquid/liquid injection conditions

H2O liq.

injection point H2
injection point O2

coax

coax

injection point LCH4
injection point LOX

double swirl
jets

jets

jets

film injector

double swirl

 

static temperature T

ra
di

al
 c

oo
rd

in
at

e 
y

static temperature T

ra
di

al
 c

oo
rd

in
at

e 
y

�essential for thermal 
integrity justification and 
quantification of thermal 
stratification

O/F iso-plots
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begin of burn

end of burn

Oxidizer flow (gas)

Solid fuel grain
z

T[K]

yCombustion Chamber

TsTref

Qconvection
hot gas

Qconduction

Pyrolysis process

Qradiation

Environment

flame zone

fuel products

surface

X

boundary layer edge

temperature profile

Tf

Oxidizer flow (gas)

Solid fuel grain
z

T[K]

yCombustion Chamber

TsTref

Qconvection
hot gas

Qconduction

Pyrolysis process

Qradiation

Environment

flame zone

fuel products

surface

X

boundary layer edge

temperature profile

Tf

Air/HTPB combustion including a regression rate wall boundary condition � �sTfr ��

Astrium’s Liquid Propulsion Heritage & Simulation Capabilities 
Novel Rocflam-II Modeling  – Hybrid Propulsion

Modeling approach: 

� 12 species 
chemistry table

� heat balance 
pyrolysis model

6,0

6,1

5,8

pth [bar]

0,900,9123end of burn

0,900,9080DLR test

0,880,9049begin of burn

�c* [-]mtot [kg/s]

6,0

6,1

5,8

pth [bar]

0,900,9123end of burn

0,900,9080DLR test

0,880,9049begin of burn

�c* [-]mtot [kg/s]
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Concluding Remarks

� understand the physics

… and at the end some thoughts on lessons learned

� analyze and understand the data

� always think one level up (systems understanding)

� flight loads are not ground test loads

� it’s the transients that cause the most trouble, however difficult to analyze

� value engineering judgment over analysis only

� give the talented and unexperienced a chance – they will learn quickly

September 2010 p36
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� Heat conduction� Heat conduction

3D Conjugated Comb3D Conjugated Comb3D Conjugated Comb.3D Conjugated Comb.
and Heat transfer Simulationand Heat transfer Simulation

Final goal

(3D) Combustion Simulation(3D) Combustion Simulation
� Combustion flowfield

� H t id h t l d� Hot-gas side heat load

Negishi,�et�al.,�AIAA�Paper�2008�5241
3
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Subscale Multi Element Fullscale Multi ElementSingle Element Subscale Multi-Element
Verification & Validation

Fullscale Multi-Element
Industrial Need

Single-Element
Research

Knab et al. 2002

Lin et al. 2005 (RANS)

Hagemann et al. 2006 (RANS+ ) Preclik et al. 2005 (RANS+ )
Oefelein et al. 2007 (LES)( )

•

•

•

• ••

•
•

•

•

•

•
5

•
•
•

•

•
••

Nozzle flowExpansion
Tube Flow

Turbulent
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CRUNCH CFD CRAFT Tech• CRUNCH CFD CRAFT Tech 
• : 3D Compressible Reynolds Averaged NS eq. 

(Density Based) with Pre-conditioning( y ) g
• : 2nd order Upwind
• : Implicit Gauss-Seidel
• : Laminer finite rate proposed by Petersen and 

Hanson JPP Vol.15 No.4 1999
• : Standard k � model with near wall models• : Standard k-� model with near-wall models

– Model 1: Low-Re type [Papp and Dash AIAA-2001-880 2001]
– Model 2: 2-layer type [Wolfshtein Int J. Heat and Mass Transfer 1969]

• : SRK and HBMS hybrid
Low-Re type 2-layer type

�
�� ��

2kfCt �
� � lg,1 attt WW ��� ���

� �� �70Re1lg kwat yCkC �� �� �
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f�:Damping function
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�
�

�

�
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�
��
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GH2/LOXGH2/LOX -- --

• : GH2/LOX
•

– 5 0MPa5.0MPa
– 12

•
1700000 (Full Injector) + 900000 (Half Injector) + 4200000– 1700000 (Full Injector) + 900000 (Half Injector) + 4200000 
nodes (Top Chamber) + 300000 (Nozzle) = 7.1 M points

– = 0.5 �m (Y+ < 4 in all zone)

