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Introduction: overview

Fig – Vulcain gas generator cycle Fig – Vulcain 1 rocket engine

LH2 LOx
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Introduction: turbopump
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Fig – Vulcain LH2 turbopump
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Introduction: cavitation

𝑝(𝑇) < 𝑝!"#(𝑇)

• Pump suction
• Local overspeed
• Shear stress
• Geometry

No cavitation or moderate cavitation 

• Mechanical instabilities
• Performance drop

Fig – Cavitation on SSME LOx inducer [Braisted, 1980]

Strong cavitation

Boiling

C
av

ita
tio

n

Pressure

Temperature

Solid
Liquid

Vapor

Triple 
point

𝑝!"#(𝑇)

𝑇



Joris Cazé Thesis defense 7/54

Introduction: objectives

Fig – Experimental performance curve on a 
centrifugal pump [Franz et al., 1989]

Fig – Illustration of a liquid propellant tank

Reduce the rocket dry mass 
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Introduction: cavitation modeling

Fig – Cloud cavitation on hydrofoil (left) - Bubble cavitation on propeller (right) 
[Franc and Michel, 1995]

Cavitation characteristics:

• Two-phase flow

• Phase change
• (in)compressible regions

• 3D

Pump characteristic:

• Rotor motion
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Modeling: state-of-the-art
Bubble dynamics

Empirical correction 
coefficients

Liquid 𝜌3

𝑅

Vapor

𝑝&

𝑝

𝜎

[Singhal et al., 2002] [Zhang et al., 2019]

𝑚̇ = ±𝑁4𝜋𝑅8𝜌9
2
3
𝑝9 − 𝑝
𝜌:

𝑅
d8𝑅
d𝑡8

+
3
2
d𝑅
d𝑡

8
+
2𝜎
𝑅
=
𝑝9 − 𝑝
𝜌:

Rayleigh-Plesset equation
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Modeling: state-of-the-art

• Homogeneous model

• 3D RANS → FINETM/Turbo code

𝜌 = 𝛼&𝜌& + (1 − 𝛼&)𝜌3

𝜕𝜌
𝜕𝑡 + ∇ ⋅ 𝜌𝒖 = 0

𝜕𝜌𝒖
𝜕𝑡

+ ∇ ⋅ 𝜌𝒖⊗ 𝒖 + 𝑝𝑰 = ∇ ⋅ 𝝉 + 𝜌𝑭

𝜌 = 𝜌 𝑝 =
𝜌3 + 𝜌&
2 +

𝜌3 − 𝜌&
2 sin

𝑝 − 𝑝&
𝑐4()5

2
𝜌3 − 𝜌&

Fig - Barotropic state law 𝜌(𝑝) for water from
[Coutier-Delgosha et al., 2005]

Barotropic EOS

No need to define mass transfer

Better thermodynamic behavior with the 
added energy equation [Goncalves et al., 2010]
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Modeling: two-phase flow approach

• Hyperbolic model → waves propagation

• Able to handle several interface types L/V or 
others (multi-species, non-condensable gases)

Phase 
change

• Complete thermodynamic
description for each phase

• Taking into account the 
thermodynamic equilibrium
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Modeling: two-phase flow model

Velocity equilibrium model (𝒖L = 𝒖8)
Used to study cavitating flow [Petitpas et al., 2011]
For two-phase flow 𝑘 = 1, 2:

EOS
𝑒6 = 𝑒6(𝜌6 , 𝑝6)

[Kapila et al., 2000]
[Saurel et al., 2009]

𝜕!𝛼" + ∇ ⋅ 𝛼"𝑢 − 𝛼"∇ ⋅ 𝑢 = 𝜇 𝑝" − 𝑝# + 𝑚̇/𝜌$

𝜕! 𝛼%𝜌% + ∇ ⋅ 𝛼%𝜌%𝒖 = ±%𝑚̇

𝜕! 𝜌𝒖 + ∇ ⋅ 𝜌𝒖⊗ 𝒖 + ∇ 𝛼"𝑝" + 𝛼#𝑝# = 𝟎

𝜕! 𝛼%𝜌%𝑒% + ∇ ⋅ 𝛼%𝜌%𝑒%𝒖 + 𝛼%𝑝%∇ ⋅ 𝒖 = ∓% 𝜇𝑝$ 𝑝" − 𝑝# ±% ℎ$𝑚̇ ±% 𝑄̇

𝜕!𝑈 + ∇ ⋅ 𝐹 𝑈 + 𝐻 𝑈 ∇ ⋅ 𝑢 = 𝑅 𝑈

𝜈 𝑔5 − 𝑔7

𝜈 𝑔5 − 𝑔7 /𝜌8

𝜈 𝑔5 − 𝑔7

𝜃(𝑇5 − 𝑇7)
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Modeling: thermodynamical closure
• Each phase is governed by its

