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ABSTRACT. The liquid and gas mixture is met in many natural and industrial pro~ 
cesses. In the paper, the investigation results of shock waves, propagated in the liquid 
and two-component gas (one component is neutral, the other is condensed) mixture, are 
presented. The influence of the relative gas ratios , initial gas volume, wave intensity etc. 
on the main wave characteristics, is analyzed and illustrated as examples for two mixtures. 
The first is a mixture of water and gas (air and water vapour) . The second is a mixture 
of crude oil and gas (one component is soluble, the other is insoluble). 

1. Introduction 

A heterogeneous medium is supposed to be a two-phase one: a liquid phase 
and a gas phase, in which the gas phase consists of two components , one of which is 
neutral (non-condensable, insoluble) gas and the other is vapour (or soluble gas) . 
This medium can be seen in the following fields: 

- In the energy industry, this medium is used as a heat carrying medium. 
- In the oil exploitation, transportation and processing industry, gas·appears 

when there are changes of pressure and temperature, because crude oil is normally 
a mixture of various components in which CH4 , C 2 H6 , ••• evaporate easily at a 
normal temperature and pressure. 

Besides this kind of a mixture can also be seen in chemical engineering and 
natural processes [ 1-3]. 

Shock waves in liquid with bubbles of an insoluble and non-condensable gas 
have been investigated theoretically and experirn.entally by Nigmatulin, Khabeev 
and Shagapov (1974); Nigmatulin and Shagapov (1974); Aidagulov, Khabeev and 
Shagapov (1977). Shock waves in liquid with bubbles of easily soluble gas have 
been investigated theoretically and experimentally by Terushige Fujii and Koji 
Akagawa (1991); V . E. Donstrov and B. G . Pokusaev (1998). 

The propagation of waves in a liquid with vapour bubbles has been inves
tigated by Nigmatulin, Shagapov, Vakhitova and Shikhmuzaeva (1982); Duong 
Ngoc Hai, Nigmatulin and Khabeev (1982, 1984, 1988); Duong Ngoc Hai (1987); 
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S. Morioka (1989); Y. Kobayashi (1989). 
Let us consider a mixture of liquid and gas bubbles of two components (air 

and water vapour) which, for example, is held in a pipe. Let a stationary shock 
wave move towards a place where there is a closed pipe valve or the bottom of 
the pipe. The closed pipe valve or the pipe bottom is proposed to be made by a 
perfectly solid material. This shock wave propagates in the mixture, acts on the 
valve or on the pipe bottom, reflects from it and moves backwards. 

Although the mass of a gas phase is normally many times less than the mass 
of the mixture, its existence in the mixture can completely change motional and 
physical features of the medium. That is, the influence of the gas phase of the 
mixture on the ·velocity of the incident wave, on the intensity of the shock wave in 
the mixture, after being reflected from the solid wall (the close pipe valve or the 
bottom of the pipe) and etc. will be considered and reported in this paper. 

2. Symbols and basic equations 

In order to investigate the problems presented above, the following symbols 
are used: 

D - Velocity of wave; 
p - Density of material; 
Xi - Fraction of mass of ith phase; 

Also, the following indexes are used: 
• Subscripts: 

v - Velocity of mixture; 
p - Pressure; 
ai - Fraction of volume of ith phase; 

0 :::; O'.i :::; 1. 

1 - Referring to liquid phase; 2 - Referring to gas phase; 
v - Vapour; g - Gas; 
0 - Values of variable at initial state. 

• Superscripts: 
(1) - Equilibrium state of mixture behind the incident wave. 
(2) - Equilibrium state of mixture behind the reflected wave. 
0 - True density. 
At the same time, it is assumed that in front of the incident wave and after 

reflection of the wave from the valve of the pipe or the pipe bottom the medium 
is at rest (v0 = v( 2 ) = O); behind the incident wave it acquires velocity v(l). 

