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a b s t r a c t 

This paper presents the results of experimental and theoretical studies of the hydrodynamic processes 

occurring during gas combustion in a vertical cylindrical chamber submerged in water. It is shown that 

combustion of a single portion of a stoichiometric propane–oxygen mixture leads to cyclic generation of 

force impulses on the thrust wall: the first impulse is generated due to the combustion of gas, and the 

subsequent impulses are generated due to hydrodynamic oscillations of the gas cavity. A total specific 

impulse of 10 4 –10 5 s (10 5 –10 6 m/s) was experimentally obtained. 

Expressions for the adiabatic oscillation period of the gas cavity and the maximum impulse of the 

force acting on the thrust wall during expansion of the cavity were obtained by approximate calcula- 

tions. It is shown that the period is proportional to the length of the chamber to a power of 0.65, and 

the maximal force impulse is proportional to the square root of the length of the chamber. The oscillation 

periods calculated from the maximum size of the cavity are in good agreement with experimentally mea- 

sured period of the first pulsation. Calculated force impulses are larger than experimental ones, which is 

attributed to thermal and hydrodynamic losses. 

The results of the study are applicable to water propellers, devices for regenerating filters, generating 

acoustic waves, and cleaning underwater bodies. 

© 2016 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

u  

M  

p  

a  

(  

t  

m  

n  

p  

f  

o  

c  

e  

s  

w  

s  

g  

l  

s  
1. Introduction 

At present, waterborne vehicles use petrol and diesel internal

combustion engines (ICEs) with screw propellers. The main disad-

vantages of such propulsion systems are large losses due to friction

in the chain of transfer of mechanical energy from the combustion

chamber to the propeller screw. ICEs are complicated in construc-

tion and have high manufacturing and maintenance costs and the

use of natural gas as fuel reduces the engine life. Therefore, the

search for ways to reduce mechanical energy losses in ship propul-

sion plants still remains relevant. One such way is to use the com-

bustion products to eject the water mass from the chamber sub-

merged in water and attached to the ship hull. 

Pulse combustion of fuel directly in water on the thrust wall

for thrust generation has been studied previously ( Teslenko et al.,

2014, Teslenko et al., 2014 ). The developed principle is similar to

the principle of operation of the Humphrey pump, which was in-

vented at the beginning of the last century and offered a signif-

icant benefit over other types of pumps for pumping large vol-
∗ Corresponding author. Tel.: + 73833333047; fax: + 73833333047. 
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mes of water ( The Humphrey internal combustion pump, 1913,

cLauchlan, 1931 ). Later, various researchers have used similar

rinciples to develop propulsion systems based on thrust gener-

tion by ejection of a water column by fuel combustion products

 Saurer and Victora, 1952, Kaminstein, 1964, Colautti, 2009 ). These

ypes of propulsion are called impulse hydro-jet engines. Funda-

ental features that distinguish these engines from classical inter-

al combustion engines are, first, the absence of structural com-

onents moving relative to each other and, hence, the absence of

riction between them, which is an advantage. Second, combustion

ccurs in water vapor. It is known, however, that water vapor is a

ombustion inhibitor reducing the pressure in the cavity ( Gelfand

t al., 2012 ), which adversely affects the efficiency. The absence of

crew removes the additional restrictions on the thrust associated

ith cavitation. Furthermore, by optimizing the design, it is pos-

ible to make the best use of the potential energy of the burned

as to perform work, whereas in internal combustion engines, it is

imited by the maximum piston stroke. Thus, the question of the

uperiority of the total efficiency of impulse hydro-jet engines re-

ains open. 

The fundamental principles of impulse hydro-jet engines have

een developed in studies of underwater explosions. For exam-

le, an underwater explosion of gas mixtures has been investigated

http://dx.doi.org/10.1016/j.ijmultiphaseflow.2016.04.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmultiphaseflow
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmultiphaseflow.2016.04.001&domain=pdf
mailto:ruslan@hydro.nsc.ru
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2016.04.001
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 Popov and Kogarko, 1976, Ivashechkin and Veremenuk, 2009, Kog-

rko et al., 1975 ) for the purposes of regenerating well screens and

arine geology applications. The studies cited considered com-

ustion in a spherical bubble filled with fuel gas and in a semi-

nclosed cylinder, fully or partially filled with gas. Approximation

elations for the maximum size of the cavity and the force impulse

enerated during bubble growth have been derived ( Ivashechkin

nd Veremenuk, 2009 ). These relations were obtained for use in

he design of facilities for reworking a well and are applicable in a

arrow range of geometric parameters. 

