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Abstract---Heat transfer data of numerous investigators for uniformly-heated liquid pools of water, ethanol, 
methanol, Dowtherm-A, R-11 and R-113 in small cylindrical enclosures were compiled, sorted, and 
correlated in the following heat transfer regimes : (a) natural convection ; (b) nucleate boiling ; and (c) 
combined convection. In the combined convection, where both natural convection and nucleate boiling 
contribute to the heat transfer, the data were correlated by superimposing the natural convection and 
nucleate b,oiling heat transfer correlations using a power law approach as : 

NM,-- = (N&c + Nu&)~.*~. 

All correlations were within + 15% of most experimental data. The data covered a wide range of pool 
diameters (637 mm), heated pool heights (S&800 mm), working fluid filling ratios (O.l-3.25), and wall 

heat fluxes (0.7-383 kW mm’). 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

Heat transfer regimes in uniformly heated liquid pools 
in small cylindrical enclosures, similar to those in the 
evaporator of enclosed, gravity-assisted, two-phase 
thermosyphons (GATPT), are of interest in many 
industrial and energy applications. Examples of these 
applications include oil refineries ; fragrance, 
cosmetic, chemical, and pharmaceutical industries ; 
geothermal energy recovery ; and gas-gas and gas- 
liquid thermosyphon heat exchangers in metals, glass, 
and other smoke stack industries with high energy 
utilization. Several heat transfer regimes are enco- 
untered in small, enclosed liquid pools, depending on 
the wall heat flux, the vapor pressure or temperature, 
the liquid physical properties, and the inner diameter 
of the pool. Natural convection, is the dominant mode 
of heat transfer in the pool at low heat fluxes [Fig. 
l(a)]. In this regime, limited nucleation at the wall 
also contributes to the heat transfer from the wall 
to the liquid pool by thermosyphon effect, whereas 
evaporation and condensation of the working fluid 
occur at the base and top of the bubbles, respectively. 
In addition, the hot liquid next to the wall rises to the 
pool surface and is replaced by a cooler liquid that 
flows down near the center of the pool under the effect 
of gravity. This heat transfer regime at GATPTs has 
received little attention ; natural convection data were 
either ignored or inadvertently incorporated in the 
data base for the combined convection [Fig. 1 (b)] and 
the nucleate boiling [Fig. 1 (c)] regimes. 

The combined convection regime, which has also 
been referred to by some investigators as two-phase 
convection regime, occurs at intermediate wall heat 

fluxes, where both natural convection and nucleate 
boiling contribute to the heat transfer in the pool. In 
this regime, the nucleation and growth of bubbles at 
the wall, as well as the induced mixing by the sliding 
bubbles along the wall effectively enhance the heat 
transfer coefficient. 

At high wall heat fluxes, the heat transfer in small, 
enclosed liquid pools occurs by nucleate boiling [Fig. 
1 (c)l. In this regime, conventional boiling heat trans- 
fer correlations are not directly applicable [14] 
because they do not account for the effect of mixing 
along the heated wall by sliding bubbles and in the 
pool by departing and rising bubbles [Fig. 1 (c)l. When 
the bubbles reach the pool surface they burst dis- 
persing tiny liquid droplets into the vapor flow above 
the liquid pool, which also enhance the nucleate boil- 
ing heat transfer in small, enclosed liquid pools. 

Owing to the complexity of heat transfer in small 
liquid pools, only empirical and semi-empirical cor- 
relations have been reported [5-l 11. Most reported 
correlations, however, have exhibited large dis- 
crepancies with the experimental data, ranging from 
- 70 to + 400% in some cases. The first attempt to 
compile and sort the heat transfer data of various 
investigators was that of GroD [IO]. He neglected the 
natural convection regime, and sorted and correlated 
the data in what he called the two-phase convection 
regime and in the nucleate boiling regime. His cor- 
relations showed discrepancies ranging from - 30% 
to + 70% with experimental data. Therefore, there is 
a need to re-examine the reported heat transfer data 
for liquid pools in small, enclosures, such as in 
GATPTs, and to develop more accurate heat transfer 
correlations. 
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Archimid number, 
(gd?/v:)((p,--p,)lp,), equation (1) 
Bond number, di/dw 
specific heat [J kg-’ K-‘1 
coefficient, equation (6) 
diameter [m] 
Froude number, 
$/&&p,/&@r - P,))), equation 

