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INTRODUCTION

Because of the practical importance of the problem, =a considerable amount of
research on heat transfer during subcooled bolling flow has been done in recent
years, and many techniques for prediction of heat transfer rates have been
Proposed. Most of these are dimensional equations relating wall superheat to

only one fluid within a certain range of parameters, Comparatively few attempts ¢
have been made at developing general correlations which may be applicable to a
wide variety of fluids and operating parameters. The author is aware of only
one correlation, that by Rohsenow!, which has been compared to a fairly wide
variety of data. However, there are severe restrictions on its general use.
Thus the need for = general predictive technique seems evident.

The author's objective was to develop a general correlation to predict heat
transfer coefficients during partial and fully developed subcooled boiling with 1
an accuracy comparable to that of single phase correlations which is about +30%. §
Judging by the agreement of the Proposed correlation with experimental data, -
the objective appears to have been substantially fulfilled. About 500 data
points from 29 data sets ( from 18 independent experimental studies ) are cor- #
related with a mean deviation of 9.5%, with 97.5% of the data within +30%. These 3}
data ineclude fluids water, R-11, R-12, R-113, ammonia, isopropyl aleohol, n-butyl 4
alcohol, methyl alcohol (methanol), and agueous solutions of potassium carbonate 0
in horizontal and vertical pipes and annuli. Pipe diameters range from 2.4 to ;
27.1 mm and pipe materials include staigless steel,  cop gr, nickel, inconel,
and glass., Pressures range from 0.1x100 %o 13.8x106 N/m%, reduced pressure from
0.085 to 0.76, subcooling from 8 to 153 dgg C, heat flux from 0.01x10° to 22.9x106_*
W/m, and mass flux from 0.2x10° to 87x10° kg/h m2. Thus the range of parameters j
coevered is guite wide and general applicability appears quite probable. ol

i
&

In the following, the correlation is presented, its development described,
and the limits of its applicability explored through data analysis. So that
the correlation may be viewed in the proper perspective, brief discussions on
some other predictive techniques are also included.

THE CORRELATION

The correlation is expressed by two simple equations applicable in different
ranges of subcooling.

( low subcooling region ) - Y=, (1)
Vo + ATge/ATg, (2)

The demarkation between high and low subcooling regions is shown later in Fig. 5.
Essentially, the low subcooling region corresponds to fully developed belling i

{ high subcooling region ) ]
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while high subcooling reglon corresponds essentlally to partial or local belling.
In the foregoing equation

b = q/(&TSAT hy ) (32

Vo is the value of | at zero subcooling and zero vapor quality and is the heat
transfer coefficient for all mass flowing as liquid without any boiling. Calcu-
lation of hy, is discussed in the next section. Vo is given by Eq 12 and 13 and
is a function of the Boiling number Bo defined as:

Bo = q/(G hgg) (4)

In Eq 4, g is the heat flux, G is the mass flux, and hfe is the latent heat of
vaporization. Furthermore, the two Phase or boiling hegt transfer coefficient
hpp 1s defined as

Fig. 1 is a graphical representation of the proposed correlation, Eq 1 and 2.
It is possible to use this figure directly for design calculations but the
mathematical eqguations will generally be found more convenient.

SINGLE PHASE HEAT TRANSFER

Solution of Eq 1 and 2 requires the calculation of the single-phase heat transfer
coefficient hy. This topic is therefore discussed here first. Circular pipes
and annular sections are discussed separately. .

Circular Pipes

For fully turbulent flow in circular pipes, the best known correlation is the
Dittus-Boelter equation:

h;D/k = 0.023(GD/u)0 8 pr0-4 (6)

All properties in Eq 6 are calculated at the bulk fluid temperature. Single-
phase flows are generally fully turbulent at Rer, >10,000 though the transition
from laminar to turbulent occurs around Rey, = 2,300. In most cases Eq 6 can be
used without much error to lower Reynolds numbers, say down to 5,000,

Another well-known correlation for turbulent flows is the Sieder-Tate equation:

h D/k = 0.027(aD/u)0 8 pr0-33 (,, (0.4 -

In Eq 7 all properties are calculated at the bulk fluid temperature except B
which 1is calculated at the wall temperature. Predictions of Eq 6 and 7 are
virtually the same for moderate values of wall-liquid temperature differences
and Prandtl numbers. A% high Prandtl numbers and high temperature differences,
Eq 7 is somewhat more accurate. However, it requires iterative calculations and
Is hence cumbersome to use.

