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Abstraet--'rhis paper deals with cold heat-release characteristics of the oil (tetradecane, C~4H30, latent heat 
229 kJ/kg, raelting point 278.9 K)/water emulsion as a latent heat-storage material having a low melting 
point. An air-emulsion direct-contact heat exchange method was selected for the cold heat-release from 
the emulsion layer including solidified tetradecane. The temperature effectiveness, the sensible heat release 
time and the latent heat release time were measured as experimental parameters. The useful nondimensional 
correlation equations for those parameters were derived in terms of nondimensional emulsion layer depth, 
expressed the emulsion layer dimension, Reynolds number for air flow, Stefan number and heat capacity 

ratio. 

1. INTRODUCTION 

The fine latent heat storage material-water mixture 
has fluidity even if the dispersed fine latent heat-stor- 
age material having a higher freezing point than water 
is frozen, because the mixture includes the unfreezing 
of water as the continuum phase. The authors have 
already reported the physical properties (density, 
specific heat, latent heat, thermal conductivity and 
viscosity) [1-3] and the latent cold heat storage 
characteristics [2] of oil (tetradecane, C14H3o, latent 
heat L = 229 kJ/kg, melting point Tm = 278.9 K)/ 
water emulsion as the fine latent heat storage material- 
water mixture. The latent cold heat storage material 
can supply the cold heat at constant temperature in 
the vicinity of its melting point during the latent heat 
release. The hot-cold emulsion direct contact heat 
exchanger is selected as the latent cold heat release 
method from di:~persed-solidified fine tetradecane 
droplets in the emulsion. 

Kato et al. [4] investigated the gas hold-up, bubble 
size, interfacial area, longitude dispersion coefficient 
of liquid and volumetric coefficient of mass transfer in 
a bubble column. The heat transfer coefficient between 
the dispersion air bubble in fine solid particle-water 
mixture and a vertical heating surface was evaluated 
by Mersmann et al. [5]. The experimental study of 
the air-hot wate~ direct contact heat exchanger was 
performed on air bubble size and heat transfer 

coefficient between air bubbles and hot water by 
authors [6]. 

The latent heat release system by the hot air-latent 
heat emulsion direct contact heat exchanger is evalu- 
ated in the present paper. The mass fraction of tetra- 
decane as the dispersed latent cold heat storage 
material, the height of the emulsion layer in the test 
heat exchanger, the initial temperature of emulsion, 
the inlet hot air temperature and the velocity of inlet 
hot air are selected as the experimental parameters. 

2. CHARACTERISTICS OF PHASE-CHANGE 
EMULSION 

Table 1 indicates the mass fraction of  the test emul- 
sion. The emulsion consists of tetradecane Ct (mass%) 
as the fine latent cold heat storage material, the water 
C, (mass%) as the continuum phase and the sur- 
factant Cs (mass%). The emulsion shows stable dis- 
persion mixing by using the surfactant which consists 
of anionic surfactant and nonionic surfactant. The 
anionic surfactant and the nonionic surfactant are in 
the mass ratio of one to ten, The diameter of the 
dispersion tetradecane varies from d = 0.1 to 9.0 #m, 
the arithmetic mean diameter is dm = 3.4 #m, and the 
standard deviation is +__20.4% [1]. The experimental 
data evaluation is carried out using the physical 
properties (density, specific heat, latent heat and ther- 
mal conductivity of the test emulsion) measured by 
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NOMENCLATURE 

aa thermal diffusivity of air [m 2 s 1] t 
ae thermal diffusivity of emulsion [m 2 s-1] fi 
A. area of nozzle [m 2] ts 
Ave s circular bottom area of test section ~ain 

[m 2] Taout 
Cpa specific heat of air [kJ (kg" K) - a] Te 
Cpe specific heat of emulsion T~ 

[kJ (kg 'K)  '] Tm 
Ct mass fraction of tetradecane [mass %] 
Cs mass fraction of surfactant [mass %] Tw 
Cw mass fraction of water [mass %] u. 
d diameter of dispersed tetradecane [#m] 
d. diameter of nozzle [mm, m] I2 
dves diameter of test section [mm, m] z 
Fo~ Fourier number of latent heat-release z* 

time 
Fos Fourier number of sensible heat- 

release time 
h* heat capacity ratio 
L latent heat of tetradecane [kJ kg-  l] 
Le latent heat of emulsion [kJ kg -  ~] 
m e mass of emulsion [kg] 
rh. mass flow rate of air [kg s-i]  
n number of nozzle 
Per phase change rate defined by equation 

