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An experimental study has been performed involving water spraying onto a cooled
metal-block surface exposed to a hydrate-forming gas as a means of high-rate hydrate
formation for the purpose of, for example, natural-gas storage. Special attention has been
paid to the effectiveness of conductive cooling through the metal block for directly
removing the heat released by the hydrate formation from its site, that is, the surface of
the metal block, and, thereby, increasing the rate of hydrate formation. HFC-32 (CH2F2)
that forms a structure-I hydrate at moderate pressures was used as a model gas to enable
visual observations of the hydrate formation inside a large-windowed spray chamber. The
experiments revealed that the cooling by the metal block effectively increases the rate of
hydrate formation while water is sprayed at a given volumetric rate and at a given degree
of subcooling from the guest-gas/water/hydrate equilibrium temperature. © 2006 American
Institute of Chemical Engineers AIChE J, 52: 2978–2987, 2006
Keywords: clathrate hydrate, gas hydrate, hydrate formation, natural gas storage, energy
storage

Introduction

This article reports on an experimental examination of a
new, as-yet unestablished hydrate-formation technology, which
is possibly applicable to industrial-scale operations of forming
hydrates from, for example, natural gas for its storage or from
biogases for separating undesirable (toxic or incombustible)
species, such as hydrogen sulfide and carbon dioxide, which
form hydrates at lower pressures than methane. For such in-
dustrial applications involving hydrate-forming operations, we
need to establish hydrate-formation technology (including the
design of the hydrate-forming reactors and their operational
scheme) which ensures a sufficiently high-rate hydrate produc-
tion per unit reactor volume, and also the compatibility with the
scaling-up of the reactors from the laboratory scale to the
bench-scale, the pilot-plant scale, and finally the commercial-

plant scale. Various types of hydrate-forming reactors have
been proposed and tested specifically for developing the hy-
drate-based technology for natural gas storage. A general over-
view of reactor designs for hydrate production from natural gas
was reported by Mori,1 specifying the potential advantages and
disadvantages of each type of reactor proposed and tested so far
on the laboratory to pilot-plant scales. In this article, we focus
our attention on the water-spraying type, the type of reactors in
each of which liquid water is sprayed in a continuous phase of
a hydrate-forming gas (or gases), and describe our attempt at
modifying the conventional water-spraying-type design to
yield a higher hydrate-forming performance.

In general, there are two conditions that need to be satisfied
in order to produce a high rate of hydrate formation: (1) a good
mixing of the hydrate-guest gas (the hydrate-forming feed gas)
and water, and (2) an effective cooling for removing the heat
released by the hydrate formation. (In the case of the struc-
ture-H hydrate formation, a good mixing of the three phases —
the guest gas, water, and a large-molecule guest substance
(LMGS)1, 2 which is typically an oily liquid — is required.
However, we do not focus our attention on the structure-H
hydrate formation in this article.) The water spraying into the
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guest-gas phase well meets condition (1). We also note another
advantage of the water spraying technique: the facility for
scaling up a hydrate-forming reactor just by multiplying the
spray nozzles to be installed in the reactor. On the other hand,
the water spraying technique generally conflicts with condition
(2), which is the major issue underlying this study.

The water spraying technique for hydrate formation was first
demonstrated by Rogers et al.3 Water was sprayed downward
by an ultrasonic atomizer into an ethane gas phase confined in
a vertically oriented cylindrical cell with its side wall being
cooled from the outside. Obviously, the cooling depending on
the spray-to-wall heat transfer should become increasingly
ineffective with an increase in the reactor size. In a reactor
equipped with multiple spray nozzles, many of the water sprays
formed there must inevitably be away from the wall of the
reactor, and, hence, they must be minimally cooled. An alter-
native way of cooling was conceived by two Japanese indus-
trial groups,4,5 and has been used in laboratory-scale experi-
ments.2,6�8 Water sprayed and accumulated at the bottom of
the reactor was continuously pumped to an external heat ex-
changer (a heat radiator) to be cooled, then pumped back to the
reactor to be sprayed again. The cool energy (that is, the
enthalpy deficiency corresponding to the water subcooling
before spraying, �Tsub, w, measured from the gas/water/hydrate
three-phase equilibrium temperature Teq) conveyed by the cir-
culating water to the reactor could compensate for the heat
released by the hydrate formation. This way of cooling should
function regardless of the reactor size as long as the rate of
water circulation is varied in proportion to the capacity of the
reactor (the expected rate of hydrate production by the reactor).
However, the cooling capacity per unit water flow rate is
limited by the risk of obstructing the water-circulation loop due
to hydrate formation, which increases with an increase in
�Tsub, w. (The possible mechanism of hydrate formation in the
loop is explained in some detail elsewhere.1) Thus, in order to
ensure a sufficient cooling capacity, the water flow rate through
the loop must be maintained at an excessively high-level com-
pared to the rate of water consumption due to the hydrate
formation, using a large pumping power.

