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Many heat exchangers, such as shell and tube heat exchangers and kettle reboilers, 
involve boiling with flow across tubes. For rational design of such heat exchangers, 
it is desirable to be able to predict heat transfer on a single tube. The dimensionless 
correlation presented here agrees well with available data for subcooled boiling 
during crossflow on a single tube. The correlating parameters are the same as those 
used for boiling inside tubes 'e. The data correlated include three fluids, four tube 
materials, tube diameters from 1.2 to 25.4 mm, subcooling from 0 to 80°C, and 
velocities from 0.02 to 7.8 m/s. The mean deviation of 334 data points is 9.5%. 
Hence the new correlation appears to be usable over a wide range of parameters. 
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For rational design of such heat exchangers as kettle 
reboilers and shell and tube evaporators which 
involve boiling with crossflow over tubes, it is desir- 
able to be able to predict heat transfer to a single tube. 
Generally, the lower tubes of the bundles experience 
subcooled boiling while boiling at positive qualities 
occurs at the upper tubes. Hence predictive tech- 
niques for boiling under both conditions are needed. 
This paper is concerned only with prediction of heat 
transfer during subcooled boiling (zero to negative 
vapour quality) of single-component fluids with 
forced convection across single tubes. 

Several studies on subcooled boiling with 
forced convection on single tubes have been repor- 
ted '-~3'2s and attempts have been made to correlate 
the experimental data by the superpositions tech- 
niques of Rohsenow 14 and Kutateladze ~5. Yilmaz and 
Westwater L2 and Leppert et  a P  found the Rohsenow 
technique satisfactory while Fand et al  s and Lemmert 
and Chawla 13 could not correlate their data using this 
method. Fand et al correlated their data by a modifica- 
tion of the Kutateladze method but Lemmert and 
Chawla found that this method was also unsatisfac- 
tory. Hence neither method can be considered satis- 
factory, even if the difficulties in accurately predicting 
pool boiling heat transfer are overlooked. The method 
proposed by Lemmert and Chawla has only been 
compared with their own data and, furthermore, it 
involves factors which are difficult to calculate. 

Clearly, a reliable predictive technique which 
may be applied over a wide range of parameters is 
needed. A simple dimensionless correlation is presen- 
ted in this paper which shows satisfactory agreement 
with virtually all available data. The data analyzed 
include three liquids (water, R-11, R-113), four tube 
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materials, tube diameters from 1.2 to 25.4 mm, and 
heat flux from 1 to 1000 KW/m 2. The heat transfer 
coefficients are predicted with a mean deviation of 
only 9.5%, with over 98% of the data predicted within 
+30% of the measured values. 

The purpose of this paper is to present the new 
correlation and demonstrate its agreement with avail- 
able experimental evidence. In order that this correla- 
tion may be viewed in the proper perspective, other 
predictive techniques are also briefly discussed. 

T h e  n e w  c o r r e l a t i o n  

The correlation uses three correlating parameters: 
AT sc / AT sAT ,  boiling number Bo, and W where: 

q 
n o  = ( ] )  

G/fg 

q 
~, = - -  ( 2 )  

A TsAThL 

Wo, the value of • at zero subcooling, is given by: 

Bo > 2.5 x 10 -4 ~o = 443 Bo °'~5 (3) 

Bo <~ 2.5 x 10 -4 ~o = 19 Bo °'27 (4) 

If Eq (4) predicts Wo < 1, use W = 1. 
There are two regimes of subcooling, high and 

low subcooling. In the low subcooling regime: 

'V = ~ o  ( 5 )  

In the high subcooling regime: 

q~ = *o  + A Tsc/A TSAT (6) 
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The demarkation between the two regimes of subcool- 
ing is shown in Fig 1. It is seen that if A Tsc/A TSAT > 4, 
the regime is that of high subcooling. The regime is 
also that of high subcooling when Bo < 5.4 x 10 -4 and: 

ATsc/ATsA-r> 7.63 x 104 Bo T M  (7) 

For the calculation of single-phase heat transfer 
coefficient hL, best results have been obtained with: 

hL D _ ~. { GD~ °'62 
~-Tb = u.zj.L-~-~-b ] Pr°b "4 (8) 

The mass velocity G is based on the narrowest flow 
area, ie the clearance between the tube and the walls 
of the enclosing test channel. It should be noted that 
the velocity used in defining Bo should be the same 
as used in Eq (8). 

