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Abstract—The transfer of momentum from shock waves of various intensities (from 0.05 to 0.5 MPa) to a
water column containing air bubbles of a mean diameter of 2.5 mm is studied both experimentally and by
numerical simulation. The experiments are performed in a vertical hydrodynamic shock tube with a rectan
gular cross section of 50 × 100 mm and a length of 1980 mm. The tube consists of a 495mmlong highpres
sure section, 495mmlong lowpressure section, and 990mmlong test section filled with water and
equipped with a bubble generator. Experiments have demonstrated that, as the gas content in the water
increases from 0 to 30 vol %, the momentum transferred from the shock wave to the bubbly water increases
smoothly, leveling off at a volumetric gas content of 20–25%. The experimental and 2Dsimulation depen
dences of the shock wave velocity and the velocity of the bubbly liquid behind the shock wave front on the
volumetric gas content are in close agreement.
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1. INTRODUCTION
It is known [1, 2] that the thermodynamic cycle
with controlled detonation combustion (Zel’dovich
cycle) provides a higher thermodynamic efficiency of
transformation of chemical energy into the work of
expansion as compared to the deflagration combustion at
constant volume. Using the Zel’dovich cycle in liquid
fuel rocket engines and airbreathing jet engines has been
widely discussed (see, e.g., review [3]), whereas the use of
this cycle in hydrojet engines has been discussed only in
our papers [4–7]. According to [4–7], a pulsedetona
tion hydrojet engine consists of a water duct and detona
tion wave generator operating on a given fuel mixture.
The most important problem in the implementation of
the Zel’dovich cycle in hydrojet engines is to ensure an
efficient transfer of the momentum from the shock wave
(SW) coming out from the generator into the water duct
to the aquatic medium.
The aim of the present work is to determine, based
on experimental and theoretical studies of the interac
tion of a shock wave with a compressible bubbly liquid,
at which the content of gas in the water the momen
tum transfer from the shock wave to the water is most
efficient.
2. LABORATORY SETUP
AND THE MEASUREMENT PROCEDURE
Experiments were carried out in a hydrodynamic
shock tube (HST) (Fig. 1) with constant rectangular

crosssection of 50 × 100 mm2 and a length of 1980 mm.
The tube consisted of a highpressure section (HPS) of
length 495 mm, lowpressure section (LPS) of length
495 mm, test section (TS) of length 990 mm, air bub
ble generator (ABG), combustible mixture supply sys
tem, data acquisition system, and control unit. The
pressure in the HPS was measured with a differential
piezoceramic pressure sensor (P1 in Fig. 1) and an
absolute pressure sensor (P8). The first was used to
determine the amplitude of the pressure waves,
whereas the second, to measure the initial absolute
pressure in the HPS and the pressure in the HPS
immediately before the rupture of the diaphragm. The
lowpressure section of the HST permanently com
municated with the atmosphere through a side open
ing with a diameter of 3 mm. The basic parameters of
the air shock wave formed after the rupture of the dia
phragm in the LPS, such as the amplitude, duration
and speed of propagation, were determined using two
PCB113B24 highfrequency piezoelectric overpres
sure sensors (P2 and P3). The TS had four optical win
dows and four PCB113B24 highfrequency piezoelec
tric pressure sensors (P4–P7). Prior to the experi
ment, the TS was filled with water. The air bubble
generator was placed near the lower end of the TS. The
generator was a plate with 152 capillary tubes of inner
diameter 0.16 mm, through which air was fed from the
receiver into the water in the form of a chain of indi
vidual bubbles. The volume fraction of air in the water
was determined by monitoring the level of the liquid
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bly medium column h and required initial gas content
α10, we determined the equivalent column height of
the gas, hg = α10h. Then, the TS was filled with water
up to a mark (h – hg) and air supply was started, with
an airflow such as to have the level of the bubbly liquid
(BL) set at a mark h. The surface of a bubbly liquid is
always covered with a certain number of bubbles that,
forming a thin layer of foam, which makes it difficult
to establish the exact position of the boundary of the
bubbly liquid at high gas content (α10 > 8%). There
fore, to more accurately determine the volume of gas
content, we used a differential water pressure gauge.
Knowing the difference between the heights at which
pressure is read (Δh = 496 mm) and the difference
between the heights of the water columns Δх, we can
determine the gas content as α10 = (Δх/Δh) × 100%.
The minimum Δх value measurable with the differen
tial pressure gauge to an accuracy of ±0.05α10 is
10 mm. Thus, the lower limit for the volumetric gas
fraction that can be provided by a water pressure gauge
is α10 = 2%. Smaller values of α10 can be obtained only
by measuring the height of the liquid column (to
within ±0.01α10).
The table lists the positions of all the pressure sen
sors relative to the position of the diaphragm of the
HST. Since in what follows we discuss primarily the
interaction of the SW with the contact surface between
the air in the LPS and the bubbly liquid in the TS and
the propagation of the SW through this medium, it is
convenient to introduce a coordinate system with the
origin at the position of the interface at the initial time;
i.e., the positions of the pressure sensors in the TS cor
respond to the depths of their immersion into the bub
bly liquid. These coordinates are also given in the
table. The times of arrival of the SW front at each par
ticular pressure sensor was determined from the pres
sure oscillogram, from which and the known lengths
of the measuring segments the average velocities of the
SW over each segment were calculated. The lengths of
the measuring segments are indicated in Fig. 1.
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h=0