There is no change in temperature. Because of the release of heat which is 
mainly caused by vapour condensation in the bubbles, and of the transformation 
of the kinetic energy of small-scale motion around the bubbles into the heat, the 
temperature in the mixture, indeed, increases. However, even for the case, when 
the volume fraction of the gas phase is many times more than the volume fraction 
of the liquid phase and the kinetic energy of small-scale motion is completely 
transformed into the heat, the increase of the temperature of mixture is very 
small (Duong Ngoc Hai et al. 1988). 
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For example, under normal conditions, Po = O.lMPa, the volume fraction 
of gas phase 6::20 equali; 0.8 (gas consists of 70% of vapour and 30% of air), the 
increase of temperature of the mixture of water · and air-water vapour bubbles is 
low: 

!},,T ,..., auoP~f ,._, 10 K 
oc ' a10P1 e 

here £ is the specific heat of vaporization, Ce is the thermal capacity of water. 
For the medium under consideration, the laws of conservation of masses and 

momentum of the mixture, in the case of an incident wave with velocity D(l) and 
a reflected wave with velocity D(2) (relative to the valve or the bottom of the 
pipe), have the following forms 

PoD(1) = P(1)(D(1) - v(1)), 

p(I) - Po = PoD(I)v(l), 

P(1) (D(2) + v(1)) = P(2) n(2), 

. p(2) _ p(l) = P(1)(D(2) + v(1))v{1). 

Because ai is the volume fraction of ith phase, we have: 

· (i) _ (i) O(i) + (i) O(i) 
P - al P1 a2 P2 · 

From (2.5) we have: 

(1) - (1) 0(1) + (1) 0(1) .;->..· (1) - 0(1) + (1)( 0(1) + 0(1) - 0(1)) 
P - 0'.1 P1 a2 P2 T-r P - P1 0'.2 P2g P2u Pi · 

(2.1) 
(2.2) 
(2.3) 

(2.4) 

(2.5) 

(2.6) 

Because Xi is the rri'ass f;action of ith phase, we also have the following expression: 

From (2.7) we have: 

So it follows: 

Xg = 

(1) 0(1) 
a2 Pg 

p(l) 

(2) 0(2) 
a2 Pg 

p(2) 

(1) 0(1) + (1) ( 0(1) + 0(1)) 
al P1 0'.2 Pg Pu 

0( 1) 
a(l) _ Pi 

2 - 0(1) 0(1) + 1 - Xg 0(1) 
P1 - Pu Pg 

Xg 
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3. Results and discussion 

. Based on t he equations presented above (2 .1), (2.2) , we can obtain the ex
pression for the incident wave velocity: 

. D(1) 2 = P(l) - Po 1 
Po (l) 

1 _ ~ [azg ( 0(1) _ 0(1) _ 0(1)) + 1] 
0(1) (1) P1 Pg Pv 

P1 p 

(3.1) 

Therefore, the velocity of wave propagation D(l) in a mixture depends not only on 
physical properties of phases, but also on the phase ratio. Through this expression, 
we can easily find that when the phase ratio changes, although this change may be 
small and the intensity of shock waves not very high, there will be a remarkable 
change in the features of motion waves. 

Applying the above results, to investigate a liquid-gas mixture in a special 
case: supposing that the liquid is compressible, the gas phase consists of only 
vapour, and the volume fraction of the gas phase is smaller than volume fraction 
of the liquid phase, i.e. 

b - 0 P9o - , 0 - (1) -a 29 - a 29 - 0, 

From the expression (3.1) with the conditions listed above, it follows 

where: .6.p ( l) = p(I ) - p 0 , ae - velocity of sound propagation in liquid. 
The expression (3.2) coincides with the result calculated in [3]. 

(3.2) 

The calculation results allow to analyse the influences of fac tors, such as the 
relative density of the gas component, the intensity of the incident wave and the 
initial volume of gas phase, on the main features of shock wave. 

In Fig. 1 and also Fig. 2a-4a presented below, solid curves express p-rocesses 
happening to the mixture of water and gas of two components (air and water 
vapour), dash-doted curves express processes happening to the mixture of crude 
oil and gas of two components (one component is soluble, the other-air is insoluble) . 

According to th.e expression (3.1), the calculation results are described in 
Fig. 1. Curves in Fig. 1 show the dependence of the velocity of the incident wave 
D(l) on volume fraction a 20 of gas phase, in which t he gas phase consists of two 
components, one component is air gas (non-condensable, insoluble) and the other 
is vapour (or soluble gas). The incident wave velocity will be decreased quickly, 
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while the volume fraction a20 of the gas phase is increasing. Curve 2' corresponds 
to the case of a mass fraction of soluble gas equal to 50% of the gas phase. Curves 
1-3 correspond to the cases of mass fraction of vapour equal to O; 50; 100% of 
gas phase, respectively. In Fig. 1 we have seen that the existence of soluble gas 
or vapour in the gas phase, doesn't have a great influence on the incident wave 
velocity in the mixture. 