Development of the correlation 

An earlier general correlation for subcooled boiling 
in tubes and annuli showed excellent agreement with 
a wide range of test data 163r. Since it was expected 
that the correlation for crossflow boiling would be 
similar, tbe data were analysed using the same para- 
meters. 

The first question that had to be addressed was 
the choice of a single-phase heat transfer correlation 
to calculate hE. While several correlations have been 
presented, none of them has been thoroughly verified. 
Among the better known correlations are those of 
Michejew is, Fand and Kheswani ~9, and Perkins and 
Leppert 2°. These were applied to a few representative 
data points. It was found that, usually, the boiling 
data from a particular researcher could be best rep- 
resented by using the single-phase heat transfer corre- 
lation he recommended. Considering data from all 
sources, it was found that best agreement is obtained 
by using Eq (8) which is a slightly modified form of 
the Michejew Equation. Use of Eq (8), however, 
resulted in gross overprediction of the data of Yilmaz ~. 
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Fig 1 Demarkation between high and low subcool- 
ing regimes 

These show adequate correlation if the equation, 
given by Fand and Keshwani 19, is used: 

Nut = (0.255+0.699 n o~ , -  029 z~e~" )z'r( (9) 

The velocity used in Eq (9) is according to definition 
given by Vliet and Leppert 21. Yilmaz I had indeed 
recommended this equation, even though he himself 
did not do any single-phase measurements. It was 
decided to analyse the Yilmaz data using Eq (9) while 
all other data were analysed using Eq (8). 

The data for insignificant subcooling (A Tsc < 
2°C) , were first analysed as shown in Fig 2. Pre- 
liminary correlations were thus obtained for the low 
subcooling regime. These were later modified slightly 
to obtain Eqs (3) and (4) which give the best fit when 
data at all values of subcooling are considered. 

Notation 

A 
Abn 

Bo 
Co 
D 
G 
hL 
hob 
hTp 

ifg 
k 
Nu 
P 
Pr 
Pr 
q 

Total surface area of tube 
Part of the tube area on which bubble 
nucleation occurs 
Boiling number (Eq (1)) 
Specific heat of liquid at constant pressure 
Outside diameter of tube 
Mass velocity 
Single-phase beat transfer coefficient 
Heat transfer coefficient with pool boiling 
Heat transfer coefficient with forced con- 
vection boiling (= q / ( T w -  T~,)) 
Latent heat of vaporization 
Thermal conductivity of liquid 
Nusselt number 
Absolute pressure 
Reduced pressure = P/Pc,iuc,l 
Prandtl number of liquid 
Total heat flux 

qpb 
qsPc 
Re 
Tb 
Tf 
TShT 
Tw 
aTb 
ATsAT 
ATsc 

~o 
# 

Heat flux under pool boiling conditions 
Heat flux due to single-phase convection 
Reynolds number (= GD//z) 
Bulk temperature of liquid 
Film temperature (= (T b+ Tw)/2) 
Saturation temperature of liquid 
Wall temperature 
= (Tw- Tb) 
= ( T w -  Ts.T) 
(Ts.T- Tb) 
Parameter defined by Eq (2) 
Value of • when A Tsc = 0 
Dynamic viscosity of liquid 

Subscripts 

b with properties taken at bulk liquid tem- 
perature 

f with properties taken at film temperature 
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Heat transfer in subcooled boiling 
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Fig 2 Analysis of data for boiling with negligible 
subcooling 

In the high subcooling regime, it is postulated 
that the total heat flux is the sum of heat flux removed 
by nucleate boiling and the heat flux removed by 
single phase convection: 

q = qnb-t- qspc (10) 

