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a b s t r a c t

Process of dilution and hydrate forming beyond the front of the shock wave with moderate amplitude
(moderate shock wave front) in water with carbonic gas bubbles at varying initial static pressures has
been experimentally observed and studied. Influence of surfactants on dilution and hydrate forming pro-
cess beyond the shock wave occurring in the medium has been scrutinized. It has been proved that
beyond the moderate shock wave in fluid with carbonic gas bubbles intense process of dilution and
hydrate forming occurs resulting in complete loss of gas phase for several milliseconds. Surfactants pres-
ent in the medium proved to be insignificant for dilution and hydrate forming process in the studied time
range. Dependence of dilution and hydrate forming process beyond the shock wave from wave and med-
ium parameters has been revealed. Theoretical model of dilution and hydrate forming process beyond the
shock wave in gas and fluid medium taking into account convective and molecular gas diffusion in fluid,
convective and conductive heat exchange caused by heat release in interphase boundary resulted from
dilution and hydrate forming has been offered. Close fit of experimental data and calculations has been
achieved.

� 2009 Published by Elsevier Ltd.
1. Introduction dilution and hydrate forming process beyond medium shock wave
One of the important factors of the changing climate is the in-
crease of carbon dioxide in the Earth atmosphere. Due to the
increasing commercial production in Russia atmospheric emission
of carbon dioxide in the nearest future will significantly grow
resulting in the emerging problem of its reduction in accordance
with the provisions of the Kyoto Protocol. At present various tech-
nologies for carbonic gas utilization are proposed. One of the pro-
spective methods of utilization is transfer of gas into gas hydrate
state and its storage on the ocean floor at the lower temperature
and high static pressure [1–5]. One of the main parameters provid-
ing for economic expedience of such method is the velocity of car-
bonic gas hydrate forming. There are various methods to intensify
gas hydration process: fine atomization of the fluid saturated jet in
the gaseous atmosphere [6–8], intense agitation of water saturated
with dissolved gas [7,9], vibratory impact on gas enriched fluid
[11], ultrasonic influence on the medium [12], etc. Main disadvan-
tage of the proposed methods is low velocity of hydrate forming
resulting in low productivity of plants constructed on the basis of
these methods.

Authors [13] have suggested innovative shock-wave method to
intensify gas hydrate forming process. It has been demonstrated
that main mechanism intensifying hydrate forming process is gas
bubbles fragmentation in the shock wave. In the paper [14,15],
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in water with Freon 12 bubbles at static atmospheric pressure has
been experimentally studied. Kinetic model of hydrate forming be-
yond the step profile shock wave in fluid and gas medium allowing
to ignore thermal effects has been proposed. In the paper [16],
shock wave evolution in gas and fluid medium taking into account
gas bubbles fragmentation, dilution and hydrate forming process
beyond the shock wave has been studied. It was demonstrated that
increase of static pressure in gas and fluid medium results in the
decrease of relative amplitude of the shock wave causing the
development of Kelvin–Hemholtz instability and bubbles fragmen-
tation into small gas occlusions beyond the shock wave.

In the works [17–21], influence of various surfactants on the
velocity of hydrate forming in the static medium under the condi-
tion of intense medium agitation and liquid atomization in gas
phase has been experimentally studied. It was demonstrated that
surfactants present in water result in the increased velocity of
gas hydrate forming. Authors have proposed mechanisms to inten-
sify hydrate forming process by surfactants.

In this work dilution and hydrate forming beyond the shock
wave in water with carbonic gas bubbles at various initial static
pressures have been experimentally studied. Influence of medium
surfactants concentration onto the process of dilution and hydrate
forming has been studied. Theoretical model of dilution and hy-
drate forming process beyond the shock wave in gas and fluid
medium taking into account convective and molecular gas diffu-
sion in fluids, convective and conductive heat exchange resulted
from heat generation in the interphase boundary has been
proposed.
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Nomenclature

a fluid thermal diffusivity ratio [m2/s]
D fluid diffusion ratio [m2/s]
js density of gas flow from bubble into fluid (dilution) [kg/

(m2 s)]
jh density of gas flow from bubble into hydrate envelope

[kg/(m2 s)]
K kinetics coefficient [m/(s K)]
Lh specific heat of hydrate forming [kJ/kg]
Ls specific heat of dilution [kJ/kg]
M mass concentration of dissolved gas in fluid volume unit

[kg/m3]
m mass concentration of surfactant in water [ppm]
mh mass concentration of gas in hydrate [kg/kg]
mcl mass of substance involved in motion by fluid and gas

cluster [kg]
mb mass of substance involved in motion by the bubble in

cluster[kg]
Nu Nusselt number = aRb/k
Pe Peklet number = VbRb/a
PeD Peklet diffusion number = VbRb/D
P0 initial medium pressure [MPa]
P1 medium pressure beyond the shock wave front [MPa]
DP shock wave amplitude [MPa]
Ps equilibrium pressure of hydrate forming [MPa]
qT density of heat flow [kJ/(m2 s)]
qs heat generation in the surface unit of the bubble re-

sulted from dilution [kJ/(m2 s)]
R initial radius of the bubble [m]
Rcl cluster radius [m]
Rb cluster bubble radius [m]
Rc cluster bubble radius following isothermal compression

in the wave front [m]
Re Reynolds number = 2RbqlVb/ll

Sh Sherwood number = bRb/D
T fluid temperature [�C]
Ts hydrate forming equilibrium temperature [�C]