An idea, which possibly overcomes the above difficulty in
the cooling of water-spray-type hydrate-forming reactors, was
provided by Fukumoto et al.,9 but it still requires careful
examination for its practical utility. The idea was to utilize the
impingement heat transfer from sprayed water to the surface of
a cooled, highly heat-conductive slab (or block). The slab may
be embedded in the wall of a reactor such that its front surface
is exposed to the guest gas while its backside is steadily chilled.
Alternatively, the slab may be an internally tubed cold plate
vertically hung into the reactor such that both sides of it are
exposed to the guest gas. Water is sprayed from a horizontally
oriented spray nozzle (or nozzles) such that water droplets
impinge almost vertically on the surface of the cooled slab. If
hydrate formation occurs on the surface, the heat released there
should directly be removed by heat conduction into the slab.
Using a cooled copper block with its front side extruded into a
spray chamber charged with HFC-32 (CH2F2), a structure-I
hydrate forming gas, Fukumoto et al.9 observed the hydrate
formation which resulted in the growth of a hydrate layer
sticking onto the surface of the block. Because of the insuffi-
cient space beneath the block inside the chamber, the block
surface was buried in a pile of the formed hydrate within a

short time (typically several minutes) after hydrate nucleation.
Thus, the utility of the impingement cooling scheme is yet-
to-be clarified.

This study was aimed to test the utility of the impingement
cooling scheme, and to examine its effectiveness on hydrate
formation. A spray chamber for forming a hydrate was newly
designed and constructed, based on the experience obtained in
the preceding study of Fukumoto et al.9 Following the preceed-
ing study, HFC-32 that forms a structure-I hydrate at moderate
pressures was used as the model gas for the convenience of
visual observations of the hydrate formation inside the spray
chamber. Inside the chamber, a spray nozzle faced the front
surface of a metal block, the rear of which was extruded out of
the chamber and exposed to a jet of liquid coolant (an aqueous
ethylene glycol solution). The operational parameters that we
varied in this study were the pressure inside the chamber, the
temperature of water just before spraying, and the temperature
of the coolant for cooling the metal block. Throughout each
experimental run, we continuously measured the rate of the
HFC-32 supply to the chamber and the heat-flow rate through
the metal block to the outside of the chamber in order to
estimate the rate of HFC-32 consumption due to hydrate for-
mation, and to evaluate the role of the cooling via the block in
the observed hydrate formation, respectively.

Description of Experiments
Experimental apparatus

Figure 1 shows the major portion of the experimental appa-
ratus used in this study. It is a spray chamber integrated with a
few auxiliary assemblies. The spray chamber itself was com-
posed of two parts separately machined from stainless steel: a
rectangular cell, the inside of which was 80-mm wide,
112.7-mm high and 160-mm deep, and a short cylinder, 106.3
mm ID and 69 mm length. The cylinder was welded onto a
36-mm thick side wall of the rectangular cell, in which a
106.3-mm dia. aperture had been bored, such that the aperture
and the cylinder formed a single cylindrical space open to the
rectangular space inside the cell. The outer end of the cylinder
was closed with a thick plate having three ports, each equipped
with a Swagelok connector. The port at the center of the plate
was used for inserting a spray nozzle into the chamber, and the
other two were used for supplying HFC-32 to the chamber
from a high-pressure cylinder through a pressure-reducing
valve and for connecting a pressure gauge to the chamber,
respectively. The rectangular cell had a window, 80-mm wide
and 90-mm high, on both the front and rear walls. A cylindrical
brass block, 49 mm in dia. and 103 mm in length, was inserted,
together with its 5.75-mm thick Teflon sheath, into the rectan-
gular cell through its side wall opposite to the one through
which the spray nozzle was inserted. The block was located
such that its central axis coincided with that of the spray
nozzle, and that its front surface protruded from the inside face
of the cell wall by 8 mm. The brass block was tightly attached
to the cell with a flange-like device. The rear side of the block
was covered by a cylindrical vessel through which a tempera-
ture-controlled coolant (an aqueous ethylene glycol solution)
could be circulated in such a way that the coolant was vertically
injected onto the rear surface of the brass block, taking the
form of a cylindrical submerged jet, and flowed out of the
vessel through the two exits on its side wall. A cylindrical
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Pyrex vessel, 65.4 mm ID and 100 mm high, hung from the
bottom of the rectangular cell. It was expected that the hydrate
formed on the brass-block surface, as well as the liquid water
having not converted into the hydrate fell into this vessel, and
were stored there in the form of a hydrate/water two-phase
pool. A 1/4-in. port on the flange-type stainless-steel bottom
plate of this hydrate/water storage vessel allowed only liquid
water to flow out.