From the definition of ~0 it is noted that at zero 
subcooling: 

q = hL(Tw- TSAT)+ hL(~0--1)(Tw- TSAT) (11) 

Comparing Eqs (10) and (11) it is noted that: 

q n b  = hL(Xt to  - 1 ) (  T w  - T S A T )  ( 1 2 )  

Hence for high subcooling regime: 

q = hL(atto - 1)(T,v- TSAT)+ hL(Tw- Tb) (13) 

By rearranging Eq (13), Eq (6) is obtained. It may 
also be put in the alternative form: 

A TSAT = 10 (~L-- A Tsc) (14) 

Thus the equations for the two subcooling regimes 
were known. The demarkation between the two 
regimes was determined by trial and error, and is 
shown in Fig 1. 

Discussion of the correlation 

In the high subcooling regime, this correlation 
assumes that the total heat flux is the sum of heat flux 
removed by nucleate boiling and that removed by 
single-phase convection. It would therefore appear to 
be the same as the Rohsenow superposition method ~4. 
The difference is in the method of calculating the 
nucleate boiling heat transfer. Here it is calculated 
from flow boiling data for low subcooling while the 
Rohsenow method uses pool boiling correlations for 
this purpose. Another difference is that the Rohsenow 
superposition method is used at all values of subcool- 
ing, while here it is applied only at high subcooling. 

It is interesting to study the parameteric trends 
predicted by the present correlation. At zero subcool- 

ing and using Eq (8), the correlation may be written 
for Bo > 2.5 x 10 -4 as: 

93qO.SS co.4kO.6 ] 
hTp -- Go.o3Do.3s [ i ~  J (15) 

and for Bo < 2.5 x 10-4: 

4q027c035 [ CO,kOO] 
DO.3S k, 2 J (16) 

It is seen that at high boiling number (ie high 
heat flux, low velocity), mass velocity has essentially 
no effect. This is in agreement with the experiments 
of most researchers which show that as heat flux is 
increased, the boiling curves for different velocities 
merge. (See for example Refs (5) and (6)). It is also 
interesting to note that at higher boiling numbers, the 
exponent of q is 0.65 which is close to those generally 
reported for pool boiling. For example, the value of 
this exponent vary from 0.624 to 0.745 in the correla- 
tion of Stephan and Abdelsalam 22. 

Comparison with the pool boiling correlation 
of Cornwell et a129 is also interesting. This correlation 
is based on a large amount of varied data for tubes 
and may be written as: 

qO.67 k 
h = Ctb iOg67bto.67DO.33 (17) 

Ctb is a constant which depends on pressure, type of 
fluid, and surface roughness. The resemblance 
between Eqs (15) and (17) is rather striking. This 
suggests that heat transfer during natural convection 
and forced convection are similar. It should be noted, 
however, that heat transfer during pool boiling is 
strongly affected by surface conditions while these 
have little or no effect on forced convection boiling. 

At lower boiling numbers (low heat flux, high 
velocity), the correlation predicts significant increase 
in heat transfer with velocity. This predicted trend is 
in agreement with all experimental data. 

According to Eq (15), hTv -" o0 as G ~ 0. Accord- 
ing to Eq (16), hTp~0 as G ~ 0 .  Both of these trends 
are incorrect as, in the absence of forced convection, 
heat transfer will occur through natural convection 
boiling and hTp will have a non-zero and finite value. 
Thus there will be a minimum value of G below 
which the present correlations will be inapplicable. 