gravitational acceleration [m s-*1 
heat transfer coefficient [w m-’ K] 
latent heat of vaporization [J kg-‘] 
Kutatelatze’s nucleate boiling heat 
transfer coefficient w m-2 K-l], 
equation (8) 
thermal conductivity [w m-’ K-‘1 
length [m] 
molecular weight [kg kmol-‘1 
exponent, equations (l)-(2) 
Nusselt number (hd,/k,) 
Kutatelatze’s Nusselt number 
(h&&) 
pressure [Pa] 
atmospheric pressure (1 .O 13 x lo5 Pa) 
critical pressure [pa] 
reduced pressure (p/p,) 
Prandtl number 
heat flux [w me21 
power throughput [w] 
surface roughness km], equation (7) 

Ra Rayleigh number (~gdfq,/k,a,vJ), 
equation (10) 

T temperature [K] 
x dimensionless pool parameter, 

equation (14). 

Greek symbols 

; 
thermal diffusivity [m’ s-r] 
thermal expansion coefficient (K-‘) 

1, bubble length scale, (a/(,&, - jr&))‘,5 
[ml 

p dynamic viscosity [N. s m-‘1 
V kinematic viscosity [mZ s-‘1 
P density [kg m-‘1 
0 surface tension [N m-‘1 
* mixing coefficient, equation (12). 

Subscripts 
bp expanded boiling pool 
C critical, condenser 
CC combined convection 
e evaporator 
g> v vapor 

t 
inner 
liquid 

NB nucleate boiling 
NC natural convection 

!C 
liquid pool 
two phase convection. 

Ttny LiquM 
I moolets 

(a) Natural (b) Combined (c) Nucleate 
Convection Convection Boiling 

Fig. 1. A schematic of different heat transfer regimes in uniformly heated, small liquid pools. 
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In this paper, a total of 73 1 heat transfer data points 
of numerous investigators for water, ethanol, meth- 
anol, Dowtherm-A, R- 11, R-l 13, were compiled, care- 
fully examined, and sorted into the appropriate heat 
transfer regimes. The data covered a wide range of 
pool diameters (637 mm), heated pool height (SO- 
800 mm), working fluid filling ratios (0.1-3.25) and 
wall heat fluxes (0.7-383 kW m-‘). The natural con- 
vection and nucleate pool boiling data were correlated 
separately using the appropriate dimensionless vari- 
ables for each regime. In the combined convection 
regime, since both natural convection and nucleate 
boiling contribute to the heat transfer, the data were 
correlated by superimposing the correlations of natu- 
ral convection and nucleate boiling using a power law 
approach [12, 14-171, to ensure a continuous and 
smooth transition among all three heat transfer 
regimes. 

PREVIOUS HEAT TRANSFER CORRELATIONS 

As indicated ea.rlier, the three heat transfer regimes 
which occur in small liquid pools in cylindrical enclos- 
ures are : (a) natural convection, at low heat fluxes (b) 
combined convection, at intermediate heat fluxes and 
(c) nucleate boiling, at high heat fluxes (Fig. 1). This 
section reviews heat transfer correlations reported by 
various investigators in these heat transfer regimes. 

Natural convectio.r? 
Because of its relatively low heat transfer coefficient, 

natural convection in small, enclosed liquid pools has 
received very little attention [lo]. Natural convection 
data were either neglected [lo], or inadvertently incor- 
porated into the data base of the two-phase con- 
vection and the nucleate boiling regimes [6,7]. There- 
fore, there have been no correlations reported for 
natural convection in the small liquid pools in 
GATPTs. 

Combined convection 
In the combined convection regime, in addition to 

natural convection, bubble nucleation occurs at selec- 
ted sites on the heated wall. The departing vapor bub- 
bles slide and rise along the wall separated by a thin 
stationary liquid layer [Fig. 1 (b)]. These bubbles grow 
in size by evaporation at the interface between the 
thin liquid layer a.nd the rising bubbles. The efficient 
heat conduction in the thin liquid layer separating the 
sliding bubbles from the heated wall and the mixing 
and agitation induced by the rising bubbles in the 
pool, greatly enhance the heat transfer in the com- 
bined convection regime [Fig. 1 (b)]. Thus, combined 
convection is basically a transition regime between 
natural convection, where the heat transfer coefficient 
increases with the wall heat flux raised to the power 
0.25 to 0.35, and nucleate boiling, where the heat trans- 
fer coefficient increases with the wall heat flux raised 
to the power 0.67 to 0.7. 