All circular pipe data analyzed are_for Re; > 10,000 except for 4 data points
from the study by Bergles and Rohsenowld whic are at Rep ~ 2,300, With so few
data points at low Reynolds numbers, the possibility of using another correlation
at low Rep, could not be explored adequately and Eq.6 was used to calculate h
throughout. It was realized that Eq 7 would have been preferable but it wou&d
have invelved excessive calculation effort for only a small imgrovement in accur-
acy. Finally, in analyzing the data of Krieth and Summerfield” for n-butyl
alcohol, the constant in Eq 6 was changed from 0.023 to 0.033. The reason was
that their single-phase measurements were 42% higher than the predictions of Egq 6
and 7. As the measuements for nonboiling water carried out inthe same test section
show good agreement with these equations, this deviation cannot be attributed to
entrance effects. The most Probable cause appears to be that the Property data
for n-butyl alcohol in this range ( 31 to 48 C ) are erroneous.

Annuli

For turbulent flow through an annulus formed by two concentric circular pipes,
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it is generally accepted that heat transfer coefficients can be calculated with -
Eq 6 ar 7 if D is replaced by Dg, the equivalent or effective diameter of the g
annmulus. Dg is defined as 4 times the flow area divided by the wetted perimeter.
Mathematicagly o]

_ 2 2 _ -
- De =4 Do - Di )/ Do il ) ) = Do By (8) A
For all data examined during this study, substitution of Dg from Eq 8 into Eq & ¥
provided excellent agreement with measured single-phase heat transfer coefficientg
) inc%uding those for the 2.2 mm clearance annulus used in some tests of McAdams i
et al<, :

Another definition of De which has occasionally been used is 4 times the flow;
area divided by the heated perimeter. Assuming that the inner pipe is heated ;
and there is no heat transfer from the outer pipe, this definition yields

- 2 2
Dy = ( D7 - DY )/D, (9)
All single phase heat transfer data known to this author are better correlated
using Dy from Eq 8 than that from EqQ 9. 1In analyzing the boiling heat transfer g
data, Dy has beeg calculated throughout with Eq 8 except in the case of the data

of McAdams et al® for a 2.2 mm clearance annulus where Eq 9 has been used. The |
reason for this departure from the usual definition is discussed later, B

Siggle-phase data for water and methanol heat transfer from experiments of. Colbrn
et al/ are shown in Pig., 2. It is notea that for Rer>3,000, Eq 6 correlates the
data well though the measurements are slightly higher than predictions and would
be correlated better with Eq 7. For lower Reynold numbers, the measurements are J
markedly higher than than Eq € and satisfy the equation :

Nu = 0.47 Fief'q'l+ pp0- ¥ ' (10)

It is also noted that in annuli, heat transfer coefficients at low Reynolds
numbers cannct be calculated by substituting Dy in laminar pipe flow equations.
Thus the predictions of the Sieder-Tate laminar flow equation are seen to be
much lower than measurements. ;

There does not appear to be any correlation for flow in annuli which has been |
verified against a wide variety of data. As Investigation of single phase heat "
transfer was not the objective of this study ang as all data for Rej, < 2,300 were *
from the one test section used by Colburn et al » hy, at Rer < 2,300 was calculated §
using Eq 10. It must be stressed that Eq 10 is not being advocated as a general gk

correlation for heat transfer at low Reynolds numbers. ;

INCEPTION OF BOILING

The necessary condition for boiling to occur is that the wall temperature be
greater than the saturation temperature of the fluig, i.e.,

IXTSAT = (TW-TSAT) >0 (11)
However, the fulfilment of this condition is not sufficient to ensure boiling.
Whether boiling occurs or not appears tc depend on many factors among which are
heater surface geometry, bressure, heat flux, subcooling svelocity and presence
of dissolved gases. IT appreciable amounts of disso%ved gases are present, most
of the evidence such as experiments of McAdams et al< indicates that bubble
nucleation will commence as soon as inequality 11 is satisfied. For pure fluids *
» however, inception of boiling appearsato be largely unpredictable. The problem ;
ig discussed in some detail by Griffith™ who quotes experiments in which, under 14
apparently identical conditions, the wall superheat required tc initiate boiling ¥
varied from 7 to 42 deg C, a factor of 6. g

The problem is highly complex and cannot be adeguately discusged here. Several$
metheds of predicting boiling inception are discussed by Collier? which may be R/
consulted as a general reference on this subject. In the present data analysis
it has been assumed throughout that nucleate boiling starts immediately when Ty
exceeds TSAT‘ :
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SATURATED BOILING AT ZERO QUALITY

The development of this correlation was started by analyzing the experimental

data at approximately zerc vaper quality and zero subcooling. Data for mean vapor
quality less than 1% were also inecluded as it extended the range and variety of
data while such small qualities do not significantly affect the heat transfer
coefficients as study of Ref 27 will show. The results of this analysis are

shown in Fig. 3. It is seen that the data are well correlated by the following
two equations.