Figure 2 illustrates the layout of the entire experimental
system. The spray chamber and the water circulation loop were
enclosed in a booth temperature-controlled at 10 � 2 °C. The
water circulation loop incorporated a nonpulsating double-
plunger pump (Nihon Seimitsu Kagaku Co., model NP-KX-
700), a tubular heat exchanger immersed in a water bath which
was temperature-controlled by an immersion cooler and a
PID-controlled heater � stirrer unit, and the aforementioned
spray nozzle. This loop allowed water to be sprayed at a
constant flow rate and at a constant temperature. The length of
the tubular heat exchanger was determined such that the exit

temperature of the internal water flow could satisfactorily ap-
proach the temperature in the bath. The water-supply line from
the heat exchanger to the spray chamber was insulated so that
we could regard the temperature in the bath as the temperature
Tw at which the water was sprayed into the chamber. Because
the loop was closed and the water in the loop was repeatedly
stored in the spray chamber together with the hydrate, it is
reasonable to assume that HFC-32 was constantly dissolved in
the water almost up to the concentration at which the water (to
be more exact, the water-rich liquid) could be equilibrated with
the hydrate. This means that the net absorption of HFC-32 into
the water hardly occurred during each hydrate-forming exper-
imental run and that the consumption of HFC-32 measured
during the run is ascribable to the hydrate formation.

The gas supply line connecting a high-pressure HFC-32
cylinder to the spray chamber was equipped with a pressure-
reducing valve and a mass-flow meter (STEC SEF-V111DM �
FI-1000), with which V̇g, the volume flow rate of HFC-32
[converted to the normal temperature—pressure condition
(NTP), that is, 0 °C and 0.1013 MPa] into the spray chamber,
could be measured with the uncertainty of �0.08 cm3/s. The
pressure p inside the spray chamber was measured by a strain-
gauge pressure transducer (Valcom model VPMC-D-A) with
the uncertainty of �1.5 kPa.

The spray nozzle that we used was the same flat-spray nozzle
(model TP-150017 manufactured by Spraying Systems Co.,
Tokyo) that Fukumoto et al. used in their previous study.9 This
nozzle was so designed as to generate a flat-fan-shaped spray
with an opening angle of 15 ° when the water flow rate through
the nozzle was adjusted to 0.833 cm3/s (50 cm3/min). The
Sauter mean diameter and the initial velocity of the droplets in
the spray at this flow rate were 125 �m and 15.1 m/s, respec-
tively.9 The location and orientation of the nozzle were ad-
justed such that its tip was 50 mm away from the surface of the
brass block, and that the spray issuing from the nozzle was
horizontally spread.

Figure 1. Outside (a), and internal structure (b) of the spray chamber integrated with a cylindrical brass block, a
wall-jet cooling assembly at the rear of the brass block, and a hydrate storage vessel.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.].

Figure 2. Experimental system layout.
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Four sheathed type-T (copper�constantan) thermocouples
were inserted into the brass block normal to its axis. They were
aligned at 20 mm intervals along the axis of the block to allow
us to evaluate the axial temperature gradient in the block, and,
thereby, to deduce the conductive heat flow rate through the
block. The reason why we selected brass as the material of the
block was to ensure a reasonable accuracy in determining the
temperature gradient and the heat flow rate. If the block was
made of copper having a much higher thermal conductivity
than brass, the axial temperature gradient would be signifi-
cantly reduced, resulting in a lower accuracy in determining the
heat flow rate. Although copper was preferable to brass for the
purpose of effectively discharging heat from any hydrate-
forming system, it was not suitable for this study in which we
intended to obtain a quantitative understanding of the thermal
energy flow in the system.

Procedure of hydrate-forming experiments

Each experimental run was commenced by evacuating the
spray chamber, water circulation loop, and the HFC-32 gas
supply line between the pressure reducing valve and the spray
chamber. Deionized and distilled water in the amount of 200
cm3 was then sucked into the Pyrex hydrate/water storage
vessel at the bottom of the chamber. HFC-32 (99.9% certified
purity, supplied by Asahi Glass Co.) was supplied into the
chamber such that the pressure in the chamber was held almost
constant at the prescribed level, which was either 0.410 MPa or
0.710 MPa. The supply of HFC-32 was continued in order to
compensate for the dissolution of HFC-32 into the water in the
hydrate/water storage vessel. The temperature in the water bath
in which the heat exchanger on the water circulation loop was
immersed was controlled at a prescribed level Tw, which was
1.5, 6.5 or 12.0°C. The coolant temperature-controlled at 0.5°C
or 5.0°C was circulated to chill the brass block. After the
temperatures detected by the four thermocouples inserted into
the block had become constant, the plunger pump on the water
circulation loop was started such that water was sprayed into
the chamber at the flow rate of 0.833 cm3/s. From this time on,
the rate of supply of HFC-32 into the spray chamber V̇g, and
the temperatures in the brass block were continuously mea-
sured. At the same time, the inside of the chamber was con-
tinuously video-recorded to observe the behavior of formation
and accumulation of the hydrate inside the chamber.

