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Momentum transfer from shock waves (SWs) of various intensity
(from 0.05 to 0.5 MPa in amplitude) to water containing air bubbles
2.5 mm of mean diameter is studied both experimentally and by means
of numerical simulation. The experiments are performed in a vertical shock tube of a 50 × 100 mm rectangular cross section consisting
of a 495-millimeter long high-pressure section (HPS), 495-millimeter
long low-pressure section (LPS), and 990-millimeter long test section
(TS) equipped with an air bubbler and ¦lled with water. The experiments have shown that as the gas volume fraction in water increases
from 0 to 0.3, the momentum imparted in bubbly water by shock waves
increases monotonically, gradually leveling o¨ at an air volume fraction of about 0.200.25. The experimental data are con¦rmed by twodimensional (2D) simulation of SW propagation in bubbly water both
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in terms of the SW velocity vs. the air content and the particle velocity
behind the shock front.

Introduction
The thermodynamic cycle with burning in controlled detonation regime
(Zel£dovich cycle) is known to provide a higher thermodynamic e©ciency (performance) of fuel chemical energy transformation into the
expansion work as compared to de§agration burning at constant volume [1, 2]. Although the use of the Zel£dovich cycle in liquid rocket engines and air-breathing jet engines was considered in numerous publications (see, for example, review [3] and references therein), the feasibility
of utilization of this cycle in hydrojet engines was previously discussed
solely in [47] to the best of our knowledge. According to [47], pulsed
detonation hydrojet engine consists of a water passage and a generator
of detonation waves fed with any suitable fuel mixture. The e©cient
momentum transfer to the §uid from a shock (or detonation) wave
entering the water passage from the generator is the most important
problem to be solved when realizing the Zel£dovich cycle in hydrojet
engines.
The parameters of shock waves transmitted from a gas to bubbly
water were studied usually in vertical shock tubes comprising HPS and
LPS separated with a diaphragm and a TS with water containing air
bubbles [812]. After the diaphragm at the top of LPS ¦lled, as a rule,
with air at atmospheric pressure and room temperature bursts, an SW
with known parameters is formed which spreads through LPS and then
enters the bubbly water. The velocity and other characteristics of the
SW in bubbly liquid were monitored with pressure gauges mounted
in the TS and with high-speed videocamera through the transparent
windows in TS.
In the literature, one can ¦nd some other experimental data on SW
propagation in bubbly liquids (see, e. g., [13, 14]); however, their quantitative analysis presents di©culties because some important parameters of experiments are missing in them. In addition, in many works,
the experiments were performed with gases other than air (such as argon, helium, CO2 , etc.) in bubbles and liquids other than water (such
as vacuum oil, waterglycerol mixture, boiling water or other) rather
than water under normal conditions were used as a carrier medium. In
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some works (see, e. g., [15]), SW was initiated by applying high-voltage
(about 48 kV) to a thin wire submerged in bubbly liquid. Such works
are not mentioned here because they have no relevance to the main
objective of the present paper.
It should be noted that depending on governing parameters of the
medium (viscosity and other), SW in bubbly water can have various
pressure pro¦les [11, 16, 17], namely, with a smooth pressure time history or oscillatory. Experimental pressure traces recorded in [11] in
SW spreading in water containing air bubbles of various size: 0.48,
0.69, or 0.1 mm at a similar gas volume fraction ∼ 0.08 show that
pressure behind the SW front in water with large bubbles oscillates
intensely, whereas in water with small bubbles, the pressure pro¦le is
smooth [16, 17].
In [1821], the interaction of bubbles with SW in bubbly liquids
was studied experimentally and computationally. It has been found
that bubbles are deformed and fragmented behind propagating SW due
to instability of the gasliquid interface.
The theoretical and computational studies of shock and detonation
waves in bubbly liquids are usually based on one-dimensional partial
di¨erential equations of mass, momentum, and energy conservation for
two mutually penetrating continua ¡ liquid and gas [11, 22]. These
equations are supplemented with semiempirical relationships for interphase dynamic and thermal interactions due to interphase velocity slip
and temperature di¨erences induced by the propagating SW such as:
bubble deformation, fragmentation and coalescence, liquid evaporation,
vapor condensation, interphase heat transfer, etc. The existing theoretical models of two-phase §ows describe on the whole satisfactorily
pressure wave propagation in bubbly liquids. As far as experimental
and computational studies of SW  bubbly liquid interaction are concerned, the problem that has escaped attention of researches and calls
for more detailed investigations because of its tentative practical importance is the e©ciency of momentum transfer from an SW incident
on a surface of a bubbly liquid to its bulk.
The objective of the present work is to study, both experimentally
and by calculations, the impact of SW spreading in a gas onto a compressible bubbly water and to ascertain such an air content in water at
which the momentum transfer from SW to bubbly water is the most
e©cient.
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Experimental Setup and Methodology
The experiments were performed in laboratory setup called ¤Hydroshock tube¥ (HST) of a constant 50 × 100 mm rectangular cross
section 1980 mm in total length (Fig. 1). The tube consists of a 495-