Bo > 0.3x1077, U

\IJO
Bo < 0.3x1077, Uy

]

230 Bo'3 (12)
1 + 468093 (13)

H

Only 3 data points are outside +30% of these equations. Most of the data are

in fact within +20%. These data include 11 different ligquid-surface combinations
and a very wide range of heat flux, mass flux and pressure. Thus it appears that
Eq 12 and 13 are not restricted to any particular liguid-surface combination
which is the major difficulty with the Rohsenow correlationt.

EFFECT OF SUBCOOLING

Experimental studies such as that by Bernath and Begelléshow that increasing
subcooling initially does not affect the wall temperature. With increasing
subcooling, a point is reached where wall temperature and hence ATspT begins to
decrease. The region in which subcooling has no significance will be called the
low subcooling region. It corresponds roughly to the fully developed boiling
region. The region in which subcooling affects the wall temperature will be

called the high subcooling region and corresponds roughly to the partial or local
boiling region. In the low subcooling region, ATgpm may be expected to equal

that given by Eq 12 and 13. In other words, Eq 1 will apply in the low subcooling
region. We will now attempt to define these two subcooling regions guantitatively.

The first attempt is made by plotting (§/Y,) against (aTgp/aTgpm) as shown in
Fig. 4. Tt appears that the transition occurs around (aTgp/ATgam}=2. For
(&TS%[QTSAT) > 2, the mean through the data may be expressed by the fcllowing
equation: :

Wi, = 0.54 (aTg./ATg, )08 (14)

A closer look at the data reveals that for low Boiling numbers, the transition
appears to depend alsc on Bo. Very few data were available from which the
transition point could be determined. Furthermore, the transition point is
generally not well defined. The available data are shown in Fig. 5.

Scatter is considerable and data for higher boiling numbers are unavailable.
Setting the upper limit for transition at (5TSC/5TSAT§ > 2 vased on Fig. 4, and
drawing the mean through data, a curve is obtained. Below this curve, Eq 1
applies. Above this curve, subcooling affects the wall temperature and Eq 1 is
no longer valid. The proper correlation for this region will be discussed later
in this paper.

For (aTgc/ATgpT)< 2, the transition curve is expressed by the following
eguation

4 . 1.25

aTSC/ATSAT = 6.3x107 Bo™" (15)

Thus the correlation for the low subcooling region has been determined and the
demarkation between high and low subccoling regions established. The development
of the correlation for the high subcooling region is now undertaken.

High Subecooling Region

From Fig. 4 it would appear that for (ATS /AT ) > 2, Eq 14 may be suitable.
However it was found to be highly erratic. Ehe %égson becomes evident when it is
transformed into the following form.
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8.33
- ~Fa83
ATspr =lorsrnoy) (ATgc) (16)

In Eq 16, ATspp is a very strong function of hy, small variations in h; affecting
&TsﬁT drastically, No method of determining hj exactly is known. FuTrthermore,
sucn a strong dependence is not substantiated by experimental evidence. Hence
another equation for this region was sought.

One possible approach could be to assume that the total heat Fflux removed is £
the sum of heat flux removed by single phase convection and the heat flux removed -
by nucleate boiling, i.e.,

q = Aspc + dNB (17)

The validity of Eq 17 cannct be investigatfd unless the method for calculating
the two components is specified. Rohsenow~ assumed that dyp can be estimated by }
his pool boiling ccrrelation, dspc being calculated with a correlation such as 3
Eq 6. However, Bergles and Rohsenowl!® conducted experiments which showed that 3
this assumption is not correct. They recommended that dnp be estimated from data *
on fully developed flow boiling. This approach has been ?ollowed here. ;

At zero subcooling, the definition of wo yields the following relation:

g = h (T -Te,n) + hy (§-1) (T -Tg,p) {18)
Comparing Eq 17 and 18, it is noted that
g = Pp(bp-1) (T,-Tg)q) | -

As_the value of y, has been determined from the data on flow boiling at Zero
subcocling, which may be considered to be fully developed boiling, Eq 19 is
according to the recommendation of Bergles and Rohsenow mentioned earlier.