Recently, GroD’ [lo] compiled an extensive data 

base of 2529 experimental points for a wide range of 
working fluids, pool dimensions, vapor pressures, and 
wall heat fluxes. He used the data to develop two 
empirical heat transfer correlations for two-phase 
convection and nucleate boiling. His two-phase con- 
vection correlation was given as : 

h,, = 4.0(k,/di)(z4rFro~5)“3Pr~~5(Bo/10)” (1) 

where n = 0.5 for Bo < 10 and n = l/6 for Bo > 10. 
This correlation predicted most of the experimental 
data classified in this regime by GroD [lo], to within 
_+ 30% (Fig. 2), but in some cases it deviated from the 
data by more than f 50% [lo]. When expanded to 
show the dependence of the heat transfer coefficient 
on the wall heat flux, equation (1) reads [lo] : 

hTC =(4.0/10”)q,l”(k;~5 Cp; 5 p;‘” dm-“6)/ 

(/p P”h$3))((p, -&)gp”+ “6). (2) 

Equation (2) indicates that the heat transfer coefficient 
increases with increasing evaporator heat flux raised 
to l/3 power, suggesting that the data on which equa- 
tion (2) was based actually belongs for the most part 
in the natural convection regime, which Grol3 [lo] 
neglected. 

Nucleate boiling 
In the nucleate boiling regime, Imura et al. [6] pro- 

posed a correlation by multiplying that of Kusuda and 
Imura [5], for open thermosyphons, with a pressure 
correction factor, [ 1.2 (P/Pa)‘.‘], determined from the 
least-square fit of their experimental data for water 
and ethanol. The nucleate boiling correlation of Imura 
et al. [6] was given as : 

hNB = 0.32qy p’ 
0.65 kp.3 ~0.7 gO.2 

&zs hi;4 /$.I 
> 

wPa)0.3. (3) 

In this correlation, since the exponent of the wall heat 
flux is only 0.4, it could be argued that the heat transfer 
data of Imura et al. [6] do not entirely belong in the 
nucleate boiling regime. As shown in Table 1, the 
water and ethanol data of Imura et al. [6] spanned all 
three regimes of natural convection, combined con- 
vection, and nucleate boiling. 

Shiraishi et al. [7] correlated their heat transfer data 
for water, ethanol, and R-l 13 using equation (3), after 
changing the exponent of the pressure term on the 
right hand from 0.3 to 0.23. Such a change was based 
on a least-square fit of their own experimental data. 
In the experiments, the vapor temperatures were 305, 
318 and 333 K for water, 305 and 3 18 K for ethanol, 
and 305 K for R-113 and the working fluids filling 
ratios were 0.5 and 1.0. Shiraishi et al. [7] determined 
the average heat transfer coefficient in the pool based 
on the wall heat flux and the mean temperature differ- 
ence between the wall and the pool and correlated the 
data as : 
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Fig. 2. Comparison of present natural convection correlation [equation (lo)] with 

300 500 700 
Ra0’3s . (/Jd,,“.” 

hNB = 0.32qy p’ 
0.65 k; 3 ~$7 #2 

@/P.)“‘23~ (4) 

This equation, however, is consistently lower than the 
ethanol data of Shiraishi et al. [7] by more than 30%, 
about 12 % higher than the R- 113 data, and more than 
30% higher than the water data at low heat transfer 
coefficients ( < 2000 W m-* K-l), but within f 10% 
of the data at high heat transfer coefficients ( > 4500 
W mm2 K-‘). Equation (4) shows that the heat trans- 
fer coefficient increases with increasing wall heat flux 
raised to 0.4 power, instead of 0.674.7 as would be 
expected in the nucleate pool boiling regime [l-3]. 
The small exponent suggests that the data of Shiraishi 
et al. [7] do not belong in the nucleate boiling regime. 
Actually, the water, R-l 13 and most of the ethanol 
data of Shiraishi et al. belong in the natural convection 
and combined convection regimes, and only a few 
data points for R-l 13 belong in the nucleate boiling 
regime (Table 1). 