TR temperature at interphase boundary [�C]
Tc critical temperature of carbonic gas hydrates forming

[�C]
t time [s]
V gas bubbles velocity (until fragmentation) with regard

to fluid beyond the shock wave [m/s]
Vb gas bubbles velocity (until fragmentation) with regard

to cluster beyond the shock wave [m/s]
Vcl cluster velocity with regard to fluid beyond the shock

wave [m/s]
We Weber’s number = (2RqgV2)/r

Greek symbols
a heat emission ratio = qT/DT [kJ/(m2 s K)]
b mass transfer ratio = js/DM [m/s]
D thickness of hydrate envelope around gas bubble [m]
k fluid heat conductivity ratio [kJ/(m s K)]
ll fluid dynamic viscosity [Pa s]
qg gas density in the bubble [kg/m3]
ql fluid density [kg/m3]
qh hydrate density [kg/m3]
r surface tension of fluid [N/m]
ss time of gas bubbles dilution in fluid [s]
sh+s time of concurrent process of gas dilution and hydration

[s]
u volumetric gas content in fluid [%]
ucl initial volumetric gas content in cluster [%]
uc volumetric gas content in fluid following isothermal

bubble compression in the wave front [%]
u* measured value of volumetric gas content in time

t = 9 ms beyond the shock wave front [%]

Indexes
0 medium parameter value prior to the shock wave
R medium parameter value in the boundary of the gas

bubble

4920 V.E. Dontsov, A.A. Chernov / International Journal of Heat and Mass Transfer 52 (2009) 4919–4928
2. Experimental setup

Experiments were carried out on the ‘‘shock tube” setup (Fig. 1).
Work section was set up as vertical heavy-wall steel tube with
internal diameter of 53 mm and 1.5 m long limited from below
by the heavy wall. The work section was fulfilled with water under
vacuum that allowed avoiding air bubbles in the fluid. Fluid in the
bottom of the work section along its perimeter was supplied with
gas bubbles through the holes with the diameter of 0.6 mm. As the
gas phase carbonic gas was used. Such method of bubbles supply
served to achieve large enough volumetric gas content. Average
radius of bubbles ranged from 2 to 3 mm. As the operative fluid
researches used weak solution of sodium chloride in water (with
salinity of 0.5 g/l), enriched by carbonic gas to equilibrium state
under given initial conditions (temperature and static pressure)
with different concentration of surfactants. n-Octanol alcohol
was used as surfactant. Experiments were carried out with mass
concentration of the surfactant equal to 0, 100 and 400 ppm. The
lattermost concentration value is close to the peak concentration
of surfactant under the studied temperatures when surfactant is
completely water-soluble. Initial static pressure in gas and fluid
medium ranged in the limits of P0 = (0.5–1.3) MPa. To keep neces-
sary static pressure in the medium strain sensor-driven and lo-
cated in the work section electromagnetic valve was used. The
work section was thermostated by flushing of the coolant between
its external wall and jacket. From outside the jacket was covered
with the thermoisolating material. To flush the coolant thermostat
with refrigerator was applied. Fluid temperature in the work sec-
tion was changed by two thermocouples set in the upper and lower
parts of the work section. Experiments were carried under the
medium temperature of T0 = 10 and 1 �C. Average initial gas con-
tent u0 on the work section length was identified against measur-
ing of the spout rise in the work section in the time of gas bubbles
supply. Bubble size was determined by shooting with digital cam-
era supplied with additional optics, through the optic glass in the
upper part of the work section.