It is now postulated, subject to experimental verification that Eq 19 continues ¥
to hold in the high subcooling region and that Qgpn can be calculated by the ]
following eguation:

dspe = 7y, (Ty,-Tp) (20)

where hy 1s calculated by an equation suitable for single phase heat transfer
under the prevalent conditions. Substituting from Eq 19 and 20 into Eq 17

q = hL (TW—TB) + hL(¢o- 1)(Tw'TSAT) (21)
This can be rearranged into the following more convenient form:

b = a/(ATgphy) = Yo *aTg, /AT (22)

Eq 22 is the same as Eg 2 and it is shown later that it is in reasonable agreement §
with experimental data in the high subcooling region as defined by Fig. 5. ;

DATA ANALYSIS

The salient features of the data that have been used to develop and evaluate the §
proposed correlation are listed in Table 1. The complete range of parameters 4
which could possibly bf significant, covered By the data analysis, is given in E
Table £o Data of Noel . Cl%rk and Rohsenowl?), Bergles and Rohsenowl5, Gouse and
Coumou 9, Hodgsonl y McAdams®, and Naitoh et al have been extracted from %
graphical representations in these references. Other data are from tabulations.
Where the references provided a large amount of data points, data samples
representative of the range of experimentation were picked out at random. This

was done to keep the calculation effort within reasonable limits.

*

In the tests of Colburn et alB, heating was done with condensing steam and the
heat flux was not constant along the length. All other data listed in Table 1
were obtalned by electric heating providing essentially constant heat flux.
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In all experiments on annular test sections, heat was applied to the inner pipe of
the annulus and the outer pipe was insulated. Finally, all refrigerants used
( R-11, R-12, R-113, azmmonia ) were completely free of oil.

The properties of water, R-11, R-12, R-113, and ammonia were taken from Ref 21
though some high pressure properties had to be taken from other sources. Proper-
ties of 35% and 20% potassium carbonate were taken from the table in the paper by
Piret and IbsenlD, Properties of other fluids have been taken from Ref 22.
Viscosity, thermal conductivity, and specific heat have been estimated at the
bulk fluid temperature. Latent heat has been estimated at the saturation temper-
ature.

RESULTS OF DATA ANALYSIS

Fig. 6 and 7 show the comparison of some representative measured heat transfer
coefficients with the predictions of the correlation. It _is seen that measured
values range from as low as 700 to as high as 230,000 W/hzdeg C and in most cases
agreement is within £30%. The results of such comparisons are summarized in
Tabdle 3. ®data pcints from all scurces are correlated with a mean deviation of
9.5%, giving equal weight to each data point. Over 97% of the data points are
correlated within £30%. The deviation of each data point has been calculated

by the following equation.

Predicted Value - Measured Value (23)

Deviation = Measured Value

The mean deviation of each data set has been calculated as the sum of absolute
values of individual deviations ( ignoring positive or negative signs ) divided
by the number of data points in that set.

DISCUSSION OF RESULTS

The results of the foregoing data analysis indicate that the objective of develop-
ing a general correlation for subcooled boiling with an accuracy comparable to
that of single-phase heat transfer correlations has been substantially fulfilled.
Over 97% of the data are within +30% and in fact most of the data points are
within +20%. The accuracy of available single-phase correlations is only slightly
better. Another way to evaluate this correlation will be to use Eq 1 and 2 to
calculate hy from the boiling heat transfer data. In almost all such cases, hy,

so calculated is found to agree with predictions of single-phase correlations
within +30%.

While a better accuracy is desirable, whether or not a substantially more
accurate correlation can be found is debatable. Firstly, single-phase convection
clearly plays an important parti in subcoocled boiling heat transfer and hence
estimation of boiling heat transfer generally requires estimation of single-phase
heat transfer coefficients. Thus the accuracy of single-phase correlations
limits the accuracy of boiling heat transfer correlations. Secondly, detailed
geometry cof heating surface is rarely known. Even if it is known., the behavior
of cavities has generally been found unpredictable. Any particular cavity may or
may not be active under any particular set of conditions such as pressure, tempe-
rature, heat flux and mass flux. An 3ssociated phenomena is the hysterisis effect
so noticeable in the data of Hodgson1 v If a particular set of conditions is
reached by decreasing heat flux or increasing subcooling, higher heat transfer
coefficients are obtained than if the same conditions were reached by increasing
heat flux or decreasing subcooling. Furthermore, presence of substantial amounts
of dissolved gases 1s known to cause early inception of boiling and generally
higher heat transfer coefficients: however, the quantitative relation between
concentration of dissolved gases and heat transfer phenomena is not known. A
highly accurate correlation will have to consider detailed surface geometry,
concentration of dissolved gases, and the process through which the prevalent
parameters are reached. Development of such a correlation requires much more
basic information than is presently available and would have to await more research
intc the bolling phenomena.