Figure 1 Schematic of the HST: BG ¡ bubble generator; DM ¡ differential manometer; BL ¡ bubbly liquid; ò1ò7 ¡ piezoceramic gauges of
overpressure, and ò8 ¡ absolute pressure transducer
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millimeter long HPS, 495-millimeter long LPS, and 990-millimeter long
TS ¦lled with water. The experimental rig included a system that provides mixing of combustible gases, their supply to HPS and ignition,
generator of bubbles mounted at the TS bottom end and manufactured
in the form of a plate with 171 capillaries organized in equally spaced
grid of 9 by 19 needles 0.16 mm in internal diameter, and data acquisition and control system. Air injected in water through the capillaries
produced an array of bubbles. Pressure at the gas  bubbly liquid interface is atmospheric because LPS is connected to the ambient atmosphere
through an ori¦ce in the side wall 3 mm in diameter.
The overpressure in an SW was measured with a high-frequency
piezoceramic pressure transducers PCB 113B24 ¡ gauges ò1 to P7 in
Fig. 1. Absolute pressure in HPS was measured with a low-frequency
KURANT-DA pressure transducer ¡ gauge ò8 in Fig. 1. The basic
parameters of SW in air in LPS (its amplitude, duration, and propagation velocity) formed after the diaphragm was ruptured were derived
from pressure traces recorded by pressure gauges ò2 and ò3. To visually monitor SW impact on a bubbly liquid, four optical windows were
mounted in TS; in addition, visual observations were supplemented by
pressure signals recorded with four pressure gauges ò4 to ò7. The signals from all pressure gauges P1ò8 were recorded via an R-Technology
QMbox QMS20 analog-to-digital converter with the aid of the Power
Graph 3.3 Professional
Positions of pressure gauges ò1ò8 with
program incorporated in
respect to the diaphragm and depths at
a personal computer.
which pressure gauges ò4ò7 are located
The positions of pres(from the liquid interface to the axial
sure gauges ò1ò8 with
gauge line)
respect to the diaphragm
Gauge Coordinate, mm Depth, mm
(see Fig. 1) and the
P1, P8
−32
¡
depths with respect to the
P2
247
¡
gas  bubbly liquid interP3
422
¡
face (its position was
P4
673
135
maintained at the same
P5
943
405
level in all tests) at which
P6
1168
630
the gauges are located are
P7
1371
833
indicated in the table.
Volumetric air fraction in the water column was assessed by
a change in the bubblyliquid interface level (optical window No. 1 in
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Fig. 1 had special marks for that purpose) or by a di¨erence of liquid
levels in a di¨erential liquid manometer (see Fig. 1).
In the present work, interaction of SW with gas-containing liquid was studied at two di¨erent SW intensities: ¤weak¥ waves were
about 0.05 MPa in amplitude and ¤strong¥ waves were about an order
of magnitude more intense.
In tests with ¤weak¥ SW, a 25-micron thick diaphragm from
polyethylene terephthalate (PET) was used. The air pressure in HPS
at the diaphragm rupture instant was ∼ 0.3 íPÁ.
¤Strong¥ SWs were produced using 150-micron thick diaphragms
which were stuck from three sheets of a 50-micron PET ¦lm, the HPS
gas pressure at the diaphragm burst instant in these experiments at
a level of ∼ 1.5 MPa was attained by burning a propaneair mixture
enriched with oxygen (up to 30 %( vol.)). Low-pressure section was
¦lled with air at atmospheric pressure in all tests. Test section contained a (940 ± 15)-millimeter high water column with air bubbles of
mean diameter d10 = 1.53.5-millimeter varied with the volumetric gas
content from 0.005 to 0.3. In all tests, air and water were at room
temperature.
To achieve a good spatial resolution, bubbly liquid was photographed just before each experiment by a Canon EOS 700D photocamera. Figure 2 shows a representative photo used to ascertain the size
distribution of bubbles in one of the tests with a polyethylene thread.
In this particular test, the mean bubble diameter was 2.5 mm and the
diameters of ¦ne and coarse fractions were 1.6 and 4 mm, respectively.
It is noteworthy that as the volumetric gas content increases, so does the
mean diameter of bubbles and the bubble shape becomes more irregular. Besides air bubbles, one can see in Fig. 2 scale marks (1) used to
measure the height along TS (the distance between the horizontal scale
bars is 20 mm), a twisted twin polyethylene thread of 1 mm in diameter (2) ¦xed at copper holders (4 and 5) with the aid of a §uorocarbon
¦shing line of 0.11 mm in diameter (6), and a thick horizontal (3) line
indicating the initial thread position. The polyethylene thread was used
due the proximity of its density to water density. Thread motion was
monitored to assess the bubbly liquid velocity.
The velocities of the gasliquid interface (contact surface) and air
bubbles were obtained using Phantom Camera Control software during
postprocessing of videoframes taken with a high-speed Phantom Miro
204
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Figure 2 An example of photograph of window No. 2 with a polyethylene
thread used to measure the liquid §ow velocity (α10 ≈ 0.01): 1 ¡ horizontal
background scale marks following with 20-millimeter step; 2 ¡ polyethylene
thread; 3 ¡ reference line equidistant from gauges P4 and P5 at 135 mm; 4
and 5 ¡ the holders of the thread; and 6 ¡ a §uorocarbon ¦shing line

