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Abstract----Recent accurate correlations for predicting the heat transfer coefficient in saturated flow boiling 
all contain an empirical boiling number correction. The original idea behind the boiling number correction 
was to allow for the enhanceinent of the forced convective heat transfer mechanisms arising from the 
generation of vapour in the boundary layer next to the wall. However, the presence of the boiling number 
term appears to prevent application to subcooled boiling, throwing doubt on the physical basis of the 
correlation. This paper shows that the convective term in the correlation should have a Prandtl number 
dependence. In this way an accurate predictive method covering a very wide range of parameters is 

constructed with an explicit nucleate boiling term and without boiling number dependence. 

INTRODUCTION 

OVER THE last few years a large data bank for saturated 
and subcooled flow boiling in tubes and annuli has 
been built at Birmingham and various attempts have 
been made to fit correlations that cover all of the data. 
From fairly early on the aim has been to reduce the 
number of physical properties required in the cor- 
relations and to extend the range of applicability, to 
different types of fluid and to both saturated and 
subcooled boiling. In terms of generality the most 
successful co~elation to date is the one previously 
reported in this journal [l]. That correlation gave 
the closest fit to the saturated boiling data of all the 
correlations tested and also was reasonably accurate 
for subcooled boiling. 

Since then more data have been acquired, mainly 
for cryogenic fluids. The correlation in ref. [l] has 
both a nucleate boiling term and a boiling number 
correction to the forced convection term. The original 
idea behind the boiling number correction was to 
allow for the enhancement of the forced convective 
heat transfer mechanisms arising from the generation 
of vapour in the boundary layer next to the wall. 
However, it has become clear in the course of the 
work that correlations for saturated boiling without 
an explicit nucleate term, that rely only on the boiling 
number correction, do not work for subcooled boiling 
(e.g. ref. [I]). However, it is widely considered that 
the boiling contribution in subcooled boiling is inde- 
pendent of subcooling, so a saturated boiling cor- 
relation at zero quality should extend easily to sub- 
cooled boiling. For the pure boiling number 
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correlations this does not happen, throwing some 
doubt on the correctness of the use of the boiling 
number (though for saturated boiling the boiling 
number based correlations are simple to use and give 
accurate results for water and refrigerants [2, 9). 
Consequently one aim of the present investigation was 
to remove the boiling number term completely. 

The new equation, fitted to the saturated, non-cryo- 
genic data, is a distinct improvement. Tested against 
the subcooled boiling and cryogenic data it gives bet- 
ter results than any other correlation. The physical 
basis of the equations has been strengthened by the use 
of an explicit nucleate boiling term and no empirical 
boiling number correction. In addition a Prandtl num- 
ber dependence is introduced for the forced con- 
vection term. With a correlation that clearly dis- 
tinguishes between the effects of nucleate boiling and 
of forced convection, it becomes easier to understand 
the mode of action of devices for enhancing the heat 
transfer coefficient. 

The first general correlation for saturated flow boil- 
ing with an explicit nucleate boiling term perhaps was 
that of Chen [4]. He assumed that in flow boiling 
heat transfer the convective and nucleate boiling heat 
transfer mechanisms both play a role and they are 
additive 

&P =fhr+&X+ (1) 

The first term on the right-hand side, fhl, is the forced 
convective contribution where h, is the liquid-only 
heat transfer coefficient calculated from the Dittus- 
Boelter equation with the liquid phase flowing in the 
same channel. f is the forced convective heat transfer 
enhancement factor. The value off is always greater 
than unity, because in two-phase flow, the fluid velo- 
cities are much higher than those in single-phase 
liquid-only flow. Chen assumed that f is strictly a 
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NOMENCLATURE 

II constant, equation (9) [dimensionless] PI reduced pressure (absolute 

A,,, A,,, dimensionless parameters defined pressure/critical pressure) 
by equation (28) [dimensionless] 