200 

Q) 180 > 
~ 160 

<+-
0 

>. 
140 

...... 

\) 120 
0 

Q) 

> 
100 

80 
2' 

- - --- 1 
60 

0 .1 0 . 2 0.3 .0 . 4 0 . 5 
Gas Phase Vol 

Fig.1 

First, the shock wave affects on the mixture and its velocity are determined 
by the above presented expression. After that, this wave acts on the bottom of the 
pipe _and reflects from it and moves backwards. Based on equations (2 .3), (2.4) 
and the above results (3.1), the parameters of the reflected wave can be expressed 
through parameters behind the incident waves. 

here 

p(2) p(2) (p(1) _Po) 
-=1+-·---
p(l) Po (p(2) _ µ(1)) 

(p(l) - Po) 
p(l) 

(2) (2) 0(2) + (2) 0(2) 
P = a1 P1 a2 P2 . ' 

0(2) 
a(2) _ P1 

2 - 0(2) 0(2) + 1 - Xg 0(2) 
P1 - Pv Pg 

Xg 

(3.3) 

The formulae (3.3) permits to determine the pressure behind reflected wave 
p( 2 ) when the values po, p(l), Pvo, a20 are known and it can be rewritten as follows: 

( (1) ) ( (1) ) 
F( (2)) _ (2) _ (1) P - Po P - Po = 0 p . - p p (1) . 

Po ( 1 - ~( 2 )) 
(3.4) 
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Combined with the expression of p(1) it follows: 

Po 
p(i) 

1 [ Po - Pvo ( _ p~(i)) Po - a20P~o J. 
O(i) a20 p( i ) - Pvo 1 

O(i) + O(i) 
l _ a20Pv (Po - Pvo) P1 P1 

Po (p(i) - Pvo) 

To solve the equation (3.4), Newton iteration method is used: 

( (2)) 
(2) _ (2) _ F Pn 

Pn+1 - Pn F'(p~2)) 

Because it can easily be seen that function F in (3.4) has continuous derivatives 
of firs t and second orders, at the same time they satisfy the Fourier condition, i.e. 
there is p~2 ) in (0 , oo) satisfying F(p~2))F"(p~2 )) > 0, where p~2 ) is a first iteration 
value [5]. 

Solving equation (3.4) we can determine an enhancement of shock wave in
tensity in t he liquid and two-component gas mixture, after being reflected from 
the closed pipe valve or the bottom of the plpe. In Fig. 2a-4a graphs describe 
the dependence of pressure induced by shock wave, after being reflected by a per
fectly solid wall ,(the valve or the bottom of the p ipe) . This pressure depends on 
dimensionless variables: the volume fraction a20 of gas phase, the dimensionless 
int ensity of incident wave p(l) = p(l) /p0 , the relative compressibility of the medi
um com pressibility of front and behind the incident wave au = p0 /(p~0 ·a~) and 
the m ass ratio of soluble gas in the gas phase. 

· In Fig. 2a, the diagram expresses a change of p (2) / p(l t- depending on the vol
ume frac tion n20 of the gas phase (including gas bubble and water vapour or 
soluble gas and insoluble gas). Curves 1-5 correspond to the cases of mass fraction 
of vapour equal to 100 (pure vapour); 80; 55; 35 and 0% (pure (neutral) gas) of 
gas phase, respec:tively, at conditions p0 = 0.1 MPa, p (l) = 1 MPa, i.e. p(l) = 10. 
Curve 1 and 5 coincide with the results calculated in [8] . In Fig. 2b curves 1-3 
express t he change of p(~) / p(I) depending on the volume fraction a 20 of the gas 
phase (in which the gas phase consist of 55% of mass vapour and 45% of air) and 
the intensity shock wave p(l) while p(l ) equals 20, 10, 7. 

In Fig. 3a, curves 1-5 express the change of p( 2) / p(I) in ·dependence on the 
intensity of incident wave p(l) in the case of the volume fraction of gas phase a20 