It is appropriate at this point to discuss the 
various definitions of velocity used by researchers. 
Bitter ]1 based the velocity on the minimum flow area. 
McKee and Bell s and Yilmaz ] among others used the 
upstream velocity. The velocity used by Fand et al s 
also takes into account the restriction caused by the 
test section but it comes out slightly lower than the 
velocity based on minimum area. For all the data 
analysed here, the maximum spread in the velocities 
according to the three definitions does not exceed 
20%. According to Eq (15), a 20% change in velocity 
will have virtually no effect o n  hTp. Hence at high 
values of Bo, which velocity is used is unimportant. 
On the other hand, Eq (16) predicts about 7% change 
in hTp for a 20% change in velocity. Hence for closely 
spaced tube bundles, the definition of velocity can 
significantly affect the predictions of this correlation. 
Which definition is best cannot be determined on the 
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basis of data analysed here, as their  range is too nar- 
row. More research with smaller flow areas is needed  
to resolve this question. It should be remembered  that 
the same definition of veloci ty should be used in 
calculat ing Re and Bo. 

Analysis of experimental data 
Vigorous efforts were made  to collect  as much  varied 
experimental  data as possible. Only  ten experimental  
studies could  be located 1-13'28. Only a few data points 
have been deleted from the present analysis for reasons 
discussed below. 

Beecher 3 exper imented with two test sections. 
One was a pla t inum wire and the other was a stainless 
steel tube. Different measurement  techniques  were 
used for the two test sections. Beecher  states that the 
measurement  t echn ique  used for the p la t inum wire 
was not reliable. Hence  these data were rejected. With 
the stainless steel section, he used untreated water. 
Surface deposits were found  on the tube  after most 
runs. Different runs at identical  velocity and tem- 
perature general ly gave different results, p robably  due  
to different extent of scaling. Because of this lack of 
reproducibi l i ty ,  rejection of all the data would  have 
been justified. However ,  these data are of much  inter- 
est because the tube diameter  used was much  smaller 
than that in any other study. Hence  the data were 
selected on the fol lowing basis. Where  repeat runs 
had been made under  identical  conditions,  that run 
was accepted which  gave the highest heat transfer 
coefficients as these were bel ieved to be least affected 
by  scale. Data were not accepted if there was no repeat 
run at identical  conditions. 

From the tests of Yilmaz ~, one data point  at 
each velocity at the lowest heat flux was not con- 
sidered. These three data points are well below the 
single-phase correlations of Eq (8) and Eq  (9). All 
other  data points below critical heat flux were con- 
sidered. Critical heat flux was assumed to occur  when  
heat transfer coefficient began to fall. 

No data points were rejected from any other 
study. The  data of Yilmaz, Beecher,  and Fand  et al 
have been taken from tabulations. All other data have 
been read from graphs. 

Yilmaz has stated that subcooling varied from 
4 to 5°C. A constant value of 4.5°C was used in 
analysing his data. Lepper t  et al, 4 have stated that 
subcooling in their tests varied from 10 to 23 °C. A 
value of 16 °C was used in analysing their  data. The  
values of Bo and A TsA-r in their  tests were such that 
this approximation has negligible effect on the 
accuracy of prediction.  

For  analysing the data of Yilmaz, hL was calcu- 
lated with Eq (9) with the definit ion of velocity 
according to that used by  Fand and Keshwani ~9. For  
all other data hL was calculated with Eq (8), using 
the veloci ty based on the min imum flow area. Bo was 
calculated using the same velocity as used in calculat- 
ing hL. 

Deviat ion of correlat ion on the basis of ATsAT 
was calculated as: 

Measured  ~ T s ^ T -  Predicted A TSAT 
Deviat ion - 

Predicted ATsA T 
(18) 

Deviat ion of correlation on the basis of h-re was calcu- 
lated as: 

Predicted h T p - M e a s u r e d  hTe 
Deviat ion - (19) 

Measured  hTp 

Mean deviat ion of a data set is calculated as the sum 
of the absolute values of the deviations of individual  
data points d ivided by the total number  of data points. 

Results of data analysis 

Table  1 lists the deviations of A TSAT and hTp for each 
data set together  with the range of important  para- 
meters. On the basis of ATsAT, the mean deviat ion for 
all 334 data points is 16.7%. On the basis of hTp , 
which  is the more appropriate  basis, the mean devi- 
ation is 9.5%. Only  six of the data points showed 
deviations of hTp greater than 30%. Three  of these 
data points were from the tests of Beecher  a, two from 
the tests of McKee 5, and one from Bitter z2 

Figs 3 and 4 show the comparison of measured 
and predic ted  heat transfer coefficients for refrigerants 
and water respectively. 