LC310 camera. The positions and velocities of several selected points in
videoframes were measured after preliminary calibration, which ascertains the scale relation between a real physical object (e. g., dimension
mesh drawn on the TS window, see Fig. 2) and its image. Air bubbles
are involved in motion behind an SW and can be disintegrated. To
take into account this phenomenon, one has to manually ¤teach¥ the
trace algorithm. As a result, the algorithm can trace the position of
a cluster of smaller bubbles formed from the parent bubble as a result
of its breakup.
Figures 3 and 4 demonstrate representative oscilloscopic traces of
signals from gauges ò2ò7 used to measure the average SW velocity (D)
at measuring segments P2P3, P3P4, P4P5, P5P6, and P6P7:
Dij =

Xj − Xi
τj − τi

where ij is the pressure gauge number (see Fig. 1), Xj and Xi are the
coordinates of gauges i and j (see the table); and (τj − τi ) is the time
interval during which the SW front travels between gauges i and j. The
instant SW arrived at one or another pressure gauge was determined as
K. A. Avdeev et al.
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Figure 3 Representative pressure signals recorded with gauges P2ò7 for
a volumetric gas content α10 = 0.04 of ¤weak¥ SW (–P = 0.05 MPa): (a) in
gas; and (b) in bubbly liquid

an in§ection point of the pressure record at its frontal part as shown in
Fig. 3 for gauge P6.
As seen in Figs. 3 and 4, an oscillatory SW with a sloping front and
regular pressure oscillations spreads through the bubbly liquid. Such
206
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Figure 4 Representative pressure signals recorded with gauges P2ò7 for
a volumetric gas content α10 = 0.04 of ¤strong¥ SW (–P = 0.5 MPa): (a) in
gas; and (b) in bubbly liquid

waves have often been observed previously (see, e. g., [11, 16, 17]) and
are associated with nonlinear and disperse properties of bubbly liquids.
The time interval in Figs. 3 and 4 is quite long (18 and 8 ms in Figs. 3
and 4, respectively); therefore, the oscilloscopic traces exhibit not only
K. A. Avdeev et al.
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the primary SWs but SWs re§ected from the closed tube ends and
from the gas  bubbly liquid contact surface as well. Moreover, the
oscilloscopic traces show also rarefaction waves.