(3) [ %] a 
Qtot total release heat [kJ] ain 
Q, released latent heat [kJ] aout 
Qs released sensible heat [kJ] e 
Qlos heat loss, based on the temperature i 

difference between emulsion layer and 1 
atmospheric temperature [kJ] los 

Re Reynolds number defined by equation m 
(7) max 

Ste Stefan number defined by equation s 
(12) ves 

time [s, min] 
latent heat-release time [s, min] 
sensible heat-release time [s, min] 
inlet air temperature [K] 
outlet air temperature [K] 
emulsion temperature [K] 
initial emulsion temperature [K] 
melting point of tetradecane (278.9 K) 
[K] 
temperature of water [K] 
air velocity from a nozzle 
( =  V/(nxAn)) [m s -1] 
volume flow rate of air [m 3 s- ' ]  
emulsion layer depth [m, mm] 
nondimensional emulsion layer depth. 

Greek symbols 
v, kinematic viscosity of air [m 2 s-1] 
4~. temperature effectiveness 
I]/a relative humidity of air [ %]. 

Subscripts 
air 
inlet air 
outlet air 
emulsion 
initial 
latent heat 
heat loss 
melting point, mean 
maximum 
sensible heat 
test section of the vessel. 

Table 1. Mass fraction of emulsion 

Tetradecane Water Surfactant 
Ct [mass %] Cw [mass %] Cs [mass %] 

40.0 49.3 10.7 
35.0 56.0 9.0 
25.0 66.7 8.3 
15.0 78.5 6.5 

Inaba et al. [1]. Table 2 shows the representatively 
thermophysical properties of the emulsion at 
Te = 275.1 K. 

3. EXPERIMENTAL APPARATUS AND 
PROCEDURES 

Figure l shows theexpe r imen ta l appa ra tus fo r the  
latentcold heat-releaseexperimentffom theemulsion 

layer which includes the frozen fine tetradecane drop- 
lets. The dispersed tetradecane droplets in the emul- 
sion are frozen by the cold latent heat storage appar- 
atus, which consists mainly of a coiled double tube 
heat exchanger [2]. The experimental apparatus con- 
sists of the cylindrical vessel (test section, 89 mm in 
inside diameter, 500 mm in height, 3.0 mm in thick- 
ness), the rectangular vessel (cross-section of 180 mm 
in width × 180 mm in depth, 500 mm in height and 20 
or 10 mm in thickness) and the nozzles which are set 
in the bottom of the test section. The space between 
the cylindrical vessel and the rectangular vessel is kept 
at a vacuum of 7.99 kPa in pressure by a vacuum 
pump, and the rectangular vessel is thermally insu- 
lated by the uretan foam insulating material (50 mm 
in thickness). The air flow rate and temperature are 
controlled by the flow controller and an electric 
heater, respectively. The measuring accuracy of the 



Cold heat-release characteristics of phase-change emulsion 1799 

Table 2. Thermophysical properties of test emulsion at To = 275.1 K 

]Emulsion 
Ct [mass %] 

Density Specific heat Thermal conductivity 
[kgm 3] [kJ (kg'K) ~] [W (m.K) -t] 

40.0 908 3.13 0.46 
35.0 919 3.27 0.47 
25.0 942 3.52 0.50 
15.0 965 3.78 0.51 

air flow rate is within -+ 3% of the maximum flow rate 
(I?~a x = 9.13 X 10-4 m 3 s-  ~). The temperatures of  the 
emulsion layer are measured by T-type thermocouples 
of  0.1 turn in diameter. The inlet and outlet air tem- 
peratures of  the test section are measured by thermo- 
piles which are constructed by five T-type thermo- 
couples of  0.1 mm in diameter. The thermocouples 
are calibrated by a standard thermometer  within 
_+0.05 K. The thermopile for the outlet air tem- 
perature of  the test section can be traversed in the 
height direction from the emulsion layer and it is set 
the center of  cylindrical test section, since the outlet 
air temperature distribution in the radical direction 
over the test emulsion layer is small within _+0.3 K. 
The inlet and outlet air humidity are measured by 
the electric hygrometer (measuring range of  relative 
humidity ~k~ = 0  ~, 90%, accuracy _+3%). The air 
nozzles (diameter d, = 2.0 ram, number of  nozzles 
n = 49) are arranged at intervals of  10 mm in the 
radial direction and 30 ° in the circumference direction. 
The air nozzle diameter d, = 2.0 mm is determined by 
the experimental results in which the foaming 
phenomenon by the surfactant does not  occur during 