Evaluation of heat discharge capacity and relevant
thermal quantities

The experimental hydrate-forming system outlined earlier
was equipped with two devices for discharging the heat re-

leased by the hydrate formation; that is, the water circulation
loop incorporating an external heat exchanger and the back-
side-cooled brass block exposed to the water spray. The ca-
pacity of heat discharge for each of these devices is evaluated
later.

The maximum rate of heat discharge by the water circulation
loop Q̇w,max, may be evaluated as follows1

Q̇w,max � V̇w�wcp,w�Tsub,w (1)

where, V̇w, �w and cp,w are the volume flow rate (� 0.833
cm3/s), the mass density and the specific heat capacity, respec-
tively, of the circulating water, and �Tsub,w is the degree of
subcooling of sprayed water given by Teq – Tw. The rate of heat
discharge through the brass block could be controlled by the
temperature Tc, and the flow rate V̇c of the coolant (27.4 wt %
aqueous ethylene-glycol solution) jetted onto the rear surface
of the block through a tubular nozzle of 8 mm ID. During each
experimental run, Tc was held constant at either of the two
levels, 0.5 °C or 5.0 °C. The flow rate V̇c was fixed at 41.7
cm3/s in every run. The coefficient of convective heat transfer
from the rear surface of the block to the coolant hc, was
estimated, with the aid of empirical correlations for a single
round jet impinging upon a flat solid surface, to be 5.7 kW/m2

K. (Eqs. 4.10 and 4.11a given in the review of Martin 10 were
used.) Assuming a steady one-dimensional (1-D) heat transfer
from the front-side surface of the brass block to the coolant on
the opposite side, we can estimate the possible maximum of the
heat flow rate Q̇b,max, as follows

Q̇b,max �
1

4
�Db

2U�Tsub,c (2)

where Db is the diameter of the block (� 49 mm), �Tsub, c �
Teq � Tc, and U is the overall heat-transfer coefficient. Because
the thermal resistance inside the block, and that in the imping-
ing jet flow of the coolant are connected in series, we may
evaluate U as follows

1

U
�

Lb

kb
�

1

hc
(3)

where Lb and kb are the axial length (� 100 mm) and the
thermal conductivity (� 0.114 kW/m K), respectively, of the
brass block. The values of Q̇w,max and Q̇b,max under some
p/Tw/Tc conditions are exemplified in Table 1. These values
may be compared to the relevant values of Q̇h, the rate of heat

Table 1. The Capacity of Heat Discharge via the Water Circulation Loop, Q̇w,max, and that via the Brass Block with its Rear
Side being Cooled by the Impinging Jet of a Coolant, Q̇b,max

p (MPa) Teq (°C)a Tw (°C) �Tsub,w (K) Tc (°C) �Tsub,c (K)
Q̇w,max

(W)
Q̇b,max

(W)

0.410 8.6 {
1.5 7.1 0.5 8.1 24.9 14.5

6.5 2.1 { 0.5 8.1 7.3 14.5
5.0 3.6 7.3 6.5

0.710 13.7 {
6.5 7.2 { 0.5 13.2 25.2 23.7

5.0 8.7 25.2 15.6

12.0 1.7 { 0.5 13.2 5.9 23.7
5.0 8.7 5.9 15.6

aCalculated using the correlation prepared by Akiya et al. [12] (see Appendix).
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release due to the hydrate formation inside the spray chamber,
and Q̇b, the actual rate of heat flow through the brass block, in
order to evaluate the efficiency of the heat-discharge devices.
The value of Q̇b at each instant was deduced from the axial
temperature gradient in the brass block, which was determined
by applying a linear regression analysis to the instantaneous
temperatures measured by the four thermocouples inserted in
the brass block. The instantaneous value of Q̇h was deduced
from V̇g, the volume flow rate (at NTP) of HFC-32 into the
spray chamber, as follows

Q̇h � �V̇g/�̃g�h̃hg (4)

where �̃g is the molar volume of HFC-32 at NTP, and h̃hg is the
heat of dissociation of the HFC-32 hydrate (per mole of HFC-
32) under the system pressure. The value of �̃g was calculated,
using the compressibility factor of HFC-32 at NTP, 11 to be
22.026 � 103 cm3/mol. The evaluation of h̃hg is described in
the Appendix.