Equation Of State (EOS)
• EOS

• Stiffened Gas
• Noble-Abel Stiffened Gas

• Calibration of EOS parameters based
on experimental saturation curve
[Le Métayer et al., 2004]
[Le Métayer et al., 2016]

≠ Van Der Waals
𝑝

𝑣

𝑇 = 𝑐𝑠𝑡

L+V

V

L

Fig – Typical phase diagram (𝑝, 𝑣)

𝑝 𝑣, 𝑒 = 𝛾 − 1
𝑒 − 𝑞
𝑣 − 𝑏

− 𝛾𝑝T

Thermal agitation

Repulsive short distance effects

Matter cohesion
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Modeling: thermodynamical closure
Example Water EOS calibration for

• Stiffened Gas
• Noble-Abel Stiffened Gas

Fluid state is solely based on 
thermodynamic considerations
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Modeling: blades motion
Moving Reference Frame (MRF) method [Combrinck and Dala, 2014]

Lagrangian derivation based on classical point mechanics

Change of reference frame: inertial one → rotating one

Rotationnal effects: centrifugal force & Coriolis force

𝒙
𝒛

𝒚

𝒖 = 𝒖𝒓 + 𝛀×𝒓

𝛀

𝜕#𝜌 + ∇ ⋅ 𝜌𝒖𝒓 = 0

𝜕#𝜌𝒖𝒓 + ∇ ⋅ 𝜌𝒖𝒓⊗𝒖𝒓 + 𝑝𝐼 = −2 𝜌𝜴 ∧ 𝒖𝒓 − 𝜌𝜴 ∧ 𝜴 ∧ 𝒙

𝜕#𝜌𝐸: + ∇ ⋅ 𝜌𝐸: + 𝑝 𝒖𝒓 = −𝜌𝒖𝒓 ⋅ 𝜴 ∧ 𝜴 ∧ 𝒙

Euler equations:

𝐸: = 𝑒 +
1
2𝒖𝒓

𝟐

[Cazé et al., 2022]
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Modeling: blades motion

𝜕#𝛼7 + 𝒖𝒓 ⋅ ∇𝛼7 = 𝜇 𝑝7 − 𝑝5 +
𝑚̇
𝜌8

𝜕# 𝛼6𝜌6 + ∇ ⋅ 𝛼6𝜌6𝒖 = ±6𝑚̇

𝜕# 𝜌𝒖𝒓 + ∇ ⋅ 𝜌𝒖𝒓⊗𝒖𝒓 + ∇ 𝛼7𝑝7 + 𝛼5𝑝5 = −2 𝜌𝜴 ∧ 𝒖𝒓 − 𝜌𝜴 ∧ 𝜴 ∧ 𝒙

𝜕# 𝛼6𝜌6𝑒6 + ∇ ⋅ 𝛼6𝜌6𝑒6𝒖𝒓 + 𝛼6𝑝6∇ ⋅ 𝒖𝒓 = ∓6 𝜇𝑝8 𝑝7 − 𝑝5 ±6 (𝑄̇ + ℎ8𝑚̇)

𝜕#𝜌𝐸: + ∇ ⋅ 𝜌𝐸: + 𝑝 𝒖𝒓 = −𝜌𝒖𝒓 ⋅ 𝜴 ∧ 𝜴 ∧ 𝒙

Change of reference frame: inertial one → rotating one
Rotationnals effects: centrifugal force & Coriolis force

Two-phase flow model:

𝐸: = 𝑒 +
1
2𝒖𝒓

𝟐 𝑒 = 𝑌7𝑒7 + 𝑌5𝑒5

𝒙
𝒛

𝒚

𝒖 = 𝒖𝒓 + 𝛀×𝒓

𝛀

[Cazé et al., 2022]
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Numerical method: Overview
Solving 𝜕f𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 𝑅 𝑈 + 𝑆(𝑈) using FV method:

1. Homogeneous system with Godunov’s scheme 𝜕f𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 0
2. Source step 𝜕f𝑈 = 𝑆(𝑈)
3. Phase change 𝜕f𝑈 = 𝑅ghi(𝑈)

[Schmidmayer et al., 2020] & [Schmidmayer, Cazé et al., 2022]
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Numerical method: numerical scheme

