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Abstract: A study on the character of pressur e wave propagat ion w as pr oposed for the gas liquid oxygen

two�phase flow in the pipe betw een pumps. According to the pr actical wo rking conditions, the homogenous

model based on the compressibilit y theor y regarding a sing le bubble in an infinite liquid, and Redlich�Kwong

gas equation w as der ived a model fo r the low temperature and high pressur e case, especially considering the

change o f the rat io of density o f g as to one of liquid. T he numer ical tests w ere conduct ed. The results not on�

ly show the ag r eement bet ween numerical simulation for this model and exper iment at the no rmal temperatur e

and pressur e is go od, but also show that the modifications o f the model fo r the low temperature and high pres�

sure condition ar e necessar y. T he study is of refer ence to further study of oscillation r est rain and relativ e pipe

tests.
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Introduction

� � As the compressibility of gas, the pressure

w ave propagat ion in gas�liquid tw o�phase f low is

much more complex than that in liquid f low . In

the fields o f power plant , nuclear reactor, pe�
t ro leum transpo rtat ion, chemical indust ry and

so on, the pressure w ave propagat ion in tw o

phase f low w as researched broadly, like the cre�
vasse accident in nuclear reactor, the pressure

oscillation of pet roleum transpo rtat ion, and the

application of air bubble purdah in the damping

measure in the underw ater blast
[ 1�7]

.

How ever, there are few researches on the

character of pressure w ave propagat ion for the

gas�liquid oxygen tw o�phase flow in the pipe be�
tw een the pumps of the larg e scale launch vehi�
cle. T his problem is a key to analyze the liquid

oxygen feed sy stem of launch vehicle dynamic

character . T he dynamic character of liquid oxy�
gen feed system is helpful to solv e the problem

of interact ion o f str uctural vibrat ions w ith pr es�
sure and f low oscillat ions in the liquid feed sys�
tem, w hich is called POGO.

For one type high pressur e liquid oxygen

kero sene stag ed combust ion cycle ro cket engine,

the flow in the pipe betw een the pumps of the

large scale launch vehicle is gas, liquid and so lid

three�phase system . In this sy stem , much com�
ponents are liquid oxygen and oxygen�rich gas

( w hich is used to drive the turbine) , and lit t le

components are solid H 2O, CO 2 and et al[ 8] .

This mult i�phase phenomenon roo ts in the de�
signed engine cycle type. As the r ated mix ture

ratio of the mass f lux of ox ygen to that o f kero�
sene in preburner is 54, after combustion in pre�
burner the main component of mixture is g as ox�
ygen. Af ter driving turbine, as show n in Fig. 1,

from point A to point B, the gas oxygen mixes

w ith the liquid oxygen in the pipe betw een the

pumps. The m ixed f low can be simplif ied as gas

oxygen and liquid oxygen tw o�phase f low .
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F ig . 1 � H igh pressur e liquid oxygen kero sene staged

combustion cycle r ocket eng ine hint

The sound velo city and the at tenuat ion of

tw o�phase f low are our study interests, w hich

can be used to analysis the pressur e w ave propa�
gation in tw o�phase f low . T he analysis on the

character of pressure w ave pr opagat ion in gas�
liquid oxygen tw o�phase f low may facilitate the

further study on o scillat ion suppr ession o f the

liquid oxygen feed system and launch vehicle

POGO stability.

For pressure w ave pr opagat ion in gas�liquid
tw o�phase f low , there are some models inclu�
ding elast icity model, homogeneous mix ture

model and sing le�phase model. Cheng , Rug�
g les, Huang et al. [ 1�3] investig ated the problem

by tw o fluid model w ith clo sure condit ion o f each

phase and interfacial ex change fo r pressure w ave

propagat ion in gas�liquid f low . Otherw ise, L i

and Shin et al. [ 4�5] studied on homogeneous mod�
el in their study f ield. L i applied the tw o�phase
homogenous f low model to analy zed lubricat ion

oil in bearing chamber
[ 4]
. Shin proposed a nu�

mer ical method applying a total v ar iat ion dimin�
ishing MacCo rmack scheme w ith a cavitat ion

model based on a homogenous equilibrium model

of compressible gas�liquid tw o�phase media,

w hich is applied to solve the cav itat ing f low [ 5] .