A,> parameter defined by equation (I 8) f% liquid Prandtl number [dimensioniess] 
h dimensionless constant in equation (10) y heat flux [W m-“1 
C’ dimensionless parameter defined by Re, liquid Reynolds number. Clt/p, 

equation (21) [dimensionless] 
0’ diameter [m] s suppression factor used by Chen 

4, heated equivalent diameter [m] [dimensionless] 
E lumped two-phase heat transfer s suppression factor used in this paper 

enhancement factor. equation (1) [dimensionless] 

‘d’ 
imensionless] T temperature [K] 

e,- L , I, Froude number correction factors .Y quality. 
[dimensionless] 

f forced convective heat transfer Greek symbols 
enhancement factor used by Chen /‘ dynamic viscosity [N s m ‘1 
[dimensionless] l) density [kg m “1. 

F forced convective heat transfer 
enhancement factor used in this Subscripts 
paper [dimensionless] b bulk 

?r Froude number, G’/(&gd) Cd calculated 
[dimensionless] cxp experimental 

9 gravitational acceleration [m s ?] 1 liquid ; liquid phase 
G mass flux [kg m-’ s ‘1 L all the mass flow rate taken as liquid 
I1 heat transfer coefficient pool pool boiling 

[Wm.‘K-‘1 S saturation 

K, liquid thermal conductivity TP two phase 
[Wm ’ K~.‘] v vapour 

M molecular weight W wall. 

flow parameter and is a function of the Martinelli 
parameter. The second term, s/+,~~,, is the nucleate 
boiling contribution. hpOo, is the pool boiling transfer 
coefficient which is calculated from the Forster and 

Zuber pool boiling equation. The suppression factor 
s (< 1 .O) reflects the fact that lower effective superheat 
is available in flow boiling than that in pool boiling, 
due to the thinner boundary layer. s was assumed to be 
a function of the two-phase Reynolds number Re,,. 
Originally both f and s were presented as graphs, but 
later equations were developed to fit the graphs [5]. 

The Chen correlation was developed on the basis 
of 665 data points from six different data sources. The 
overall deviation for the data was 12%. But more 
recently, many comprehensive comparisons showed 
that this correlation gives a rather poor fit to the data, 
at least for refrigerants. The correlation is compli- 
cated, and requires many physical properties. 

DEVELOPMENT OF THE CORRELATION 

As discussed in the introduction, the physical basis 
of the Chen correlation is clearer than that of other 

correlations, though it does not fit the experimental 
data very well compared with the boiling number 
based correlations. Therefore, Chen’s basic postulate 
that both convective and nucleate boiling heat transfer 
mechanisms play a role in flow boiling was used in 
this paper. But whether these two mechanisms are 
simply additive is questionable. The detailed com- 
parison of the correlation shows in ref. [3] that the 
heat transfer coefficient is considerably overpredicted 
in the high quality region and underpredicted in the 
low quality region. This indicates that the com- 
bination of the two heat transfer mechanisms by a 
simple addition method is not very suitable, since in 
the high quality region, even with a relatively small 
mass flow rate, the actual velocities of the phases 
must be very high and a great convective heat transfer 
intensity must be expected, hence the nucleate boiling 
mechanism must have been more greatly suppressed 
than that predicted by the Chen correlation. 

The method of combining the two contributions 
suggested by Kutateladze [6] is used in this paper 

G, = (%) * + (Sh,“,,) *. (4 

This method has the advantage over the simple 
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addition method that nucleate boiling is further sup- 
pressed once FhL is appreciably larger than Shpool. 

In the above equation FhL is the contribution of the 
forced convection mechanism ; F the forced con- 
vection heat transfer enhancement factor, and h, is 
calculated from the Dittus-Boelter equation with the 
entire mass flow rate flowing as liquid in the same 
channel 

h, = O.O23(k,/d)Re;’ PrF4. (3) 

Shpoo, is the contribution of the nucleate boiling mech- 
anism ; hpool is calculated from Cooper’s pool boiling 
correlation [7] 

h poo, = 55p~‘2q2’3(-log,,pr)~o.s~M-o.5 (4) 

in which the wall roughness has been arbitrarily set 
to 1 x 10d6 m ; S is the suppression factor. 