ABG

Air supply
system

PC

Fig. 1. Schematic diagram of the hydrodynamic shock
tube: HPS, highpressure section; LPS, lowpressure sec
tion; TS, test section, ABG, air, bubble generator, DG dif
ferential pressure gauge; P1–P7, PCB 113B24 piezocer
amic overpressure sensors; P8, KurantDA tensoresistive
absolute pressure sensor.

(optical window no. 1 with graduation marks) and the
level difference in the differential liquid pressure
gauge.
The procedure for determining the volume gas
content was as follows. Knowing the height of the bub

3. MATHEMATICAL MODEL
A detailed description of the mathematical model
and numerical procedure for solving the problem of
the interaction of a shock wave with a bubbly liquid is
given in [5–7]. The mathematical model is based on
twodimensional differential equations of twophase
flow obtained within the concept of interpenetrating
continua [8], more specifically, the equations of con
servation of mass, momentum, and energy of the
phases with additional closure relations describing the
dynamic of the interaction of the phases. The system
of equations was numerically solved by the SIMPLE
method [9], based on the finite volume discretization
of the differential equations with firstorder approxi
mation in space and time. To avoid excessive refine
ment of the computational grid near solid surfaces
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with noslipflow conditions, we used the standard
method of wall functions.
4. EXPERIMENTAL AND SIMULATION
RESULTS
Experimental studies of the interaction of a SW
with a gascontaining liquid were performed for rela
tively weak and strong shock waves. In the experiments
with relatively weak SWs, the diaphragm has a thick
ness of 25 μm. The pressure in the HPS (≈0.3 MPa at
the time of rupture of the diaphragm) was created by
supplying compressed air.
In the experiments with strong SWs, the diaphragm
thickness was 150 μm, ruptured at a gas pressure in the
HPS of ~1.5 MPa, which was created the rapid com
bustion of a mixture of propane and oxygenenriched
(up to 30 vol %) air. In all the experiments, the LPS
was filled with air at atmospheric pressure, whereas the
TS was filled with a ≈943mmhigh water column con
taining air bubbles of average diameter d10 = 2.5 mm,
with the initial gas content ranging from 0.5 to 30 vol %.
The air and water were at room temperature.
As an example, Fig. 2 shows the measured SW
velocity in the bubbly liquid over the P5–P6 measur
ing segment for relatively weak and strong SWs at var
ious initial gas contents α10. The experimental values
of the SW velocity were obtained from pressure oscil
lograms. For comparison, the relevant dependences of
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Distances from the diaphragm to the pressure sensors and the
depths of immersion of the sensors (distance from the free
surface of the bubbly liquid to the centerline of the sensor)
Sensor