To correlate the data that he compiled and classified 
in the nucleate boiling regime, Grol3 [lo] modified 
Cooper’s correlation [ 131, developed originally for 
general purpose nucleate boiling, by substituting 1 .O 
nm for the roughness parameter and using an 
exponent of 0.7 instead of 0.67 for the wall heat flux 
as : 

44B = ~~~,o~7~Pro~‘2/~~-~~~,oP,~o~55JM~~. (5) 

Ueda et al. [8] modified Roshenow’s correlation for 
nucleate pool boiling [3] to fit their own data for 
water, methanol and R-l 13, as : 

b = G1 Pr-‘.7 (Cp~4./~~,)(4elmI(uhfg))-1’3. (6) 

They kept the exponent of Prandtl number for all 

three working fluids the same as in Roshenow’s cor- 
relation (- 1.7), but obtained different values of the 
coefficient C,, for the different working fluids (0.0098 
for water, 0.0028 for methanol, and 0.0047 for R- 
113), based on the least-square best fits of the data. 

Kaminaga et al. [9] performed heat transfer exper- 
iments using water, R-l 13, and ethanol and covered 
a wide range of wall heat fluxes, vapor pressures, and 
filling ratios (Table 1). The inner surface of the wall 
had a roughness, R = 0.53 pm. They correlated their 
nucleate boiling heat transfer data, in terms of that of 
Kutatelatze’s [2] for conventional pool boiling, as : 

hNB = 22(p,/p,)0.4Ro.2(‘--P~)hKu. (7) 

The nucleate boiling heat transfer coefficient cor- 
relation of Kutatelatze [2], hKu, is : 

hKu = 6.95 x 10-“(k,/lm)Pr~~3s(qJm/ 

(P,&W~ V’WP’. (8) 

Equation (7) agreed with the experimental data of 
Kaminaga et al. [9] for ethanol to within +20% and 
with most of the water and R-113 data to within 
f 20 and + 30%, respectively. At low heat flux, the 
experimental heat transfer coefficients of Kaminaga 
et al. [9] for water and R-l 13 were significantly higher 
than predicted by equation (7), suggesting that their 
low heat flux data for these two fluids do not actually 
belong in the nucleate boiling, .but rather in the com- 
bined convection regime, as shown in Table 1. When 
the data of Kaminaga et al. [9] were compared to 
GroB’s [lo] correlation [equation (5)], there was a 
large discrepancy, ranging from - 45 to + 70%. 

Jialun et al. [ 1 l] proposed the following correlation 
for the average heat transfer coefficient in the pool, in 
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Table 1. Compiled heat transfer data for small, uniformly heated liquid pools in cylindrical enclosures 
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Regime Reference 
Data Working L 
points fluid [mm1 [t& 

% 
[kW m-2] 

Natural convection Bezrodyi and Alekseenko 
[181 
Ueda et al. 
Shiraishi et al. 
Shiraishi et al. 
lmura et al. 
Shiraishi et al. 
Imura et al. 
Jialun ef al. 
Suematsu 

Combined convection Bezrodyi and Alekseenko 
[181 
Ueda et al. 
Shiraishi et al. 
Kaminaga et al. 
Shiraishi et al. 
Imura et al. 
Kaminaga et al. 
Shiraishi et al. 
Imura et al. 
Jialun et al. 
Kaminaga et al. 
Ueda et al. 
Suematsu 

Nucleate boiling Bezrodyi and Alekseenko 
WI 
Fujii 
Shiraishi et al. 
Kaminaga et al. 
Imura et al. 
Kaminaga et al. 
Ueda et al. 
Bezrodyi and Alekseenko 
PI 
Bezrodyi and Alekseenko 
[I81 
Imura et al. 
Xin et al. 
Kaminaga et al. 
Ueda et al. 
Suematsu 

59 

13 
4 

13 
23 
14 
66 
13 

21 

13 
4 

12 
12 
19 
13 
20 
48 

8 
8 

32 

10 
5 

23 
11 
22 
23 

6 

97 

5 
30 
32 
21 
10 

- 

terms of the measured expanded liquid pool height in 
their experiments (Lbp) as : 

(9) 

Equation (9) is developed solely based on the authors’ 
own data for wa.ter, ethanol and acetone and agreed 
with the data for all three liquids, to within f20%. 