Results and Discussion

Experimental conditions

The operating conditions for each experimental run are spec-
ified by the pressure inside the spray chamber (p), the temper-
ature of water before spraying (Tw), and the temperature of the
coolant impinging upon the back side of the brass block (Tc).
The conditions set in each of the 13 runs performed in this
study are summarized in Table 2. Each of the three operational
parameters — p, Tw and Tc — were alternatively adjusted at
two or three different levels in these experimental runs: that is,
p 	 0.41 or 0.71 MPa, Tw � 1.5, 6.5 or 12.0 °C, and Tc � 0.5
or 5.0 °C.

It should be noted that Tc is not an intrinsic parameter
concerning the cooling through the brass block. In fact, the
axial heat flux through the block is dependent not only on Tc,
but also on such experimental parameters as hc, kb and Lb (see
Eqs. 2 and 3) in addition to the unpredictable coefficient of heat

Figure 3. Sequential videographs of the formation of HFC-32 hydrate by water spraying onto the brass block surface.
Time t denotes the elapsed time after the start of water spraying.(a) Run 4-8, p � 0.720 MPa, Tw � 6.5 °C (�Tsub,w � 7.3 K), Tc � 0.5 °C
(�Tsub,c � 13.3 K), and (b) Run 4-13, p � 0.711 MPa, Tw � 12.0 °C (�Tsub,w � 1.7 K), Tc � 5.0 °C (�Tsub,c � 8.7 K). [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.].

Table 2. Summarized Data of Operational Conditions and Measured Gas-Uptake Quantities

Run No. p (MPa) Teq (°C) Tw (°C) �Tsub,w (K) Tc (°C) �Tsub,c (K) Vgt (cm3 NTP)
V̇g,av (cm3/s

NTP)

4-1 0.408 8.5 1.5 7.0 0.5 8.0 4885 3.323
4-2 0.408 8.5 1.5 7.0 0.5 8.0 3979 2.211
4-3 0.418 8.7 6.5 2.2 0.5 8.2 1825 0.780
4-4 0.409 8.5 6.5 2.0 0.5 8.0 2274 1.263
4-5 0.414 8.6 6.5 2.1 5.0 3.6 1521 0.905
4-6 0.718 13.8 6.5 7.3 0.5 13.3 3453 3.817
4-7 0.698 13.5 6.5 7.0 0.5 13.0 2926 4.064
4-8 0.720 13.8 6.5 7.3 0.5 13.3 5878 4.898
4-9 0.698 13.5 6.5 7.0 5.0 8.5 2196 4.306
4-10 0.712 13.7 6.5 7.2 5.0 8.7 4067 3.081
4-11 0.711 13.7 6.5 7.2 5.0 8.7 1193 2.651
4-12 0.713 13.8 12.0 1.8 0.5 13.3 3580 1.989
4-13 0.711 13.7 12.0 1.7 5.0 8.7 3236 2.201
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transfer from the sprayed water and the hydrate slurry to the
front surface of the block. Thus, Tc is no more than an appa-
ratus-dependent parameter with which we may relatively mea-
sure the capacity of heat discharge through the brass block
within the confines of the present experiments.

During each run, the pressure p exhibited some fluctuation
depending on the chronological variation in the rate of hydrate
formation. Once the hydrate formation started, p tended to
decrease by 0.02 MPa at most, then gradually recovered toward
its initial level. The decrease in the gas/water/hydrate three-
phase equilibrium temperature Teq corresponding to the 0.02-
MPa decrease in p is 0.27 K when p 	 0.71 MPa and 0.46 K
when p 	 0.41 MPa. (As for the p � Teq relation for the
HFC-32/water system, consult the Appendix.) The p values
indicated in Table 2, as well as in some figures shown later
represent the initial pressures just before the inception of hy-
drate formation in the respective experimental runs.

Qualitative observations

Figure 3 shows two typical sequences of hydrate formation
at nearly the same p levels — one observed at lower levels of
Tw and Tc, and the other at higher levels of Tw and Tc. Regard-
less of the levels of Tw and Tc, we generally observed that the
sprayed water turned into a hydrate slurry on the surface of the
brass block. This slurry partly flowed down into the hydrate/
water storage vessel below the rectangular cell and partly stuck
on the surface of the brass block forming a crumbly or mushy
pile on it. The visual observations indicated that the fluidity of
the hydrate slurry formed on the block surface was significantly
dependent on �Tsub,w and �Tsub,c. When both �Tsub,w and
�Tsub,c were large (�Tsub,w 	 7 K and �Tsub,c 	 13 K), the
fluidity of the slurry was so low that it formed a bulky pile on
the block surface within a few minutes after the start of water
spraying (see sequence (a) in Figure 3). However, this pile did