Discussion of results 
The  data analysed and satisfactorily correlated are 
from ten independent  studies. These include three 
fluids, four tube materials, velocities from 0.02 to 
7.8 m/s,  Reynolds numbers  from 700 to 150 000, sub- 
cooling from 0 to 80°C, heat flux from 1 to 
1000 KW/m 2, and boil ing number  from 0.6 to 98. 
Mean deviat ion for all 334 data points is only 9.5% 
with 99% of the data points predicted wi thin  30% of 
measurements.  Hence  it appears that this correlat ion 
can be appl ied with confidence over a wide range of 
parameters. 

Greater  accuracy is certainly desirable, but  may 
be difficult to achieve. Even for single-phase flow 
through tubes, which  has been so thoroughly  
researched and which  involves much  simpler 
phenomena ,  the accuracy of correlations for heat 
transfer is about  +30%. Hence  it will be unreasonable  
to except a better  accuracy for a correlation for boi l ing 
heat transfer, which involves much  more complex 
phenomena.  

T u b e  d i a m e t e r  

Data correlated include tube  diameters from 1.2 to 
25.4 ram. Heat  exchangers rarely use tubes outside 
this range and hence the correlation has been verified 
for most practical  purposes. 

In view of the resemblance between Eqs (15) 
and (17) some guidance on the effect of diameter  may 
be obta ined from the work of Cornwel l  et al ~9 who 
found  that heat transfer decreases as diameter  
increases from 6 to 32 mm as given by  Eq (17). Heat  
transfer was found  to increase with fur ther  increase 
in tube  diameter.  Data for a wire 0.24 mm diameter  
did not fit Eq  (17). Th ey  conc luded  that much  of the 
heat transfer to thin wires occurs due  to convect ion  
whi le  in larger diameter  cylinders,  the cont r ibut ion  
of convect ion  is negligible.  
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Table 1 Results of comparison of data with the new correlation 

Heat transfer in subcooled boiling 

Source D t, Tube Fluid p, ATsc, &Tsc Velocity 
mm material *C &TsA T m/s 

Re L q, B o x  Deviations, % Number 

KW 10 4 A TSAT hT  P of 
data 

m 2 points 

Yilmaz ~ 8.4 Copper R-113 0.029 4 0.09 2.8 
5 0.32 7.8 

Beecher 3 1.2 Stainless Water 0.005 0 0.0 0.9 
steel 80 12.0 1.5 

Leppert 2.8 Stainless Water 0.005 10 0.5 0.17 
e t  a l  4 steel 23 1.5 
McKee s 6.3 Stainless Water  0.005 7 0.14 1.14 

17.9 steel 1.10 2.17 
Vliet z 3.2 Stainless Water 0.005 2 0.06 0.2 

steel 55 1.72 3.3 
Fand et al e 11.4 Stainless Water 0.014 32 1.12 0.02 

steel 2.92 0.12 
11.9 Titanium Water 0.009 39 1.3 0.02 

0.018 52 173.0 0.12 
Dieselhorst 9 3.0 Stainless Water  0.005 0 0 0.24 

steel 0.44 
Bitter ~ 15.0 Porcelein, R-11 0.022 0 0 0.04 

nickel 0.025 0.92 
coated 

Lemmert & 25.4 Copper R-11 0.04 0 0 0.12 
Chawla TM 10 2 1.2 
Fink et al 2s 25.4 Copper R-11 0.040 1 0.05 0.13 