Chen, by applying the Reynolds analogy to both 
the single phase liquid flow and the two-phase flow, 
was able to show that the effect of the two-phase 
flow is to increase the heat transfer compared to equa- 
tion (3) by a factor 

F = (Wdzh 
[ 1 

o.444 
OL . (5) 

Many accurate equations have been recommended for 
calculating the two-phase multiplier [S, 91, but these 
more accurate equations are usually very complex and 
involve the Martinelli parameter which introduces the 
vapour viscosity. Therefore, in order to obtain a sim- 
ple presentation of the present correlation, the homo- 
geneous model was used to estimate the two-phase 
multiplier, which gives 

(G-WTp -= 
(WW~ 

1+x E-1 . [ 1 (6) 
The above expressions contain no Prandtl number. 
However, more recently Bennett and Chen detected a 
Prandtl number effect on the forced convection 
enhancement factor [lo]. They corrected this effect by 
multiplying F directly with a Prandtl number cor- 
rection factor 

(dp/dz)lp o.444 
F = Pro.2g6 (dp,dz)L I. 

[ 1 (7) 

or 

This was at least partly verified by the recent work of 
Ross et al. for pure fluid data [I 11. 

The reason for a Prandtl number dependence, 
though not necessarily in the precise form of equation 
(7) or (S), may be understood as follows. Considering 
first the simpler case of turbulent single phase flow, a 
simple model of the heat transfer [12], in which 
initially it is assumed that the velocity and temperature 
profiles in the flow are similar (i.e. Pr = l), gives a 

Nusselt number independent of Prandtl number. With 
Pr > 1 the diffusivity of momentum near the wall 
is greater than that of heat and the velocity profile 
becomes flatter than the temperature one. An exten- 
sion of the model predicts that the steeper temperature 
gradient (relative to the velocity gradient) will give 
an increased Nusselt number. So the Pr0.4 term in 
equation (3) is a result of the steeper temperature 
gradient near the wall. 

In a two-phase convective flow the temperature and 
velocity profiles are very different to their single phase 
counterparts. For saturated boiling the bulk of the 
flow is at, or very close to, saturation temperature. 
Temperature differences are confined to a small region 
close to the wall. Velocity differences, on the other 
hand, still extend right across the flow. So relative to 
the single phase case the temperature gradient near 
the wall has become even more important and it is 
reasonable to expect an enhancement of the Prandtl 
number effect. So we write, following the form of 
equation (6) 

F = (1 + ax Pr;to( pI/pv - I));“{ (9) 

where a, m. and m, are constants to be determined 
from the experimental data. 

Note that this mathematical form gives the correct 
trends for F as x tends to zero or pi tends to pv (unlike 
equations (7) and (8)). 

The suppression factor S in equation (2) is always 
less than unity, which takes account of the fact that 
the boundary layer of superheated liquid in which the 
vapour bubbles grow is thinner in forced flow boiling 
than that in pool boiling. The extent of this sup- 
pression is controlled by the intensity of the forced 
convection heat transfer mechanism. The exact behav- 
iour of the suppression factor is difficult to predict, 
but it should approach unity at zero flow rate (pure 
pool boiling conditions) and zero at infinite flow rate 
(nucleate boiling fully suppressed conditions). There- 
fore, it is postulated that in all ranges of flow S can 
be represented as a function of the convective heat 
transfer enhancement factor F and the liquid Rey- 
nolds number Re,. The function for S was chosen 
to be in the form of 

1 
s= 

1 +bFna R@ 

which would automatically satisfy the required behav- 
iour at both low and high flow rate. b, no and n, are 
constants to be determined from the experimental 
data, as will now be explained. 