equal 0.05; 0.025; 0.01; 0.005 and 0.001 , respectively, at condition initial pressure 
p0 = 0.1 MPa. In this case the gas phase consists of 60% of vapour (or soluble 
gas ) an d 40% of neutral (non-condensable, insoluble) gas. In Fig. 3b, the graph 
expresses the change of p(2) /p(l) in dependence on the intensity of incident wave 
p ( l ) in the case of volume fraction of gas phase a 20 equals 0.01, at condition initial 
pressure p0 = O;l ·MPa. Curves 1-5 correspondent to the mass fraction vapour 
equal 100 (pure vapour); 75; 50; 30; 0% (pure air) of gas phase, respectively. 
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· . In Fig. 4a, curves 1-5 express the change of p(2) /p(I) depending on dimension
less variable au= Po/(P~o ·a~) (through the change of initial (pressure) condition 
Po) in the case of volume fraction of gas phase o:20 equals 0.2; 0.05; 0.025; 0.01 
and 0.005, respectively. In this case p(l) = p(l) /Po = const - . 2 and the gas phase 
~onsists of 75% of vapour (or soluble gas) and 25% of neutral (non-condensable, 
msoluble) gas. In Fig.4b, graphs express the change of p( 2 ) /p( 1) depending on 
dimensionless variable au in the case of volume fraction of gas phase a 20 equal 
0.025. Curves 1-4 correspondent to the mass fraction vapour equal to 100 (pure 
vapour) and 75, 50 and 0% (pure air) of the gas phase, respectively. 

4. Conclusions 

Heterogeneous media, in the form of liquid and two-components gas mixture, 
can be found in the energy industry, chemical engineering, natural processes, and 
especially in the oil exploitation, transportation and processing industry. 

Through the above results, it can be found that the velocity of the incident 
wave will decrease rapidly, while the volume of the gas phase increases. The 
existence of the vapour or soluble gas in the gas phase doesn't have a great influence 
on the incident wave velocity. The incident wave velocity in the mixture of water 
and bubbles of air and vapour decreases more quickly than the incident wave 
velocity in the mixture of crude oil and bubbles of soluble and insoluble gas. 

The structure and the properties of the medium influence, not only on the 
velocity of the incident wave, but also on the intensity of the reflection shock 
wave. This intensity of reflection shock wave will increase rapidly while the volume 
fraction of gas phase increases in the mixture. At the same time, the intensity of 
the shock wave depends on the ratio of mass fraction of the vapour (or soluble gas) 
or the mass fraction of air (or insoluble gas) to the gas phase. The enhancement · 
of intensity of the shock wave in the case of the mixture of water and vapour is 
many times more than that of water and air. In identical condition of the pressure 
in the medium and the ratio of the volume fract ion of the gas phase to the volume 
mixture, the intensity of the reflection shock wave in the cases of mixtures of liquid 
and two-component gas is of value between values of two cases the water-vapour 
and water-air mixture. Also the intensity reflection wave will increases while the 
mass fraction vapour increase in the gas phase. 

The calculation results obtained, have pointed out that the condensation of 
the vapour (or soluble gas) in the gas phase which changes the structure of the 
mixture and its compressibility leads to an increase of the intensity of a pressure 
wave in the medium. This increase depends on the existence of mass vapour or 
soluble gas in the gas phase. The bigger the mass vapour of the mixture is, the 
bigger the increase of pressure in the mixture is. Also, the intensity of the incident 
wave has strongly affects the intensity of the shock wave, after being reflected from 
the solid wall. 

Besides , the intensity of the shock wave depends on the relative compressibility 
of the m ixture in front of and . behind the incident wave. The existence of the 
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vapour in the gas phase of the mi:x;ture, has a great influence on the compressibility 
of the mixture. The bigger the c9mpressibility of the mixture is, the bigger the 
intensity of the shock wave becomes. 
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PHAN TICH f>UONG f>OAN NHIET s6NG XUNG KICH 
TRONG HON HQP CHAT L6NG vA KHf 2 THANH PHAN 

H&n hqp long-khi thuemg g~p trong nhieu qua trlnh tlf nhien va t~ong cong 
nghi~p. Trong bai bao trlnh bay ket qua phan tfch do~n nhi~t song xung kfch 
trong h&n hqp chat long va khi 2 thanh phan: m(>t thanh phan trung tfnh, thanh 
phan con l~i c6 th~ ngung tv hay hoa tan. Da phan tfch Slf clnh hrr&ng ctla ty l~ 
khi, thg tich khi ban dau, CU'Cmg d(} song V.V ... len nhrrng d~c trll'Ilg chfoh ctl.a qua 
trlnh. Da xem xet 2 h&n hqp: nrr&c-khi (khi gom 2 thanh phan: khong khi va hai 
mr&c) va dau tho-khi (khi gom 2 thanh phan: khi hoa tan va khi trung tinh). 

Institute of Mechanics , 
264 Doi Can Str., Hanoi , Vietnam 

110 