18 0.74 1.33 
Fink et a123 25.4 Copper R-113 0.051 1 0.05 0.13 

16 0.87 1.33 
All data 1.2 0.005 0 0.0 0.02 

to 25.4 0.040 80 173.0 7.8 

53 500 60 0.6 13.9 10.8 36 
150 500 584 6.6 

1 940 13 4.8 26.1 13.1 14 
4 400 850 27.4 
1 480 86 23.3 11.0 5.9 10 

286 77.9 
25000 22 0.7 18.8 14.2 50 

135 300 286 8.0 
1 500 86 5.8 5.6 3.1 45 

28 000 714 98.1 
970 180 6.6 42.3 18.8 13 

4830 366 66.2 
700 160 8.0 24.5 5.8 61 

4 710 323 64.0 
2500 150 2.9 8.2 8.2 15 
4600 1000 10.4 
2000 1 0.5 14.1 14.1 31 

50 000 32 17.9 

13 300 3 0.7 12.3 9.2 32 
133 000 225 70.0 

13 300 57 2.6 13.6 10.8 15 
133000 138 41.4 
11 600 57 4.3 19.2 16.0 12 

118000 138 51.7 
700 1 0.6 16.7 9.5 334 

150000 1000 98.1 

Use of this correlation should be confined to 
the verified range of D = 1.2 to 25.4 mm. 

Pressure 

The data analysed cover a range of I to 4 bar. In terms 
of reduced pressure, the range is 0.005 to 0.04. Verifi- 
cation over a wider range of pressures is highly desir- 
able. However, most shell and tube heat exchangers 
operate with low pressure on the shell side because 

of structural considerations. Hence the verified press- 
ure range covers most practical applications. Use of 
this correlation beyond the verified reduced pressure 
range is discouraged. 

Type of fluid 

The correlation has been verified for water, R-1I, and 
R-113. The properties of these fluids differ consider- 
ably. Furthermore, this correlation is similar to Shah's 
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correlation for boiling inside tubes and annuli which 
was verified with data for water, R-11, R-12, R-113, 
n-butyl alcohol, methanol, ammonia, and isopropyl 
alcohol t6"~7. Hence this correlation is expected to be 
generally applicable to water, refrigerants, and 
chemicals. Applicability to cryogenic fluids is uncer- 
tain as their behaviour is often different from common 
fluids. Comparison with data for cryogenic fluids is 
highly desirable. 

Tube material and liquid-surface combination 

The data analysed include four tube materials (cop- 
per, stainless steel, titanium, and nickel-coated porce- 
lein) and five liquid-surface combinations. Yet all the 
data are satisfactorily correlated. The A TsA-r from the 
Fand et al data for water-stainless steel are overpredic- 
ted but their heat transfer coefficients are satisfactorily 
correlated. Besides, five other data sets for water-stain- 
less steel are well correlated. Hence it appears that 
this correlation can be applied to plain tubes of any 
material. Indeed, most researchers have found that 
forced convection boiling is insensitive to tube 
material. The general correlations of Shah for sub- 
cooled boiling 16"17 and saturated boiling 23'24 in tubes 
and annuli were found to agree for a wide variety of 
tube materials. Palen et al z5 tested a number of kettle 
reboilers using a number of tube materials including 
carbon steel, cupro-nickel, and admiralty brass. They 
found no significant effect of tube material. 

The available evidence strongly indicates that 
this correlation can be applied to plain tubes of any 
material. In view of the comparison of Eqs (15) and 
(17), however, surface properties may effect heat trans- 
fer at very low velocities in a way similar to that in 
pool boiling. 

Single-phase heat transfer correlation 

Several correlations for single-phase heat transfer are 
available and they often give significantly different 
predictions. Investigation of the reasons for this dis- 
crepancy and the development of a unified single- 
phase correlation was beyond the scope of this study. 
Effort here was confined to finding a correlation 
which will adequately represent the boiling data. For 
this purpose, several available correlations were tried. 
None was satisfactory for all the data sets. The 
Michejew equation: 

Nub = 0.21 Re °'62 Pr~ "38 ( Prb/ Prw) °'25 (20) 

gave fairly good results but the data for refrigerants 
and water diverged at higher wall temperature differ- 
ences. It was, therefore modified to the form of Eq 
(8) which made the refrigerant and water data con- 
verge. 