Echelon form pressure waves were formed by the diaphragm
breach dividing high-pressure chamber of 2 m long and work sec-
tion. During the diaphragm exchange the work section was shut
down by ball cock to avoid depressurization and fluid degas. Ball
cock with internal diameter equal to the one of the work section
was placed in its upper part. Pressure wave profiles were regis-
tered by pressure piezoelectric detector and strain sensor, located
along the work section and embedded in its internal wall. To mea-
sure the local profile of gas content beyond the medium shock
wave, conductivity indicator was made up in the non-conductive
tube with square cut which faces slipped into round cut equal to
the work section cut. Electrodes of the conductivity sensor were
embedded in the internal wall of the tube with square cut which
allowed generating homogenous electrical field in the area of mea-
suring. Besides, sensor electrodes gave no distortion of the medium
flow beyond the wave and the sensor served to measure gas con-
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Fig. 1. Scheme of experimental setting. 1 – work section, 2 – work section bottom, 3
– gas bubble generator, 4 – thermostat, 5 – coolant, 6 – thermoisolator, 7 – optical
window, 8 – flashbulb, 9 – optical system, 10 – diaphragm, 11 – high-pressure
chamber, 12 – ADC, 13 – computer, 14 – gas cylinder, D1 – pressure piezoelectric
detector, T1, T2 – thermocouples, TD – strain sensor, DC – conductivity sensor.
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tent profiles beyond the wave with large enough amplitude. Con-
ductivity sensor was located in the upper part of the work section
measuring average volumetric gas content under cut and height of
20 mm. Specific averaging time of volumetric gas content in the
wave conductivity sensor depended on the wave passing through
the sensor and amounting to less than 0.2 ms. Distance between
pressure piezoelectric detector and conductivity sensor was
60 mm. Signals from the sensors were supplied to ADT and were
processed by the computer.
3. Theoretical analysis

Consider fluid (water enriched with gas to equilibrium state at
the given temperature and pressure) with gas bubbles and diffu-
sive one-dimensional step profile shock wave. Assuming that in
the wave front bubbles are atomized into small gas occlusions
forming gas and fluid clusters. Since fluid beyond the wave front
turns out to be in the undersaturated state process of gas dilution
in fluid starts. Consider situation when medium beyond the shock
wave front turns out to be in one of the phase states allowing for
hydrate forming. It results in forming and growth of hydrate enve-
lopes in the boundary of gas bubbles. Work [22] stated that hy-
drate formed on the surface of the gas bubble moving in water
grows in the form of separate crystals (crystal-wise). It was noticed
that hydrate crystal film is a minor obstacle for interaction of gas
and water and there is always free surface for gas and fluid contact.
Therefore we can assume that concurrent process of dilution and
hydrate forming beyond the shockwave front is mainly determined
by heat and mass output in the interphase boundary, and diffusion
through the hydrate envelope can be ignored.

Assumptions made during the development of this theoretical
model are as follows. Gas bubbles after fragmentation form gas
and fluid clusters of spherical shape containing small gas occlu-
sions equal in size and also spherical in shape. Gas and fluid clus-
ters attain initial speed in the wave front with regard to fluid and
then are retarded because of dynamic resistance and viscous fric-
tion [23]. Accordingly, relative motion of gas occlusions appears
in cluster resulting in convective heat and mass exchange in the
interphase boundary. Hydrate is formed on the interphase surface,
grows radially and has no impact on dilution process. To describe
process of heat and mass exchange we use quasi-static settlements
and consider time of attainment of static mode as small compare to
specific time of the overall process. Besides, diffusive interaction of
the bubbles in cluster is not taken into account since distance be-
tween neighboring bubbles far exceeds specific thickness of diffu-
sive boundary layers formed around each bubble. Solving heat task
the authors took into account change of fluid temperature in the
cluster during dilution and hydrate forming process.

Taking into account abovementioned assumptions draw up the
equation of material balance describing changes of gas mass in the
bubble conditioned by dilution and hydrate forming

qgdRb=dt ¼ �ðjs þ jhÞ; ð1Þ

where Rb – the bubble radius, qg – gas density in the bubble, js –
density of gas flow from the bubble to fluid (dilution), jh – density
of gas flow from the bubble to hydrate envelope. The latter in Eq.
(1) in connected with the increase of hydrate mass as follows:

qhdD=dt ¼ jh=mh; ð2Þ

where D – thickness of hydrate envelope around the bubble, qh –
hydrate density, mh – mass concentration of gas in hydrate. Note
that gas density in the bubble is far less than hydrate density and
the hydrate envelope thickness remains for the whole hydration
time (except for the last stage) far less than the size of the bubble
itself.

Eqs. (1) and (2) should be supplemented with the energy bal-
ance equation determining the velocity of hydrate envelope
growth

LhqhdD=dt ¼ qT � qs; ð3Þ

where Lh – specific heat of hydrate forming, qT – density of the heat
flow, qs = Ls js – heat on the bubble surface unit resulted from dilu-
tion, Ls – specific heat of dilution. In case, when qT is less qs, hydrate
growth stops and the process of pure dilution described by the fol-
lowing Eq. (1) c jh = 0 proceeds.

Heat and mass emission from the bubble moving in fluid are de-
scribed by the following criterial equations [24]

Nu ¼
ffiffiffiffiffiffiffiffiffi
2=p

p
Pe1=2 þ 1; ð4Þ

Sh ¼
ffiffiffiffiffiffiffiffiffi
2=p

p
Pe1=2

D þ 1; ð5Þ

where Nu = aRb/k – Nusselt number, Sh = bRb/D – Sherwood num-
ber, Pe = VbRb/a – Peklet number, PeD = VbRb/D – Peklet diffusive
number, a = qT/DT – heat emission ratio, b = js/DM – mass transfer
coefficient, DT = TR � T0, DM = MR �M0. T – fluid temperature, M –
mass concentration of the dissolved gas in the fluid volume unit. In-
dex «0» denotes medium parameter value prior to the shock wave
and «R» – in the boundary of the gas bubble. k, D, a – accordingly
heat conductivity, diffusion and thermal diffusivity coefficients, Vb

– gas bubbles velocity on regard to the cluster beyond the shock
wave. The first member in the right part of the Eqs. (4) and (5) ac-
counts for convective, the second one for conductive constituents of
heat and mass transfer. It is shown that in the course of time the
second member in these equations beyond the wave front becomes
predominant due to fast retardation of the bubble in fluid.

