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Introduction: overview
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Introduction: turbopump

Gas turbine

f Hot gases
ﬁ ﬁ
Pump Turbine Fig — Vulcain LH2 turbopump
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Introduction: cavitation

No cavitation or moderate cavitation

Pref,sure
Solid Hiquid Boiling p(T) < psat(T)
Psar(T) [ N\ » *  Pump suction
chlw?rlwf c| * Local overspeed
;‘: Vapor : ZP;eoa r; Ztsss
© >
r Terr;perature

Mechanical instabilities
*  Performance drop

Fig — Cavitation on SSME LOx inducer [Braisted, 1980]
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Introduction: objectives

0 Fig — lllustration of a liquid propellant tank
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Introduction: cavitation modeling

Cavitation characteristics:

Two-phase flow

Phase change

(in)compressible regions
* 3D

Pump characteristic:

Fig — Cloud cavitation on hydrofoil (left) - Bubble cavitation on propeller (right) * Rotor motion

[Franc and Michel, 1995]
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Modeling: state-of-the-art

Bubble dynamics

Rayleigh-Plesset equation

dt

d?R 3 /dR\* 2o —
R—+—( ) ;29 _ PP
dtz 2 R pl

4

O 1h = +N4nR?2p,

\
Empirical correction
coefficients

2py —D
3 P

[Singhal et al., 2002] [Zhang et al., 2019]
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Modeling: state-of-the-art

Barotropic EOS

1200 - . e Teaid
d I 1000 ncompressibie liqui
* Homogeneous mode @
s £ g0 - g
* 3D RANS - FINE™/Turbo code Z
S, 600
?, 400
A ]
p=ayp, + (1 —a,)p 202
p 0 001 0027003 004 005 006 007 008
a_i +V- ( pu) =0 Pressure (bar)
dpu Fig - Barotropic state law p(p) for water from
ot +V-(pu@u+pl) =V -7+ pF [Coutier-Delgosha et al., 2005]
p=plp = a -IZ_ Py + a ; Py sin (p ; Py p 2 p ) ie No need to define mass transfer
Cmin P~ Pv

& 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 Phase 1 \
* Able to handle several interface types L/V or Phase 2 |
others (multi-species, non-condensable gases)
/' Interface

Complete thermodynamic  _
description for each phase

Phase
change

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

Velocity equilibrium model (u; = u,)
Used to study cavitating flow [Petitpas et al., 2011]

For two-phase flow k = 1, 2:

EOS
deay +V - (aqu) —aqV-u = u(p; — p2) + + ex = ex(Pk, Pi)
v(g2 — 91)/p;
¢ (arpr) + V- (agpru) = £
v(g2 — 91)
0:(puw) + V- (pu @ u) + V(ap, + ap,) =0
v(g2 — 91)
Oc(arprer) + V- (apprerin) + agpeV - u = Fg upr(pr — p2) tx hli) 440
[ 6(T, ~T1)
[Kapila et al., 2000]
dU+V -F(U)+HWU)V-u=R(U) [Saurel et al., 2009]
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Modeling: thermodynamical closure

* Each phase is governed by its
Py Equation Of State (EOS)

L - EOS + Van Der Waals

L+V * Stiffened Gas
V * Noble-Abel Stiffened Gas

/ & T = cst
 Calibration of EOS parameters based

> U . .
on experlmental saturation curve

Fig — Typical phase diagram (p, v) [Le Métayer et al., 2004]
[Le Métayer et al., 2016]

Thermal agitation
Matter cohesion

€—(q
pwe) = —1)—F=¥Px

Repulsive short distance effects
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Modeling: thermodynamical closure

Saturated pressure Psat (bar)

16 T T T T T T T T E=

T
SG

Example Water EOS calibration for - —
. Experimenta
¢ Stiffened Gas 14 P NASG

. 12 1
* Noble-Abel Stiffened Gas
10 1
8 N
Latent Heat Lv (kJ/kg)
2500 T T T T T T T T 6 .
2400 ]
2300 | 1111111!111|111|::!H!:} | 1 | 1
300 320 340 360 380 400 420 440 460 480
2200 | Temperature T (K)
2100 1
2000 SG s = . .
Experimental  + . 0 Fluid state is solely based on
1900 NASP - - - - - - thermodynamic considerations

280 300 320 340 360 380 400 420 440 460 480
Temperature T (K)
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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

Euler equations:

dep +V-pu, =0

opu, +V-(pu, Qu, +pl) = -2p0ANu, —p2 A2 AXx)

=) 0.pE, + V- ((0E, + P)ur) = —pu, - (2 A (2 A %)) z
1 u=1u, + QxXr

E.=e+ Eill%
[Cazé et al., 2022]
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Modeling: blades motion

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

Two-phase flow model:

m
Oca; + Uy - Vay = u(py —p2) +—
I

O¢(axpr) + V- (agpru) = £pm

d:(puy) + V- (pu, @ up) + V(aypr + agpy) = =2 p2 A, — p2 A (2 Ax)
Or(arprer) + V- (apprextty) + aypiV - uy = F up;(p1 — p2) +5 (Q + hym) e
.
0tpEr + V- ((pEr +p)uy) = —pu, - (2 A (2 A X)) p,
1 u=1u, + QxXr
Br=etgu ¢=hathe [Cazé et al., 2022]
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Numerical method: Overview
Solving 0, U +V - F(U) 4+ X(U) = R(U) + S(U) using FV method:

1. Homogeneous system with Godunov’s scheme 0, U + V- F(U) 4+ X2(U) =0
2. Source step d.U = S(U)
3. Phase change .U = Ry7,4(U)

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

Solving 0;U +V - F(U) + 2(U) = R(U) + S(U) using FV method:

1. Homogeneous system with Godunov’s scheme 0, U + V- F(U) +XZ(U) =0
At N, ) At N, i
yrtl = gr — A (2.5, AF% - mg) — 7H(U’;) (25, Asus - ng)
l l

with Fg = RP (U}, U}") using approximate Riemann solver
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Numerical method: numerical scheme

Solving 0;U +V - F(U) + 2(U) = R(U) + S(U) using FV method:

1. Homogeneous system with Godunov’s scheme 0, U + V- F(U) +XZ(U) =0
2. Sourcestep d.U = S(U)

m) Take into account Moving Reference Frame terms

+1 _ yyn
Ul " = Ul + At S(UY)
or RK2, RK4 scheme
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Numerical method: numerical scheme

Solving 0,U + V- F(U)+2(U) = R(U) + S(U) using FV method:

1. Homogeneous system with Godunov’s scheme 0, U + V- F(U) + 2(U) =0
2. Sourcestep d;U = S(U)
3. Phasechange d.U = R,r,(U)

0ray = ulpr —p2) +v(g2 — 91)/p: Evaluation of mass transfer terms by

0:(aypr) = txv(g2 — 91) relaxation processes

di(pu) =0 _ l

0r(arprer) = Fr up;(p1 —p2) i hv(g: — 91) 5 (T, — Ty) Thermodynamic problem of return to
equilibrium

with u,v,0 — o
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Numerical method: phase change »

Liquid
(on» Tlor “10)

Vapor
(o, T, ap)

Relax. p, T, g

=)

Saturation state

Liquid/vapor
mixture

(ps, Ty, al ,al)

T/ =1 =71/
pl =pl =p’
gl =gl =9’

Mass conservation
pf =alpl +alpl =p° (1)

Energy conservation
(pe)’ = (ape)} + (ape)] = (pe)® (2)

Joris Cazé
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g = Gv Tsat(p)

A\ 4

Pr = PP, Tsqr)

/ \

ex = ex(p, Px)
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Numerical method: OD phase change validation
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Numerical method: MRF fluxes

Rotating region

N\,

~_/

Static regions

Smrr = 0

Model in compact form:
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Numerical method: MRF fluxes

-O- Modified Riemann problem Transform state of
' rotating cell

) Compute Werar |
Frot

——

Rotating region

Y

Compute Fgiat

Construct flux Fr,¢

Interface

Absolute vel. = Relative vel. + Rot. vel. At
u =u, + Qxx urtt =y — (2”5 AgF% - myg) — VH(U")(ZNS A - my)
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Numerical method: mesh mapping

@ Reduce computation time

Mesh cell

~

[T

Joris Cazé

i 5=

Coarse mesh with steady
solution

Fine mesh to initialize
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Numerical method: mesh mapping

(1)
Mesh o e

partition
S
Coarse mesh with Fine mesh to initialize
steady solution
Search for the closest cell in each partition of
the coarse mesh
’, - T ETE T T T ST T T E T ST EEEEEE ~ N ’, - TSR e

O
e,
@)
()
©
o,
(&)
>
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Numerical method: mesh mapping validation

Pression (Pa)

SthI‘ = 0.06406 mz 140000
Sin = 0.14657 m? | Syt = 0.14657 m? 120000 N
! : 1 m \\“
Inflow | | . 100000 N /
Ho = Ho(Po, Po) i\i/ 80000 NN AN e
_ . [=05m . | Outlet \
Po = 1 bar - > v | ps = 1 bar 60000 5 s
po = 1000 kg. m™3 /\ s Y
ms = 7000 kg.s™1. m™? . <3 40000 E 7
< L = 1 m R .\.\‘\ 20000 == Test1l : Il/
) ] Fluid 012 T /
Liquid water with SG EOS | | 7s Tt L
y — 4.4 ! Sol. exacte U
Poo = 600 MPa 0.0 0.2 0.4 0.6 0.8 1.0
B x (m)
mm
1000 Normal
2 10 000 Normal 10 15 15 mE)  Mapping 41% faster
3 10 000 Mapping on 1 10 8 9
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Results: test case setup

* 3 bladed-inducer
* Variable section hub
* Experimental data from

)
CREMHYG ¥

—
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Results: test case setup

Outlet

Pext

Inlet
m,T;

Liquid water

Wall

Numerical
implementation in
the open-source =
CFD solver ECOGEN
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mesh convergence

Results
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Results: mesh convergence

27.76
.,
* Nominal mass flow rate m = m, 95 W pous
* Pressure measured at the wall averaged
in time/space —
2 201 18.84
Epout §
l \ o 15
>
Pin =
| — < 10 9.19
— o
5 .
Pext
0 _
0.919 1.527 2.543
Mesh (million(s))
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Results: mesh convergence

27.76

s g,

25‘ - DPout
:\320- [18.84 )
— Number of CPUs
(©)
o 15 Computation time (h) 152 157
()
3 CPU time (h) 24440 40192
< 101
Y

!