Solving 𝜕f𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 𝑅 𝑈 + 𝑆(𝑈) using FV method:

1. Homogeneous system with Godunov’s scheme 𝜕f𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 0

𝑼𝒊𝒏l𝟏 = 𝑼𝒊𝒏 −
Δ𝑡
𝑉n

ΣopL
q! 𝐴o𝑭𝒔∗ ⋅ 𝒏𝒔 −

Δ𝑡
𝑉n
𝐻 𝑼𝒊𝒏 ΣtpL

u" 𝐴o𝒖𝒔∗ ⋅ 𝒏𝒔

with 𝑭𝒔∗ = 𝑅𝑃(𝑼𝒊𝒏, 𝑼𝒋𝒏) using approximate Riemann solver
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Numerical method: numerical scheme

Solving 𝜕f𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 𝑅 𝑈 + 𝑆(𝑈) using FV method:

1. Homogeneous system with Godunov’s scheme 𝜕f𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 0
2. Source step 𝜕f𝑈 = 𝑆(𝑈)

Take into account Moving Reference Frame terms

𝑼𝒊𝒏=𝟏 = #𝑼𝒊𝒏 + Δ𝑡 𝑺(𝑼𝒊
𝒏)

or RK2, RK4 scheme
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Numerical method: numerical scheme
Solving 𝜕#𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 𝑅 𝑈 + 𝑆(𝑈) using FV method:

1. Homogeneous system with Godunov’s scheme 𝜕#𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 0
2. Source step 𝜕#𝑈 = 𝑆(𝑈)
3. Phase change 𝜕#𝑈 = 𝑅$%&(𝑈)

Evaluation of mass transfer terms by 
relaxation processes

Thermodynamic problem of return to 
equilibrium

𝜕!𝛼" = 𝜇 𝑝" − 𝑝# + 𝜈(𝑔# − 𝑔")/𝜌$
𝜕! 𝛼%𝜌% = ±%𝜈(𝑔# − 𝑔")
𝜕! 𝜌𝒖 = 𝟎
𝜕! 𝛼%𝜌%𝑒% = ∓% 𝜇𝑝$ 𝑝" − 𝑝# ±% ℎ$𝜈(𝑔# − 𝑔") ±% 𝜃(𝑇# − 𝑇")

with 𝜇, 𝜈, 𝜃 → ∞
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Numerical method: phase change

Saturation state
𝑇$
% = 𝑇&

% = 𝑇%

𝑝$
% = 𝑝&

% = 𝑝%

𝑔$
% = 𝑔&

% = 𝑔%

Mass conservation
𝜌% = 𝛼&

%𝜌&
% + 𝛼$

%𝜌$
% = 𝜌' (1)

Energy conservation
𝜌𝑒 % = 𝛼𝜌𝑒 &

% + 𝛼𝜌𝑒 $
% = 𝜌𝑒 ' (2)

𝑇!"#(𝑝)

𝜌6 = 𝜌6(𝑝, 𝑇!"#)

𝑒6 = 𝑒6(𝑝, 𝜌6) 𝛼& with (1)

𝜌𝑒 with (2)

𝑝<

𝜌𝑒 = → 𝜌𝑒 < ?

Yes

No

EOS

Equilibrium state

EOS

𝑔3 = 𝑔&

Vapor
(𝑝&<, 𝑇&<, 𝛼&<)

Liquid
(𝑝3<, 𝑇3<, 𝛼3<) Liquid/vapor

mixture
(𝑝= , 𝑇= , 𝛼3

= , 𝛼&
=)

Relax. 𝑝, 𝑇, 𝑔

EDO
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Numerical method: 0D phase change validation

Can we describe the phase change from a pure phase?Vaporization� �

𝑄̇ < 0

�Condensation

𝑄̇ > 0

𝑝

𝑣
𝑣3!"#

𝑇 = 𝑐𝑠𝑡

�
L+V

V

L

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Time (s)

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

£106 Pressure p (Pa)

Mixture

Saturation

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Time (s)

0.99975

0.99980

0.99985

0.99990

0.99995

1.00000

Li
qu

id

Volume fraction Æk (-)

0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

V
ap

or

� �

�

�

�
� �

�

� �

�

�



Joris Cazé Thesis defense 25/54

Numerical method: MRF fluxes

Model in compact form:
𝜕#𝑈 + ∇ ⋅ 𝐹 𝑈 + Σ 𝑈 = 𝑅 𝑈 + 𝑆>?@(𝑈)

