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There is increasing interest in the possibility of storing and
transporting natural gas in the form of clathrate hydrates,
crystalline solid compounds formed by hydrogen-bonded wa-
ter molecules configured into cages, each holding at most one
molecule of a natural-gas-forming species such as methane,
ethane, or propane. Such natural-gas hydrates can be formed
and stored at much more moderate thermodynamic condi-

Žtions for example, at a temperature of �5�C and a pressure
.of �5 MPa compared to conventional gas-storing media�

liquefied natural gas for long-distance gas shipping and com-
pressed natural gas for various small-scale uses, including
natural-gas vehicles. The gas storage capacity of natural-gas
hydrates is estimated to be about 160 volumes of gas at STP,
which is 25�30% of that of liquefied natural gas at a temper-
ature of y160�C and is comparable to that of compressed
natural gas under pressure of �15 MPa. Thus, the use of
natural-gas hydrates as a gas-storing medium has potential
merits of economy and safety.

One of the major technical barriers to realization of natu-
ral-gas hydrates storage systems is the necessity of developing
a practical means of rapid hydrate formation. Because of the
low solubility of hydrocarbons in water, hydrates can gener-
ally form only at the gas�water interfaces in any gas�water
contact operation. Thus, some means of greatly increasing the

Ž .gas�water interfacial area is desirable. Rogers et al. 1996
was probably the first demonstration of the applicability of a
water-spraying technique to rapid hydrate formation. They
sprayed water downward from an ultrasonic atomizer into a
vertically-oriented, cylindrical, presumably steel-made cell,
which was charged with ethane gas and cooled from the out-
side. No visual observation of the hydrate-formation process
was done.

We appreciate the potential of the water spraying tech-
Ž .nique conceived by Rogers et al. 1996 for rapid hydrate for-

mation for natural-gas storage. Nevertheless, we note that the
technique still leaves room for improvement. Because hy-
drate formation is an exothermic reaction, the rate of hydrate
formation in a water-spraying system will be controlled by the
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heat transfer from the system to the surroundings whenever
the system is in an almost steady state. Thus, it is necessary
to integrate an effective heat-removal device with the water-
spray system to enable it to form hydrate continuously. In the
present study, we examined our idea of spraying water against
a copper block exposed to a hydrate-forming gas, while the
block was steadily chilled at its backside. This sprayrcooling
assembly was expected to enable the simultaneous hydrate
formation at, and the heat removal from, the surface of the
copper block. Emphasis was placed on visual observations to
understand the nature of hydrate-formation with this
sprayrcooling assembly.

Experimental Apparatus and Procedure
To allow detailed observations of hydrate formation in a

Ž .glass-made spray chamber, we substituted HFC-32 CH F2 2
for natural gas, considering its capability of forming structure

Ž .I hydrate at relatively low pressures Akiya et al., 1997 . Fig-
ure 1 illustrates the structure of the spray chamber we con-
structed. The chamber was made of a borosilicate glass cylin-
der, 87.2 mm ID, with flange-type stainless-steel lids. One of
the lids had a large, concentric opening, through which a
cylindrical copper block was inserted in such a way that its
top surface, 50 mm in diameter, slightly protruded into the
chamber. A spray nozzle was inserted, through the other lid,
into the chamber along its axis to face the copper block. The
backside of the copper block was continuously cooled by an
impinging jet of an aqueous ethylene-glycol solution, which
was circulated through a PID-controlled coolerrpump unit
and the container covering the backside of the copper block.
The spray chamber, a water reservoir from which distilled
water pressed by pressure-regulated nitrogen gas was to be
supplied to the nozzle, and a thermostated water bath in
which the water reservoir was immersed were placed in a
closed booth in which temperature-controlled air was circu-

Žlated. The spray chamber was placed vertically with the noz-
.zle facing upward or horizontally.

Ž .Each experimental run was commenced by: 1 charging
Ž .the spray chamber with HFC-32 gas; 2 adjusting the tem-

peratures in the water reservoir, the copper block, and the
Ž .spray chamber, respectively, at prescribed levels; 3 adjusting
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Figure 1. Spray chamber: cutting plane including the chamber axis.

the gas pressures in the spray chamber and the water reser-
Ž .voir; and then 4 opening the stop valve on the water line

connecting the water reservoir and the spray nozzle, thereby
allowing the nozzle to burst out spraying against the copper
block. It was confirmed that the spatial variation in tempera-
ture in the copper block was no more than negligible. The
HFC gas port on the spray chamber was closed during each
run, resulting in a variation in pressure in the chamber with

time. The pressure in the chamber was continuously mea-
Žsured by a digital pressure gauge Valcom VPMC-D-A-

.1000kPa-1 . Simultaneously, the hydrate formation behavior
in the spray chamber was recorded by a digital video camera
Ž .Sony DCR-TRV900 .