The processes occurring during underwater explosion of solid

xplosives have been extensively studied since the beginning of

he last century. A large number of papers have been devoted to

xperimental studies of shock waves and hydrodynamic flows and

athematical models that take into account compressibility, vis-

osity, and surface tension ( Rayleigh, 1917, Lauterborn and Kurz,

010, Shah et al., 1999, Franc and Michel, 2005, Kedrinskiy, 2005 ).

n almost all the papers, a spherical bubble shape is considered,

s the most common in underwater explosion and cavitation, and

ubble oscillations are studied in an infinite or semi-infinite space.

n the calculations, adiabatic approximations are mainly used, the

nergy release is assumed to be instantaneous, and the gas pres-

ure inside the bubble is neglected almost throughout the period

f oscillation. These approximations are suitable for describing the

scillations of the detonation products of solid explosives under

ater, which is confirmed by the good agreement between theory

nd the results of experiments. 

In the theoretical description of the combustion of fuel gas in

ater, assumptions suitable for describing underwater explosion

ay be incorrect due to much lower burning rates and energy re-

ease density ( Popov and Kogarko, 1976 ). It becomes necessary to

onsider the time of the chemical reaction and heat transfer dur-

ng oscillations of the combustion products. On the other hand,

coustic losses are reduced to a few percent ( Kogarko et al., 1975 ),

aking it possible to neglect the compressibility of the liquid. The

ange of possible applications of underwater gas explosions (regen-

ration of the filter, thrust generation) involves the use of limited

olumes (pipes, nozzles), which significantly complicates the na-

ure of hydrodynamic flows, requiring consideration of edge de-

ects ( Teslenko et al., 2014, Morteza et al., 1998, Kruegera and

harib, 2003, Koita et al., 2012 ). 

For spherical gas explosions ( Teslenko et al., 2010 ), the maxi-

um cavity size is comparable to the value calculated in the adia-

atic approximation ( Popov and Kogarko, 1976 ), whereas for explo-

ions in a cylindrical chamber, the maximum volume of the cavity

s considerably smaller, which makes it impossible to carry out ac-

urate calculations neglecting heat and mass exchange. Neverthe-

ess, assuming that the ratio of the heat losses to the initial energy

f the combustion products is the same, it is possible to obtain

pproximate estimates. The presence of essential heat losses leads

o the fact that at the moment of collapse the pressure in cavity

ay exceed the initial pressure during the combustion of gas that

s observed in ( Teslenko et al., 2014, Teslenko et al., 2014, Popov

nd Kogarko, 1976 ) and in this work. 

It has been shown ( Teslenko et al., 2014 ) that combustion of

 bubble near a rigid wall produces a thrust directed along the

ormal to the surface of the wall. The experimentally obtained

pecific impulse imparted to the thrust wall in one cycle of bub-

le combustion (impulse referred to the fuel mass) was ≈ 5 ·10 4 s

5 ·10 5 m/s), which is comparable with the performance of mod-

rn screw and hydro-jet propulsion systems. In the study cited, the

ubble had the shape of a torus and was located on the surface of

 horizontal wall. 

The main performance parameters of pulsing hydro-jet pro-

ellers are thrust and specific impulse. 
e  
The average thrust is given by the relation 

 

F 〉 = 

1 

T 

∫ T 

0 

F dt , (1) 

here F is the total force exerted on the thrust wall along the axis

f movement, T is the length of one combustion cycle, which is

ssumed to be equal to the period of oscillation of the cavity with

he combustion products. 

The specific impulse is defined as 

 sp = 

1 

m 

∫ T 

0 

F dt , (2) 

here m is the mass of fuel gas burned in one cycle. Usually, in

ngine calculations, thrust is in kilograms and specific impulse in

econds. 

From ( 1 ), it is seen that to increase the thrust, it is necessary to

ncrease the force generated by the combustion products (which is

etermined by the pressure in the combustion chamber and the

rea of the end part of the chamber) and to reduce the length of

he combustion cycle, which is limited by the time of growth of

he gas cavity containing the combustion products. The faster the

cceleration of the attached liquid mass, the greater the propulsion

hrust. 