Flow

Static regions
𝑆>?@ = 0

Rotating region
𝑆>?@ ≠ 0
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Numerical method: MRF fluxes

Static region Rotating region

Interface

!! = ! !" = !# + $×&

'$%&∗'(&)&∗

𝒖 = 𝒖𝒓 + 𝛀×𝒙 𝑼𝒊𝒏C𝟏 = 𝑼𝒊𝒏 −
Δ𝑡
𝑉(

Σ!E7
F! 𝐴!𝑭𝒔∗ ⋅ 𝒏𝒔 −

Δ𝑡
𝑉(
𝐻 𝑼𝒊𝒏 ΣIE7

J" 𝐴!𝒖𝒔∗ ⋅ 𝒏𝒔

Transform state of 
rotating cell

Compute FI*+*∗

Build W/1*
∗

Construct flux F/1*∗

Compute WI*+*
∗

Modified Riemann problem

Absolute vel. = Relative vel. + Rot. vel.
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Numerical method: mesh mapping

Reduce computation time

Coarse mesh with steady
solution

Fine mesh to initialize

Mesh cell
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Numerical method: mesh mapping

1

2

1

2

3 4

1

1
2

1

Coarse mesh with
steady solution

Fine mesh to initialize

Mesh
partition

Search for the closest cell in each partition of 
the coarse mesh

CPU 1

4

1

4

2

CPU 4
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Numerical method: mesh mapping validation

0.0 0.2 0.4 0.6 0.8 1.0

x (m)

°20000

0

20000

40000

60000

80000

100000

120000

140000
Pression (Pa)

Test 1

Test 2

Test 3

Test 4

Test 5

Sol. exacte

!!" = 0.14657	m# !$%& = 0.14657	m#

!&'( = 0.06406	m#

, = 1	m

- = 0.5	m
Inflow

.) = .)(0), 2))
0) = 1	bar

2) = 1000	kg.m*+

9̇, = 7000	kg. s*-. m*#

Outlet
0. = 1	bar

Fluid
Liquid water with SG EOS

< = 4.4
0/ = 600	MPa

Test Mesh Setup CPUs 𝒕𝐬𝐢𝐦𝐮 (h:m:s) 𝒕𝐭𝐨𝐭 (h:m:s)

1 1000 Normal 1 00:36:29 0:36:29

2 10 000 Normal 10 09:23:36 09:23:36

3 10 000 Mapping on 1 10 8 9

Mapping 41% faster

Test Mesh Setup CPUs 𝒕𝐬𝐢𝐦𝐮/𝒕𝐫é𝐟 𝒕𝐭𝐨𝐭/𝒕𝐫é𝐟
1 1000 Normal 1 1 1

2 10 000 Normal 10 15 15
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Results: test case setup

• 3 bladed-inducer
• Variable section hub
• Experimental data from
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Results: test case setup

Inlet
𝑚̇, 𝑇3

Outlet
𝑝$K#

Wall

Liquid water

𝛀

Numerical
implementation in 

the open-source 
CFD solver ECOGEN



Joris Cazé Thesis defense 33/54

Results: mesh convergence

919k cells 1M527k cells 2M543k cells
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Results: mesh convergence

0.919 1.527 2.543
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• Nominal mass flow rate 𝑚̇ = 𝑚̇)
• Pressure measured at the wall averaged 

in time/space

𝑝$K#

𝜖L#$%
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0.919 1.527 2.543
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Results: mesh convergence

Mesh (millions) 1.527 2.543

Number of CPUs 160 256

Computation time (h) 152 157

CPU time (h) 24440 40192

Trade-off between computationnal
ressources / error
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0.8 0.9 1.0 1.1 1.2 1.3 1.4

ṁ/ṁn (-)
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™
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13.05 %

0.21 %

0.29 %

1.2 %

exp.

num.

Results: single-phase flow behavior

Good match except at low 
mass flow rate

𝛹 =
Δ𝑝

𝜌3𝜔5𝑟M5

Flow rate variation 𝑚̇/𝑚̇)
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0.8 0.9 1.0 1.1 1.2 1.3 1.4

ṁ/ṁn (-)
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p§
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)

50.99 %

18.84 % 16.01 % 14.72 %

6.77 %

6.46 %

6.67 %

6.79 %
pin exp.

pout exp.

pin num.

pout num.