Two-Phase Flow Models
Below, there will be considered bubbly liquid that consists of two phases,
namely, dispersed gas phase (subscript 1) whose volume fraction is α1
and carrier liquid phase (subscript 2) with volume fraction α2 . The
following simplifying assumptions are adopted:
(1) gas compressed in an SW spreading through a bubbly liquid is not
dissolved in the liquid while the liquid is not evaporated inside the
bubbles;
(2) shock wave is of a moderate intensity, so that the liquid phase
density depends solely on the liquid temperature T2 ;
(3) §ow of the bubbly liquid behind SW is laminar; and
(4) the e¨ects of gravity, lifting, and friction forces at bounding surfaces on the relative phase motion in a bubbly liquid are ignored.
The mathematical models of SW interaction with a bubbly liquid
are based on partial di¨erential equations of mass, momentum, and energy conservation governing two-phase §ows derived within the framework of mutually penetrating continua [11, 22]. The distinctive feature
of the models is that in addition to the interphase exchange by momentum and energy, they take into account the e¨ects of viscous tangential
stresses and thermal §uxes in phases, which make the evolution problem
well-posed [57].
Two models were applied. In Model 1, the pressures of phases
were assumed identical (p2 = p1 ) and bubble diameter d1 was assumed
constant. In Model 2, the pressures of phases were assumed to be
di¨erent due to the surface tension and relative motion between bubble
and liquid, and the bubble diameter was assumed to vary according to
the Rayleigh equation governing the volume oscillation of gas bubble
in the liquid with the inertia of the added mass, di¨erence of phase
pressures, and viscous dissipation taken into account.
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Numerical Method
The multiphase balance equations were solved numerically using AVL
FIREr . There, the discretization of the governing di¨erential equations is obtained using a cell-centered ¦nite volume approach. The
governing equations are integrated, term by term, over the polyhedral
control volumes. The method rests on the integral form of the general conservation law. All dependent variables such as volume fraction,
density, velocity, pressure, and enthalpy are evaluated at the cell center.
The cell-face-based connectivity and interpolation practices for gradients and cell-face values are introduced to accommodate an arbitrary
number of cell faces. A second-order midpoint rule is used for integral
approximation and a second-order linear approximation for any value
at the cell face. The cell gradients can be calculated by using either
the Gauss theorem or a linear least-square approach. The convection
is solved by a variety of di¨erencing schemes, namely, upwind, central
di¨erencing, and MINMOD. The time derivative is discretized by the
implicit ¦rst-order accurate Euler (two levels) scheme.
After time integration, determination of the convection and di¨usion terms, reorganization of the source terms, underrelaxation, and
application of the boundary conditions, the outcome is a set of algebraic equations: one for each control volume and for each transport
equation. Thus, for §ow simulations with two phases applied in a computational domain with M control volumes, a system of 2 × M × N
algebraic equations needs to be solved for N dependent variables. For
the solution of the algebraic equation systems, the computational §uid
dynamics (CFD) solver uses the iterative, preconditioned conjugate gradient method. The set of equations is solved in a sequence, meaning
that each equation for a given variable is decoupled by treating the
other variable as known.
Coupling between pressure and velocity is performed by the segregated SIMPLE-like (semiimplicit method for pressure linked equations)
algorithm. The discrete continuity equations of the phases are combined to an overall continuity equation, and then are converted into
an equation for the pressure correction. The pressure corrections are
then used to update the pressure and velocity ¦elds of the phases, so
that the velocity components obtained from solution of the momentum
equations satisfy the continuity equations.
K. A. Avdeev et al.
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Validation of the applied multiphase code in terms of bubbly §ows
with focus on boiling heat transfer can be found, e. g., in [23, 24]. The
numerical method for solving Model 2 with additional equations is based
on [25]. The numerical scheme used is monotone, which is necessary
for problems with intrinsic physically nonmonotonous solutions. To
perform numerical calculations accurately, the e¨ect of mesh spacing
and time step have been examined and appropriate values have been
chosen.

