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A general correlation for heat transfer during film boiling in tubes is presented. It is based on the
two-step model. It has been verified with data for nine fluids flowing up in tubes. The fluids include
water, cryogens, refrigerants, and chemicals. The range of data includes pressures from

1 to 215 bar, reduced pressures from 0.0046 to 0.97, mass velocities from 4 to 5,176 kg/m? s, tube
diameters from 1.1 to 24.3 mm, and qualities from 0.1 to 2.4. The 546 data points are predicted with
a mean deviation of 15.2%. Deviation is defined as the difference between the measured and
predicted heat transfer coefficients divided by the measured heat transfer coefficient, the heat
transfer coefficients being based on the saturation temperature. Three other well-known correlations
are also compared to the same data and found to have much larger deviations. The correlation is
also compared with a limited amount of data from horizontal tubes; the results are encouraging.

A wide variety of heat exchangers involve film boil-
ing during normal or upset conditions. Examples are
cryogenic coolers, refrigerant evaporators, and nuclear
reactors after a postulated loss-of-coolant accident.
Hence reliable prediction of film boiling heat transfer
is of much practical importance. Consequently, a large
number of experimental studies have been done and
numerous predictive techniques have been proposed
for heat transfer estimation. These have been reviewed
by, among others, Andreani and Yadigaroglu [1], Chen
and Costigan [2], Shah [3], and Groeneveld and Snoek
[4].

Address correspondence to M. Mohammed Shah, whose present ad-
dress is MBC-38, P.O. Box 3354, Riyadh 11211, Saudi Arabia. E-mail:
mmshahpe @hotmail.com

18

In most of the experimental studies, fluid temperature
was not measured. Therefore the presence of nonequi-
librium has been inferred from the behavior of measured
wall temperatures. However, there have been several
studies in recent years which have directly shown the
presence of nonequilibrium.

Most of the early predictive techniques were modi-
fications of single-phase heat transfer correlations and
took no account of the physical phenomena such as
nonequilibrium. One of the most successful correlations
of this type is that of Groeneveld [5]. Such correlations
have only a limited range of validity and are applicable
to only a single fluid.

Researchers at the Massachusetts Institute of Tech-
nology and the U.K. Atomic Energy Authority inde-
pendently developed the two-step model, according to



which heat is first transferred from the wall to the vapor
and then from the vapor to the liquid droplets suspended
in the vapor stream. Dry or wet interactions between the
liquid droplets and the wall are also considered possible.
Radiation heat transfer is also considered in some mod-
els. Many mechanistic analysis techniques have been
developed based on this model. Examples are those of
Bennet et al. [6], Forslund and Rohsenow [7], and Yoder
and Rohsenow [8]. A recent mechanistic analysis is the
three-dimensional model of Andreani and Yadigaroglu
[9]. While this rational approach is highly desirable, the
solution of the model equations still involves the use of
empirical relations and factors for calculating parame-
ters such as droplet size and distribution, interfacial heat
transfer, effect of droplets on vapor velocity profile, etc.
Calculations are very laborious and take a lot of time
even on high-speed computers.

A number of correlations have been developed which
take into account the nonequilibrium and are much eas-
ier to use than the mechanistic analyses. The most ver-
ified among such correlations appear to be those of
Groeneveld and Delorme [10], Saha [11], and Hein and
Kohler [12]. The last mentioned was applicable to wa-
ter only but has been generalized by Katsounis [13]
to make it applicable to other fluids; in this article this
generalized form is called the Kohler correlation. These
correlations are in mathematical form and hence suit-
able for computerized calculations, as indeed are most
of the other correlations.

A well-verified correlation was earlier presented by
one of the present authors [14]. It is based on the two-
step model and is consistent with the physical phenom-
ena. It was verified with data for water and several
other fluids over a wide range of parameters. Yoder
and Rohsenow [8] also presented a graphical predictive
technique which was verified with data for three fluids.
While the graphical correlations are very convenient
for hand calculations, their use is limited because most
calculations these days are done on computers.