Results: single-phase flow behavior

Flow rate variation 𝑚̇/𝑚̇)

Pressures are overestimated but the 
inlet/outlet gap is relatively constant 

except at low massflow rate

𝑝∗ =
𝑝
𝑝:$=
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Results: single-phase flow behavior

Cavitation at 
blade tip

Low pressure 
region

Overpressure error
Fig – Backflow cavitation on SSME 

LOx inducer [Braisted, 1980]

Fig – Illustration of backflow
cavitation [Brennen, 2011]
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Results: single-phase flow behavior
Overpressure error

𝑚̇ = 0.8×𝑚̇) 𝑚̇ = 𝑚̇)

𝑢∗ =
𝑢N
𝑢)
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Results: single-phase flow behavior
Study of pressure field

𝑚̇ = 1.15 × 𝑚̇! 𝑚̇ = 1.35 × 𝑚̇!

𝑚̇ = 1 × 𝑚̇!𝑚̇ = 0.8 × 𝑚̇!

FLOW

𝑚̇ = 1 × 𝑚̇!

FLOW
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Results: single-phase flow behavior
Blades load
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𝑚̇ = 1 × 𝑚̇!
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Results: single-phase flow behavior
Blades load
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Results: two-phase flow in cavitating regime

• Variation of the outlet pressure at 𝑚̇)

• 𝛹 = OL
P&Q':(

'

• 𝜏 = L)%#%RL*
P&Q':(

'

Performance curve
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Results: two-phase flow in cavitating regime
Cavitation pockets
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Results: two-phase flow in cavitating regime
Cavitation number estimates
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A B

Results: two-phase flow in cavitating regime
Increase massflow rate 𝑚̇ = 1.15×𝑚̇�
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Results: two-phase flow in cavitating regime
Blades load with/without cavitation
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Results: two-phase flow in cavitating regime
Blades load on two cavitation regimes
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Conclusions & perspectives

Conclusions

• Two-phase flow model written in a rotating frame

• Phase change based on thermodynamics

• Good estimation of an inducer behavior in non-
cavitating regime

• Assessment of the performance breakdown in 
cavitating regime

Two-phase flow model able to 
capture cavitation pockets in 

turbopumps

Perspectives
• Improve performance breakdown

• Gap between the casing and the blades?
• Flow temperature?
• 2nd order numerical scheme?
• Low-Mach preconditionning?
• Turbulence?

• Study of the thermodynamic effect
responsible of a delay on the cavitation 
phenomenon
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Thank you for your attention
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Thermodynamic effect
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Fig – Performance curve of a water 
centrifugal pump [Chivers, 1969]

Cavitation number 𝜏 ∝ 𝑝"#$# − 𝑝%

O
ve

rp
re

ss
ur

e 
Δ𝑝

∝
𝑝 $

&#
−
𝑝 '
!



Joris Cazé Thesis defense 57/54

Two-phase flow model based on total 
energy equations

𝜕#𝛼7 + ∇ ⋅ 𝛼7𝑢 − 𝛼7∇ ⋅ 𝑢 = 𝜇 𝑝7 − 𝑝5

𝜕# 𝛼6𝜌6 + ∇ ⋅ 𝛼6𝜌6𝒖 = 0

𝜕# 𝜌𝒖 + ∇ ⋅ 𝜌𝒖⊗ 𝒖 + ∇ 𝛼7𝑝7 + 𝛼5𝑝5 = 𝟎

𝜕# 𝛼7𝜌7𝑒7 + ∇ ⋅ 𝛼7𝜌7𝑒7𝒖 + 𝛼7𝑝7∇ ⋅ 𝒖 = − 𝜇𝑝8 𝑝7 − 𝑝5
𝜕# 𝛼5𝜌5𝑒5 + ∇ ⋅ 𝛼5𝜌5𝑒5𝒖 + 𝛼5𝑝5∇ ⋅ 𝒖 = + 𝜇𝑝8 𝑝7 − 𝑝5

Internal energy formulation

[Pelanti and Shyue, 2014]

𝜕# 𝛼7𝜌7𝐸7 + ∇ ⋅ 𝛼7𝜌7𝐸7𝒖 + 𝛼7𝑝7𝒖 + Σ 𝑼, ∇𝑼 = − 𝜇𝑝8 𝑝7 − 𝑝5
𝜕# 𝛼5𝜌5𝐸5 + ∇ ⋅ 𝛼5𝜌5𝐸5𝒖 + 𝛼5𝑝5𝒖 − Σ 𝑼, ∇𝑼 = + 𝜇𝑝8 𝑝7 − 𝑝5

Total energy formulation

Total mixture energy conservation
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Moving Reference Frame method

Flow
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