While all gther data analyzed are for constant heat flux conditions, those of

Colburn et al- are for variable heat flux as heating was done by condensing steam.
Satisfactory correlation of these data indicates that the proposed correlation is
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applicable to both variable and constant heat flux conditions. Furthermore, data °
for almost all commonly used commercial plain pipes are included and satisfactor-
1ly correlated. Hence it appears that within the designated accuracy, the
correlation is applicable to all commercial plain pipes. The accuracy of the
correlaticn seems independent of pipe diameter, pressure, heat Tlux, mass flux,
and Boiling number. However, the applicability at low Reynolds numbers remains
open to question and is discussed later.

From Table 3 and Fig. 6 and 7, it is noted Tgat the only data set that shows
excessive deviation is that of Piret and Isbinl® for carbon tetrachloride. The 1
properties of this fluid are not too different from those of haloecarbon refriger- %
ants(Freons). Parameters such as heat and mass flux, Req,, Bo are within the range
covered for other fluids. Hence no definite explanation for this deviation can ‘
be offered and it could be that some phenomena are involved which this correlation
does not account for. However, when only 1 set of 3 data points out of 29 data "
sets shows large deviation, it is more reasonable to consider the possibility
of experimental error or presence of scale on the pipe surface.

Effective Diameter of Annulus

The question of effective diameter for annuli may now be discussed. In Fig. 8,64
predicted and measured heat transfer coefficients in annuli are compared. All :
predictions are based on Dg calculated by Eq 8, i.e., Dg is based on wetted
perimeter. It is noted that out of the 6 data sets, 5 are well correlated while ¥
one data set is too low. This set is from the annulus with the smallest clearance i
» 2.2 mm. The next smallest annulus had a clearance of 4.3 mm. Hence a pre-
liminary conclusion that can be drawn is that with decreasing clearance, a point
1s reached where enhancement in heat transfer is lower than that predicted by 3
Eqg 1 and 2. If this hypothesis is true , this transition point is at a clearance §°
somewhere between 4.3 and 2.2 mm. If the data for the 2.2 mm clearance are
analyzed with Dg calculated by EQ 9, i.e., based on heated perimeter instead of
wetted perimetfg. much be%;er correlation is obtained. It is interesting to note :
that both Chen'® and Shah faced the same difficulty in developing theig cor-
relations for saturated boiling while analyzing the data of Bennet et al<3 in =a
narrow annulus. The clearance in that annulus was 3.1 mm. If De was based on
wetted perimeter, prediction of both correlations was too high. Satisfactory
correlation was obtained when D was based on heated perimeter. The resolution of
this problem requires analysis of much more dats from varied gsources. For the
present, we can merely report the observation that the available data for satura-
ted and subcooled boiling in annuli with clearances between 3.1 and 2.2 mm are
better correlated with De based on heated perimeter. Data for clearance 4.3 mm
and higher are better correlated with Dg calculated in the usual way, i.e., based
on wetted perimeter. The best recommendation that the author can make presently
is given in the Appendix to Ref 27.

g

Effect of Reynolds Number

All data for pipes were at Reynolds number higher than 10,000 fgcept for 4
data points at Rep » 2,300 from the study by Bergles and Rohsenow--2., The
predictions for them were somewhat high when hy was calculated by Eq 6. If hy,
was calculated by a laminar flow equation, the predictions were somewhat low.
Furthermore, these authors report that conditions during these tests were very
unstable and wall temperatures varied greatly. Hence available data for pipes do
not permit any definite coneclusion as to the applicability of the correlation at
Rey, 1less than 10,000,

The Reynolds numbers in the data of Colburn et ala for flow in annulus range
from 50,000 to 1,400. These indicate that the proposed correlation remains valid
at lower Reynolds numbers if hy is calculated by an equation applicable at such
Reynolds numbers. However, the data are too Tew to rermit complete confidence
in this hypothesis. Analysis of much more varied data at low Reynolds numbers
is required to reach a definite conclusion.

DESIGN RECOMMENDATIONS

Due to insufficient data at lower values, this correlation is presently recommen-
ded only for Rep greater than 10,000, Either of Egq 6 or 7 may be used to

208




calculte hy. Egq 7 is to be preferred as it is generally more accurate.