One way to increase the specific impulse is to restrict the liq-

id motion from the thrust wall in the lateral direction. Since the

alculations show that the cylindrical form of the nozzle is opti-

al for thrust generation ( Zhdan et al., 1994 ), in this work it is the

ylindrical nozzle that is chosen for theoretical calculation of adia-

atic cavity pulsations and estimates of specific and average thrust.

n contrast to earlier similar calculations ( Zhdan et al., 1994, Back

t al., 1983 ) carried out for gaseous environment, in the present

ork the environment is an incompressible liquid. This changes

he character of processes. In particular, in this case there is a clear

ombustible gas-liquid interface and the density of environment is

onstant. Nevertheless, experiments ( Teslenko et al., 2014, Teslenko

t al., 2014 ) showed that there are some qualitative similarities.

or example, the dependence of thrust force on time has an alter-

ating pulsating character, but the specific impulse increases with

he nozzle length. The comparison of data ( Zhdan et al., 1994 ) and

 Teslenko et al., 2014 ) demonstrates that in liquid the achievable

pecific impulse is larger than that in gaseous atmosphere and it

as the level of modern water propellers. 

In the setup with liquid environment the calculation of cavity

ulsation in a cylindrical tube and the estimates of specific and

verage thrust are carried out for the first time. The experimental

art of the work allows us to estimate the accuracy of calculations

erformed. 

Thus, the aim of this work is an experimental and theoretical

tudy of physical processes occurring during combustion of a por-

ion of gas in a cylindrical chamber placed in water. The results

ay be used to solve the problems of underwater acoustics, un-

erwater thrust generation, forming the impulse high-velocity jets

nd cleaning underwater objects. 

. Experimental 

Fig. 1 shows a principal diagram of the experiments. Plastic

ylindrical chamber 2 was placed vertically in plexiglas cuvette 1

.5 m high and filled with water. The chamber was filled with

 combustible mixture 3 in the upper closed part connected to

 pin-joint device 4. The combustible mixture was ignited by a

park of high-voltage power supply 5. Combustion of predeter-

ined portions of the gas mixture in the chamber 2 led to ejec-

ion of the water column from the chamber, which provided gen-

ration of force impulses in the vertical direction. Force impulses
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Fig. 1. Schematic diagram of the experimental setup. 
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were measured by a piezoelectric dynamometer 6, which was lo-

cated between the pin-joint device 4 and a horizontal rigid beam 7.

The piezo-dynamometer, 40 mm in diameter and 15 mm high, was

made of lead zirconate–titanate (PZT) piezoceramics. The minimal

time resolution of the piezoelectric dynamometer was 3 μs (the

period of natural acoustic oscillations). Electrical signal from the

piezoelectric dynamometer was sent to an emitter-follower am-

plifier with a time constant of 10 s and it was recorded using a

Tektronix TDS-210 digital oscilloscope 8. To control the pressure

inside the gaseous cavity 3, pressure pulses were measured us-

ing a tourmaline pressure transducer 9 with a period of natural

acoustic oscillations of 0.3 μs. The pressure transducer was built

in flush with the end of the chamber 2. Electrical signal from pres-

sure transducer 9 was also sent to oscilloscope 8. The piezoelectric

dynamometer and pressure transducers were calibrated before and

after the experiments. The errors of the measured parameters were

within 5–15%. 

Shadowgraphs of hydrodynamic processes were taken with a

MotionXtra HG-LE digital camera 10. The velocity of lower bound-

ary motion of gaseous cavity 3 was determined with the use of

filming. 

The start of measurement systems and ignition spark was car-

ried out by using a remote control 11. The measurement results

were sent to a computer 12. 

The experiments were performed with gaseous charges of a

stoichiometric propane–oxygen mixture (C 3 H 8 +5 ·О2 ) of volume

V 0 =3 – 4 ml, which completely overlaps the cross section of the

chamber. The inner diameter d of the chamber was 29 mm, and

the height h was varied from 82 to 170 mm. 

3. Experimental results 

Fig. 2 shows recorded oscillograms of the force impulses F(t)

and overpressure pulses P(t)-P a obtained simultaneously during

combustion of 3 ml of a stoichiometric propane–oxygen mixture in

a chamber 83 mm high ( P a is an atmospheric pressure). 