How ever, Chung et al.
[ 9]

proposed a dif�
ferent model based the homogeneous mix ture

model and the study o f a bubble immersed in an

inf inite liquid, for calculat ing the phase velocity

and at tenuation w hich w ere compared w ith ex ist�
ing data and w ere in good ag reement . T his mod�
el is more easy to be applied than the tw o�phase
model of Cheng and Rugg les et al. [ 1�2] , and bet�
ter to under stand the nature of sound and to

study the relationships betw een sound velocity

and the propert ies of tw o�phase flow [ 9]
.

How ever, most of r esearches focused on

the gas�water tw o�phase flow in no rmal tempera�
ture. T here are few published researches on

gas�liquid oxygen tw o�phase f low which w ill be

the key of oscillat ion rest rain by tw o�phase f low
in the pipe betw een pumps and fr equency calcu�
lat ion of feed pipe sy stem . U sing the theory of

tw o�phase fluid to solve the vibration problem is

helpful to explain the mechanism of vibr at ion

phenomena and impr ove feed sy stem w o rk.

1 � Computation scheme

� � As the fluid in the pipe betw een pr e�pump
and main�pump is mainly gas�f luid tw o�phase
sy stem , the f low model simplif ied as gas�f luid
tow�phase bubbly f low . We used the homogene�
ous mix tur e model and the theory of a bubble

immersed in an infinite liquid, to analy ze the

character of sound velocity and at tenuation of

pressure w ave betw een the pumps.

Considering the phy sical process of small

disturbed w ave propagation[ 10�11] , and referring

the equation of w ave pr opagat ion in sing le�phase
flow, in Lag rang ian refer ence f rame, the area

of cont ro l volume of sur round w ave crest is as�
sumed A . When the tw o surfaces o f contr ol vo l�
ume is infinite close, the cont inuity equation is

given as

c��A = ( c- dV ) (��+ d��) A (1)

Where c is sound velocity . dV is the change of

velocity af ter small disturbed w ave passing . ��is
the density of the compressible mix f luid. d��is
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the change of the density .

The ef fect of shear str ess is neglected. By

momentum equat ion of contr ol v olume is der iv ed

as

pA - ( p + dp ) A = ��cA �

[ ( c- dV) - c] (2)

� � Combing Eqs. ( 1) and ( 2) , w e can obtain

c
2
=
dp
d��=

dp
d[ ��g + (1 - �) �l ]

(3)

Where, � is the void fraction, w hich can be

w ritten as

�=
x g�l

(1 - x g ) S�g + x g �l

Averaged density can be expressed as

��= ��g + ( 1- �)�l

S is slip rat io, x g is quality, �is density, sub�
scr ipts g is g as, subscr ipts l is liquid. S is the

slip rat io. Sound velocity can be w rit ten as

c
- 2

= �2 + �(1 - �)
�l
�g

d�g
dp

+ (1 - �) 2 + �(1 - �)
�g
�l

d�l
dp

+

( �g - �l )
�(1 - �)

x g (1 - x g )
dx g
dp

- �(1- �) ( �g - �l)
dS
dp

(4)

� � Assum ing the gas oxygen proport ion is fix ed, w e consider

dx g
dp

= 0

� � Using the result of momentum tr ansport [ 9]

dS
dp

= -
1
c
2�l

(1 - �) (�l - �g ) C
- 1
vm

(1 - �) �l + ��g + ( 1- �)�gC- 1
vm

� � For liquid, there is

d�l
dp

=
1
c
2
l

� � Sound velocity can be derived as

c
2
=
1 - �(1 - �) (�g - �l )

1
�l

(1- �) ( �l - �g ) C- 1
vm

(1 - �) �l + ��g + (1 - �) �gC- 1
vm

�(1 - �)
�l
�g
d�g
dp

+
( 1- �)

2

c
2
l

+ �2
d�g
dp

+
�(1 - �) �g

c
2
l �l

(5)

� � As the high pressure, the r at io of the den�
sity o f the gas to that of the liquid �g /�l can not

be neglected.