As has been observed in ref. [6], the dominant term 
in equation (2) is the forced convection term FhL, 
under most conditions. So even an approximate esti- 
mate of the suppression factor S might give acceptable 
results in calculating F from the experimental data 

F= J([%J_ [yp). (11) 
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Accordingly, at the very beginning a constant value of 
S was used to calculate F from equation (11) where 
hcxp is the experimental heat transfer coeficient ; then 
using these values of F, the first approximate values 
of the constants u, nz, and m, were obtained by the 
least square method. These constants were used to 
estimate S from 

This time F was calculated from equation (9). These 
values of S were then used to find the constants h, IZ(, 
and II,, in equation (10). After the first approximate 
values of b, n,, and ~1, were obtained, they were used 
to calculate values of Fand hence the second approxi- 
mate values of the constants LZ, nz, and m, . This pro- 
cedure was repeated until no significant improvement 
could be observed in the fit to the experimental data. 

As the present correlation stands, it has con- 
siderable empirical input. Therefore, the data used to 
determine these constants should be as extensive as 
possible so that the correlation obtained can be used 
over a wide range of the parameters involved. 

The data used in developing the present correlation 
are the same as those described in ref. [3]. All the 
saturated boiling data in the data bank were used. 
The data bank contains 4202 data points for saturated 
boiling and 991 dald points for subcooled boiling. 
These data were collected from 30 different literature 
sources involving nine different fluids. The detailed 
information on the data bank and the calculations of 
the physical properties of the fluids were described in 
refs. [l, 31. The ranges of the important parameters 
are as follows : 

mass flux 
heat flux 
quality 
superheat 
subcooling 
diameter 
Froude number 
reduced pressure 
Reynolds number Rc, 
liquid Prandtf number 

12.4--X179.3 kgm ’ ’ 
348 S-3.62 x 10 WC h 2 

0.0--948% 
0.2-62.3 K 
0.1~-173.7 K 
2 W-32.0 mm . _ 
2.66 x IO 4--Z240 
0.0023-0.89.5 
568.9-.-8.75x 10’ 
0.83---V. 1. 

THE FINAL EQUATIONS 

Using all of the saturated boiling data available at 
that time, the expressions for F and S are 

s = (i+o.o55F”~’ i?e: ‘“)-- 1. (14) 

Therefore, the heat transfer coefficient in saturated 
flow boiling may be calculated using these two equa- 
tions together with equations (2)-(4). All properties 
are calculated at the saturation temperature for satu- 
rated flow boiling. 

lf the tube is horizontal and the Froude number is 
less than 0.05, then F/Q. and Shpool should be multiplied 

by 
p 1 = /Z+‘“.’ - Zlr> (ISi 

and 
LJ, = t’Ff (16) 

respectively. These Froude number correction factors 
were first used in ref. [If. 

If the heat flux is known then the present correlation 
can be used directly to calculate &he heat transfer 
~oe~~ient and hence the wall temperature. If the wall 
temperature rather than heat Aux is known then multi- 
plying equation (2) by AT, = T, -- T, squared and 
substituting equation (4) into it. gives 

C/I = (Fh,A~~)‘i(A,S~Ts)~qJ’i (171 

where 
A, = 55p:“*(-log,,,p,) .(lssM-“T (18) 

defining 

gr = F/z,,AT; (19) 

and 

C = (A,S/FhL,) ‘y$ -’ (21) 

then equation (17) can be rearranged as 

y;-Q-- 1 c f) 122) 

which is a standard cubic equation which can be 
solved for q* directly. The equation has a single (real) 
root which is always greater than unity. The value 01 
h., P can be calculated from 

1: 
h,P = %Y* f (13) 

For flow boiling in annuli, the heated equivalent diam- 
eter is used 

4 X Row area & + ~_~~~~~__~_‘..~~ _. .-. 
heated penmeter 

In subcooled boiling, the driving temp~~dtnre 
differences for nucleate boiling and for forced con- 
vection are different, therefore equation (2) is replaced 

by 

C/ = V~((F/1LA7’,,)‘+ (S/Z,,~,,A?-~)~) (75) 

where AT,, = T, - Th and AT, = T,.,- T,. All the 
other equations remain the same as for saturated boil- 
ing but the quality x is set to zero and hence F = 1 .O 
(equation (14) is still used for S. i.e. S < 1). 