Fig. 3 shows a shadowgraph of the hydrodynamic processes

occurring during gas combustion in the cylindrical chamber

( V 0 = 3 ml, h = 83 mm). It is seen that almost over the whole cross-

section except for a small part near the wall, the bubble boundary

has a plane shape during the whole period of its growth. During

the cavity collapse a jet formation can be seen in the central part

(see Fig. 3 , frame 6, t = 10.9 ms). 

In the third frame ( t = 1.4 ms), one can see a process of forma-

tion of a cavitating vortex ring on the bottom edge of the chamber

( Teslenko et al., 2014 ), which then separates and propagates sepa-

rately in the direction of liquid flow. The velocity of gaseous cavity

expansion, at which cavitation begins to develop at the edge of the

chamber, is in the range 2–3 m/s. In the same frame one can see

a group of bubbles inside the chamber. This allows us to assume
 o  
 formation of deformation wave moving along the chamber wall

nd causing cavitation processes on it. 

The filming and measurements of the pressure pulses show that

everal force impulses were generated on the thrust wall during

ombustion of the single portion of the gas mixture ( Fig. 2 ). The

rst impulse is generated owing to gas combustion and the subse-

uent impulses are generated due to collapse of the cavity contain-

ng combustion products and water vapor. Here several pulsations

f the cavity are observed. 

Processing of the force impulses and calculations of the specific

mpulses for this series of experiments show that, given the pa-

ameters used and measured, the total specific impulse is in the

ange I sp =10 4 –10 5 s (10 5 –10 6 m/s). The range of the specific im-

ulse depends on the choice of the ratio of height of the gaseous

harge and the height of the chamber (see Fig. 6 ). 

In the experimental studies of combustion of 3 ml of a stoi-

hiometric propane–oxygen mixture in a chamber 83 mm high, the

aximum pressure amplitudes ranged from 12 to 17 atm. These

alues are lower than those given in ( Popov and Kogarko, 1976 ) for

xplosion of a spherical gaseous charge with a volume of 100 ml,

hich can be explained by the effect of water vapor and the insuf-

cient size for the development of detonation. 

Taking into account the fact that using a cylindrical cham-

er, the area of the thrust wall S = const, the thrust can be cal-

ulated by multiplying the cross-sectional area of the chamber

y the gas pressure measured by the pressure transducer in the

ombustion chamber. The experiments showed that the values

f thrust force calculated by the results of pressure measure-

ent F p ( t ) = ( P(t)-P a ) •S exceeded the force values measured di-

ectly by the dynamometer F d . . The values of ( F p – F d )/F p ranged

ithin 0.15–0.3. This indicates the presence of losses in the sys-

em which may be due to hydrodynamic processes (including

avitation). 

. Numerical simulation 

To determine the relations between the thrust characteristics

nd the parameters of the system, we carried out a calculation of

he problem in the formulation shown in Fig. 4 . Thick lines repre-

ent a cylindrical chamber with a closed end which was the thrust

all. R and h are the radius and height of the tube, respectively,

 R = d /2), and x is the height of the cylindrical gaseous cavity. The

hickness of the chamber was assumed to be negligibly small com-

ared to the radius. The liquid was considered ideal and incom-

ressible. Based on the data of ( Schlichting and Gersten, 20 0 0 ), tur-

ulence does not develop during the growth of the cavity ( ∼10 ms)

nd at a chamber length of ∼10 cm, so that the flow in the cham-

er can be assumed to be approximately potential. 

The velocity field in the liquid υ was found by numerical sim-

lation. For this, the Laplace equation 

1 
˜ r 

∂ 
∂ ̃ r 

( ̃ r ∂ ̃
 ϕ 

∂ ̃ r 
) + 

∂ 2 ˜ ϕ 
∂ ̃ z 2 

= 0 was

umerically solved for the velocity potential ˜ ϕ = 

ϕ 
R ̇ x 

in cylindri-

al coordinates with axial symmetry about the z axis ( r is the

istance from the z axis) using a finite element method on

 nonuniform triangular grid. The grid size was ˜ r ∈ ( 0 : 10 0 0 ) ,

˜  ∈ (−10 0 0 : 10 0 0 ) , where ˜ r = r/R , ˜ z = z/R . 