No-slip adiabatic wall
No-slip iso-thermal wall

20
Points

Constant mass flux

Symmetry
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Near�Wall Model Flat�Plate Nozzle Expansion�tube
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Model�2�(Two�layer) Good Fair Good
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New Horizon of Rocket Engine Modeling and Simulation

高解像度コンパクト差分法を用いた超臨界圧環境下

における噴流構造の数値解析

A high-resolution scheme for jet mixing flows 

under supercritical thermodynamic conditions

The University of Tokyo, Sep/28-29/2010

寺島　洋史（JEDI/JAXA）

12010年9月28日火曜日

� 超臨界圧環境下における噴流構造

� 6次精度コンパクト差分法とLADを用いた高解像度数値解析手法

Key topics

22010年9月28日火曜日
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Backgrounds

ロケットエンジンの燃焼圧: 3~20MPa

- 超臨界圧力下における噴流混合や燃焼現象
- 非定常噴流構造の解明

噴射性能や熱環境の予測

RANS by Cutrone et al. (2006)

Oschwald et al. (2006)

RANS解析

- 非定常性の欠落，乱流モデルへの依存

LES by Zong et al. (2004)

LES/DNS解析

- 低次精度解析，格子点数の増加（数千～数
億点，Tucker et al. 2007-2008など）

32010年9月28日火曜日

Backgrounds and Purpose

� 超臨界圧流体解析に対する高解像度スキームの導入

-乱流構造の解像；噴流混合現象
の詳細理解

- 計算格子/時間の削減

Spurious oscillation around interface 
(Abgrall and Karni, JCP2001)

- 多流体における固有の数値振動
- 多相流体における数値安定性

� 高解像度数値解析法の評価
- 多成分理想流体への適用
Kawai and Terashima, IJNMF 2010

- 超臨界圧実在流体へ導入，評価

６次精度コンパクト差分法とLAD

Deformation of helium bubble due to shock wave passage in air

42010年9月28日火曜日
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Numerical methodology

• The compressible Euler/Navier-Stokes equations in generalized coordinate

� Sixth-order compact differencing scheme for advection and viscous terms (Lele 1992)
� Third-order TVD Runge-Kutta scheme for time integration (Gottlieb 1998)
� Sixth-order compact filtering for numerical stabilization (Lele 1992, Gaitonde 2000)

• The Soave-Redlich-Kwong (SRK) equation of state

p =
RT

V − b
− aα

V (V + b)

e(T, ρ) = e0(T ) +

� ρ

0

�
p

ρ2
− T

ρ2

�
∂p

∂T

�

ρ

�

T

dρ

� for example, the internal energy consists of perfect gas component and the departure function

52010年9月28日火曜日

Localized Artificial Diffusivity (LAD)

μ = μf + μ∗

β = βf + β∗

κ = κf + κ∗

D = Df +D∗

μ∗ = Cμρ

������
3�

l=1

∂rS

∂ξrl
Δξrl Δ

2
l

������

κ∗ = Cκ
ρc3

T

������
3�

l=1

∂rT

∂ξrl
Δξrl Δl

������

7th-order WENO

3

4
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LAD method

- Cook and Cabot, 2004
- Cook, 2007
- Kawai and Lele, 2008, 2010

� adding artificial transport coefficients to the fluid transport coefficients

β∗ = Cβρ

������
3�

l=1

∂r∇ · u
∂ξrl

Δξrl Δ
2
l

������
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Problems set up

本手法の性能，適用性評価のため，1，2次元超臨界圧流体問題を設定した．

1.　Advection flows, including trans-critical state

2.　Shock tube problem, introduced by Arina 2004

3.　Modified Shu-Osher problem

4.　Two-dimensional cryogenic jet at supercritical pressure

72010年9月28日火曜日

Result 1: 1-D advection flow

� Nitrogen at 4MPa (trans-critical state) and 8MPa considered
�
(450.0, 10.0, 124.6, 4.0) 0 ≤ x < 0.3m,

(45.0, 10.0, 298.5, 4.0) 0.3 ≤ x ≤ 1.0m.
(ρ, u, T, p) =

� 101 grid points, CFL: 0.4

Density profiles and maximum wiggles amplitude at t=0.04s

(Cκ = 0.01)

pcr = 3.4MPa, Tcr = 126.2K, ρcr = 313.3kg/m
3

窒素の臨界値：

Schematic of an advection problem

82010年9月28日火曜日
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Smooth initial interface