The exponent of the wall heat.flux is 0.39, however, 
suggesting that the data do not actually belong in 
the nucleate boiling regime. When compared with the 
correlations of other investigators, equation (9) was 
- 15% lower than the correlation of Shiraishi et al. 

[7] for nucleate boiling, equation (4), 30% lower than 
the two-phase convection correlation of Grog [lo], 
equation (2), and about five times higher than the 
nucleate boiling correlation of Cooper [ 131 at low heat 

- 

R-11 5@800 8-12 296 2.31-9.53 

R-113 115 14.8 277-285 l&l8 
R-113 280 37 305 1.02-8 
Ethanol 280 37 305-318 0.7-8.7 
Ethanol 300 28 302-340 11.2-33.9 
Water 280 37 305-333 1.7-14.7 
Water lo&300 28 298-363 11.145 
Water 700 19.6 375 5-25 
Dowtherm-A 250 16.7 533-613 49.4 

R-11 5&800 8-12 296 9.53-35.9 

R-113 115 14.8 280-292 18-27 
R-113 280 37 305 8-10 
R-113 431 19.5 300-318 2.9-3.75 
Ethanol 280 37 305-318 7.1-35 
Ethanol 300 28 323-349 22.5-33.9 
Ethanol 431 19.5 315-353 8.9-28.1 
Water 280 37 305-333 9.639.7 
Water lo&300 28 315-378 33.8-90.5 
Water 700 19.6 375 2546 
Water 431 19.5 3 19-343 19-35 
Water 115 14.8 363-367 83.7-105 
Dowthemr-A 250 16.7 533-613 9.5-23.9 

R-11 50-800 8-12 296 15.4-68.4 

R-11 300 17 343 11.748.4 
R-113 280 37 305 10-37.7 
R-113 431 19.5 317-372 3.6-39.4 
Ethanol 300 28 342-367 33.9-56.4 
Ethanol 431 19.5 353446 28.1-116 
Methanol 115 14.8 326340 27-60 
Methanol 20&400 20 339 32-56 

Water 5&800 612 318450 40-150 

Water 100-300 28 374379 90.2-90.5 
Water 475 20 366448 25545 
Water 431 19.5 341497 27.3-383 
Water 115 14.8 365-373 90.4-155 
Dowthenn-A 250 16.7 533-613 19-69.6 

flux (1 .O kW m-*). The difference between GroI3’s 
correlation, equation (2), and the data of Jialun et al. 
[l I] decreases with increasing wall heat flux, reaching 
about 20% at 100 kW m-‘. In the following section, 
the heat transfer data of various investigators for 
different working fluids, dimensions and operating 
conditions, were sorted and correlated in the appro- 
priate heat transfer regime (Table 1). 

PRESENT HEAT TRANSFER CORRELATIONS 

A total of 731 experimental data points of numer- 
ous investigators .for uniformly heated, small liquid 
pools of water, ethanol, methanol, Dowtherm-A, R- 
11 and R- 113 in cylindrical enclosures were compiled. 
The data cover a wide range of pool dimensions and 
operating conditions (Table 1). The classification of 
the data in the different heat transfer regimes, namely : 
natural convection, combined convection and 
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nucleate boiling, was based on the exponent of the 
wall heat flux that best correlated the data. The data 
that showed a dependence of the heat transfer 
coefficient or Nusselt number on the wall heat flux 
raised to the 0.674.7 power, were classified in the 
nucleate boiling regime, while those showing a depen- 
dence on the wall heat flux raised to a power of 0.25- 
0.35 were classified in the natural convection regime. 
The rest of the data, for which exponent of the wall 
heat flux ranges from 0.35 to 0.67, were classified in 
the intermediate regime of combined convection. 