If the temperature difference is known then h, p can 
be computed from equations (18) to (23) with yL 
defined by 
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and the term A,S/&, which appears in equation (21). 
replaced by A,SAT,/Fh,AT,. 

Except those related to the liquid Prandtl number 
and the liquid Reynolds number which are calculated 
at the bulk temperature Tb, all the other thermo- 
physical properties are determined at the saturation 
temperature Ts. 

If the temperature difference is unknown, then 
rearranging equation (25) gives 

where 

A,, = 5F+_ A,, = 
sh,m,& - Ttx) 

(28) 
p00l 

and the two-phase heat transfer coefficient hTP is 

hTP = &. 
b 

COMPARISON AGAINST THE DATA 

In addition to the correlation proposed in this 
paper, several other more recent and successful gen- 
eral correlations were tested against the data. These 
include the Shah [2], the Gungor-Winterton (1987) 
[3], the Chen [4] and the Gungor-Winterton (1986) 
[l] correlations. All the comparisons made in this 
paper were based on the assumption that the exper- 
imental heat flux is correct. 

Comparisons for saturated boiling data, non-cryogenic 
fruids 

This part of the data is exactly the same as used in 
ref. [3] and in developing the present correlation. 
There are 19 data points with a quality bigger than 
95% and these points are predicted with a very large 
error by all the correlations. This may be because 
dryout might have occurred at such a high quality, so 
these data points were excluded in the comparisons. 

The results of the comparisons are shown in Table 1. 

Figure 1 shows the comparisons of the proposed 
correlation with the data. For the purpose of drawing 
this figure, only every twentieth point for water, all 
the data points for R12, every tenth point for the other 
refrigerants and ethylene glycol and every fifth point 
for ethanol were used. 

The Chen correlation gives the poorest fit to the 
data with a mean deviation of 37.2%. It works even 
worse for refrigerants (53.1% for 1682 data points) 
and organics (47.5% for 289 data points). This is 
partly because some of the data are for horizontal 
tubes, and the Chen correlation was developed orig- 
inally only using vertical tube data. 

Both the Gungor-Winterton correlation (1986) and 
that of Shah give a similar result (23% for the Shah 
and 24% for the Gungor-Winterton correlation 

Experimental Heat Transfer Coefficient Wm-2K-1 

FIG. 1. Comparison between the calculated heat transfer 
coefficients using the present equations and the experimental 

values in the data bank. 

Table 1. Comparison of the correlations with the non-cryogenic fluids (saturated)? 

Correlation Gungor-Winterton Gungor-Winterton Number 
(1987) (1986) Shah Chen Present of 

Deviation Mean Average Mean 
Fluid 

Average Mean Average Mean Average Mean Average data 
points 

Water 18.8 0.5 24.0 5.3 21.4 0.2 23.8 - 14.0 18.1 0.9 2212 
R12 29.3 -18.9 31.1 -16.1 34.1 -24.1 36.5 - 15.9 30.0 -13.9 526 
R22 15.0 -6.9 28.9 12.9 14.4 -5.4 21.2 19.6 18.3 4.9 32 
Rll 15.6 -7.8 16.8 -4.8 14.4 5.8 81.7 72.3 19.9 -3.1 751 
R113 18.6 -14.1 19.6 - 16.0 23.2 -21.3 20.8 3.1 20.3 - 15.2 250 
R114 27.4 2.5 20.0 4.5 25.8 -9.5 21.7 - 18.2 23.8 12.9 123 

Ethylene 23.4 2.0 31.1 6.2 21.4 -7.4 39.2 -37.5 21.9 12.1 101 
glycol 

n-Bntanol 37.8 -37.8 42.5 -42.5 43.5 -43.5 55.6 -55.6 21.9 -21.5 127 
Ethanol 50.0 - 50.0 42.4 -40.8 53.3 -53.3 44.4 -44.4 23.1 -22.8 61 