� Centered schemesで問題となるinitial startup errorを避けるため導入
Smooth initial interface, generated with an error function:

fsm =
1 + erf[ΔR/�]

2
, � = C�Δx

C� = 0.0 ∼ 5.0

q = qL(1− fsm) + qRfsm

ΔR : distance from interface

92010年9月28日火曜日

Result 2: Interface thickness

� Interface thickness defined as:

� Even with smooth initial interface, the present method keeps the interface sharper than 
MUSCL (SHUS) with sharp initial interface

δ

Δx
=

Δq

Δx∂q/∂x|max

Present with Smooth interface

SHUS with Sharp interface

δ

∂q

∂x

Schematic of interface thickness

102010年9月28日火曜日
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Result 3: Influence of LAD:

� The following results are with Cκ = 0.001

�  LAD       effectively can reduce spurious oscillations due to initial startup errors, the effect appears 
particularly in the temperature profile as expected.

κ∗

κ∗

κ∗ = Cκ
ρc3

T

������
3�

l=1

∂rT

∂ξrl
Δξrl Δl

������

112010年9月28日火曜日

Result : Shock tube problem

� CO2 considered

� 801 and 8001 grid points, CFL: 0.4, 

Density (overall and zoom-up) profiles at t=2.745e-3s

二酸化炭素の臨界値：

Cβ = 1.75, Cκ = 0.01

�
(348.8, 0.0, 73.76) 0 ≤ x < 5m,

(3.488, 0.0, 0.7376) 5 ≤ x ≤ 10m.
(ρ, u, p) =

pcr = 7.376MPa, Tcr = 304.22K, ρcr = 348.8kg/m
3

122010年9月28日火曜日
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Result : Modified Shu-Osher problem

� Nitrogen under supercritical pressure considered

� 201 and 2001 grid points, CFL: 0.4, 

Density (zoom-up) and ratio of the specific heat profiles at t=5.903e-3s

Cβ = 1.75, Cκ = 0.01

(ρ, u, p) =

�
(3.86ρ0,MrefcL, 10.33p0) −5 ≤ x ≤ −4m.
(ρ0(1 + 0.2 sin 5x), 0.0, p0) −4 ≤ x < 5m,

ρ0 = 50kg/m3

p0 = 4.0MPa
where

132010年9月28日火曜日

Two-dimensional case: cryogenic jet

� Cryogenic LN2 plane jet injected into GN2 supercritical pressure condition

Injection jet Chamber

130.0 K 298.0 K

3.97 MPa 3.97 MPa

236.3 kg/m3 45.458 kg/m3

Maximum injection veelocity V0=10.0 m/s

Velocity profile using hhyperbolic tangent

Diameter of inlet D=22.2 mm

Reynolds number: 2.633×105

LN2

GN2 at supercritical pressure

� Velocity profile at the inlet

� Viscosity from Zeberg-Mikkelsen et al.
� Thermal conductivity from Vasserman and Nedostup

V (rc) =
V0

2

�
1 + tanh

�
0.25

D

Θ
(

D

2rc
− 2rc

D
)
��

, where Θ =
D

60

142010年9月28日火曜日
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Continued.

� Four grids used for grid convergence study
Grid1: 199×185, Grid2: 368×345, Grid3: 689×645, and Grid4: 1309×1185.

Minimum grid spacing: 1.5×10-5m

� � �

� � �

� �

Computational domain: 400D×100D

� � � � � � � �

� Statistics during 60ms

152010年9月28日火曜日

Result 2: Statistic (density)

Grid1: 199×185

Grid2: 369×345

Grid3: 689×645

Grid4: 1309×1185

x/D=20.0x/D=5.0

centerline

172010年9月28日火曜日
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Density: mean on centerline, mean at x/D=5, fluctuation at x/D=5

Result 3: Statistic distributions

n at x/D 5
182010年9月28日火曜日

Result 4: Comparison with MUSCL scheme (SHUS)

� Instantaneous density distributions

Left: SHUS, Right: Present on Grid2: 369×345

Left: SHUS, Right: Present on Grid3: 689×645
192010年9月28日火曜日
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Result 5: Comparison with SHUS on Statistics

Density: mean on centerline

Velocity: 
mean at x/D=5 (upper), 
fluctuation at x/D=5 (lower)