heat transfer to the liquid pool from the uniformly 
heated wall is dominated by natural convection, lim- 
ited bubble nucleation on the bottom and along the 
heated wall also contributes to the heat transfer in the 
pool [Fig. l(a)]. In order to account for these effects, 
Nusselt number data for natural convection were cor- 
related in terms of the liquid Rayleigh number and 
the ratio of the bubble length scale, l,,,, to the inner 
diameter of the pool, di, as 

The data in the natural convection and the nucleate 
boiling regimes were correlated separately using 
appropriate dimensionless parameters, which collapse 
the data of the different working fluids in the same 
heat transfer regime. The two correlations were then 
superimposed using a power low approach, to cor- 
relate the data for the intermediate regime of com- 
bined convection and ensure smooth transition 
between these regimes. This approach has been suc- 
cessfully applied to correlating combined convection 
data in vertical pipes, annuli and rod-bundles [12, 
14-171. However, to the best of our knowledge, the 
validity of this approach to combined convection in 
small liquid pools in cylindrical enclosures has never 
been examined before this work. The success of this 
approach depends not only on the proper sorting of 
the data, but also on the selection of the appropriate 
dimensionless parameters to correlate the data in the 
natural convection and the nucleate boiling regimes. 

NuNc = 0.475Ra0.35 (lm/di)o.58. (10) 

As shown in Fig. 2, equation (10) is in good agreement 
with most of the data for water, ethanol, R-l 1, R-l 13 
and Dowtherm-A, to within +_ 15%. When the second 
term on the right-hand side of equation (10) was 
removed, there was a large scattering among the data 
of the different working fluids, confirming the impor- 
tant contribution of bubble nucleation to natural con- 
vection heat transfer in small liquid pools, which 
increases with decreasing pool diameter. 

When the same data in Fig. 2, were compared to 
the two-phase convection correlation of Grol3 [lo], 
equation (2), in which the wall heat flux has an 
exponent of l/3 vs 0.35 for Ra in equation (lo), there 
was a large scattering among the data of the different 
working fluids. Also, as shown in Fig. 3, the deviation 
between equation (2) and the data is as much as 
f30%. 

Nucleate boiling correlation 
Natural convection correlation A total of 327 data points for water, methanol, 

A total of 208 experimental data points were iden- ethanol, Dowtherm, R-l 13 and R-l 1 were confirmed 
tified and used to develop the present natural con- in the nucleate boiling regime (Table 1). These data 
vection correlation (Table 1). In this regime, although were correlated in terms of the Nusselt number of 

Grab (1990): 

h, - 4 (k,/d,) (Ar F?)m PT (WIO)” 

8000 - 

WC 

E 
P 

6000 - 
c 
B 
5 E 4000- 

% 
Q 

2000 - 

-0 2000 4000 6000 8000 10000 
Calculated G (Wlm’K) 

Fig. 3. Comparison of GroD’s correlation for two-phase convection [equation (2)] with hatural convection 
data. 
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Mixing Coeffkmt, v 
Fig. 4. Comparison of present nucleate boiling correlation 

0.8 

[equation (1 l)] with data. 

Kutatelatze [2], NuKU, for conventional nucleate pool 
boiling, after accounting for the effect of mixing in the 
boundary layer by sliding bubbles along the wall and 
in the pool by departing and rising bubbles, as : 

Nz+.,,&/~) =(1.0+4.95$)Nuk, (11) 

where, 

$ = (p,lp,)0.41:~vl/a)@:l(og(p* --Pg)))o~25)o~2s. 

(12a) 

Equation (11) can be written for the nucleate boiling 
heat transfer as : 

h b,B =(1.0+4.95$)hk,. (12b) 

The mixing coefficient, $, in equation (11) reflects 
for the contribution of mixing by sliding and rising 
bubbles to the nucleate boiling heat transfer in small 
liquid pools. As delineated in Fig. 4, equation (11) is 
in good agreement with most of the nucleate pool 
boiling data of the different working fluids, to within 
~fr 15% ; this agreement could have been better had it 
not been for the reported large scattering in the water 
data by Bezrodnyi and Alekseenko [ 181. 

Owing to the small diameter of the pools ( < 37 
mm), bubbles nucleation and sliding of vapor bubbles 
along the inside of the pool wall as well as the vigorous 
agitation and mixing in the pool by rising large bub- 
bles and vapor slugs, greatly enhance nucleate boiling 
heat transfer. As a result, the nucleate boiling heat 
transfer coefficient in a small liquid pool [equation 
(1 l)] could be significantly higher than that predicted 
by nucleate boiling correlations for conventional boil- 
ing in large open pools [equation (S)]. 