For Rep lesg than 10,000, some other predictive technique may be sought. In
case this correlation has to be used due to unavallability of any other reliable
method, hy, should be calculated with some correlation suitable for the prevalent
Reynolds number. Generally Eq 6 and 7 can be used without much error at Rer as
low as 4,000.

Application to metallic fluids is not recommended. If this correlation is
used as a last resort, hy, should be calculated with an equation suitable for
metallic fluids.

This correlation is not recommended for annuli with clearance less than 4 mm.
In case it has to be used, Ds should be based on heated perimeter. For annuli
with clearance greater than § mm, Dg 1s to be based on wetted perimeter.

Calculation Procedure

To clarify the use of this correlation, the procedure for solving a typical
design problem is outlined. Pipe diameter, heat flux, mass flux, pressure, and
subcooling are known. Heat transfer coefficient has to be calculated. The
following steps are suggested:

1. Calculate hy,.

2. Calculate the wall temperature assuming no boiling. If Tw 1s found lower
than Tgpp, no boiling can occur and no further calculations are needed.

3. If Step shows (Ty-Tgap) > 0, calculate (ATgpr)pi using a reliable predic-
“tive technique. If (ATgpp)g; is gréater than ATgpm calculated in Step 2,
ne boiling occurs and h p = ﬁ . If predictive tecgniques not reliable
or liguid contains subs antia& amounts of dissolved gases, assume boiling
starts immediately when ATgpp > O and proceed to the next step.

4. Use Eg 1 to calculate ATgpm .

5. Calculate (ATSC/&TSAT).

6. Check in Fig. 5 whether Eq 1 is applicable. If not, use Eq 2 to calculate

%TSAE =
7. Use Bq 5 to calculate hTP'

In many cases heat flux is not known. Instead, the temperature and heat
transfer coefficient of heating medium is known. Iterative caleculations with
assumed values of heat flux are then required until the imposed boundry condi-
tions are satisfied. -

A few words regarding the influence of lubricating oil in refrigerant evapo-
ratogg re in order. For ammonia which is insoluble in oil, experiments of
Shah€¥:25 indicate that insulating oil films are likely to form. These two papers
may be consulted for estimating resistance of these oil films. For freon
refrigerants, which are soluble in oil, experimental evidence is apparently
conflicting. To deal with this topic adequately, detalled discussions will be
required. Hence no recommendations for freon-oil mixtures are made.

OTHER PREDICTIVE TECHNIQUES

To evaluate other predictive techniques in detail was outside the scope of this
study. However, some discussions on this subject are necessary sc that the
correlation proposed here may be viewed in the proper perspective.

The vast majority of available correlations are dimensional equations intended
for only one particular fluid in a limited range of parameters. Among these
dimensional eguations, the majority expresses ATgap as a function of g alone. A
typical example is the correlation of McAdams et all. As experiments clearly
show that pressure is also a significant parameter, the applicability range of
such equations 1s very limited. More sophisticated dimensional correlations
also include pressure as a paramgger. A notable example of such correlations is
that proposed by Jens and Lottes for water which may be written as
= 25 q0'25 o-p/62 (23)

Alganp
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where ATg,m is in deg C, q is in MW/mz, and p is in bar. This equation has found '
wide accepltance for practical designs. It was compared to some of the boiling
water data analyzed here. The accuracy of predictions was found comparable to
Eq 1 and 2. An objection that may be raised against the Jens and Lottes equation |
and other such equations is that they assert that subcooling has noéinfluence
while experiments such as those of Hodgson and Bernath and Begell® show that in *
high subcooling region, it is not true. However, from a practical stand point,
th%ﬁerror involved is not too much as at nigh subcooling, ATgpp is only a fraction g
of TBa nar

Applicability to more than one fluid and wide operating conditions may be
expected from digensionless equations. Very few such equations have been pro-
posed. Hodgson has Bresented an equation ﬂhich correlates his own data, those
of Clark and RohsenowlV for water, and Noe1l for ammonia, with an accuracy of
£30%. Hence it is possible that the Hodgson correlation may be generally app- s
licable. It may be mentioned that the present correlation shows better agreement };
with the same data. b

The best known dimensionless correlation is that of Rohsenowl. However, its
generality is restricted by the fact that it involves a multiplier Cgr which is
different for each liquid-surface combination. Reported values of Cgr vary from
0.0027 to 0.02. No method for predicting Cgf is available and it has to be
determined from experimental data obtained with the same surface-liquid combina-
tion. As the number of liguids is virtually limitless, the utility of this
correlation is limited. _Furthermore, as was mentioned earlier, the experiments ;
of Bergles and Rohsenowl> put the validity of this method in doubt. The Rohsenow
correlation has been compared to data from Ref 16, 10, 15, 8, and 9. With the
exception of the carbon tetrachloride data from Ref 16, the accuracy obtalned
appears tomparable with +that of the present correlation.