202010年9月28日火曜日

Conclusions

超臨界圧流体解析に対して，6次精度コンパクト差分法とLADによる高解像度数
値解析法の導入し，1，2次元問題を通して，その性能と適用性を評価した．

• 適切にinitial startup errorを避けることで，虚偽の数値振動無く，遷臨界状態を
含む超臨界圧移流問題に適用できることを示した

• 特に，LADにおける人工熱伝導係数は，界面でのwiggles抑制に効果的に働く

• 2次元極低温噴流問題に適用し，適度な格子解像度で，噴流の非定常構造や変動
量の評価が可能となることを示した

• 衝撃波を含む超臨界圧流体に適用可能であること，修正Shu-Osher問題では，密
度や温度の高周波変動を解像する上で優れた性能を持つことを示した

212010年9月28日火曜日
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Study on Acoustic Devices to Attenuate
Oscillatory Combustion

JAXA / JEDI CENTER
2010.9.28
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3

@ JAXA/IAT:

47 pp.231, 2009.

1Tmode
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� Second Explosion Limit
� Chain Branching & Termination

� H+O2 = OH+O
� H+O2+M = HO2+M

� Third Explosion Limit
� Formation & Decomposition of H2O2

� HO2+HO2 =H2O2+O2

� H+H2O2 =HO2+H2
� H2O2+M =2OH+M

P iPrinceton
J.Li, Z.Zhao, A.Kazakov, F.L. Dryer, 
Int J Chem Kinet 36 (2004) 566-575Int.J.Chem.Kinet., 36 (2004) 566 575

LLNL
M.O’Conaire, H.J.Curran, J.M.Simmie, W.J.Pitz,, , , ,
C.K.Westbrook,
Int. J. Chem. Kinet., 36 (2004) 603-622

lBrussel
A.A.Konnov, Combust. Flame, 152 (2008) 507-528
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M.P.Burke, M.Chaos, F.L.Dryer, and Y.Ju, Combust. Flame, 157 (2010) 618-631
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H+HO2=H2+O2, OH+OH, H2O+OH+HO2 H2+O2, OH+OH, H2O+O
Extended 2nd explosion Limit
(2) H+O2=HOH+O
(15)H+O2+M=HO2+M(15)H+O2+M=HO2+M
(5) H+HO2=H2+O2
(6) H+HO2=OH+OH

2kkk 1
]M[

2
2 15

2

5

65 �
�

k
k

k
kk

Mousavipur et al.(2007)

Muller et al. (1999)

No model includes O+OH+M=HO2+M.
(Burke et al. 2010)

Production of electronically excited species:
H+HO2= O(1D) +H2O

O(1D)+M=O(3P)+MO( D)+M=O( P)+M
M=Ar,He,H2 :slow (spin forbidden)
M=O2,H2O,N2: fast

O(1D)+H2=OH+H

Germann and Miller (1997)

O( D)+H2 OH+H
O(1D)+H2O=OH+OH
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• Recent chemical kinetic mechanisms for H2 combustion tend to have 
more and more stiffness.

• Under the rocket engine conditions (high pressure and no diluents), it g ( g p ),
becomes more stiff. 

Fig. Time variation of temperature (a) and time step (b) required in the Runge-Kutta-Fehlberg (R-K-F) 
methods for the adiabatic constant volume combustion: H /O =2/1 T =1000K P =150 atmmethods, for the adiabatic constant volume combustion: H2/O2=2/1, T0=1000K, P0=150 atm.
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� (8)Thermodynamic
constraints RTnp

nHh
j jj

��

�� (8)

(9)

Kinetic�constraints �� ��
j jkjj jkjk Wcdtdncdtdd )/(/)( (10)

�jW From�detailed�chemical�kinetic�nechanism

Kinetic�constraints:�
Constraint�A1:�H2,�O2,�H2O,�H
Constraint A2: H O H O H OHConstraint�A2:�H2,�O2,�H2O,�H,�OH

Constraint�B1�(3�constraints):
TM (total moles)( )

TM=H2+O2+H+O+OH+HO2+H2O+H2O2
AV (active valence)    AV=H+OH+2O
FO (free oxygen)         FO=H2O+OH+O