Eq (8) resulted in good correlation of boiling 
data from all sources except those of Yilmaz. Fig 5 
shows the comparison of Eq (8) with single-phase 
data from the test sections on which boiling tests were 
made. Yilmaz has not reported any single-phase data. 
The data points shown in Fig 5 are those at the lowest 
heat flux in his boiling runs. It is seen that Eq (8) 
agrees fairly well with all data except those of Yilmaz 
which are very low. The Yilmaz data show better 
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Fig 5 Comparison of  single-phase heat transfer data 
with Eq (8) 

agreement with Eq (9) and his boiling data are also 
better correlated with that equation. 

As noted by Palen et a125, most researchers have 
found the exponent of Reynolds number to be near 
0.66 for boiling and non-boiling flow over tube 
bundles. Thus the exponent 0.62 in Eq (8) agrees with 
the work on tube bundles. 

Hence this research as well as the research on 
tube bundles indicates that Eq (8) is a good choice 
for calculating single-phase heat transfer. The data of 
Yilmaz, of course, raise questions. The author's recom- 
mendation is that if single-phase heat transfer data 
are available from a particular test section, the con- 
stant in Eq (8) be modified to suit them. Thus Fig 5 
shows that for the Yilmaz data, the constant in Eq (8) 
will change to 0.11 from 0.21. This change will result 
in satisfactory correlation of all the boiling data of 
Yilmaz. Where single-phase data are unavailable, Eq 
(8) is to be used unmodified. 

Reynolds number 

The data analysed here include Reynolds numbers 
from 700 to 150 000. As Eq (15) shows very little effect 
of velocity and as at low velocity Bo will be high, 
applicability to lower Reynolds number is probable 
but needs to be verified by data analysis. Data 26 for 
heat transfer to gases across cylinders show that at Re 
of the order of 106 and higher, the exponent of Re 
becomes close to 0.8. Hence applicability of Eq (8) 
becomes doubtful at higher Reynolds number. Analy- 
sis of boiling data beyond the range of 700 to 150 000 
is needed to determine the applicability of the present 
correlation. 

It is recommended that for the present, the use 
of this correlation be confined to Reynolds nuhaber 
between 700 to 150 000. 

Hysterisis effects 

Hysterisis is common in subcooled boiling. Among 
the data analysed here, only Lemmert and Chawla 13 
have reported data showing hysterisis. Their data for 
both increasing and decreasing heat flux have been 
satisfactorily correlated, though those for decreasing 
heat flux are generally underpredicted to some extent. 
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Recommendations for use 

The results of data analysis have been presented and 
discussed; the reader may reach his own conclusion 
regarding the limits of its applicability. The author's 
recommendations are: 
1. The use of the correlation should be confined to 

the range of dimensional and non-dimensional 
parameters for which it has actually been verified. 

2. The correlation is recommended for water, 
chemicals, and refrigerants. 

3. The correlation may be used for plain tubes of any 
material. 

4. This correlation should not be used at velocities 
lower than those covered by the data in Table 1 
as it predicts the wrong trend for G--* 0. 

5. Single-phase heat transfer coefficient hL is to be 
calculated by Eq (8). However, if single-phase data 
are available for a particular test section, the con- 
stant in Eq (8) may be modified to suit those data. 

Other predictive techniques 

A thorough review of other predictive techniques is 
beyond the scope of this paper. Some of the proposed 
techniques are briefly discussed here in order that the 
new correlation may be viewed in the proper per- 
spective. 

Several researchers have attempted to correlate 
their data according to Rohsenow's superposition 
method 14 which may be written as: 

q = qpb+ qsPc (21) 

where qpb is determined from pool boiling data or 
correlations. Yilmaz and Westwater 1"2 and Leppert et 
al 4 found satisfactory correlation by this method, 
using their own pool boiling data to calculate qpb. 