For the high pressure and low temperature

gas, the ideal gas law is not f it for it[ 12] . Redli�

ch and Kwong proposed Redlich�Kwong equat ion
to describe the gas, w hich make high precision

and easy application to our model. In this mod�
el, the Redlich�Kwong equat ion is applied fo r

the low temperatur e gas in our study as below

p g =
RgT g

v - b
-

a
T

0. 5
v( v + b)

(6)

Where p g is pressure. R is the gas constant . T g is

the Kelvin temperature. v is specif ic vo lume of

gas. a and b is tw o inherent value o f material,

w hich can be got f rom experiments. If lacking

these data, they can be conf irmed by the crit ical

point parameters as below

a =
0. 427480Rg

2
T
2. 5
c

p c
(7)

b =
0. 08664RgT c

p c
(8)

� � Using Eq. ( 6) , w e can get

A g
dp g

p g
+ B g

dv
v
- Cg

dT g

T g
= 0 (9)

Where A g , Bg and Cg are three coef f icients. If

A g , Bg and Cg all equal one, Eq. ( 9) is same as

the ideal gas law equat ion.

If w e nondimensionalize and take small per�
turbat ions of Eq. ( 9) , w ith considering the def i�
nit ion of specif ic v olume v= V/ m and a gas bub�
ble volume V = (4/ 3) R3 , w e obtain
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A g P + 3B g x - C g !g = 0 (10)

Where A g , B g and C g are three coef f icients. R is

radius o f a bubble. m is mass of a bubble.

P =
p g

p g0
- ( 1+ W

- 1
)

W =
p g0R 0

2∀

x =
R
R 0

- 1

!g =
T g

T !
- 1

Subscripts 0 denotes unpertur bed value, ! de�
notes value at radius posit ion. ∀ is surface ten�
sion of a gas bubble.

Considering study of a bubble immersed in

an inf inite liquid [ 9] , the nondimensionalized

bubble dynam ic equat ion and ener gy balance e�
quat ion can be w rit ten as

1
1 + iklR

d
2
x

d#
2 -

B
W

x = B( P- ∃) (11)

K 1
d!g
d#

+ K 2
dx
d#

= - !gNu l (12)

Where kl is w ave number of liquid. # is dimen�
sionless t ime.

K 1 =
�g cVg
3�l cl

K 2 =
p g0
�l clT !

( 1- W
- 1
)

B =
p g0R

2
0

�l�
2
l

#=
t�l
R
2
0

Nu l =
hR 0

%l

& =
∋R 2

0

�l

∃=
p !

p g0
- 1

cVg is specif ic heat at constant volume of g as, t is

t ime. ∋ is f requency. h is heat tr ansfer coeff i�
cient . %l is thermal conduct ivity of liquid.

Combing Eqs. ( 10 ) , ( 11 ) and ( 12 ) , w e

can obtained

F( &) =
(R/ R
(p / p

= -
3Bg

A g
-

Cg

A g

K 2 i&
K 1 i & + Nu l

+
1

1+ iklRb0

&2

B
+ W

- 1
- 1

(13)

� � Subst itut ing Eq. ( 13) into Eq. ( 5) , the equat ion can be w rit ten as below

c
2
=

1 - �(1 - �) (�g - �l ) 1
�l

(1- �) ( �l - �g ) C- 1
vm

(1 - �) �l + ��g + (1 - �) �gC
- 1
vm

- 3F( &)�(1- �)
�l
p
+

(1 - �) 2

c
2
l

+ - 3F( &) �
2 �g
p
+
�(1- �)�g

c
2
l �l

(14)

2 � Presentation of result

� � T he complex sound velocity can be solv ed

by Eq. ( 14) , f rom which the phase velo city and

the at tenuation coef f icient all can be get. The

results o f the phase velocity and the at tenuat ion

calculated by the Eq. ( 14) are compared w ith the

test data of the gas w ater tw o�phase in Ref.