Constraint�B2:�TM,�AV,�FO�and�H2O
Constraint�B3:�TM,�AV,�FO�and�{H2O+H2+O2}�
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20�100 H+HO2 /
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Inlet velocity Reynolds number

u� = 2.5, 20 m/s

D0 �m, 100 K
20 m/s 240

2.5 m/s 30

p0 = 10 MPa, D0 = 100 �m

� A i t i t di i l l l ti

Numerical treatment

� Axisymmetric two-dimensional calculation
� Equation of state : Soave 1)2)

� Viscosity :  Chung et al. 3)

� Thermal conductivity : Chung et al 3)

1. Soave, G., Chemical Engineering Science, 27(1972), 
pp.1197-1203.

2. Soave, G., Chemical Engineering Science, 35(1980), 
� Thermal conductivity : Chung et al. 3)

� Diffusivity : Riazi et al. 4)
pp.1725-1729.

3. Chung, T-H. et al., Industrial & Engineering of 
Chemistry Research, 27(1988), pp.671-679.

4. Riazi, M. R. et al., Industrial & Engineering of 
Chemistry Research, 32(1993), pp.3081-3088.
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UT-JAXA Symposium
28-29 October, 2010

Supercritical Pressure
- 1st stage booster engines 

d- rated operation

Turbulent diffusion combustion w/o atomizationJAXA

LOX/GH2 supercritical pressure (10 MPa)
Subcritical Pressure
- upper stage engines

Turbulent diffusion combustion, w/o atomizationJAXA

upper stage engines
- Off-design operation
(deep throttling)

LOX/GH2 subcritical pressure (1.5 MPa)
Spray combustion, with atomization

JAXA
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JPP�Vol12�No6�(1996)

JPP�Vol12�No6�(1996)
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噴霧特性に大きく影響する 噴射器の近傍における一次微粒化は 特に実噴霧特性に大きく影響する、噴射器の近傍における 次微粒化は、特に実
験的計測が難しい。
液体ロケットエンジンの非設計点作動まで見据えて、噴射条件と噴射器近
傍 微粒化 関連 およびそ 流体力学的機構を明らかにする傍の微粒化の関連、およびその流体力学的機構を明らかにする。
噴射器内部あるいはその上流の影響までも考慮する。

-

LE�X /MB�X

-

LE X /MB X
LNG RVT

+

FY2008FY2008 FY2012FY2012
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Farago,Z(1992)

Classification of liquid jet atomization at coaxial type injector
・数値解析とあわせて、対応する実験を実施。数値解析とあわせて、対応する実験を実施。
・低Weber数の比較的単純な単一液滴分裂現象から、段階的に高Weber数の
液膜微粒化、液柱微粒化現象を対象として、微粒化現象の知見を蓄積。
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Pinch Off Pinch Off at small Weat small We

解析対象と条件

[ ] [ ] V=Ve(1+�sin(2�ft))
V 25 /Ve=25mm/sec
�=0.04
f =10Hz

Nozzle Diameter 
D=10mm
(32 grids) 

Longmire,E.K.,et al. (2001)
40 40 196 stencils

Inoue,C.,et al., AIAA-2007-5461
We=0.26, Re=35
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実験結果との比較

①Liquid Shape (cross section)
Experiment by E K Longmire et al

② Axial Velocity Profile
Experiment by E.K.Longmire et al.

Axial Velocity 

Present CFD

a e oc ty
along Central Axis
(Φ=0, 280 deg)z/D=1.8-8.4

At i ti f Li id Sh tAt i ti f Li id Sh tAtomization of Liquid SheetAtomization of Liquid Sheet
at largeWeat largeWeat large Weat large We
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I C t l AIAA 2009 5041Inoue,C.,et al., AIAA-2009-5041

We=ρU2D/σ >1000Experimental Apparatus We=ρU2D/σ >1000
(ρ :liquid density, D :nozzle dia.(1mm), σ :surface tension cef.)