5 McKee , using his own pool boiling data, found that 
some of his data were satisfactorily correlated while 
some were underpredicted. Fand et al s, and Lemmert 
and Chawla 13, state that their data could not be corre- 
lated in terms of Eq (21). Hence the Rohsenow 
method has not been successful even when pool boil- 
ing data for the particular test section was available. 
The difficulties in accurately predicting pool boiling 
heat transfer are well-known. Perhaps the most 
verified pool boiling correlation available at the pres- 
ent is that of Stephan and Abdelsalam 22. Even these 
authors were unable to correlate about half of the data 
examined by them and had to discard it. It is also 
worth noting that Bergles and Rohsenow 27 conducted 
experiments to evaluate Eq (21). They concluded that 
it is not valid. They recommended that heat flux due 
to nucleate boiling should be determined from flow 
boiling data, not from pool boiling data. The present 
correlation is in accordance with their recom- 
mendation. 

Another superposition technique is that pro- 
posed by Kutateladze ~5 and can be written as: 

hTv = hL[1 + (hpb/hL)n] l/n (22) 

Kutateladze recommended n =2. Lemmert and 
Chawla la found poor agreement of their data with 
Eq (22), using n = 2 .  Fand et al a also found poor 
agreement using n = 2. However, their data are well- 

correlated with n =5.5. It will be noted that Eq (21) 
is the same as Eq (22) when n = 1 and three researchers 
have reported agreement of their data with Eq (21). 
Thus it is seen that n can vary from 1 to 5.5 and there 
is no way to predict its value. 

McKee ~ attempted to improve the Rohsenow 
method by distinguishing between areas with bubble 
nucleation and those without bubble nucleation. His 
equation is: 

qA = qpbAbn + qsPc(A - Abn ) (23) 

He determined Abn/A by a dimensional equation 
which fits his data. Whether it fits other data, is 
unknown. 

Lemmert and Chawla 13 also used the approach 
of Eq (23) but developed different expressions for 
determining Abn/A and heat flux due to bubble 
nucleation. While their expressions fit their own data 
well, they have not been compared with any other 
data. 

On the basis of these discussions, it can be 
concluded that the predictive techniques which have 
been available till now have been either found to be 
unsatisfactory or have not been verified with more 
than one data set. On the other hand, the present 
correlation has been verified with data from ten 
independent studies covering a wide range of para- 
meters. Hence the present correlation appears to be 
preferable to other predictive techniques. 

Application to tube bundles 
Cornwell and Schuller 3° carried out studies of heat 
transfer in the upper tubes of a tube bundle. They 
concluded that most of the heat transfer occurs due 
to the action of bubbles that slide up the sides of the 
tubes and grow at a rapid rate. Some of the bubbles 
originate from the nucleation sites at the base of the 
tubes while some impact on the tubes from the 
upstream and thus originate from the lower tubes. 

The correlation given here is based on data for 
single tubes with single-phase flow upstream. Thus 
the effect of bubbles originating on the tube itself is 
included in the correlation but the effect of bubbles 
in the flow upstream is not included. Hence the new 
correlation can be considered applicable only to the 
lowest tubes of a bundle. 

Concluding remarks 

1. A simple dimensionless correlation has been pres- 
ented which agrees with all available data for sub- 
cooled boiling with forced flow across a single 
tube. No well-verified predictive technique had 
been available till now. Availability of this correla- 
tion should be helpful in the design of shell and 
tube evaporators. 

2. While this correlation agrees with all available 
data, the range of these data is rather narrow. Fur- 
ther experimentation over a wider range of para- 
meters is highly desirable. Specially desirable are 
data at very low velocities to determine the limits 
of applicability of this correlation. 

3. The correlation presented here applies only to sub- 
cooled boiling. Development of a correlation for 
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boiling at positive vapour qualities is also needed. 
For this purpose it is desirable that varied data 
from experiments on single tubes be available. At 
present, such data are scarce. Hence further 
experimentation with two-phase flow across single 
tubes is suggested. 
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