Results and Discussion
Results of SW velocity measurements in bubbly water at measuring
segment P5P6 for ¤weak¥ and ¥strong¥ SWs at di¨erent volumetric
gas content α10 values are shown in Fig. 5. For comparison, SW velocity
vs. α10 calculated based on Models 1 and 2 with the aid of the aforedescribed techniques are also displayed by curves in Fig. 5.

Figure 5 Shock wave velocities measured (signs) and calculated (curves) at
measuring segment P5P6 of HST setup vs. volumetric gas content in water:
1 ¡ ¤strong¥ SWs; and 2 ¡ ¤weak¥ SWs
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Calculations were performed in 2D approximation for geometry
simulating parameters of the HST of rectangular cross section. The
procedure of theoretical assessment of the average SW velocity at the
measuring segments was identical to that used in experiments. The
di¨erences in the calculated results in terms of the SW velocity were
insigni¦cant for the both models (they cannot be distinguished in the
plot of Fig. 5). As seen in Fig. 5, the results of calculations agree quite
well with measurements for ¤weak¥ SWs, whereas their consistency with
experiment for ¤strong¥ SWs is satisfactory only at α10 > 0.040.05.
Furthermore, SW velocities in experiment decrease with distance faster
than they do in calculations, although it should be emphasized that SW
decay within the HST length is insigni¦cant. This presumably can be
accounted for by the fact that
bubble breakup, which is more
profound in ¤strong¥ SWs, is
not included in the theoretical
model.
Contrary to the SW velocity, the pressure pro¦les predicted by Model 1, on the one
hand, and Model 2, on the other
hand, di¨er from each other. As
an example, Fig. 6 compares
pressure histories at the posi- Figure 6 Comparison of pressure
tion of pressure gauge P4 pre- histories at the position of pressure
gauge P4 predicted by two models with
dicted by the two models with
the experimental pressure record for
the
experimental
pressure the same initial conditions: α = 0.02,
10
record for the same initial con- ¤weak¥ SW; 1 ¡ experiment; 2 ¡
ditions (α10 = 0.02) for the Model 1; and 3 ¡ Model 2
weak SW. Model 1 predicts
nonoscillating pressure history
whereas Model 2 exhibits the oscillatory pressure behavior very similar
to that observed experimentally. The predicted oscillation frequency
correlates within 10% with the measured value with ≈ 2.7 kHz at
α10 = 0.01 and ≈ 3.7 kHz at α10 = 0.02. For both calculations, the
¦rst few §uctuations are well consistent with experiment.
Further oscillations at the experimental pressure records can be
caused by transverse motion of §uid due to pressure waves traversing
K. A. Avdeev et al.
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the channel in transverse direction. These pressure ways are not present
in calculations.
Figures 7 and 8 show the example of predicted time histories of
pressure (see Fig. 7) and normalized bubble radius (see Fig. 8) at po-

Figure

7 Calculated pressure at cross sections P2ò7 (volumetric gas
content ∼ 0.005, ¤weak¥ SW, r10 = 1.25 mm): (a) in gas; and (b) in bubbly
liquid
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Figure 8 Calculated normalized bubble radius at cross sections P4ò7
(volumetric gas content ∼ 0.005, ¤weak¥ SW, r10 = 1.25 mm)

sitions of gauges ò2ò7 obtained by Model 2 for α10 ∼ 0.005 (¤weak¥
SW). Decaying pressure oscillations are seen to be in phase with the
decaying oscillations of normalized bubble radius.
Figure 9 shows the results of processing of the experimental and
calculated data on the average velocity of the contact surface and the
air bubble velocity in water with di¨erent gas content behind SWs of
various intensity. Data on liquid motion (obtained based on the motion
of polyethylene thread) are shown in Fig. 10. The average contact
surface velocity is derived from videoframes based on information about
the distance traveled by the interface during the time interval needed
for SW to arrive at gauge P4. The air bubble velocity was assessed as
its value at the moment when the SW arrives at gauge P4. The average
velocity of the polyethylene thread is determined from a videorecord
as its integral-average value within the time interval spanning from
the instant when the tread starts moving to the instant when it stops.
K. A. Avdeev et al.
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Figure