Experimental Apparatus

-amplitude of sheet ; � � � �1 2exp ( ) exp ( )
o o o

a a aG r G r
a a a

� � �� �

-max. growing ratio ;

with injection perturbation (same amplitude in each case)

3
0.5 1.52 2 ˆ( )max

3 4
g

r
VG r We r f ��
��

� �
� �� �

� �
�

� � � �
o o oa a a

-with  injection perturbation (same amplitude in each case)
Inoue,C.,et al., AIAA-2009-5041

We=3077(Ve=15m/s)

Larger We

z

Larger Wer

We=8546(Ve=25m/s)
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Atomization at Coax. Injector Atomization at Coax. Injector 
t l Wt l Wat large Weat large We

同軸噴射解析モデル同軸噴射解析モデル

�高速気流を伴う液柱ジェットの微粒化。
�噴射器内部で発達した乱流渦は 噴射器近傍の液面�噴射器内部で発達した乱流渦は、噴射器近傍の液面
大変形には寄与しない。
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様々な噴射条件下の微粒化

Ul 0 8 /Ul=0.8m/s
Ug_max=42m/s

Ul 0 8 /Ul=0.8m/s
Ug_max=14m/s
3-time denser gasg
(at same flow rate)

Ul=0.8m/s
Ug_max=42m/s

fast gas

g_
with 1D recess
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Capture Interface Precisely with Volume ConservationCapture Interface Precisely with Volume Conservation
-- HLSM(Level Set & MARS) [HLSM(Level Set & MARS) [HimenoHimeno(2003)](2003)]--
Distance Function MARS

Distance function � is generated 
from moving interface

VOF is interpolated with a 
piecewise linear function

Distance Function MARS
Kunugi,T.(2000)Osher,S.(1988)

from moving interface

Owing to distribution of�

piecewise linear function

Owing to distribution of�

are computed exactlyare computed exactly

Surface tension is computed by CSF model
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(CIP-LSM) :

Ref. AIAA 2005-3931 (Himeno)

+ z

0.
20

m

23

+ z
+ x

Clearance 0.20 m

(CIP-LSM) :

Ref. AIAA 2005-3931 (Himeno)

CIP-LSM

24
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界面追跡界面追跡--分散相ハイブリッド解析法分散相ハイブリッド解析法

・格子サイズ以上の現象→界面追跡法(オイラー的)
・格子サイズ以下の現象→液滴追跡(ラグランジュ的)

CIP-LSM CIP-LSM/DDM

by (M2)

CIP LSM/DDM
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60mm
300 Point

�T

14mm
70 Point

微粒化領域微粒化領域 燃焼領域燃焼領域INPUTINPUT OUTPUTOUTPUT

・質量保存 ・C*・噴射速度

・運動量保存

・エネルギー保存

・温度/圧力分布

・噴射器/燃焼器設計
・噴射温度

・噴射器形状

・状態方程式 ・感度調査・燃焼器形状

数値解析
･微粒化量･分裂距離
空間分布 液滴速度

一次元モデル

･空間分布･液滴速度
･液滴径

・実験計測が困難な微粒化過程の諸量を一次元モデルの初期値に反映(CFD→マクロ)( )
・微粒化・蒸発・混合現象が燃焼特性に与える感度を調査(マクロ→CFD)
・噴射器設計・燃焼器設計指針を獲得
・LOX/LH2、LOX/LCH4、同軸型噴射器、衝突型噴射器に適応可能
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まとめ

設計開発技術の高度化に向けた取り組みの中で 合理的に レメント設計開発技術の高度化に向けた取り組みの中で、合理的にエレメント
を設計する観点から、推進薬の微粒化に関して、実験に基づく基礎現象
理解と、シミュレーション技術向上の双方を継続的に実施している。
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--JAXAJAXA

9/29/2010

11
( 21 JAXA/JEDI )

(Fujii et al CAV2003 2003)(Fujii et al., CAV2003, 2003)

�

�
�
�

(LE 7)

�

�� POGO

2

(LE-7)
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MAP

//
/

Thermal/Flow Field

Blade Design/Operation

/
Microscopic

/

/

B-B

Microscopic
Physics

/

/

3/ / / /

��
(VOF, Level Set, Front Tracking, etc.)

�

�

�

�

�

(EOS, BD)
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� (Iga et al., 2003 )
� ( )

� (Okita&Kajishima, 2002 )

�
�

/
/

SGS

( ) MAP
//
/

Thermal/Flow Field

Blade Design/Operation

/

/
Microscopic

/

/

B-B

ic oscopic
Physics

/

/

6/ / / /
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CFD (JAXA/ )

NACA0015 , 1.4
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(Tani et al., 2009)
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(M ) [1/m3](M0) [1/m3]

15

Js [1/s/m3] Sb [1/s/m3]Js [1/s/m3] Sb [1/s/m3]

( )
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( )
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Sc [1/s/m3]
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