From the foregoing, it appears that the correlation proposed here is generally %Q
preferable to other predictive techniques. However, it is possible that some i
better correlation may be available in the vast literature on this subject which
has not come to this author's notice.

CONCLUDING REMARK

The correlation presented in this paper appears to be generally applicable for ;
predicting heat transfer coefficients in fully developed and local subcooled :
boiling in pipes with an accuracy of +30%. Where such accuracy is acceptable, l
it is suggested that this correlation be given seriocus consideration. It must
be stressed that this correlation is not being advocated as a perfect sclution.
The phenomena involved are so complex that the perfect solution may not be
forthcoming for some considerable time.

Much more data analysis is required at Reynolds numbers lower than 10,000,
specially lower than 2,300. It is possible that this correlation may also be
applicable to boiling metals and hence analysis of such data is desirable.
Analysis of data from narrow annuli of clearance less than 4 mm, annuli heated
from both sides, and annuli heated from the outer pipe is also needed. Finally,
several flow channel geometries beside pipes and annuli are also of practical
interest. An important case is the flow parallel to heated rod bundle enclosed
in a cylindrical shell, which occurs in pressurized water nuclear reactors.
While no experimental data for such a case were available, some calculations
for such reactors done using other other correlations were availble and showed
fair agreement with the predictions of this correlation. Hence application to
flow channels other than pipes and annuli is probable and worth investigating
through data analysis.

NOMENCLATURE
A Cross-sectional area = x Dz/u
Bo Bolling number, q/(G hfg) | K

Cqp Multiplier in Rohsenow correlation
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D Inside diameter of pipe

De Effective or equivalent diameter of annulus

Di Inner diameter of annulus

D0 Outer diameter of annulus

G Mass flux, W/A

hL Heat transfer coefficient for nonboiling flow
hfg Latent heat of vaporization

App  Two-phase or boiling heat transfer coefficient
k Thermal conductivity of liquid

Nu Nusselt number, h,D/k

L Length of pipe

Pr Prandtl number of 1liquid

P Reduced pressure, i.e., actual pressure divided by critical pressure

P Absolute pressure of fluid

q Total heat flux

ANB Heat flux removed by nucleate boiling

d5po Heat removed by single-phase convection

Re;  Reynolds number of liquid, GD/u

TB Bulk flgid tempergture. i.e.r temperature measured by a thermal sensor in
the fluid; essentially the mixing-cup temperature

TSAT Saturation temperature

Tw Wall temperature

ATy (T, - Tg)

aTSAT Wall superheat, (Tw - TSAT)

Alge (Tgyp = Tp) = (ATy - aTg,n)

(&TSAT)Bi Wall superheat required to initiate boiling

W Total mass flow rate, vapor plus liguid

X Thermodynamic vapor quality

b a/(ATgym hp)

Uy Value of ¢ at Tgc = 0, and x =0. Calculated by Eq 12 and 13
i Dynamic viscosity of liquid

oy Dynamic viscosity of liquid at wall temperature
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TABLE 1