Note that temperature value on the bubble surface has not been
identified and equation set (1)–(5) should be supplemented with
kinetic equation: dD/dt = K(Ts � TR), where K – kinetic coefficient.
However, as calculations show temperature in the interphase
boundary TR rather quickly (for times far less than specific time
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of the process) for the studied parameters of waves and medium
verges toward the equilibrium temperature of the phase change
Ts. Therefore, hydrate forming kinetics influences the process only
in the initial stage of hydrate growth.

Note that Eqs. (4) and (5), and values of heat and mass flows are
averaged over the bubble surface. However, considering that spe-
cific solutions (angular dependence) for the equations of heat
and mass transfer are identical, use of averaged dependences in
this task is rather accurate and proper.

To close the equation set we used the equation of motion of gas
and fluid cluster and gas bubble in cluster beyond the shock wave
[23]

dVcl=dt ¼ �fcl=mcl; ð6Þ
dVb=dt ¼ 2dVcl=dt � fb=mb; ð7Þ

where Vcl – velocity of cluster motion with regard to fluid beyond
the shock wave, fcl;b ¼ ClpR2

cl;bqlV
2
cl;b=2 – resistance force affecting

cluster (index cl) and bubble (index b), Cl ¼ 24=Reþ 4=
ffiffiffiffiffiffi
Re
p

þ 0:4,
Re = 2VbRbql/ll – Reynolds number, ql – fluid density, ll – fluid dy-
namic viscosity, mcl and mb – mass of substance involved into mo-
tion by cluster and bubble in cluster accordingly. Mass of cluster is
composed from mass of gas and fluid in cluster plus fluid mass, and
bubble mass – from mass of gas in the bubble, hydrate envelope
mass plus fluid mass.

In the process of dilution and hydrate forming beyond the shock
wave value of bulk concentration of bubbles in fluid u will be de-
scribed by the ratio u/uc = (Rb/Rc)3/(1 � uc(1 � (Rb/Rc)3)), where uc

and Rc – accordingly volumetric gas content and bubble radius
after isothermal compression of gas bubbles in the wave front.

Presented set of equations completely determine dilution and
hydrate forming process beyond the wave front spread in the fluid
with gas bubbles. In the calculations we used dependences of car-
bonic gas solubility from pressure and temperature [25], depen-
dence of equilibrium temperature of carbonic gas hydrate
forming from pressure [26] and value of hydrate forming heat
and carbonic gas dilution [26,27].
4. Results of experiment, comparison with calculations

Influence of surfactant on dilution and hydrate forming beyond
the shock wave in gas and fluid mixture has been studied. Earlier in
works [14–16] it was demonstrated that owing to gas bubbles frag-
mentation and significant increase of interphase surface beyond
the shock wave process of gas dilution in fluid and hydrate forming
is intensified. Process of gas bubble fragmentation beyond the
shock wave in gas and fluid medium results from Kelvin–Helmholz
instability caused by relative motion of gas bubbles and is deter-
mined by Weber’s number We = (2RqgV2)/r. r – fluid surface ten-
sion. Therefore, surfactant supplemented into fluid decreases
surface tension that should result in gas bubble fragmentation be-
yond the wave into smaller gas occlusions in pari causa and
accordingly in intensification of dilution and hydrate forming.

Another mechanism to intensify hydrate forming beyond the
shock wave in gas and fluid medium by surfactant is possible. In
the paper [19], it was shown that addition of surfactant into water
results in displacement of equilibrium curve of hydrate forming.
That is at the given temperature addition of surfactant results in
the decreased equilibrium pressure of hydrate forming. Therefore,
in this case surfactant present in the medium also can result in
intensification of hydrate forming.

The authors can propose one more mechanism to intensify hy-
drate forming by adding surfactant into the medium. It is known
that for surfactant molecules in gas and fluid the energy optimum
is to accumulate in the interphase boundary therefore their con-
centration at the boundary is high. Besides large concentration of
surfactant in the interphase boundary serve to form clusters from
surfactant molecules. Thus, surfactant in the boundary can serve
extra heterogeneous nuclei for gas-hydrate growth.