air injection in the emulsion layer. Tetrafluoroethylene 
resin filter (residue particle diameter 2.0 #m, 0.5 mm 
in thickness) is mounted at the bot tom of the air 
nozzles in order to protect the emulsion leakage. The 
inlet hot air temperature Tai n and air velocity 
u , ( =  I?l(n x (n14)d2)) are controlled within _0.1 K 
and + 1.08 x 10 2 m s - l  of  each experimental con- 
dition, respectively. The cold heat transferred by the 
mass transfer of  humidity is less than 4% of the 
total released cold heat. The relative humidity of  inlet 
air is controlled I,/s a = 5 ~ 20% in the present exper- 
iment. The air hold-up in the emulsion layer is fairly 
large, so that the maximum depth (z = 241 mm) of 
the emulsion layer is restricted to about  half  the depth 
of  the test rectangular vessel. The experimental par- 
ameters range as follows : 

• air velocity from nozzle u, = 1.48 ~ 5.93 m s -~ ; 
• inlet hot  air temperature T~, = 303.1 ~ 318.1 K ; 
• tetradecane mass fraction of  emulsion Ct = 

15.0 ~ 40.0 mass% ; 
• height of  emulsion layer z = 32 ~ 241 m m ;  
• initial emulsion temperature T,i = 273.6 ~ 277.9 K. 

- M  " "~s__~-~ h -  . . . . .  -r4 
:- -- . ' t  II /_.,~,~ ~-~1 I 

8 9  3 It ~T-  i t  

- : " - =  % : ~ r - - . . ~  
4, qMesh cover I I "~ I ~ ~. 

. t~'l ~ ,. . II _11 t..;lrcular 
¢, !hi j ~ c r y l t c  resin b__.C._---._-._-.._--_~ nozzle 

mo•  x <,~>..~I ~l Vacuum ~ r t i o ~  
" ~ !IE_'I ."1/ . . . . . . . . .  

o~.,~ , ~  Circular nozzles arrangement 

t !_~ ~ ~L~ A~bles~CirCzz-/ lear  t y p ~  

toster.o,,,on 1 '  

_ _  I~l~,,,,,,t-.i. ~ Acrvlic _ 7  I elralluoro- 
h%~.t'er ~ Bv-nass re$i'n Air ethylene resin 

~ - - ~ ~  ¢><~ ~ "'-.....~..~.~for emulsion proof 

• Thermocouple (~) Pressure gauge 
1:3 Hygrometer ~ Vacuum gauge 

[ ]  Flowmeter ~ Vacuum pump 
IX] Valve ~ Compressor 

Fig. 1. Experimental apparatus for cold heat-release. 
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Fig. 2. Variation of water temperature Tw, emulsion 
(C~ = 40.0 mass%) temperature To and outlet air tem- 

perature T~o= with time t. 

200 i i i 

Ct=40.0 mass% 
Tain=318.1 K 

%' z =161 mm 
Un=5.93 m/s Qtot, / 
Tei=276.1 K / 7  

c  1oo °-? 
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/ 7  / . . . . .  a s  
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Fig. 3. Variation of total release-heat Qtot, sensible release- 
heat Q, latent release-heat Q~ and heat loss Qio, with time t, 

4. E X P E R I M E N T A L  R E S U L T S  A N D  

D I S C U S S I O N S  

Figure 2 shows the time history of water tem- 
perature T,, emulsion temperature Te (Ct = 40.0 
mass%) and outlet air temperature T~o~t. The various 
time histories of temperatures as shown in Fig. 2 indi- 
cate the experimental results of only water and the 
emulsion, respectively. The maximum temperature 
difference of the emulsion in the emulsion layer is 
within 1 K, because air bubbles mix the emulsion. The 
outlet air temperature T~out of the only cold water in 
the test section increases monotonously with time t. 
However, T~o,t value of the emulsion shows a decreas- 
ing tendency at the beginning, subsequently it shows 
constant one due to the latent cold heat release, and 
finally it increases. The decrease of Tao~t at the begin- 
ning is caused by the low air bubble velocity in the 
emulsion layer due to high viscosity of the emulsion. 
The low bubble velocity takes a long time to arrive at 
the surface of emulsion layer, so that Taout decreases 
at the beginning of experiment. T~o,t during latent cold 
heat release process shows slightly higher than the 
emulsion temperature Te. This temperature difference 
is brought by the heat resistance between the sur- 
factant micelle and dispersed phase-change tetra- 
decane. 