Total 20.9 -6.2 24.3 -2.1 23.1 -5.8 37.2 0.2 20.5 -2.3 4183 

Mean deviation = l/N c,“= , I@,,, -herp]/heip] x 100%. 
Average deviation = l/NC,“_ , [/I,,, -herp]/hcrp x 100%. 
t All comparisons are based on the assumption that the experimental heat flux is correct. 
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(1986)). The Gungor-Winterton correlation (1987) 
and the present correlation give the best fit to the data 
bank (20.9% for the Gungor-Winterton correlation 
(1987) and 20.5% for the present correlation). But 
except for the present correlation. all the others 

work rather unevenly for the different fluids. For 

example, the best of them, the Gungor-Winterton 
correlation (1987) gives a deviation of 19% for water, 
21% for refrigerants and 36% for organics. The pre- 
sent correlation works much more evenly with all the 
fluids involved than the other correlations. This can 
be seen clearly from Table 1. 

More detailed comparisons were also made by 
dividing the data into small ranges according to 

different dimensionless numbers (i.e. Rr,, Fr, Pr,, u). 
Unlike the other correlations, there does not exist any 
range of dimensionless parameters over which the 
correlation proposed in this paper works particularly 

well or badly. The present correlation works more 
evenly over all the dimensionless parameters than the 
other correlations do. Over the different ranges of .Y 

and Fr, the present correlation gives similar results to 
the Gungor-Winterton (1987) correlation but much 
better than any other correlation. For the large Rey- 
nolds number region (ReC > 5.0 x 105), all the cor- 
relations apart from the present one give a very bad 

fit to the data (the mean deviation being greater than 
40%); for small Prandtl numbers (Pr, < 1.0) all the 
correlations give an acceptable result (around 23%) 
but the present correlation works a little bit better 
(18%) ; for large Prandtl numbers (Pr, > 6.0) only the 

present correlation gives an acceptable result (22%), 
all the others are poor (greater than 42% error). 

Cryo,yenic$uid datu 
The present correlation was developed without 

using the data for cryogenic fluids. There are 1366 
data points in the data bank for argon and nitrogen. 
They were collected from three different literature 
sources [13-151. In preparing this part of the data, 
some of the data obtained from the literature had a 

very small heat flux and hence a very small tempera- 
ture difference (for some of these the temperature 
difference is less than 0.3 K). We thought these data 
might involve large errors. Therefore, these very small 
heat-flux data were not put into the data bank. 

The thermophysical properties of argon and nitro- 

gen were taken from a variety of sources [ 16-201. Since 
for these fluids the property data were less established 
than for ordinary fluids, whenever possible, the most 
recent values were used. 

The results of this comparison are shown in Table 
2. Although the present correlation does not give a 
particularly good fit to the data, it does give the best 

result among the correlations compared. 
Besides the original Shah correlation, his slightly- 

changed correlation for cryogenic fluids [21] was also 
programmed. But it gives a very similar result to that 
of his original correlation. The results of the Shah 

correlation in Table 2 are for his original correlation. 

C’omparisomfix suhcooled boiling 
There are 991 subcooled boiling data points for five 

different fluids from nine different literature sources. 
The details of the data were given in ref. [3]. For the 
comparison with the subcooled data, the Moles-Shaw 

correlation [22] which was specially developed for 
subcooled boiling (and was proved to be the best oi 
those specially developed for subcooled boiling [I]) 
was programmed in addition. The original Shah cor- 
relation is not applicable for subcooled boiling, hence 

his subcooled boiling correlation [23] was computed. 
The Gungor-Winterton (1987) correlation is not 
applicable to subcooled boiling and is not included in 
this comparison. 

The results of the comparison are shown in Table 
3. Note this comparison is again based on the assump- 
tion that the experimental heat flux is correct. Except 

for the correlation proposed in this paper and that of 
Moles and Shaw, all the other correlations need a 
degree of iteration. For the Chen correlation some of 

the data did not converge ; oscillating values appeared. 
For these data points the maximum and minimum 
values were averaged ; the deviations for these uncon- 
verged data were similar to those of the converged 
data. The Moles-Shaw correlation was modified 
slightly to improve the prediction. The equation for 
calculating h, which was originally the ESDU-rec- 
ommended equation [24] was replaced by the Dittuss 
Boelter equation, and the temperature used to evalu- 
ate the liquid Prandtl number changed from the film 
temperature to the bulk temperature. The original 
Moles--Shaw correlation gives slightly worse results 
than those in Table 3. 