Fig. 2 shows experimental profiles of pressure wave (line 1) and
local volumetric gas content in the wave (line 2) at the static pres-
sure P0 = 0.5 MPa, medium temperature T0 = 10 �C and different
mass concentration of surfactant m in water. Since at the given
temperature gas hydrates forming process does not occur (critical
temperature of carbonic gas hydrate forming Tc = 10 �C), therefore
carbonic gas content in fluid beyond the shock wave is determined
only by gas compressibility and dilution. Line 3 demonstrates the
calculated value of isothermal compression of gas bubbles in the
shock wave – uc = u0(u0 + (1 � u0)P1/P0)�1. P1 = P0 + DP – pressure
beyond the shock wave front. Line 4 – calculated profile of gas con-
tent according to the proposed model. As it was demonstrated
above [16], beyond the medium shock wave in water with gas bub-
bles there is the process intense dilution of carbonic gas condi-
tioned by bubbles fragmentation – Fig. 2a and b. Comparison of
gas content profiles on Fig. 2a and b shows that there is strong
dependence of dilution velocity from the wave amplitude. Less
than 10% change of amplitude results in significant increase of
velocity of carbonic gas dilution in water. For relative wave ampli-
tudes DP/P0 � 5 during 10 ms carbonic gas almost completely dis-
solves in water.

Note that discrepancy of pressure wave front and volumetric
gas content on the presented figures are conditioned by continuous
in-line arrangement of sensors in the work section of the shock
tube.

Fig. 2c and d demonstrates profiles of waves and gas contents at
the mass concentration of surfactant in water m = 100 ppm, Fig. 2e
and f – m = 400 ppm. At100 ppm concentration of n-octanol in water
medium surface tension decreases to �30%, at 400 ppm – approxi-
mately 2.5 times [28]. Comparing profiles of gas content for different
surfactant concentration and close values of wave amplitudes
(Fig. 2b–f) we come to a conclusion that presence of surfactant in
the medium does not lead to significant change of gas content pro-
files and therefore to changes in velocity of carbonic gas dilution
in water. Thus, above proposed mechanism of intensification of
gas dilution beyond the shock wave by means of surfactants does
not work. The reason can be as follows. Under fragmentation of
gas bubbles beyond the shock wave interphase surface increases
over an order. Accordingly, surfactant concentration on the inter-
phase surface significantly decreases during fragmentation and sur-
factant stops being effective. We evaluated time of reconstruction of
surfactant concentration on the interphase surface (time of egres-
sion of surfactant molecules in the interphase boundary), that is sev-
eral tens of milliseconds. Therefore, for the period of gas bubbles
fragmentation (less than a millisecond for the studied wave ampli-
tudes), surfactant concentration in the interphase boundary has
insufficient time for reconstruction. Accordingly, surface tensions
in the interphase boundary for the medium without surfactants
and with them for studied times will not differ significantly.

Comparison of experimental profiles of gas content (line 2) with
calculation lines (line 4) demonstrates that proposed theoretical
model well describes gas dilution process beyond the shock wave
front in gas and fluid medium – Fig. 2. In the calculations radius
of bubbles in cluster was chosen in accordance with the experi-
ment and the initial volumetric gas content in gas and fluid cluster
was ucl = 50%. If radius of bubbles in the cluster significantly influ-
ences on gas content profile in the process of gas dilution beyond
the wave front, ucl practically has no influence on the dilution pro-
cess. At the initial stage of dilution there is minor deviation of cal-
culated profiles (line 4) from experimental ones (line 2) occurring
parallel to wave amplitude growth. This can be caused by durabil-
ity of gas bubbles fragmentation process which within the experi-
ment takes some time during the time interval beyond the wave



Fig. 2. Profiles of pressure shock wave and volumetric gas content in the wave in terms of gas dilution. P0 = 0.5 MGa, T0 = 10 �C. (a) m = 0 ppm, DP = 2.3 MPa, u0 = 14.3%; (b)
m = 0 ppm, DP = 2.45 MPa, u0 = 16.1%; (c) m = 100 ppm, DP = 1.17 MPa, u0 = 17.3%; (d) m = 100 ppm, DP = 2.35 MPa, u0 = 18.4%; (e) m = 400 ppm, DP = 1.21 MPa, u0 = 17.1%;
(f) m = 400 ppm, DP = 2.45 MPa, u0 = 16.5%.
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front. In this case contribution to gas dilution because of radial rel-
ative motion of gas bubbles in cluster during fragmentation with
increased wave amplitude can be significant.