In the calculation, zero velocity ϕ| r, z → ∞ 

→ 0 was specified on

he boundary of the integration region, zero normal velocity com-

onent ∂ϕ 
∂r 

| r=0 = 0 , ∂ϕ 
∂r 

| r= R,z<h = 0 was specified on the surface of

he chamber wall and on the z axis, and the nonpenetration con-

ition 

∂ϕ 
∂z 

| z= x,r≤R = ˙ x was imposed on the boundary of the bubble.

he thickness of the chamber walls was assumed to be negligibly

mall compared to its radius. 

Next, the kinetic energy of the liquid inside the cham-

er and in the whole volume was determined by the formula
˜ 
 = 

K 
ρ ˙ x 2 R 3 

= 

π
3 

∑ 

i ( ̃  υ
2 
i , 1 ̃

 r i , 1 + ˜ υ2 
i , 2 ̃

 r i , 2 + ˜ υ2 
i , 3 ̃

 r i , 3 ) S i , where S i is the area

f the i -th triangular element of the grid, the summation over the
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Fig. 2. Synchronously recorded oscillograms of force impulses F (t) and pressure pulses P(t)-P a . 

Fig. 3. Shadowgraph of the dynamics of the processes inside and outside the chamber for a gaseous charge with V 0 =3 ml, d=29 mm, and h=83 mm.. 
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odes of each i -th triangular element of the grid is written in

arentheses, ˜ υ = υ/ ̇ x , ρ is the density of the liquid. 

The results show that under the assumption of a long chamber

 h � x ), most of the kinetic energy belongs to the liquid column

nside the chamber. For example, at a ratio x / h = 0.4, 90% of the

inetic energy is concentrated in the chamber, and at x / h = 0.8,

4%. Thus, for approximate calculations, the liquid flow outside the

hamber can be neglected. 

The kinetic energy of the flow ejected from the chamber is ex-

ended in the formation and motion of the vortex ring because

he jet leaving the chamber does not spread completely but forms

 vortex ring, which can make an additional contribution to the

inetic energy and hence the thrust. The effect of the vortex on

he thrust was studied in ( Kruegera and Gharib, 2003 ), where for

 chamber length to diameter ratio h / d = 3, a contribution of 30%

as obtained. In addition, it is said in the paper that the vortex
ffects the thrust until its separation from the edge of the cham-

er since the formation of the vortex is accompanied by decelera-

ion of the flow and generation of excess pressure at the chamber

utlet. In our case, vortex separation occurs at the initial stage of

xpansion of the cavity ( Fig. 3 , 2.4 ms), so that in these approxi-

ate calculations, its influence is ignored, but in future studies, it

hould be given special attention. 

In view of the above assumptions, the law of conservation of

nergy is written as 

 = K + A + U = const (3)

here K is the kinetic energy of the liquid (in our approximation,

 ≈ ρS ̇ x 2 (h −x ) 
2 ), A = P a · S(x − x 0 ) is the work done against the ex-

ernal pressure forces, U is the internal energy of the cavity (in

he case of an ideal gas, U = 

PSx 
γ −1 ). Here x 0 is the initial size of

he cavity, P and P are the pressure and initial pressure inside the
0 
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Fig. 4. Mathematical formulation of the problem of cavity pulsation in a cylindrical 

chamber. 
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cavity, P a is the pressure in the surrounding liquid ( P 0 > P a ), ρ is

the density of the liquid, S = πR 2 is the cross-sectional area of the

chamber, γ is the adiabatic index of the gas in the bubble ( ≈ 1.24

for propane–oxygen mixtures ( Popov and Kogarko, 1976 )). 

In contrast to solid explosions, for the underwater gas explo-

sion in the chamber, the energy carried away by the shock wave

is fractions of a percent ( Kogarko et al., 1975 ) and hence can be

neglected in the estimation. 

We assume that at the boundary of the cavity, there is no heat

and mass transfer. Then the pressure in the cavity is given by the

expression 

P = P 0 ( x 0 /x ) 
γ

(4)

At the initial time, K and A are zero, so that E = 

P 0 S x 0 
γ −1 . Substitut-

ing this expression into ( 3 ), expressing the pressure by formula ( 4 ),

and reducing the cross-sectional area of the chamber S , we obtain

the relation 

P 0 x 0 
γ − 1 

= 

ρ(h − x ) ̇ x 2 

2 

+ (x − x 0 ) P a + 

P 0 x 

γ − 1 

(
x 0 
x 

)γ

(5)