Salient Features of Experimental Data Analyzed to Evaluate the Correlation

SOURCE TEST SECTION FLUID WALL pX10 6TSAT &Tsc leO -6 qxlo

N/m2 C deg C Kg/m h W/h

-6 -3 4
ReLxIO Box10 P, bTSC/ATSAT

Colburn et YVert. ann. 50.8 water copper 0.11 101 9 0.3 0.08 1.4 1.4 0.005 0.6

al mm OD, 42.2 mm ID 0.27 129 56 3.0 0.21 23.2  10.7 0.012 &&.0

Noell¥ Vert. pipes 5.9 ammo- S8 1.17 30 14 2.0 3.3 17.9 4.2 0.102 1.0

& 4.0 mm ID nia 8.09 160 92 87.0 22.9 760.0 54.0 0,708 32.0

Colburn et Vert. annulus Methanol copper 0.11 67 19 0.3 0.04 1.8 1.1 0.01% 1.0

al 50.8mm 0D 42,2 0.26 93 55 3,9 0.20 24 .6 8.1 0.033 90.0

mm ID

Riedle & Hor. Pipes 6.6 R-11 SS 0.46 75 0 5.1 0.03 41.8 0.8 0.11 0.0

Percupilel? & 18.8 mm 1D 0.95 123 g 17.1 0.06 99.6 2.9 0.21 4.3

R-12 ss 0.62 23 0 5.2 0.03 49.3 0.9 0.13 0.0

0.97 40 9 16.2 0.05 151.0 2.8 0.2 4.2

R-113 S8 0.3% 90 0 5.4 0.01 31.2 0.4 0.10 0.0

c.74 121 19 17.4 0.07 99.5 2.5 0.21 8.4

Clark & Vert. 4.6 mm water nickel 13.79 335 42 0.2 0.60 13.4  10.8 0.62 11.1

Rohsenowl® 1D pipe 13.79 335 153 4.2 9.45 27h.7 34,1 0.62 59.1

Krieth & Hor. 14.9 mm n-butyl sS 0.21 140 103 20.7 0.75 45,2 2.4 0.04 h.6

Summer- Id pipe alcohol 2.76 230 192 35.0 4.22 78.3 11.8 0,60 220.0

field water SS 011 102 60 6.7  1.19 48.2 2.7 0.005 1.5

1.33 19% 127 13.7 4,57 97.8 11.1 0.062 17.8

Bergles ? Hor. pipe water 385 0.15 112 60 1.8 0.38 2.3 2.3 0.007 1.3

Rohsenow!5 2.4 mm ID 0.15 112 60 11.9 7,24 15.9 9.8 0.007 9.8

Gouse & Hor. 10.9 mm R-113 glass 0.12 47 C 1.9 0.01 11.9 1.3 0.03%6 0.0

Coumoul®  ID pipe 0.13 54 B 2.5 0.02 15.3 3.0 0.038 1.1

Hodgsonl?  Vert. 11.7 mm  water SS 0.69 154 11 6.4 1.76 116.4 1.7 0.031 0.5

ID pipe 3.44  2h7 111 29.3 18,4 739.5 5.7 0.156 9.6

Pappel? Pipe 7.9 mm ID water SS 0.26 129 99 4.7  0.98 12.4 2.1 0.012 4.0

: 1.02 181 133 7.8 3.04 32.0 11.5 0.046 240.0

Dougal}q& Vert. ann. 19 R-113 SS 1.0 179 10 5.6 0.07 82.4 2.4 0.045 0.4

Panianil mm Id, 31.8mm OD 1.75 205 50 9.2 0.26 133.9 i4.4 0.079 22.1

McAdangs Vert. annuli 6.3 Water SS 0.21 121 28 1.0 0.20 19.6 1.5 0.009 1.0

et al mm ID,0D 19.5&18.5 0.62 160 48 3.9 4.1 79.8 23.0 0.028 2.8

Vert. ann. 6.3mm Water SS 0.41 145 11 12,1 1.83 32.6 2.5 0.015 0.3

ID, 10.7 mm 0D 0.41 145 83 12,1 441 72.7 6.1 0.019 2.5

Mumml ? Hor. 11.7 mm Water SS 0.31 13 0 1.2 0.16 20.2 0.5 0.012 0.0

ID pipe 1.38 19 0 5.0 7.98 98.4 11.0 0.062 0.0

Piret Vert. pipe 27.1 water copper 0.10 100 0 1.41 0.02 37.6 0.2 0.005 0.0

Isbin mm ID 0.10 100 0 3.15 0.16 83.7 0.8 0.005 0.0

n-butyl copper 0.10 117 0 2.0 0.02 ES»# 0.5 0,022 0.0

alcohol _ 0.10 117 o 2.5 0.07 2.6 1.7 0.022 0.0

Isopropyl copper 0.10 82 o 1.9 0.01 28.8 0.3 0.021 0.0

alcohol 0.10 82 0 2.4 0.09 37.3 1.9 0.021 0.0

CClu copper 0.10 77 0 1.2 .01 19,5 0.9 0,022 0.0

0.10 77 C 3.4 0.0% 52.8 3.0 0.022 0.0

35% K,CO,copper 0.10 106 0 1.8 0.02 16.1 0.2 0.0

3 0.10 106 0 2.8  0.06 26.1 0.3 0.0

50% chojcopper 0.10 114 ¢ 2.3 0.02 12.2 0t = 0.0

0.10 114 0 2.3 0.02 18.2 0.3 - 0.0

NaitoB Vertical Helix, water S5 16.8 354 0 4.5 0.11 287.4 1.0 0.76 0.0
et al pipe ID 16.5mm
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Fig. 1 Graphical representation of the proposed

correlation,
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Fig, 2 Data of Colburn et al3 for non-boiling flow

through an annulus. Heat applied to inner pipe.
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