Figure 4. Time evolution of Vg, the cumulative volume (NTP) of HFC-32 supplied to the spray chamber after the first
appearance of hydrate crystals, in 11 experimental runs, which are classified into three groups on the basis
of the two operational parameters, p and Tc.
(a) p � 0.408–0.418 MPa, Tc � 0.5 °C (�Tsub,c � 8.0–8.2 K); (b) p � 0.698–0.720 MPa, Tc � 0.5 °C (�Tsub,c � 13.0–13.3 K), and (c)
p � 0.698–0.712 MPa, Tc � 5.0 °C (�Tsub,c � 8.5–8.7 K).
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not grow as to fill the space between the brass block and the
spray nozzle. Generally, the pile repeated the sequence of
growth and collapse, resulting in intermittent dropping of the
hydrate masses from the block surface. The fluidity tended to
increase with a decrease in either �Tsub,w or �Tsub,c, or with
decreases in both of them. When �Tsub,w 	 2 K and/or �Tsub,c

was less than 	9 K, the hydrate slurry continuously flowed
down from the brass block surface into the hydrate/water
storage vessel below it, leaving a relatively small amount of a
mushy hydrate/water complex on the block surface.

Although the filling of the space between the brass block and
the spray nozzle by the growing hydrate phase was successfully
prevented as a result of providing the spray chamber with a
sufficient hydrate-storage space below the block, the spray
nozzle was still subjected to the risk of plugging due to hydrate
formation on its outer surface. This was caused by the mist of
water which was generated by the impingement of the water
spray onto the brass block surface and filled the gas phase
inside the spray chamber. The outer surface of the spray nozzle
was exposed to the mist that drifted back from the brass block
surface, and, hence, readily wetted by water. The water film
covering the outer surface of the nozzle turned into a hydrate
layer, which grew, with the aid of continuous water supply
from the mist, into icicle-like lumps. The hydrate growth at the
tip of the nozzle produced an instability in the water spraying
and finally plugging of the nozzle. In every experimental run,
the nozzle plugging occurred within 2,000 s after the start of
the water spraying. Some device to prevent the nozzle tip from
wetting by the water mist is required in order to further
lengthen the period of each hydrate-forming operation.

Quantitative representation of experimental results

Figure 4 shows the time evolution of Vg, the cumulative
volume (NTP) of HFC-32 supplied to the spray chamber after
the first appearance of hydrate crystals, in each experimental
run. The Vg vs. t data obtained from 11 runs were classified into
three groups depending on the p and Tc levels set in these runs.
(The data obtained in the residual two runs are omitted for
graphical simplicity.) In general, the Vg vs. t relations were
smooth and nearly linear when both �Tsub,w and �Tsub,c were
small (�Tsub,w 	 2 K and �Tsub,c 	 8–9 K), and, hence, the
hydrate slurry formed on the brass block surface was not
heavily piled on it. More rapid increases in Vg with time t were
observed when either �Tsub,w or �Tsub,c or both of them were
larger. The data collected in Figure 4b (that is, the data ob-
tained at the larger level of �Tsub,c) show the common tendency
of V̇g (
dVg/dt) to decrease with t. This is ascribable to the
growth on the brass block surface of a hydrate pile serving as
an additional thermal resistance to the heat discharge to the
back side of the block. A quasi-periodical alternation of the
lower V̇g periods and the higher V̇g periods was observed in
some runs (Runs 4-1, 4-2 and 4-8) operated at the larger level
of �Tsub,w (	 7 K). Such an alternation was confirmed to be in
synchronism with the visually observed growth and collapse of
a hydrate pile on the brass block surface, and, hence, it is
reasonably ascribed to the fluctuation in the thermal resistance
added by the hydrate pile.

The right-most data point for each experimental run shown
in Figure 4 indicates the final value of Vg obtained with the
regular water-spraying behavior. With more time, the spray

became increasingly unstable due to the hydrate growth at the
tip of the nozzle. Therefore, we specified the duration of steady
water spraying till the instant corresponding to the right-most
data point as the steady spray period �, and defined the total
volume of HFC-32 supplied to the spray chamber as Vgt 
 Vg

at t � �. We further defined V̇g,av, the average rate of HFC-32
supply to the spray chamber during this period, as V̇g,av 

Vgt/�. The data of Vgt and V̇g,av, thus determined for all of the
13 experimental runs are indicated in Table 2. The V̇g,av data
are also plotted versus �Tsub,w and �Tsub,c in Figures 5 and 6,
respectively. In either of these figures, the V̇g,av data are sorted
into four classes (as denoted by the different symbols), depend-
ing on the levels of p and �Tsub,c or �Tsub,w. In each class, the
data are substantially scattered (to the extent of �25% at most)
presumably due to the fortuity of the growth and collapse of the
hydrate piles on the brass block surface. In Figure 5, the V̇g,av

data are compared with V̇g,max,w, the rate at which HFC-32
would be consumed by such a hydrate formation as to release
heat at the rate just balancing with Q̇w,max given by Eq. 1,
which is calculated as follows