(it is assumed that γ does not change appreciably during the ex-

pansion of the cavity). Expressing the cavity growth rate from re-

lation ( 5 ), we obtain 

˙ x = 

dx 

dt 
= 

√ 

2 

ρ(h − x ) 

(
P 0 x 0 
γ − 1 

− P 0 
γ − 1 

x 
γ
0 

x γ −1 
− (x − x 0 ) P a 

)
. (6)

From this expression, we can find the period of cavity pulsation

by bringing dt to the right side, and integrating: 

T = 

√ 

2 ρ

∫ x max 

x 0 

√ 

h − x √ 

P 0 x 0 
γ −1 

− P 0 
γ −1 

x 
γ
0 

x γ −1 − (x − x 0 ) P a 

dx , (7)

where x max is the maximum size of the cavity ( x max < h ). Formula

( 7 ) is conveniently represented in dimensionless form 

˜ T = 

∫ ˜ x max 

1 

√ 

˜ h − ˜ x 
˜ P 0 

(γ −1) 

(
1 − ˜ x 1 −γ

)
− ˜ x + 1 

d ̃  x , (8)

where ˜ T = T 1 
x 0 

√ 

2 P a 
ρ , ˜ P 0 = P 0 / P a , ˜ x = x/ x 0 , ˜ x max = x max / x 0 , ˜ h = h/ x 0 . 

The integral in ( 8 ) is not found analytically. The results of the

numerical integration for γ =1.24 can be approximated by the re-

lation 

˜ T ≈ 4 . 2 

(
˜ h − ˜ x max 

)0 . 65 + 1 . 15 ( ̃  x max + 2 . 7 ) . (9)

At the end of the expansion of the cavity at maximum size

( x = x max ), the kinetic energy is zero. Writing the equality of the

energy E at zero time ( x = x 0 ) and that at the time when the cavity

has a maximum size ( x = x max ) and using expression ( 4 ), we obtain

the following relation between P 0 and x max : 

P 0 x max 

γ − 1 

(
x 0 

x max 
− x 

γ
0 

x 
γ
max 

)
= P a ( x max − x 0 ) . (10)
From this, knowing the maximum size of the cavity, we can cal-

ulate the initial pressure in it. In dimensionless form, it is defined

s 

˜ 
 0 = (γ − 1) 

˜ x max − 1 

1 − ˜ x 
1 −γ
max 

. (11)

We estimate the impulse of the force I exerted on the thrust

all by the cavity. It is equal to I = S 
∫ 

(P − P a ) dt . It is evident that

he integral has a maximum at the time when P = P a . At this time,

 = x a = x 0 ( 
P 0 
P a 

) 
1 / γ

. Expressing dt by formula ( 6 ) and the pressure

rom ( 4 ) and using x a , as the upper limit of integration, we express

he maximum impulse as 

 max = V 0 

√ 

P a ρ

2 

∫ ˜ x a 

1 

(
˜ P 0 ̃  x −γ − 1 

)√ 

˜ h − ˜ x 
˜ P 0 

γ −1 

(
1 − ˜ x 1 −γ

)
− ˜ x + 1 

d ̃  x , (12)

here V 0 = S x 0 is the initial volume of the burnt gas. 

Eq. (12) can be represented in dimensionless form as 

˜ 
 max = 

I max 

V 0 

√ 

P a ρ
= 

1 √ 

2 

∫ ˜ x a 

1 

(
˜ P 0 ̃  x −γ −1 

)√ 

˜ h − ˜ x 
˜ P 0 

γ −1 

(
1 − ˜ x 1 −γ

)
− ˜ x + 1 

d ̃  x . 

(13)

The integral in ( 13 ) does not have an analytical primi-

ive, and for γ =1.24, it can be approximated by the relation

 . 2 
√ 

˜ h ( 
√ 

˜ P 0 − 1) . Thus: 

˜ 
 max ≈ 2 . 26 

√ 

˜ h 

(√ 

˜ P 0 − 1 

)
. (14)

Since for the same equivalence ratios of fuel and oxidant, the

olume of the burnt gas V 0 is proportional to the fuel mass, the di-

ensionless impulse ˜ I max has the meaning of the specific impulse

 sp to within a constant factor. To obtain maximum impulse in each

ycle of combustion, it is necessary to provide a supply of the next

ortion of water into the combustion chamber when the pressure

n the cavity is reduced to the pressure in the incoming flow. 