Fig. 3 demonstrates experimental profiles of pressure wave (line
1) and local volumetric gas content in the wave (line 2) at the static
pressure P0 = 0.5 MPa, medium temperature T0 = 1 �C and various
mass concentrations of surfactant m in water (3 – line of isother-
mal compression of gas bubbles, 4 – calculation profile of gas con-
tent according to the proposed model). This temperature
corresponds with equilibrium pressure of carbonic gas hydrate
forming equal to Ps � 1.38 MGa [26]. Therefore, in gas and fluid
medium beyond the shock wave with P1 > Ps hydrate forming is
possible. As it was mentioned above [16], decrease of medium
temperature can cause rise of hydrate forming beyond shock wave
of medium amplitude. In fact, comparing profiles of gas content in
water without surfactants for different temperatures (Fig. 2a and
Fig. 3a) we have velocity of gas content decrease beyond the wave
at T0 = 1 �C higher than at T0 = 10 �C. This results from increased
carbonic gas solubility in water caused by the decrease of medium
temperature and hydrate forming process.
Fig. 3b and c shows profiles of waves and gas contents at mass
concentration of surfactant in water m = 100 ppm, and Fig. 3d and
e – m = 400 ppm for different values of wave amplitudes. Compar-
ing profiles of gas contents for different values of surfactant con-
centration and close values of wave amplitudes (Fig. 3a–e) we
reveal that presence of surfactant in the medium does not result
in significant changes in gas content profiles and therefore to
changing dilution and hydrate forming velocities. Thus, above pro-
posed mechanisms of intensification of gas dilution and hydrate
forming by surfactant do not work. Mechanisms of surfactants
influence on hydrate forming connected with displacement of
equilibrium curve and forming of additional centers of hydrate
forming are not effective because of insufficient concentration of
surfactant in the interphase boundary beyond the shock wave for
the studied times.

Comparison of experimental profile of gas content (line 2) with
calculation lines (line 4) shows that proposed theoretical model
well describes concurrent process of gas dilution and hydrate
forming beyond the shock wave front in gas and fluid medium –
Fig. 3. In calculations initial volumetric gas content in gas and fluid



Fig. 3. Profiles of pressure shock wave and volumetric gas content in the wave in terms of gas dilution and hydration. P0 = 0.5 MPa, T0 = 1 �C. (a) m = 0 ppm, DP = 2.31 MPa,
u0 = 13.9%; (b) m = 100 ppm, DP = 1.2 MPa, u0 = 14.7%; (c) m = 100 ppm, DP = 2.4 MPa, u0 = 17.7%; (d) m = 400 ppm, DP = 1.22 MPa, u0 = 18.1%; (e) m = 400 ppm,
DP = 2.5 MPa, u0 = 19.0%.
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cluster was ucl = 50%. Note, that hydrate forming process plays
main role in changing gas content beyond shock wave front in
the initial section of calculated profiles 4 – Fig. 3, whereas the com-
pletion stage of studied process is determined mainly by dilution of
gas in fluid.

Fig. 4 shows experimental profiles of pressure wave (line 1) and
local volumetric gas and fluid content in the wave (line 2) at static
pressure P0 = 1.3 MPa, medium temperature T0 = 10 �C and various
mass concentrations of surfactant m in water. Since at the given
temperature gas-hydrate is not formed therefore carbonic gas con-
tent in fluid beyond the shock wave is determined only by gas
compression and dilution. Line 3 presents calculation for isother-
mal compression of gas bubbles beyond the shock wave and line
4 – calculation according to the model. Comparing experimental
profiles of gas content for different values of surfactant concentra-
tion and close values of wave amplitude (Fig. 4a and d), we infer
that presence of surfactant in the medium does not cause signifi-
cant changes of gas content profiles and therefore change in veloc-
ity of carbonic gas dilution in water. Thus, also at the given static
pressure surfactant does not speed up gas dilution process beyond
the shock wave.
Note that increase of static pressure in gas and fluid medium re-
sults in gas bubbles fragmentation at lesser relative wave ampli-
tudes DP/P0 [16]. Therefore, as the static pressure grows at the
constant relative wave amplitude, velocity of gas dilution in fluid
increases because of the decrease of gas oscillation size. In fact
comparing gas content profiles at different static pressures in Figs.
4a and d, and 2c and e it can be inferred that dilution process at
P0 = 1.3 MPa (even for lesser relative amplitudes DP/P0) is more in-
tense than at P0 = 0.5 MPa.

Comparison of experimental gas content profiles (line 2) with
calculation lines (line 4) shows that theoretical model rather well
describes gas dilution process beyond the wave front with ampli-
tude DP/P0 6 2 (ucl = 50%) – Fig. 4a, b and d. Experimental profile
in Fig. 4c is much lower than calculated dilution curve. It may re-
sult from significant influence of carbonic gas liquefaction beyond
the strong shock wave front. At the medium temperature T0 = 10 �C
equilibrium pressure of carbonic gas equilibrium is 4.5 MPa [26].
During further improvement of the model process of gas liquefac-
tion beyond the shock wave will be taken into account.

Fig. 5 presents shows experimental profiles of pressure wave
(line 1) and local volumetric gas and fluid content in the wave (line



Fig. 4. Profiles of pressure shock wave and volumetric gas content in the wave in terms of gas dilution. P0 = 1.3 MPa, T0 = 10 �C. (a) m = 0 ppm, DP = 2.3 MPa, u0 = 15.5%; (b)
m = 0 ppm, DP = 1.76 MPa, u0 = 17.4%; (c) m = 100 ppm, DP = 3.55 MPa, u0 = 13.6%; (d) m = 400 ppm, DP = 2.38 MPa, u0 = 17.0%.