9 Measured (symbols) and calculated (curves) velocities of the
contact surface (1) and air bubbles (2) behind ¤weak¥ (–P = 0.05 MPa) (a)
and ¤strong¥ (–P = 0.5 MPa) (b) SWs vs. the initial volumetric gas content
in water

The curves in the ¦gure display the liquid velocities behind SW in the
vicinity of its front calculated by Model 1.
As seen in Figs. 9 and 10 the measured velocities of the contact surface, air bubbles, and thread are qualitatively consistent quite well with
each other. The large scatter of experimental data is presumably due
214
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to several reasons including irregular distribution of bubbles
over size and water volume, pressure oscillations caused by transverse and longitudinal waves
both in LPS and TS, etc. The
calculated liquid velocity agrees
qualitatively with the experimental data and even quantitatively taking into account their
scatter. Its experimental values
in ¤strong¥ SWs at the highest Figure 10 Measured average vegas content that deviate from locity of polyethylene thread (symbols)
the general trend call for further and calculated average velocity of liqstudies to be explained. The cal- uid phase (curves) vs. the initial voluculated §uid velocity behind SW metric gas content in water for ¤weak¥
rises as the gas content in water SWs with –P = 0.05 MPa
increases approximately propor√
tionally to n α10 with n ∼ 4.
Inasmuch as the liquid mass per unit volume of a bubbly liquid
decreases monotonically as its gas content increases while the liquid
velocity increases with gas content in the liquid, one should expect
that the momentum imparted in the bubbly liquid by an incident SW
as a function of gas content α10 should pass through a maximum or
exhibit an asymptotic dependence.
The speci¦c impulse acquired by a bubbly liquid behind an SW can
be assessed by formula:
I = (1 − α10 )ρ2 u2

where ρ2 is the water density assumed equal to 1000 kg/m3 and u2 is the
liquid velocity behind SW that can be represented by the experimentally
measured contact surface velocity or air bubble velocity behind SW.
The results of speci¦c impulse calculations based on the experimental data discussed above are shown in Fig. 11 by symbols. The curves
in Fig. 11 correspond to the speci¦c impulse values calculated using the
above described Model 1 (Model 2 provides very similar curves).
As follows from Fig. 11, the calculated speci¦c impulse is well consistent with its values derived from experimental data within the entire
K. A. Avdeev et al.
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Figure 11 Measured (symbols) and calculated (curves) dependences of the
speci¦c impulse imparted in bubbly liquid by ¤weak¥ (a) and ¤strong¥ (b)
SWs on the initial volumetric gas content: 1 ¡ speci¦c impulse assessed by
the measured contact surface velocity; and 2 ¡ speci¦c impulse assessed by
the measured air bubble velocity

range of the initial gas content tested. It is noteworthy that the speci¦c impulse values imparted in a bubbly liquid by both ¤weak¥ and
¤strong¥ SWs tend to level o¨ at an initial volumetric gas content of
about 0.200.25, i. e., a further gas content increase changes the speci¦c
impulse value insigni¦cantly.
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Concluding Remarks
Systematic experimental and numerical investigations intended to ascertain the conditions, under which the e©ciency of momentum transfer
from an SW in air to bubbly water is the highest, are performed. Both
experiments and calculations show that the momentum transfer e©ciency attains its nearly maximum value at the volumetric gas content
of about 0.200.25. As the volumetric gas content increases further
(above 0.30), the amount of momentum transferred levels o¨. This latter ¦nding would turn out to be of great importance in realization in
practice of the detonation burning Zel£dovich cycle in various power
units of water transport because it mitigates the requirements imposed
on the accuracy of optimal gas content maintaining (at 0.200.25) in
the water duct of, e. g., a hydrojet engine with no signi¦cant reduction
of its operation e©ciency. As the intensity of an incident SW increases,
so does the impulse imparted in the two-phase liquid.
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