Table 2. Comparison of the correlations with cryogenic fluid data? 
~._~~~ ~ ~_. ______~ ___~ ...~_~._ _~_ 

Fluid Argon Nitrogen Total 
Deviation Mean Average Mean Average Mean Average 

Correlation 

Gungor-Winterton (1987) 31.4 10.5 34.4 -21.1 33.5 ~ 10.9 
Gungor-Winterton (1986) 49.0 35.3 35.7 -8.2 40.0 5.8 
Shah 28.5 1.6 41.0 -28.6 36.9 ~ 18.8 
Chen 16.2 72.5 39.4 3.2 51.2 25.5 
Present 25.3 9.4 31.7 -4.1 29.6 0.3 

t A total of 1349 data points were used for the comparison. Seventeen points with quality 
greater than 0.95 were excluded. 
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Table 3. Comparison of the correlation with the subcooled boiling data 

2765 

Gungor-Winte~o~ Number 
Correlation Moles-Shaw Shah? (1986) Chen Present of 

Deviation Mean Average Mean Average Mean Average Mean Average Mean Average data 
Fluid points 

Water 17.4 -9.6 19.3 15.7 21.4 6.4 14.2 -11.8 12.9 6.4 546 
R12 27.4 15.1 29.5 22.1 19.6 -5.9 14.4 -5.8 14.4 - 1.2 6 
RI1 38.5 21.6 15.5 -0.1 26.1 -24.8 23.4 -22.9 16.7 -15.0 
Rl13 27.1 -27.1 6.6 0.5 40.0 -39.1 44.7 -44.7 7.1 -7.0 z 
Ethanol 16.1 -4.8 21.4 -20.3 20.9 -17.5 16.1 - 14.4 11.8 - 10.8 327 

Total 18.9 -6.5 19.1 2.1 22.4 - 19.0 16.9 - 14.8 12.6 -1.4 991 

TThe original Shah correlation is not applicable for subcooled boiling, the results shown are those of his modified 
correlation [23]. 

Though all the correlations compared seem to give 

a reasonable fit to the data, the present correlation 
gives the best results. Since the present correlation 
was developed without using the subcooled data, this 
proves it has a wide applicable range and a great 

reliability. 

CCNCLUSIONS 

A flow boiling correlation for vertical and hori- 
zontal flow in tubes and annuli has been successfully 
developed. It is based on an explicit nucleate boiling 

term rather than an empirical boiling number depen- 
dence. Compared with the saturated boiling data used 

in developing the equations the new correlation is 
more reliable than any of the other correlations tested. 

Tested against data for saturated cryogenic fluids 
and against data for subcooled boiling, none of which 

was used in developing the equations, the new cor- 
relation is again more accurate than the others. 

Since the correlation accurately predicts plain sur- 
face behaviour, and distinguishes clearly between 
nucleate boiling and forced convection effects, it can 
be used as a starting point in understanding the 
performance of surfaces designed to enhance heat 
transfer. 
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LINE FORMULE GENERALE POUR L’EBULLITION SATUREE OU SOUSREFROIDlE 
D’UN ECOULEMENT DANS DES TUBES ET DES ESPACES ANNULAIRES. BASEE 

SUR UNE EQUATION D’EBULLITION NUCLEEE EN RESERVOIR 

R&urn&-Des formules prkcises ricentes pour pridire le coefficient de transfer1 thermique dans I’&ulliti”n 
sat&e d’un tcoulement contiennent toutes une correction empirique de nombre d’kbullition. L’idie 
derritre cette Correction de nombre d’&bullition est de tenir compte de I’accroissement des mtcanismes de 
convection thermique for&e provenant de la crtation de vapeur dam la couche limite pres de la paroi. 
N&anmoins. la prtsence du terme de nombre d’Cbulliti”n parait interdire l’application Li l’&bulliti”n sous- 
refroidie. Ce qui jette un doute sur la base physique de la formule. On montre que le terme Convectlf dans 
la formule doit avoir une dependance vis-i-vis du nombre de Prandtl. Dans cette vole. une mkthode 
prkdictive prkcise est construite pour couvrir un tr& large domaine de paramktrcs avec un terme explicite 

d’ibullition nucl&e et sans dkpendance vis-li-vis du nombre d’t-bullition. 