Review articles cited earlier indicate that the empiri-
cal and nonequilibrium correlations available at present
for computerized calculations are not fully satisfactory.
The mechanistic models have had limited verification
and require a large amount of computer time. Therefore,
there is still need for a simple and accurate predictive
technique for computerized calculations. This research
was undertaken to fulfill this need. The starting point
for this work was the Shah correlation [14]. Presented
here is a general correlation for heat transfer during film
boiling which has been verified with data for water and
eight other fluids flowing upward in vertical tubes, over
a wide range of parameters. The correlation can be used
easily for hand calculations as well as for computerized
calculations. Results of comparison of the new corre-
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lation as well as three other leading correlations with
data are presented. A limited amount of data for hor-
izontal tubes is also analyzed, and applicability of the
new correlation to horizontal tubes is discussed.

It is to be noted that in this article, the terms CHF
occurrence, dryout, burnout, and boiling crisis have
been used interchangeably; no particular mechanism is
implied.

PHYSICAL MODEL FOR THE CORRELATION

This correlation is intended for dispersed-flow con-
ditions. It was decided to limit the equilibrium vapor
qualities to 10% or greater to exclude other flow pat-
terns. The same limit has also been used by Hammouda
et al. [15]. The physical model assumed for developing
the correlation is as follows.

1. Flow consists entirely of liquid droplets dispersed in
the vapor stream.

2. At the dryout point, there is complete thermody-
namic equilibrium. This assumption is common to
almost all analyses, including those of Bennet et al.
[6] and Yoder and Rohsenow [8]. This assumption
appears to be very reasonable, as there is equilibrium
just upstream of the dryout point.

3. The turbulence structure and the temperature distri-
bution of vapor flow is not affected by the presence
of droplets. Thus the wall-to-vapor heat transfer can
be calculated by single-phase correlations. This as-
sumption is common to most predictive techniques,
though differing views have been expressed by some
researchers, e.g., Varone and Rohsenow [16].

4. Atlow to moderate reduced pressures, the effects of
liquid droplet-wall interactions are negligible. Es-
sentially all heat is removed from the wall by vapor
which in turn heats the liquid droplets.

5. At high reduced pressures, the effects of liquid
droplet-wall interactions become significant, as
shown by Bailey et al. [17]. Heat is then removed
from the wall by droplet-wall interactions as well as
through convection by vapor.

6. Heattransfer by radiation is negligible. This assump-
tion is common to most predictive techniques,
though some researchers have expressed differing
views—for example, Chen [18].

DEVELOPMENT OF THE CORRELATION

Developing the correlation involved the selection of
physically meaningful dimensionless groups/factors on
which nonequilibrium may depend and then finding the
relation between them. This effort is briefly described
in the following.
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Several studies have showed that the burnout qual-
ity x. affects nonequilibrium. A notable example is the
work of Hynek etal. [19]. They carried out tests in which
all parameters were the same except the critical quality.
The wall temperatures were found to be very different
in such runs, indicating that for the same equilibrium
qualities, actual vapor qualities were different.

Several experimental studies show that nonequilib-
rium is affected by heat flux. Hence it will be reasonable
to expect the nonequilibrium to depend on the nondi-
mensional heat flux. The boiling number, Bo, is defined
as

qw
Bo = 1
Giy, (L)

where g, is the total wall heat flux, G is the mass veloc-
ity, and i 7, is the latent heat. Bo may be interpreted as
the dimensionless heat flux. It may also be mentioned
that the mechanistic analysis of Yoder and Rohsenow
[8] shows that Bo affects the magnitude of nonequi-
librium.