The sensible heat release time t~ at the beginning 
and the latent heat release time tl are indicated in Fig. 
2. The t~ and the t~ are estimated by the heat balance 
of test emulsion layer, which is calculated by the fol- 
lowing equation 

Qtot = f fPa X/ha X (Zain- Taout) dt = Ql+Q~ +Qlo~ 

(l)  

in which Qtot is total release heat of emulsion, Cp~ is 
specific heat of air, rh~ is mass flow rate of air, T~n is 
inlet air temperature, Taout is outlet air temperature, 
Q~ is latent release heat, Q~ is sensible release heat and 
Qlo~ is heat loss. That is, the times t, and t~ are defined 

as the times estimated when the integrated sensible 
and latent cold heats absorbed by air bubbles are 
coincident with the beforehand calculated sensible 
and latent cold heats released from the emulsion. 

The sensible release heat Qs is calculated by 

Qs = Cp~ x m= x (Te - Tei) (2) 

using each value of specific heat of emulsion Cpe, mass 
of emulsion me, emulsion temperature Te and initial 
emulsion temperature T=. 

The heat loss Q~o, based on the temperature differ- 
ence between the emulsion and atmospheric tem- 
perature is measured at the preparatory experiment 
by using a cold water as the test fluid. The quantity of 
heat loss Q~o, is less than 3% of the total storage heat 
of the emulsion. The variation of Qto,, Qs, Ql and Qjo, 
with time t is shown in Fig. 3. 

Figure 4 presents the time history of the phase- 
change rate of Per of the emulsion. The phase-change 
rate Pc, is defined by the released latent heat Q~ and 
latent heat of the emulsion Le as follows : 

QI Qi 
Pc~ = x 100 = x 100, 

me x Le m, X (Ct/100) X L 

(3) 

where L is latent heat of tetradecane (L = 229 kJ/kg). 
T h e  P e r  increases linearly with time t in the latent heat 

100~- Ct'=40.'0 mass%' ' f '  ' 
I- Tain=318.1 K 
~ z =161 mm 

50~ Un=5.93 m ~  Tai=276.1 K 

I; ts .._ ~ tl 
r , -F-', , ~i, 

0 20 40 

t [min]  

Fig. 4. Time history of phase change rate Per or solidified 
tetradecane in the emulsion. 
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C t = 15.0~40.0 mass% 
z* = 16.0~120.5 
Re = 166~724 
Tei = 273.6~277.9 K o ~  

2 - -  Eq.(5) 

I ., o/..~,~/,o . Tam [K] 
^ ~  o 303.1 

O cE;~l~ * 308.1 

d ! lY  ~ * 318.1 
l i l~Z~ I , I i I i I , 

0.02 0.04 0.05 

h* 
Fig. 5. Relationship between Fourier number/;b, of sensible 

heat-release time and heat capacity ratio h*. 

290 ' i , i • i ~  ~ , i , 

i,t  
. . . . . . .  

e~ Ct=40.0mass% - -  -r 
~ Tain=318.1 K ....... +:out 
l- Un=5.93 m/s 

270" ' ' ' I , I , I 

0 20 40 50 
t [rain] 

Fig. 6. Time history of emulsion (Ct = 40.0 mass%) tem- 
perature To and outlet air temperature T~o,t on emulsion 

layer depth z = 32 mm and 161 mm. 

release process, since the high heat exchange effec- 
tiveness between the hot  air and the emulsion can be 
obtained by the direct contact  heat exchange. 

Figure 5 illustrates the relationship between Fourier  
number Fo, ( =  a~ x tdd~) expressing sensible heat 
release time t~ and the nondimensional heat capacity 
ratio h*. The sensible heat release time t~ is expressed 
by Fourier  number Fo~ as nondimensional parameter 
of  time which is commonly used. The heat capacity 
ratio h* is defined as follows : 

Ct'¢ xm¢ x (rrn-- Tei ) x a  e 

h* - Cpa X m~ × (rai n - -  Tin) X A v e  s ' (4) 

where Avos ( =  (dvo~/2)2n) is the bot tom surface area of  
test section vessel. 