EINE ALLGEMEINGiiLTIGE KORRELATION FijR GES;iTTIGTES UND 
UNTERKtJHLTES STROMUNGSSIEDEN IN ROHREN UND RINGSPALTEN, AUFBAUEND 

AUF EINER BEZIEHUNG FiiR DAS BEHliLTERSIEDEN 

Zusammenfassung-Die iiblichen genauen Korrelationen fiir die Berechnung des WHrmeiibergangs- 
koeffizienten fiir das gesattigte Strijmungssieden enthalten stets eine empirische Korrektur fiir die Siede- 
kennzahl. Der Korrektur liegt die Absicht zugrunde, eine Vcrbesserung des konvektiven Wsrmeiiber- 
gangs infolge der Dampferzeugung innerhalb der wandanliegenden Grenzschicht zu beriicksichtigen. 
Allerdings scheint das Vorhandenseins des Korrekturterms die Anwendung solcher Korrelationen auf das 
unterkiihlte Sieden zu verhindern, was Zweifel an der physikalisch korrekten Basis der Korrelation auf- 
kommen 11l3t. In der vorliegenden Arbeit wird gezeigt. dal3 der konvektive Therm in der Korrelation 
van der Prandtl-Zahl abhlngig sein sollte. Darauf aufbauend wird ein genaues Berechnungsverfahren 
entwickelt, das einen groRen Parameterbereich abdeckt und einen expliziten Term fiir das Blasensieden 

ohne Abhgngigkeit von der Siedezahl enthilt. 

OBOE~EHHOE COOTHOIBEHHE AJIJI KMl-IEHWl I-IPM TEYEHHH HACbIII(EHHOfi 
HEflOl-PETOfi XMAKOCTH B TPYBAX M KOJIbqEBbIX KAHAJIAX, OCHOBAHHOE HA 

YPABHEHHA AJIR l-lY3bIPbKOBOTO KMfIEHWI B BOJIbLLlOM OG’bEME 

AnuoTnuti~He~aeHo nony~ewbre Towwe CooTHouIewia wwi pacre-ra Ko3@$8qBeiiTa TenJIonepeHoca 
B ycnoe~ax toinewia npll Teqemni Hacbrmetmoii mwwoc~~ conepmaT 3hfnupwnecKyro nonpaery. Mnea 
aaoaa 3~02 nonpasKH 3aKmOqanacb B ygeTe ycnneH5in sbrHym4emioKoHseKTHBHoro TennonepeHoca, 
Bbl3aaHHOrO napoo6pa30BaHiieM a npuneraIor.LIeM K CTeHKe norpaHHYHoM UIoe. OmGiKO HaJIIPiue 3TOro 

cnaraeMor0 npennTcTByeT npHMeHemiw ynowniyTbrx cooTHorueriEii4 K KnneHHm npe Henorpeee,~.~. B 

3~0~ cnyrae HCKamcaeTCI HX (P~3wiec~d ch4blCn. B HaCToRIqeM Hccnenosawilr noKa3aH0, ST0 KoHBeK- 

THBHblti 'IJIeH, BXO~%mlEiii B TaKOe COOTHOmeHHe iJ”JEKeH 3aBHCeTb OT 'iI4CJIa npaHJlTJIX. TaKHM 

o6pa3oM,pa3pa6oTaH MeTOn TO'IHOrO OnPeAeJleHEIK K03@HllWeHTa TenJlOnelXHOCa B UIHpOKOM LlHana- 