Fig. 5. Profiles of pressure shock wave and volumetric gas content in the wave in terms of gas dilution and hydration. P0 = 1.3 MPa, T0 = 1 �C. (a) m = 0 ppm, DP = 1.7 MPa,
u0 = 15.7%; (b) m = 0 ppm, DP = 2.84 MPa, u0 = 16.3%; (c) m = 100 ppm, DP = 3.7 MPa, u0 = 19.4%; (d) m = 400 ppm, DP = 3.7 MPa, u0 = 16.3%.
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2) at static pressure P0 = 1.3 MPa, medium temperature T0 = 1 �C
and various mass concentrations of surfactant m in water (line 3
– isothermal compression of gas bubbles, line 4 – calculation
according to the model). At the given temperature of gas and fluid
medium beyond the shock wave hydrate forming is possible. Com-
paring experimental profiles of gas content for different values of
surfactant concentration and close values of wave amplitude
(Fig. 5c and d), we infer that presence of surfactant in the medium
does not cause significant changes of gas content profiles and
therefore, change in velocity of carbonic gas dilution in water.
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Thus, at the given static pressure surfactant also does not speed up
gas dilution process beyond the shock wave.

Comparing gas content profiles in Fig. 4 b 5 for close wave
amplitudes we infer that temperature decrease from T0 = 10 to
1 �C results in drastic increase of the velocity of changing gas con-
tent beyond the shock wave. Such significant decrease of volumet-
ric gas content cannot be achieved only because of increased gas
solubility but mainly caused by hydrate forming beyond the shock
wave. Since dilution and carbonic gas hydrate forming beyond the
shock wave have close values of velocity and time it is impossible
to separate this process for the experiment.

Carried out calculations prove that portion of dissolved and
hydrated carbonic gas beyond the shock wave front have the same
order and allow separation of this process. Comparison of experi-
mental gas content profiles (line 2) with calculation lines (line 4)
shows that theoretical model rather well describes concurrent gas
dilution process beyond the wave front – Fig. 5. In the calculation ini-
tial volumetric gas content in gas and fluid cluster was ucl = 50% for
Fig. 5a and ucl = 25% for Fig. 5a–d. Concordance of calculated curves
4 with experimental profiles 2 for strong wave amplitudes (Fig. 5c
and d.) signifies the prevailing role of hydrate forming over carbonic
gas liquefaction beyond the shocking wave in gas and fluid medium.

Fig. 6 presents experimental data on volumetric gas content
(points 1–6) for the studied time of the process beyond the shock
wave front depending on the wave amplitude for different values
of mass concentration of surfactants in the medium, temperature
and initial static pressure in gas and fluid medium. u* – measured
value of volumetric gas content in the time t = 9 ms beyond the
shock wave. Experimental points in Fig. 6a correspond with the
medium temperature T0 = 10 �C, equal to critical temperature of
carbonic gas hydrate forming. Therefore changing gas content is
caused only by gas solubility. Points in Fig. 6b correspond with
concurrent process of dilution and hydrate forming beyond the
shock wave. We see that experimental points 1, 2, 3 for various
concentration of surfactant at P0 = 0.5 MPa (and points 4, 5, 6 at
P0 = 1.3 MPa) practically coincide for corresponding wave and
medium parameters. This once again confirms that presence of
surfactant has no influence on dilution and hydrate forming be-
yond the shock wave in gas and fluid mixture. Quite significant
spread of experimental points is caused mainly by extended bar
charts of sized bubble fragmentation that can significantly vary
for different initial bubbles. Bubble fragmentation into small gas
oscillations depends on the bubble size, its shape and orientation
with regard to falling shock wave. If the initial size of specific bub-
ble before fragmentation can be evaluated in accordance with the
sizing bar charts of initial bubbles spread, their shape and orienta-
tion are free.

We see that with the increase of relative amplitude of shock
wave, velocity of dilution and hydrate forming increase since rela-
tive volumetric gas content on the 9th ms beyond the shock wave
front u*/uc decreases as DP/P0 grows at the constant P0. Comparing
experimental points 4, 5, 6 at P0 = 1.3 MPa (and points 1, 2, 3 at
P0 = 0.5 MPa) in Fig. 6a and , we infer that medium temperature
decrease results in decreased relative volumetric gas content for
the given wave amplitude. This is caused by increased solubility
of carbonic gas, decreased medium temperature and hydrate form-
ing at T0 = 1 �C.