Coordinate, mm

Depth, mm

–32
247
422
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943
1168
1371

–
–
–
135
405
630
833

P1, P8
P2
P3
P4
P5
P6
P7

the SW velocity on α10 calculated by the method
described in [5–7] are also displayed.
The SW velocity was measured over all measuring
segments of the TS; in addition, the velocity the con
tact surface between the air and the bubbly liquid, as
well as the speed of individual air bubbles, were mea
sured. The velocity of the contact surface was deter
mined by processing videos from a Phantom Miro
LC310 highspeed camera by means of the Phantom
Camera Control software. This software enables to
measure distances and velocities of selected points
after preliminary calibration of the video, i.e., deter
mination of the scaling relation between the image and
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Fig. 2. Dependence of the SW velocity over the P5–P6 measuring segment on the volumetric gas content: (䊏) strong SW (with
an amplitude of ≈0.5 MPa), experiment; (1) strong SW (≈0.5 MPa), calculation; (䊊) weak SW (≈0.05 MPa), experiment; (2) weak
SW (≈0.05 MPa), calculation.
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Fig. 3. Comparison of measured (symbols) and calculated (curves) dependences of the contact surface velocity and the velocity of
air bubbles u on the initial volumetric gas content for (a) relatively weak (with an amplitude of ≈0.05 MPa) and (b) strong (≈0.5 MPa)
SWs: (䉲) contact surface velocity and (䊊) velocity of the bubbles behind the SW front.

the physical object. To do this, the scene always
included a scaling segment of known length.
Figure 3 compares the measured and calculated (by
the method described in [5–7]) dependences of the
velocity of the contact surface and the velocity of air
bubbles in the water on the initial volumetric gas con
tents for SWs of different intensity.
As can be seen from Fig. 3, there is a close qualita
tive and quantitative correlation between the contact
surface velocity and the velocity of the air bubbles
behind the SW front. It is also seen that the calculated
maximum velocity of the liquid is in good agreement
with the experimental data on the velocity of the con
tact surface and the velocity of the air bubbles behind
the SW front throughout the entire range of gas con
tent for relatively weak (Fig. 3a) and for strong shock
waves (Fig. 3b).
Based on the measured velocity of the contact sur
face and the velocity of the air bubbles, it is possible to

determine the specific impulse of the liquid behind
SW front:

I = (1 − α 01 ) ρ2u2,
where α01 is the initial volumetric gas content, ρ2 is the
density of the liquid, u2 is the velocity of the liquid
behind the SW front in the control section or the con
tact surface velocity, or the bubble velocity behind SW.
Figure 4 compares the measured (symbols) and
calculated (curves) dependences of the specific
impulse on the volumetric gas content for relatively
weak (Fig. 4a) and for strong shock waves (Fig. 4b). As can
be seen, the calculated and experimentally determined
dependences of the specific impulse are in close agree
ment over the entire range of volumetric gas contents.
CONCLUSIONS
Systematic experimental and computational stud
ies of transfer of momentum from shock waves with dif
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Fig. 4. Comparison of measured (symbols) and calculated (curves) dependences of the specific impulse of the bubbly liquid on
the initial volumetric gas content for (a) relatively weak (with an amplitude of 0.05 MPa) and (b) strong (≈0.5 MPa) SWs: the spe
cific impulse of the bubbly liquid is determined from (䉲) the measured velocity of the contact surface and (䊊) the measured veloc
ity of the bubbles.

ferent initial pressure amplitudes (from 0.05 to 0.5 MPa)
to an aqueous medium with air bubbles of average
diameter 2.5 mm were performed. The experiments
were carried out in a vertical hydrodynamic shock tube
of rectangular section 50 × 100 mm2 with a total length
of 1980 mm and lengths of the HPS, LPS, and TS of
495, 495, and 990 mm, respectively. The test section,
equipped with a generator of air bubbles, was filled
with water. The experiments have shown that, with
increasing the gas content from 0 to 30 vol %, the
momentum transferred to the bubbly liquid by shock
waves increases monotonically, reaching a level at 20–
25 vol %. The experimental results were confirmed by
twodimensional calculations of the characteristics of
the propagation of shock waves in a bubbly liquid, both
for dependences of the shock wave velocity on the vol
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

umetric gas content and for the velocity of entrain
ment of the bubbly liquid in motion.
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