V̇g,max,w � �̃g�Q̇w,max/h̃hg� (5)

As demonstrated elsewhere,1 the V̇g,av data obtained in the
previous studies of hydrate formation from methane by water
spraying under pressures from 3.7 to 8.1 MPa 6, 7 are approx-
imated by one-fourth or one-third of the corresponding values
of V̇g,max,w over the range of �Tsub,w from 1 to 10 K. Despite

Figure 5. Dependence of the average rate of HFC-32
supply to the spray chamber V̇g,av, on the sub-
cooling of water pumped to the spray nozzle,
�Tsub,w.
The experimental V̇g,av data are compared with V̇g,max,w, the
rate of HFC-32 supply that would be available when Q̇h, the
rate of heat release by the hydrate formation, balances with
Q̇w,max, the capacity of heat discharge by water circulation.
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the difference in the hydrate-guest species from those studies,
the lower border of our V̇g,av-data group also matches with the
range from one-fourth to one-third of the corresponding values
of V̇g,max,w. The majority of our V̇g,av data substantially exceed
the above range, indicating the effectiveness of the cooling
through the brass block in increasing the rate of hydrate for-
mation, or the ratio of conversion of the circulated water to the
hydrate, under a given water-circulation condition. On the
other hand, the increase in V̇g,av with an increasing �Tsub,c, as
recognized in Figure 6, is not very sharp. We cannot expect
more than a twofold increase in V̇g.av as the result of a 10-K
increase in �Tsub,c from, for example, 	5 K to 	15 K. Such a
low sensitivity of V̇g,av to �Tsub,c is ascribable to the significant
thermal resistance, to the heat flow into the brass block, placed
inside the spray chamber; this is explained later.

The time evolution of some quantities related to the gener-

ation and discharge of heat during some experimental runs are
shown in Figure 7. The quantities are the rate of heat release
due to hydrate formation (Q̇h), the rate of heat discharge via the
brass block (Q̇b), and the block surface temperature (Tb) which
was determined by extrapolating the measured temperatures
inside the block. Four runs operated under nearly the same
pressures (p � 0.711–0.720 MPa), but for different combina-
tions of Tw and Tc are selected. We note the most extensive
fluctuation of Q̇h in Runs 4-8 in which both �Tsub,w and �Tsub,c

were large, and, hence, the formed hydrate slurry having a low
fluidity repeated the growth and collapse of a bulky pile on the
brass block surface. The least fluctuation of Q̇h was exhibited
in Runs 4-13, in which both �Tsub,w and �Tsub,c were small.
The magnitude of Q̇b in every run is found to be very small
compared to the relevant value of Q̇b,max indicated in Table 1.
The ratio of Q̇b to Q̇b,max is only 	0.3 at most (in Run 4-13),
and is as low as 	0.15 in Run 4-8, in which the hydrate pile
grew the most on the brass block surface. Such low values of
Q̇b/Q̇b,max are readily interpreted in view of the level of Tb. In
every run, Tb is much closer to Tc than to Teq (� 13.7–13.8 K
in the four runs shown in Figure 7). Obviously, the major
thermal resistance to the heat flow from the hydrate-formation
site to the coolant impinging on the rear side of the brass block
lies neither in the block itself, nor in the coolant flow, but inside
the spray chamber — more specifically, inside the hydrate/
water/gas mixture resting or sliding on the brass block surface.
As a result of this thermal resistance, Q̇b remained at much
lower levels than Q̇h throughout the runs in which �Tsub,c was
large (	 7 K), while Q̇b approximately compared with Q̇h in
the runs in which �Tsub,c was small (	 2 K). In order to reduce
the thermal resistance, to increase Q̇b, and, thereby, further
increase V̇g (or Q̇h), we need some device (or means) to
promote the clearing of the hydrate slurry from the brass block
surface.

Concluding Remarks

This study has revealed the potential utility of an unconven-
tional version of the water spraying technique for hydrate
formation: water spraying onto the surface of a continuously
cooled metal block (or slab) inserted into a spray chamber (a
hydrate reactor). Based on the series of hydrate-forming ex-
periments performed in this study, we can conclude that the
rate of hydrate formation can be significantly increased by the
simultaneous use of cooling by the metal block, and that by the

Figure 6. Dependence of the average rate of HFC-32
supply to the spray chamber V̇g,av, on �Tsub,c,
the temperature deficiency of the coolant for
cooling the brass block from Teq, the gas/wa-
ter/hydrate three-phase equilibrium tempera-
ture.