The Fos number  increases linearly with an increase 
in the heat capacity ratio h*. The Fo~ number is derived 
in terms of  h*, as tbllows : 

FG = 4.29 x 105 x h*. (5) 

The calculated value by equation (5) is equal within 
+ 9 . 9 %  of the experimental data. The application 
range of  equation (5) is Ct = 15,0 ~ 40.0 mass%, 
z* = 16.0 ~ 120.5~ Re = 166 ~724,  T a i n  = 303.1 ",~ 
318.1 K and Te~ = 273.6 ~ 277.9 K, Aws = 6.22x 
10 -~ m 2. The nordimensional  emulsion layer depth 
z* and Reynolds number Re are defined as follows : 

Z 
z* = ~ ,  (6) 

un x d~ 
Re - (7) 

~)a 

in which z is emulsion layer depth in the test section, 
d n ( =  2.0 mm) is diameter of  nozzle and Va is kinematic 
viscosity of  air. 

Figure 6 shows the variation of  T~out and Te (z = 32 
mm, 161 mm) with time t. The latent heat release time 
tt of  z = 32 mm is shorter than that of  z = 161 mm 
since the total latent heat decreases with a decrease in 
the emulsion layer depth z. Temperature difference 
between Taout and To in the latent heat release process 
increases with a decrease in emulsion layer depth z 
due to a decrease of  staying time of  the air bubbles in 
the emulsion layer. The outlet air temperature in the 
latent heat release process is an important  factor for 
this type of  latent release system estimation. The 
relationship between temperature effectiveness ( ~ a  and 
nondimensional emulsion layer depth z* is shown in 
Fig. 7. 

The temperature effectiveness q~a is defined as 
follows : 

Ta~°  - Taou, 
~ba Tai.  - -  Tm ' (8)  

where Tao,t is the time average temperature during 
the latent cold heat release process. The temperature 

~0 0.9 .,,@ 

I I I n u u l l U l l l l l t  i i i l l  i l l l  

- -  E q . ( O )  

Tain = 303.1 ~318.1 K 

Ct = 15.0~40.0 mass% 

Re = 166N724 

0 , 8 0  I l l l l l l l  I I I I I I t l t l [ I  I l l  

50 100 130 
z* 

Fig. 7. Variation of temperature effectiveness q~, with non- 
dimensional emulsion layer depth z*. 
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[] 
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Fig. 8. Relationship between latent heat-release time tt and 
mass fraction of  tetradecane C,. 

C t [mass%] . 
Re 15.0 25 .035 .040 .0  
1 6 6  o [] o z, 
332 • [] ¢ ,,, ' 
498 ~ [] ¢ A 

6 6 3  • • * * 

g 
¢ 1 i , 

° 

l 
• Tai n =318.1 K 

. . . . . .  ~6o 2oo 

Z* 

Fig. 9. Variation of  Fourier number Fo~ of  latent heat-release 
time with nondimensional emulsion layer depth z*. 

effectiveness becomes q~a = 0.92 or more, and it 
increases with increasing nondimensional emulsion 
layer depth z*. This tendency of ~b, with z* is explained 
by the fact that the amount of exchanging heat 
between the hot air bubbles and the emulsion increases 
with an increase in z*, due to the increase of air staying 
time of ascending air bubbles, as shown in Fig. 7. 
The relationship between (~a and z* is derived with a 
function of z* within the standard deviation of 
+ 7.2% as follows : 

q~a = - -4 .26X 10 6 Z * 2 + l . 0 6 X  10-3z*+0.911. 

(9) 

Figure 8 indicates the relationship between the lat- 
ent heat-release time tl of the emulsion and the mass 
fraction of tetradecane Q at T~i, = 318.1 K. From 
this figure, it is revealed that the tl increases with an 
increase in the emulsion layer depth z and mass frac- 
tion of tetradecane Ct, and with decreasing in air vel- 
ocity Un from a nozzle. 