The mixing coefficient, $, which depends on the 

physical properties of the working fluid, increases with 
increasing vapor pressure in the pool enclosure, due 
to increased mixing in the pool by vapor bubbles 
(Figs. 5 and 6). For example, decreasing the power 
throughput to the evaporator of an enclosed GATPT 
lowers the vapor pressure and increases the latent heat 
of vaporization, thus decreasing the vapor generation 
rate and the mixing in the pool by departing and rising 
bubbles (Fig. 6). Conversely, for the same power 
throughput, decreasing the inner diameter of an 
enclosed GATPTs, increases the vapor pressure, 
resulting in more mixing in the pool. Therefore, 
increasing the vapor pressure by either decreasing the 
inner diameter of the pool, or increasing the power 
throughput would enhance the nucleate boiling heat 
transfer in enclosed small liquid pools (Figs. 5 and 6). 

Figures 5 and 6 plot the mixing coefficient for R- 
11, R-l 13, methanol, ethanol and water versus the 
vapor temperature. As Fig. 5 indicates, equation (12a) 
for the mixing coefficient is in excellent agreement 
with the data reported by various investigators. Figure 
5 also shows that at the same vapor temperature, the 
low vapor pressure working fluids have lower mixing 
coefficients than high vapor pressure working fluids, 
which have lower latent heats of vaporization. Such 
low latent heats of vaporization result in higher rates 
of vapor generation and, hence, higher mixing 
coefficient (Fig. 5). The difference between the values 
of the mixing coefficient for the low and high vapor 
pressure working fluids increases with increasing 
vapor temperature. For example, at a vapor tem- 
perature of 350 K, the mixing coefficient for water is 
0.04, while that for ethanol is about four times higher 
( - 0.19), for a difference of 0.15. At a higher vapor 
temperature of 390 K, these coefficients increase to 
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0.1 and 0.43 for water and ethanol, respectively, for a 
difference of 0.33. Figure 5 also shows that the mixing 
coefficient for small liquid pools decreases with 
decreasing vapor temperature and as it approaches 
zero the nucleate boiling Nusselt number in the pool 
becomes equal to that of Kutatelatze’s. The present 
nucleate boiling correlation [equation (1 l)] suggests 
that the grouping of the physical parameters in Kut- 
atelatze’s correlation [equation (8)] for nucleate boiling 

in large pools, are suitable for small, enclosed liquid 
pools. 

The present nucleate boiling data are compared 
with the nucleate boiling correlations by other inves- 
tigators in Figs 7-l 1 and with equation (11) in Fig. 
12. Figures 7 and 8 show large discrepancies between 
the data and the correlations of Imura et al. [6], equa- 
tion (3), and Shiraishi et nl. [7], equation (4), respec- 
tively. The deviation of these correlations from the 
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data ranged from -30 to +400%. Furthermore, the 
choices of the variables in these correlations failed to 
properly collapse the nucleate pool boiling data of the 
different working fluids. The correlation of Kaminaga 
et al. [9], equation (7), agrees much better with the 
nucleate pool boiling data, whereas the deviation 
between the data and the correlation ranges from - 35 
to +40% (Fig. 9). 

The deviation of the nucleate boiling correlation of 

data. 

GroB [lo], equation (S), from the present nucleate 
boiling data ranges from -60 to + 70% (Fig. 10). 
Also, the choices of the parameters in GroB’s cor- 
relation failed to collapse the data of the different 
working fluids (Fig. 10). The correlation of Ueda et 
al. [81; equation (6), compares best with the present 
nucleate pool boiling data for water, methanol a&R- 
113 ; the deviation between the correlation and data 
ranges from -25 to +30% (Fig. 11). The dimen- 



Heat transfer correlations for small, uniformly heated liquid pools 271 

Calculated h,, (W/m’K) 
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Fig. 12. Comparison of present correlation [equation (1 l)] with nucleate boiling data. 

sionless groups in equation (6) did a good job in 
collapsing the da.ta of the different working fluids. 