Trade-off between computationnal
ressources / error

0.919 1.527 2.543
Mesh (million(s))
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Results: single-phase flow behavior

J | |
| B exp.
0.250 N Y num. Flow rate variation m/m,,

0.225 v 0
13.05 % A

ls 0
0.200 0.21%m

0175 u
> 0.29 %m

0.150

n = Good match except at low
mass flow rate

0.125

0.100 1-

0.8 0.9 1.0 1.1 1.2 1.3 14
Ap

W=

2.2
P11y
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Results: single-phase flow behavior

6 6.79 % B p;, exp.
v j v pout exp.
v 6.77 % W P num.
y v Y Doy NUM.
5 = =
v 6.46 %
v v
v
of ’ :
*& \{ v 6.6v7 %
v
3 50.99 % v
n
18.84 % 16.01 % 14.72 %
21 m : u ]
E B B =N E R E N C I | E =
1
0.8 0.9 1.0 1.1 1.2 1.3 14
o =P i i ()
pref
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Pressures are overestimated but the
m) inlet/outlet gap is relatively constant
except at low massflow rate




Results: single-phase flow behavior

Overpressure error

Fig — Backflow cavitation on SSME

CASING LOx inducer [Braisted, 1980]
ANNAN

—AXIS OF  _
ROTATION

Low pressure
region

Cavitation at

Fig — llustration of backflow blade tip
cavitation [Brennen, 2011]
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Results: single-phase flow behavior

Overpressure error

u® () u® (-)
13602 04 06 08 1 1.3e+00 13602 04 06 08 1

[m = 0.8x77,, }
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Results: single-phase flow behavior
Study of pressure field
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Results: single-phase flow behavior
Blades load

I I
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Results: single-phase flow behavior

Blades load
| |
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Results: two-phase flow in cavitating regime

Performance curve

0.26
* Variation of the outlet pressure at m,, 0.24
] u ]
[ | T “. [ | [ |
A - e 5%
'
- W= 022 v 2 -
pPLweTy .l Moderate cavitation Work regime
T v
tot — 0.20
¢« T= Pe” —Dy = v
prw?ry .
0.18
Performance
breakdown
0.16
Y  num.
B exp.
0.14 |

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
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Results: two-phase flow in cavitating regime

Cavitation pockets

1"
50002 02  4.1e-01 50602 02  4.1e-01
———— 0.96 e

0.24
a I m ¥ g ® 4 e
12| @ b v Y
-
~0.20
=
[}
0.18-°

0.16

v num.

B exp.

0.14 |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

70 o
Joris Cazé Thesis defense




Results: two-phase flow in cavitating regime

Cavitation number estimates

Qay
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Results: two-phase flow in cavitating regime

Increase massflow rate m = 1.15Xm,,
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Results: two-phase flow in cavitating regime

Increase massflow rate m = 1.15Xm,,

Qay (‘) ay (')
00e+00 0.1 02 03 4.0e0l 0.0e+00 0.1 02 03 40e0]
—_— ' o _— '

/
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Blades load with/without cavitation

[ No cavitation ]
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Results: two-phase flow in cavitating regime
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Results: two-phase flow in cavitating regime

Blades load on two cavitation regimes
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Conclusions & perspectives

Conclusions Perspectives

. Improve performance breakdown

* Two-phase flow model written in a rotating frame
P g Gap between the casing and the blades?

* Phase change based on thermodynamics *  Flow temperature?
< 2 order numerical scheme?
* Good estimation of an inducer behavior in non- + Low-Mach preconditionning?
cavitating regime * Turbulence?
* Assessment of the performance breakdown in * Study of the thermodynamic effect
cavitating regime respon5|ble of a delay on the cavitation
phenomenon

Two-phase flow model able to
capture cavitation pockets in
turbopumps
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Thermodynamic effect

Pressure

Psat(T)
Psar (1)
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Fig — Performance curve of a water
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Two-phase flow model based on total
energy equations

Internal energy formulation
deay +V - (aqu) —aqV-u = pu(p; — p2)
dr(agpy) +V - (appru) =0

J:(pu) + V- (pu @ u) + V(ap; + azp,) =0

0¢(a1pre) + V- (a1prequ) + aypV-u = — up;(py — p2)
0¢(azpper) + V- (aypyeu) + aypV-u =+ up;(p1 — p2)

Total energy formulation

L 0c(a1p1E1) + V- (a1p1 Eyu + aypyw) [+ 2(U, VU) |= — up; (p1 — p2)
0¢(azp2E7) + V- (ayp2Eyu + azpu)|— 2(U,VU) = + up;(p1 — p2)

Total mixture energy conservation

[Pelanti and Shyue, 2014]
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Moving Reference Frame method
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