In lines 7, 8 of Fig. 6 there is calculation on the proposed model
at ucl = 50%, and lines 9, 10 – ucl = 25%. In the calculation radius of
bubbles in cluster R changed with changing shock wave amplitude
in accordance with the experiment. It is clear that lines 7, 8 in
Fig. 6a quite well describe experimental data for corresponding
values P0. For static pressure in the medium P0 = 1.3 MPa and shock
wave amplitude DP/P0 P 2 except for the process of dilution at the
given temperature carbonic gas liquefaction process is possible.
Influence of this process may result in deviation of the experimen-
tal points (4–6) from the calculation line 8 at the wave amplitude
DP/P0 = 2.7 � 2.8 – Fig. 6a. Note, that variation of volumetric gas
content in gas and fluid cluster ucl practically does not change cal-
culation results for dilution beyond the shock wave.

At the same time ucl has strong impact on calculation for hydrate
forming beyond the shock wave – Fig. 6b. For static pressure in the
medium P0 = 0.5 MPa experimental data are in rather good accord
with the calculation at ucl = 50%. For the value P0 = 1.3 MPa experi-
mental data are set mainly between the calculated curves at
ucl = 50% and ucl = 25%. Decreasing wave amplitude should lead to
the increase of ucl value in the calculation. Indeed, in the experiment
as wave amplitude increases gas and fluid clusters amplify after
bubble fragmentation that results in the decrease of ucl .

Fig. 7 presents experimental data (points 1–6) of dilution
time ss – (a) and time of concurrent gas dilution and hydration
sh+s – (b) beyond the shock wave in gas and fluid medium
depending on its amplitude for different values of static pressure
and surfactant concentration in the medium. Time domains in
the experiments were set from the moment of isothermal com-
pression of bubbles in the shock wave (point of intersection of
isothermal compression line (line 3) with gas content profile
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(line 2) in Figs. 2–5) to the level of 0.2 � uc. As shock wave ampli-
tude grows dilution and hydration times decrease. This is con-
nected with gas bubbles fragmentation and pressure growth
beyond the shock wave front. Bubble fragmentation drastically
decreases size of gas oscillations increasing interphase surface.
Growing pressure beyond the wave front for hydration process
increases overcooling degree beyond the shock wave according
to equilibrium state and for dilution process increases diffusion
force. Besides dilution and hydrate forming velocities will be
determined by the velocity of heat removal from the boundary
of gas bubbles.

Note that as well as for all previous experimental data presence
of surfactant has no impact on dilution and hydrate forming –
points 1, 2, 3 for P0 = 0.5 MPa (4, 5, 6 for P0 = 1.3 MPa) in Fig. 7
are not stratified.

Comparing experimental points for corresponding static pres-
sures but for different temperatures of the medium in Fig. 7a and
b we find that decrease of the medium temperature results in
the decrease of dilution and hydration times for similar wave
amplitudes that is conditioned mainly by the hydration process
at T0 = 1 �C, and also increased solubility of carbonic gas in water
with the lower temperature of the medium.
Line 6 in Fig. 7a demonstrates the calculation on the proposed
model at ucl = 50%. It is evident that experimental time points of
the dilution process at P0 = 0.5 MPa can be well generalized by
the calculation curve.

Lines 7, 8 in Fig. 7b demonstrates calculation on the proposed
model at ucl = 50%, and lines 9, 10 – ucl = 25%. It is evident that
experimental time points of the concurrent process of dilution
and hydration at P0 = 0.5 MPa are well generalized by the calcula-
tion curve for ucl = 50%. Experimental data for P0 = 1.3 MPa are be-
tween the calculation curves for ucl = 50% b ucl = 25%.

Fig. 8 demonstrates calculation curves of volumetric parts of dis-
solved – 1, 3 and hydrated gas – 2, 4 beyond the shock wave front for
various values of initial static pressure in the medium and initial vol-
umetric gas content in gas and fluid cluster. It is apparent that as the
wave amplitude grows share of hydrated gas increases. Accordingly,
share of dissolved gas after reaching its maximum will decrease
along with the wave amplitude growth. Calculations show that the
value of initial volumetric gas content in gas and fluid cluster has
weak impact on the dilution process beyond the shock wave –
Fig. 8b, lines 1 and 3. At the same time decrease of initial volumetric
gas content in the cluster results in significant increase of hydrated
gas share – lines 2 and 4. Thus, calculation model unlike the exper-
iment allows separating process of dilution and hydration of highly
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soluble gases in water beyond the shock wave and studying these
processes independently.

5. Conclusion

It has been shown that beyond the medium amplitude shock
wave in fluid with carbonic gas bubbles there is intense process
of dilution and hydrate forming resulting in complete disappear-
ance of gas phase for several milliseconds. Presence of surfactant
in the medium has no impact on dilution and hydration process
beyond the shock wave in gas and fluid medium during studied
time diapasons. As a result of the work we have received depen-
dencies of dilution and hydrate forming times beyond the shock
wave from the wave and medium parameters. Authors propose
theoretical model of dilution and hydrate forming process beyond
the shock wave in gas and fluid medium taking into account con-
vective and molecular gas diffusion in fluid, convective and con-
ductive heat exchange caused by heat generation in the
interphase boundary. Close fit of experimental data and calcula-
tions has been achieved.
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