Examination of data from most experimental studies
indicates that nonequilibrium increases with decreas-
ing mass velocity. A study which shows it particularly
well is that of Forslund and Rohsenow [7] with nitrogen.
Thus it appears that as the mass velocity decreases, heat
transfer between vapor and droplets deteriorates more
than the heat transfer between vapor and tube wall. A di-
mensionless group containing G is the Froude number,
Fr;:

(2)

where p; is the liquid density, g is the acceleration due
to gravity, and D is the tube diameter. The Froude num-
ber is the ratio of inertia forces to gravitational forces.
Soo [20] has shown through an analysis of the governing
differential equations that the Froude number is a pa-
rameter for the similarity of dilute suspensions of solids
in gases flowing through pipes. Varone and Rohsenow
[16] have shown that the behavior of liquid droplet sus-
pensions during film boiling in tubes is similar to that of
gas-solid suspensions in tubes. Thus the Froude num-
ber can be expected to be a similarity parameter for
dispersed-flow film boiling in tubes. It has been used in
many two-phase heat transfer correlations, for example,
by Shah [21] for critical heat flux in vertical tubes [21],
for heat transfer in tubes prior to dryout [22]. Griffith
and Wallis [23] used the Froude number in their correla-
tion for flow patterns in vertical tubes. A Weber number
based on the tube diameter was also tried in the early
stages, but it did not give satisfactory correlation.
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Thus x., Bo, and Fr were identified as possible corre-
lating parameters. Data at moderate pressures for vari-
ous fluids and from many studies were analyzed in terms
of these parameters and a graphical correlation was de-
veloped. When it was compared to high-pressure data,
it was found to overpredict wall temperatures, i.e., un-
derpredict heat transfer coefficients. Bailey et al. [17]
had reported similar results with the analytical solution
of Bennet et al. [6] and attributed it to droplet-wall in-
teractions. Hewitt [24] also expressed the same opinion.
A factor to account for this effect was developed and
incorporated into the correlation.

The correlation was developed using data analyzed
by Shah [14]. The other data were used for verifica-
tion. Thus none of the data for helium, R-12, R-22, and
R-134a were used in developing the correlation. Also
not used in developing the correlation were the low-
pressure water data of Annunziato et al. [25], Evans
etal. [26], Chen [18], and Gottula et al. [27].

THE CORRELATION

This correlation is described by the following
equations.

The total heat flux ¢,, removed from the wall is ex-
pressed by

dw = Y4c + qac = chhg(Tw - Tg) (3)

where ¢, is the heat flux removed from the wall by con-
vection to vapor, g4, is the heat flux removed by wall-
droplet interaction, h, is the wall-to-vapor convective
heat transfer coefficient, T,, is the wall temperature, T,
is the actual bulk vapor temperature, and Fy, is a fac-
tor to account for the enhancement due to wall-droplet
interactions.

T, is calculated by the following basic heat balance
equation:

T,
XE — XA . 8 . .
A = / CpgdT = iy — igsar 4)
XA Tsar

where xg is the equilibrium quality, x4 is the actual
quality, Tsar is the saturation temperature, C ), is the
specific heat of vapor at constant pressure, i, is the
enthalpy of vapor at the actual temperature, and igsaT
is the enthalpy of saturated vapor.

At the dryout point x4 and xg are assumed equal.
Downstream of the dryout point, the following relations

apply:

For Bo =5 X 1074, x4 = folxe, xg, Frp)  (5)

At Bo =0 (i.e., zero heat flux), there could obviously
be no nonequilibrium. For Bo X 10* < 5, (xg — x,) is
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Figure 1 The present correlation for film boiling in tubes in
graphical form.

calculated by linear interpolation using the following
equation:

(xp —xa) = (xp — XA)U% (6)
where (xg — x4), is the value of (xg — x4) at Bo =
5 X 10 given by Eq. (5).

The functional relation of Eq. (5) is expressed graph-
ically in Figure 1. It is expressed by the following
equations.

For xg =0.4,
2 3 n
XA = (A] + Axxg + A3)CE + A4XE)FI'L (7)

The value of x4 given by Eq. (7) is corrected by the
following relations:

Ifxa > xg, then x4 = xg 8)

Ifo > 1, thel’le =1 (9)

Forxg < 0.4, the correlation is represented by straight
lines joining x4 at xg = 0.4 given by Eq. (7) and inter-
secting the equilibrium line (x4 = xg) at

XANT = Xg Nt = 0.19 Frd10 (10)
In Eq. (7),
A1 = —0.0347 Ay = 0.9335
Az = —0.2875 Ay = 0.035
n = 0.064

The curves shown in Figure 1 have been calculated from
the above equations.
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PROCEDURE FOR CALCULATION WITH
THE PRESENT CORRELATION

Calculation of x 4

The procedure for graphical calculations is described
in Appendix 1. Calculations using the equations are
explained now.