Two different nozzles were used alternatively. They were a
Ž .hollow-cone spray nozzle Model TX-SS-1 and a flat spray

Ž .nozzle Model TP-150017 both manufactured by Spraying

Table 1. Performance Data for Two Spray Nozzles Used in the Experiments
�Spray Geometry Flow Rate Droplet Vel.w xMean Droplet Dia. �m

�3Ž . w x w xNozzle Opening Angle cmrs Arithmetic Sauter mrs
Ž .TX-SS-1 Hollow Cone 35� 1.0 84 181 4.9

Ž .TP-150017 Flat fan 15� 0.83 71 125 15.1

�Measured by a phase Doppler particle analyzer at a location of 50 mm away from the tip of the nozzle which was placed horizontally, while water
pressurized at 200 kPa in excess of the ambient pressure was being sprayed through the nozzle.
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Figure 2. Hydrate formation with a hollow-cone spray nozzle placed vertically.
T sy2�C, T sy7.5�C, T s 0.5�C, T s10.4�C, p s 500 kPa, p s 700 kPa, ls 45 mm.gas wall liq tri, i gas, i liq

Systems Co., Japan. The performance data for these nozzles
are summarized in Table 1.

Results and Discussion
Irrespective of the pressure�temperature conditions in the

spray chamber and the type of nozzle used, the inception of
hydrate formation was erratic in the absence of any treatment
of the copper-block surface. The treatment found to be effec-
tive in inducing immediate hydrate nucleation at the copper-
block surface was to cover the surface with a thin layer of

Žsupercooled water or ice when the copper-block tempera-
.ture was below 0�C , or to place a small amount of hydrate

particles on the surface, in advance of water spraying. Once
hydrate formation began on the copper-block surface, we did
not observe any residual effect of the advance surface treat-
ment on the behavior of successive hydrate formation.

Typical sequences of hydrate formation are demonstrated
in Figures 2, 3 and 5. Indicated below each picture is the
time lapse t since the first picture in the same sequence was
taken immediately after the inception of water spraying. The
operational conditions set in each sequence are specified in
the corresponding figure caption in terms of the temperature
T and initial pressure p of the gas in the spray cham-gas gas, i
ber, the copper-block temperature T , the temperature Twall liq
and pressure p of water fed to the spray nozzle, the hy-liq

( )Figure 3. Hydrate formation with a hollow-cone spray nozzle placed horizontally Run 17-2 .
T s 2�C; T s 0�C, T s 0.5�C; T s12.1�C, p s 600 kPa, p s 800 kPa, ls 40 mm.gas wall liq tri, i gas, i liq
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Figure 4. Changes in p , gas pressure in the spraygas
chamber, caused by water spraying in two dif-
ferent runs operated under the same condi-
tions indicated in the caption for Figure 3.
Hydrate formed in Run 17-2 as shown in Figure 3; in con-
trast, hydrate did not nucleate in Run 17-1.

dratergasrliquid equilibrium temperature T correspond-tri, i
ing to the pressure p , and the distance between the noz-gas, i
zle tip and the copper-block surface l. The flow rate of water
through the spray nozzle when p y p s 200 kPa is knownliq gas
from Table 1, where p is the instantaneous gas pressure ingas
the spray chamber. It is reasonable to assume that the flow
rate changes nearly in proportion to the pressure difference,
p y p .liq gas

Figure 2 shows the sequence of hydrate formation when
water was sprayed upward from the hollow-cone spray nozzle

against the copper block facing downward. Despite our ex-
pectation that water droplets which impinged upon the cop-
per-block surface would immediately be turned into hydrate
particles and blown away from the surface, we observed that

Ž .a wet sherbet-like hydrate deposit grew into the form of a
veil or a skirt, which was then broken due to gravity and fell
onto the nozzle. Such growth and breakingrfalling of a hy-
drate skirt were repeated, often resulting in the blocking of
the nozzle.

Figure 3 shows another sequence observed with the same
hollow-cone spray nozzle, which was placed horizontally this
time to face the vertically oriented copper-block surface.
Here, we found an immediate formation of a mushy hydrate
ring, which was deposited on the copper-block surface so as
to prevent the spray from subsequent contact with the sur-
face. The sprayed water impinged upon the hydrate ring,
flowed outward to the periphery of the copper block, and
then flowed down to the bottom of the chamber, carrying
some amount of the mushy hydrate. The hydrate ring hardly
grew after tf100 s, while a hydrate somma continued to
grow at the periphery of the copper-block surface. The liquid
water having poured from the copper-block surface formed a
puddle at the bottom of the chamber, which was covered by
an apparently thin hydrate film.