Using formulas ( 9 ) and ( 14 ), we write the following approxi-

ate relation for the average thrust in the optimal mode of oper-

tion: 

 

F 〉 = 

I max 

T 
= 

V 0 

√ 

P a ρ

x 0 
√ 

2 ρ/ P a 

˜ I max 

˜ T 

≈ S P a √ 

2 

√ 

˜ h 

(√ 

˜ P 0 − 1 

)
1 . 86 

(
˜ h − ˜ x max 

)0 . 65 + 0 . 5 ( ̃  x max + 2 . 7 ) 
. (15)

It is seen that the average thrust is proportional to the cross-

ectional area and, hence, to the gas volume V 0 with all other pa-

ameters fixed. 

In dimensionless form, the average thrust is given by the ex-

ression 

˜ F 
〉
= 

˜ I max 

˜ T 
≈

√ 

˜ h 

(√ 

˜ P 0 − 1 

)
1 . 86 

(
˜ h − ˜ x max 

)0 . 65 + 0 . 5 ( ̃  x max + 2 . 7 ) 
. (16)

In the calculations, the energy loss due to water friction on the

hamber walls during the growth of the cavity is neglected. We

stimate these losses. The work to overcome friction is defined

s A f = �P (h − x 0 ) S , where �P is the pressure loss between the

avity and the chamber outlet, which is determined from the ex-

ression �P = λ h −x 
d 

ρ ˙ x 2 

2 ( Schlichting and Gersten, 20 0 0 ). The fric-

ion coefficient λ for smooth tubes is found from the relation
−0 . 5 = 2lg ( Re · λ0 . 5 ) − 0 . 8 ( Schlichting and Gersten, 20 0 0 ). In our

ase, ˙ x ≤ 10 m/s, h –x 0 ∼ 10 cm, d = 30 mm, Re = 

˙ x d ∼ 1 0 5 ( ν is a
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Fig. 5. Dependence of the experimental and calculated values of the first cavity 

oscillation period T on the chamber length h in dimensionless variables. 

Fig. 6. Experimental and calculated values of the dimensionless impulse versus rel- 

ative length of the chamber. 
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Fig. 7. Experimental and calculated values of the dimensionless average thrust ver- 

sus relative length of the chamber. 
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a  
inematic viscosity of water at temperature 25 °C), the friction co-

fficient λ ≈ 0.02, and, hence, the pressure loss is �P ∼ 0.03 atm.

he work to overcome friction A f ∼ 0.2 J. Based on the measured

ressures, the internal energy of a cavity of volume 3 ml immedi-

tely after the combustion of the propane–oxygen mixture will be

15 J. It can be seen that for combusted gas volumes V 0 > 1 ml,

he losses due to friction can be neglected. 

Unfortunately, the losses associated with the development of

avitation processes in the chamber are still difficult to evaluate. 

. Comparison of the simulation and experiment 

Fig. 5 shows the experimental dependence of the dimension-

ess oscillation period of the first oscillation of the cavity in com-

arison with the result of calculation by formula ( 9 ). The exper-

mental points were obtained by averaging over at least four ex-

eriments. In the calculation by formula ( 9 ), the maximum exper-

mental sizes of the cavity x max were used. It can be seen that for

mall ˜ h , the calculated values of the oscillation period are in good

greement with experimental measurements, and with an increase

n 

˜ h (which corresponds to an increase in the length of the cham-

er or a decrease in the ejected gas volume), there is a discrepancy

hich is attributed to increased heat losses due to the longer time

f growth and collapse of the cavity. 

Fig. 6 shows the results of measurement of the first thrust im-

ulse up to the moment of reduction of the thrust to zero in com-

arison with the results of calculation by formula ( 14 ). Each exper-

mental point represents the results of at least four experiments;

n formula ( 14 ), experimental initial pressure was used. It can be

een that the experimental values are lower than the calculated

nes, and the difference increases with increasing h , which is also

ttributed to increased heat loss as the oscillation period increases.

ne can also see that ˜ I max increases with increasing relative length

f the chamber, i.e., the specific impulse I sp will also increase. It

s reasonable to assume that at a certain 

˜ h opt , the heat losses and
riction become so large that the specific impulse ceases to grow.

herefore, to obtain maximum specific impulse, it is necessary that

he length of the chamber be close to ˜ h opt . This will be addressed

n future work. 