The present nucleate boiling correlation, equation 
(ll), did an excellent job in collapsing the data of 
different liquids, including water, methanol, ethanol, 
R-l 1, R- 113 and Dowthenn-A, with a maximum devi- 
ation of f 15% between the correlation and most of 
the data (Fig. 12). Therefore, it is concluded that 
the mixing coefficient, $, in the present nucleate pool 
boiling correlation, equation (1 l), complements nicely 
the choices of the dimensionless groups in Kut- 

atelatze’s correlation [2], equation (Q for correlating 
nucleate boiling heat transfer in small, enclosed liquid 
pools. 

Combined convection correlation 
A combined convection correlation for uniformly 

heated, small liquid pools in cylindrical enclosures, 
such as in the evaporator of GATPTs, was also 
developed by superimposing the present correlations 
of natural convection [equation (lo)] and nucleate 
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Fig. 14. Comparison of present correlations with entire heat transfer data base. 

boiling [equation (1 l)] using a power low approach 
[12, 14-171 as : 

Nucc = (N&c + Nz&,)~.~~. (13) 

Equation (13) is in a good agreement with the data in 
the combined convection regime (196 points), where 
both natural convection and nucleate boiling con- 
tribute to the heat transfer in the liquid pool, to within 
f 15% (Fig. 13). 

As shown in Fig. 13, equation (13) provides a 

smooth and continuous transition among all three 
heat transfer regimes in small liquid pools. Figure 13 
also shows that the heat transfer data for uniformly 
heated, small liquid pools in cylindrical enclosures can 
effectively be classified into. the different heat transfer 
regimes through the use of a dimensionless parameter, 
X, which is defined as : 

x = J/Ra0~35Prp.35(plm/a)0.7(q~‘elm/Pghfgv,)0.’. (14) 

For natural convection, X < 106, for nucleate boiling 
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X > 2.1 x lo’, and in the intermediate regime of com- 
bined convection., lo6 < X < 2.1 x 10’. Figure 14 com- 
pares the present heat transfer correlations for all 
three regimes of natural convection, combined con- 
vection and nucleate boiling with the entire data base. 
As delineated in the figure, the present correlations 
are in good agreement with most data, to within 
f 15%. 

SUMMARY AND CONCLUSIONS 

A total of 731 heat transfer data points for uni- 
formly heated, small liquid pools in cylindrical enclos- 
ures were compiled, sorted and correlated in the 
different heat transfer regimes, namely: (a) natural 
convection (208 data points), at low heat fluxes ; (b) 
nucleate boiling heat transfer (327 data points), at 
high heat fluxes ; and (c) the intermediate regime of 
combined convection (196 data points). The compiled 
experimental data base covered a wide range of inner 
pool diameters (ti-37 mm), heated pool heights (Xl-- 
800 mm), working fluid filling ratios (O.l-3.25), and 
wall heat fluxes (0.7-383 kW m-‘). 

The natural convection data were correlated in 
terms of the liquid Rayleigh number in the pool [equa- 
tion (lo)], and the ratio of the bubble length scale to 
the inner diameter of the pool, (I,,,/& indicating the 
important contribution of bubble nucleation at the 
wall to the heat transfer in this regime. The nucleate 
boiling heat transfer data were correlated [equation 
(1 l)] in terms of the nucleate boiling heat transfer 
coefficient of Kutatelatze [2], and the mixing 
coefficient, $ [equation (12a)], which accounts for the 
effect of mixing at the wall by sliding bubble and in 
the pool by large: departing and rising bubbles. The 
mixing coefficieni in the present nucleate boiling cor- 
relation [equation (1 I)], depends on the physical 
properties and operating vapor pressure of the work- 
ing fluid [equation (12a)]. 

The proper selection of the dimensionless groups in 
the natural convection and nucleate boiling cor- 
relations have contributed to the good agreement of 
the present correlations with most data to within 
f 15%. The data in the intermediate regime of com- 
bined convection were correlated by superimposing 
the correlations for natural convection and nucleate 
boiling using a power law approach [equation (13)]. 
The combined convection correlation was also within 
f 15% ofmost da.ta (Table 1) and presented a smooth 
transition between all three heat transfer regimes. 
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