Figure 4 compares the changes in gas pressure in the spray
chamber p , recorded in two separate runs under the samegas
operational conditions indicated in Figure 3’s caption. Hy-
drate formed only in Run 17-2, the run exemplified in Figure
3. No hydrate formation was noted in the other Run 17-1.
Strange as it may appear, p decreased with time only whengas
hydrate did not form inside the chamber. The decrease in
p in Run 17-1 indicates that the rate of gas absorption intogas
water was so high, as to compensate well the gas-compression
effect of successive water injection into the closed chamber.
The increase in p in Run 17-2 is ascribable to a rather lowgas
rate of hydrate formation on the copper-block surface and
also to the formation of a hydrate film over the water puddle
at the bottom of the chamber, which must have prevented

Žsuccessive gas absorption into the puddle. We should note

( )Figure 5. Hydrate formation with a flat spray nozzle placed horizontally Run 13-1 .
T s 2.5�C, T s 0�C, T s 0.5�C, T s12.1�C, p s 600 kPa, p s 800 kPa, ls 40 mm.gas wall liq tri, i gas, i liq
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that gas-in-water solubility in the presence of the hydrate is
substantially lower than that in the metastable state in the
absence of any hydrate at temperatures lower than T , thetri
hydratergasrliquid equilibrium temperature, by several de-

Ž . .grees or more Zatsepina and Buffett, 1997 .
Figure 5 shows the sequence obtained with a flat spray

nozzle when other operational conditions were almost the
same as those set in the two runs, Runs 17-1 and 17-2, illus-
trated in Figures 3 and 4. Water injected from the flat spray
nozzle impinged upon the central area of the copper-block
surface and radially flowed in the form of a thin film, result-
ing in the formation of a hydrate ring which dammed up the
radial film flow of water. The ring axially grew into the form
of a hollow cylinder, while mushy hydrate, presumably formed
on the copper-block surface, was continually splashed back
along the inner wall of the cylinder. As it grew to 20�30 mm
axially, the cylinder broke due to gravity, resulting in a major
proportion of it falling to the bottom of the chamber. Such
growth and breaking of the hydrate cylinder were cyclically

Žrepeated up to tf5 min, when hydrate clods that is, the
.remnants of hydrate cylinders broken so far had been piled

on the bottom of the chamber high enough to support the
hydrate cylinder currently growing on the copper-block sur-
face. Thereafter, the hydrate cylinder no longer broke, but
continued to grow to envelop the nozzle. It is reasonable to
assume, however, that the cyclic growth and breakingrfalling
of the hydrate cylinder would steadily continue, if the spray
chamber had either a sufficiently deep space for storing hy-
drate clods beneath the copper block or some mechanism to
successively remove the hydrate clods away from the copper
block.

Figure 6 illustrates the changes in p in Run 13-1 exem-gas
plified in Figure 5 and another run operated just the same as

Figure 6. Changes in p caused by water spraying ingas
two different runs operated under the same
conditions indicated in the caption for Figure
5.
Hydrate formed in both runs.

( )Figure 7. Hydrate formation with: a hollow-cone spray
( )nozzle, b , flat spray nozzle.

Ž .In a , a ring-shaped hydrate deposit prevents sprayed water
Ž .from directly contacting the copper-block surface. In b , a

hydrate cylinder grew in such a way that it does not inter-
rupt the water�copper contact.

in Run 13-1. Hydrate formed in both runs. In each run, we
noted a steep decrease in p , which demonstrates a muchgas
higher rate of hydrate formation throughout this run than in
Run 17-2, shown in Figures 3 and 4.

The revealed superiority of the flat spray nozzle over the
hollow-cone spray nozzle seems to be ascribable mostly to
the two features of the former: the smaller spray angle and
the higher velocity of water droplets impinging upon the cop-

Ž .per-block surface see Table 1 . Due to these features, a
strong radial film flow of water is developed on the surface,
which prevents hydrate deposition over the area of water im-
pingement upon the surface, thereby maintaining direct wa-
ter�copper contact, which is indispensable for effective re-
moval of the heat of hydrate formation from the chamber.

ŽThis interpretation is shown in Figure 7. The smaller droplet
Ž .size available with the flat spray nozzle Table 1 might have

some secondary effect, which has not been revealed in the
.present experiments.

The present study may be concluded by stating that the
impinging water spray device can be an effective tool for con-
tinuous hydrate production, depending on the selection of
spray nozzles and on the geometric and thermal design of the
spray chambers.
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