Figure 9 shows the variation of Fourier number FOl 
(=  tlXajD:,) with nondimensional emulsion layer 
depth z*. The latent heat release time t~ is non- 
dimensionalized by Fourier number Fo~. The Fo~ num- 
ber increases with an increase in z*, since the amount 
of latent heat of the emulsion increases with an 
increase in the emulsion layer depth z. The relation- 
ship between Fo~ number and z* in equation (10) can 
be obtained by the least mean squares method as 
follows : 

For oc z *°822. (10) 

The variation of Foa number with Reynolds number 
Re is demonstrated in Fig. 10. The FOl number 
decreases with an increase in the Re number. This 
tendency is explained by the fact that the increase of 
Re number brings an increase in the amount of air 
bubbles. The decreasing rate of Fo~ number against 

Re number is obtained by the least squares method as 
follows : 

Fo I o¢ Re 1.o2 (11) 

The relationship between Fo~ number and Stefan 
number Ste is shown in Fig. 11. The Ste number is 
defined as follows : 

Cpe X (Tai n --  Tm) 
Ste = (12) 

( C t / l O 0 )  X L 

The Ste number is the nondimensional parameter 
which expresses the ratio of sensible heat of the emul- 
sion to the latent heat. The relationship between Fo~ 
number and Ste number is expressed by 

Fol oc ate -0'747. (13) 

All the data concerning Fo~ number are plotted with 

2 x  105 

105 

I , C t [mass%] 
[ z 1 5 . 0 2 5 . 0 3 5 . 0 4 0 . 0  

~ 4 1 2 0 . 5  o [] o ,x 
/ 8 0 . 5  © ,n ¢. ,~ 
| 4 8 . 0  ~ [] ¢ A 
[ 1 6 . 0  * • * " 

0 

E 10' 
| 

103 Tai n =318,1 K 

50(~ 0 2  

@ 
$ I) 

103 

Re 
Fig. 10. Relationship between Fo~ number and Reynolds 

number Re. 
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• [ ]  ~ 
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Fig. 11. Variation of Fo~ number with Stefan number Ste. 

1 0 5 _  , . . . . . . . .  , . . . Eq,(14~ 
, 4 ~  Tai n [K] 

• 3 0 3 . 1  

A ~ : : ~  o 3 0 8 . 1  

4#~ <:~ * 313.1 
10 ~ / . ~  <> 318.1 

/ 
500 . . . . . . . . . . . . . . . . . . . .  

0.002 0.01 0.1 0.5 
z'~).822 Ste-0.747 Re-1.02 

Fig. 12. Relations;hip between Fo~ number and 
z,o.822Ste-O.747Re 102 

104 
O 

I i  

the function of  2 "*c'822 a t e  -0'747 Re -1°2 and with the 

relationship in equations (10), (11) and (13), as shown 
in Fig. 12. The solid line in Fig. 12 indicates the exper- 
imental correlation equation (14) which is derived 
within the standarcL deviation of  + 9.5% by the least 
squares method as follows : 

Fol --- 2.28 × 10 ~ × z*°822Ste-°747Re 1.02. (14) 

The applicable range of  equation (14) refers to 
Ct = 15.0 ~ 40.0 mass%, Tain = 303.1 ~ 318.1 K, 
S t e = 0 . 8 6 ~ 4 . 4 3 ,  z * =  16.0~120.5 and R e =  
166 ~ 724. The total heat  release time (ts+ t~) can be 

calculated from the sum of Fo numbers in equations 
(5) and (14). 

5.  C O N C L U D I N G  R E M A R K S  

The cold heat-release experiment of  the emulsion, 
including the phase-change material (tetradecane) as 
the dispersion medium, has been carried out by the hot  
air-emulsion direct contact heat exchange method. 
Important  factors for the estimation of  phase-change 
emulsion heat-release system are investigated exper- 
imentally. Consequently, some conclusions are 
obtained as follows : 

(1) The temperature of  the outlet air after the heat 
exchange approaches the tetradecane melting point  
with increasing emulsion layer depth. As a result, it is 
understood that very high temperature effectiveness 
can be obtained in the present direct-contact heat 
exchange system. The temperature effectiveness can 
be derived in terms of  nondimensional emulsion layer 
depth. 

(2) The useful correlation equations of  Fourier  
number expressing the nondimensional heat-release 
time for sensible and latent heat process are proposed 
in terms of  heat capacity ratio, nondimensional emul- 
sion layer depth, Reynolds number and Stefan 
number. 
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