Figure 7. Simultaneous variations in the rate of heat release due to hydrate formation (Q̇h), the rate of heat removal
via the brass block (Q̇b), and the block surface temperature (Tb) during the hydrate-forming experiments at
p � 0.711–0.720 MPa (Teq � 13.7–13.8 K).
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water circulation through an external loop incorporating a heat
exchanger, without overly intensifying the latter cooling at the
risk of loop obstruction due to internal hydrate formation.
However, two technical problems were recognized in this study
and left for future investigations: (a) the plugging of the spray
nozzle by hydrate formation on the nozzle tip due to water mist
drifting back from the metal block surface, and (b) the growth
of a wet but sticky hydrate layer on the metal block surface,
hindering the heat flow into the block. Problem (a) needs to be
solved to ensure long-term stable hydrate-forming operations.
Problem (b) is desired to be solved in order to make the heat
discharge across the metal block sufficiently effective without
using an excessively cold coolant to chill the block in order to
overcome the thermal resistance of the hydrate layer covering
the block surface.
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Notation

a � constant in Eq. A1, K
b � constant in Eq. A1

cp � specific heat capacity under constant pressure, J kg�1

hc � convective heat-transfer coefficient relevant to impinging coolant
jet, W m�2 K�1

h̃hg � heat of hydrate dissociation, J mol�1

kb � thermal conductivity of brass block, W m�1 K�1

Lb � axial length of brass block, m
p � pressure inside spray chamber, Pa

Q̇b � conductive heat-flow rate through brass block, W
Q̇h � rate of heat release by hydrate formation, W
Q̇w � rate of heat discharge by water circulation, W

R̃ � universal gas constant, J mol�1 K�1

t � time lapse after the inception of hydrate formation, s
T � temperature, K or °C

Tb � temperature at front surface of brass block, K or °C
Tc � temperature of coolant, K or °C

Teq � gas/water/hydrate three-phase equilibrium temperature, K or °C
Tw � temperature in water bath (	 temperature at which water is

sprayed), K or °C
U � overall heat-transfer coefficient for heat flow through brass block

and coolant jet, W m�2 K�1

�̃g � molar volume of hydrate-guest gas at NTP, m3 mol�1

Vg � accumulated volume at NTP of guest gas supplied to spray chamber
after the inception of hydrate formation, m3

Vgt � Vg at t � �, m3

V̇ � volume flow rate (at NTP for gas), m3 s�1

Z � compressibility factor of hydrate-guest gas

Abbreviation

NTP � normal temperature and pressure, 0 °C and 0.1013 MPa

Greek letters

�Tsub � degree of subcooling (magnitude of temperature deviation from
Teq), K

� � mass density, kg m�3

� � t at the end of the period in which water spraying is not hindered
by hydrate growth, s

Subscripts

av � average over the period from t � 0 to t � �
c � coolant
g � hydrate-guest gas

max � theoretical maximum
w � water
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Appendix: Three-Phase Equilibrium in HFC-32 �
Water System and Heat of Dissociation of HFC-
32 Hydrate

The data processing in this study required knowledge of the
gas/water/hydrate three-phase equilibrium temperature Teq at
given pressures p in the HFC-32 � water system. The value of
the heat of hydrate dissociation h̃hg for each p�Teq condition
was also required. We determined both Teq and h̃hg at each
pressure level, utilizing the empirical phase-equilibrium corre-
lation reported by Akiya et al. 12 and the Clausius�Clapeyron
equation. The phase-equilibrium correlation is given in the
following form

2986 DOI 10.1002/aic Published on behalf of the AIChE August 2006 Vol. 52, No. 8 AIChE Journal



ln� p

�MPa�� �
a

T
� b (A1)

where T and a are the system temperature and a curve-fitting
constant, respectively, both expressed in the absolute temper-
ature unit, K, and b is another curve-fitting constant which is
dimensionless. Akiya et al. 12 determined the two constants as
follows: a � �8612.56 K and b � 29.681. The equilibrium
temperature Teq corresponding to the level of p in each exper-
imental run was determined as T satisfying Eq. A1.

The Clausius�Clapeyron equation relevant to the gas/water/
hydrate three-phase equilibrium may be written in the follow-
ing form 13

d ln�p/�MPa��

d�1/T�
�

h̃hg

ZR̃
(A2)

where R̃ is the universal gas constant, and Z is the compress-
ibility factor of the guest gas (HFC-32) at each p�Teq condi-
tion. Substituting Eq. A1 into Eq. A2, we obtain

h̃hg � �aR̃Z (A4)

Figure A1 demonstrates the variations in Teq given by Eq. A1,
Z given by the REFPROP database 11, and h̃hg given by Eq. A4,
depending on p in the range relevant to the hydrate-forming
experiments in this study.

Manuscript received Jan. 31, 2006, and revision received Apr. 4, 2006.Figure A1. Pressure dependencies of the three-phase
equilibrium temperature (Teq), the compress-
ibility factor of HFC-32 (Z), and the heat of
hydrate dissociation per mole of HFC-32
(h̃hg).
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