Fig. 7 shows the experimental and calculated (by formula ( 16 ))

ependences of the dimensionless average thrust on the length of

he chambers. It is seen that the average thrust, in contrast to the

pecific impulse, increases with decreasing length of the chamber

nd reaches a maximum at ˜ h = ˜ x max . The same conclusion follows

rom the analysis of formula ( 16 ). 

The maximum possible average thrust (at ˜ h = ˜ x max ) can be ex-

ressed as 

 

F 〉 max ≈
√ 

2 S P a 

√ 

˜ x max 

(√ 

˜ P 0 − 1 

)
˜ x max + 2 . 7 

. (17) 

For propane–oxygen mixtures ( P 0 =15 atm, ˜ x max ≈ 20) the max-

mum average thrust is 〈 F 〉 max ≈ 0.8 SP a . 

The above calculation in adiabatic approximation assumes the

dentity of the first and all subsequent periods of cavity pulsations

if the hydrodynamic losses are ignored). However, as it can be

een from Fig. 2 , the period of the second pulsation is approxi-

ately 2 times shorter than the first one (moreover, the ratio of

he periods close to two is observed for all lengths of chambers

nd all volumes V 0 used in experiment). This demonstrates the es-

ential losses in the process of the cavity pulsations. Another proof

f water vapor condensation in gaseous cavity is the fact that the

avity size at the moment of collapse is less than the initial one

t the moment of initiation ( Fig. 3 ) ( Kogarko et al., 1975 ). By us-

ng formula ( 9 ), it is possible to estimate which part of energy

as expended for losses during the period of the cavity pulsa-

ion. Since the pressure in the first and second pulses is approx-

mately same ( Fig. 2 ), according to ( 10 ) the value ˜ x max in the first

nd second periods will be different slightly, but ˜ h will increase

n the second period as many times as internal energy of the cav-

ty will decrease after the first pulsation 

˜ h 2 
˜ h 1 

= 

x 0 
x 1 

= 

U 0 
U 1 

, where U 0 

s the internal energy of the cavity at the initial moment of time,

 1 and U 1 is the size of cavity and its internal energy during col-

apse at the moment of time T 1 . Writing the ratio of periods as
˜ T 1 
˜ T 2 

= 

T 1 
T 2 

x 1 
x 0 

= 

T 1 
T 2 

U 1 
U 0 

≈ 2 
U 1 
U 0 

and using formula ( 9 ), we can find the ra-

io 
U 0 
U 1 

. For ˜ h = 30 – 40 the ratio 
U 0 
U 1 

≈ 6. 

From the graph in Fig. 6 , it is possible to define in a similar way

hich part of energy is lost during the period of effective work op-

ration. The analysis with the use of formula ( 14 ) shows that it is

5-30%. It is appeared that in experiment the pressure in the cav-

ty decreases quicker than it does in calculation and so the integral

nd, hence, the impulse turn out to be less. 

Thus, the losses during the combustion of gas mixtures in liquid

re considerable that requires paying special attention to problems
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of heat and hydrodynamic losses during development of propul-

sion devices. 

6. Conclusions 

In the integrated experiments with simultaneous measurements

of the thrust, pressure, and hydrodynamic processes inside and

outside the chamber, a specific impulse up to 10 5 s (10 6 m/s) was

obtained during combustion of a propane–oxygen mixture in a

submerged chamber. 

The results of the numerical simulation show that the kinetic

energy of the liquid outside the chamber is a small part of the

total kinetic energy and hence can be neglected in the estimation. 

The initial pressure, oscillation period, specific impulse, and av-

erage thrust were calculated in the adiabatic approximation. 

Comparison of the calculated and experimental results shows

that at initial pressures in the bubble of 12–17 atm, the cavity vol-

ume increases by a factor of 17–23, which is 1.5–2 times less than

the calculated values. This is obviously due to thermal and hydro-

dynamic losses. The losses are also responsible for the fact that

experimental values of the specific impulse and average thrust are

below the calculated values. 

Analysis of the obtained dependences suggests that to achieve

maximum specific impulse, the length of the chamber should be

increased, and to achieve maximum average thrust, it should be

decreased. 

The results of this work can be used as a basis for the develop-

ment of relatively simple pulsating hydro-jet propulsion systems

based on hydrocarbon combustion directly in water on the thrust

wall, as well as for the design of devices for filter regeneration,

generation of acoustic waves, and cleaning underwater bodies. 
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