[ 9] , and are in good ag reement . T he r esults

ar e show n as below Fig . 2 and Fig . 3.

For one type high pressure liquid oxygen�
kerosene stag ed combust ion cycle ro cket engine,

the liquid pressure is 1. 0M Pa, the gas tempera�
ture is 100K, the radius of g as bubble is 2mm.

Fig . 2 � Phase velocity of air wat er tw o�phase flow

com pared w ith frequency

Based these condition, using the Eq. ( 14)

the informat ion about sound velocity and at tenu�
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F ig . 3� Att enuation o f air w ater t wo� phase flow

com pared w ith frequency

at ion of gas�liquid oxygen tw o�phase f low can be

got w hich shown as Fig . 4~ Fig . 7. In these tw o

figures, disturb f requency is assumed 10Hz.

Fig. 4� Sound velocit y of g as�liquid oxygen tw o�phase

flow compared w ith vo id fraction

F ig. 5� Attenuat ion of g as�liquid oxygen tw o�phase

flow compared w ith vo id fraction

The curve of the sound velocity compared

with the void fract ion at 50Hz of disturb f requen�
cy is show n as Fig. 4. From 0 to 100Hz the t rend

Fig . 6 � Phase velo city of gas�liquid oxygen two�phase

flow compared with frequency

F ig. 7� Attenuation of g as�liquid oxygen tw o�phase

flow compared with frequency

of the curve is same as the curve of the gas�water
tw o�phase f low at normal temperature and nor�
mal pressure. In the Fig. 4 the sound velocity

sharp decr eases f rom vo id f ract ion 0 to 0 05.
And from void f ract ion 0. 05 to 0. 4, the sound

velocity decreases w ith void fraction slow ly.

The Fig . 5 show s the attenuat ion incr eases with

the void fr act ion. T his tr end is the effect of

compressibility o f gas phase, w hich enhances

the tw o�phase sy stem momentum and energ y ex�
change betw een tw o phases.

As shown in Fig . 6 and Fig . 7, the phase ve�
locity and at tenuat ion increase w ith f requency at

low frequency. In these tw o figures, the vo id

facto r is assumed as 0. 1. The curve t rend w ell

reflects the character of the phase velo city and

at tenuat ion change w ith the disturb f requency

change, w hich is called as dispersion of pressure

w ave in gas�liquid tw o�phase f low [ 1�3] . T he in�

2356



WEI Xin, et al: St udy on pressure w ave propagat ion in tw o�phase flow

� 第 10 期 in liquid oxygen feed pipe between pumps

crease of disturb frequency pr omote pr opagat ion

of pressure w ave. Fur thermor e, the increase of

disturb f requency causes more loss of the mo�
mentum and energ y exchange betw een tw o pha�
ses.

3 � Conclusions

� � The current model is derived f rom the hom�
ogeneous model considering the rat io of the den�
sity o f gas to that o f liquid, the compressibility

of a sing le bubble in an inf inite liquid, and the

Redlich�Kwong gas equat ion. The model had a

good ag reement w ith the gas�water tw o�phase
test data at the normal temperature and normal

pressure condition, and w as used to predict the

gas�liquid oxygen tw o�phase f low at low temper�
ature and high pressur e. T he pr edict r esults

give a reference to the tw o�phase pipe test, as

w ell as facilitate the fur ther study on o scil lat ion

suppression.
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