Knowing xg, x., Fry, and Bo, the calculations pro-
ceed as follows.

1. For the given Frj, determine the intersection be-
tween the correlating curve and the equilibrium line.
For Fr; =100, this is done by simultaneous solution
of Eq. (7) and the equation x4 = xg.ForFry < 100,
intersection point is given by Eq. (10).

2. If x. =<xgINT, X4 = xg for xg <xg nt. For xg >
XE.INT» X4 is obtained by Egs. (7)-(10).

3. If x, > xg nT, determine the point where the tan-
gent from the point xg = x4 = x. touches the curve
given by Eq. (7). This point of tangency is at the
intersection of Egs. (7) and (11).

x4 = xc + (xg — x¢)
X (A2 + 2A3xg + 3A4x}) Fr} (11)

Simultaneous solution of Egs. (7) and (11) provides
the tangent point (XE,TAN, XA,TAN)‘ For xg > xg TAN,
obtain x4 from Eq. (7). For xg < xg AN, X4 iS ob-
tained from the line joining (xg NT, XA, 1NT) With
(xE,TAN> X4, TAN). Thus,

(xa,TAN — X¢)
XA - XE

"~ (XETAN — X0)

(XE, TAN — XA, TAN) (12)

C
(xE TAN — X¢)

4. If Bo<5x107%, apply Eq. (6) to correct the
(xg — x4), calculated by the above procedure.

The above equations can be easily programmed for
computerized calculations. In Appendix 2, calculations
for the case of nonuniform heat flux are explained and
the calculation of x. is discussed.

Calculation of Fy,

If p, >0.8 and L/ D > 30, then

Fg. = 2.64p, —1.11 (13)
vol. 21 no. 4 2000 21



Otherwise, F;. = 1. Note that data for L/ D < 30 have
not been considered in developing the correlation, for
reasons discussed later.

Calculation of Single-Phase Heat
Transfer Coefficient

To calculate &, in Eq. (3), asingle-phase heat transfer
correlation is required. Numerous such correlations are
available, many of which have been lised by Bhatti and
Shah [28]. The following four correlations were tried.
1. The Dittus-Boelter correlation,

Nu = 0.023 Re"* Pr)-* (14)

where Nu is the Nusselt number (h,D/k,), k, is

the vapor thermal conductivity, Re is the Reynolds

number, and Pr is the Prandtl number.
2. The correlation of Hallader and Bannerjee [29],

Nu = 0.00834 Re?-8774 p0-6112 (15)
3. The Gnielinski correlation [30],
Nu = 0.012(Re®®” — 280) P4 (16)

4. The correlation of Pethukov et al. [31],

(f/2)RePr

= 1
eI 12.7(f12)05(Pr?3 = 1) (17

where

C 1074 900 0.63
- Re 1+ 10Pr

and f is the Fanning friction factor for flow of fluids
in tubes.

For use in the present film boiling correlation, Re in
the above formulas is defined as

GD)CA

Mgt

Re = (18)

where p, is the vapor viscosity, and o is the void frac-
tion. Calculations were done with all the above four
correlations using properties at bulk fluid temperature
as well as at film temperature. The film temperature
is defined as the arithmetic average of the wall and
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bulk fluid temperatures. It was found that for water,
film temperature properties gave better agreement, es-
pecially at higher pressures. For fluids other than water,
bulk temperature properties generally gave better agree-
ment. The deviations of these equations with the various
data sets varied, but considering all data together, the
mean deviations of all four correlations were about the
same. After detailed study of the results, the following
recommendations are made.

1. For Re < 10%, use the Dittus-Boelter equation.

2. For Re > 10, use the Hallader equation.

3. For water, use the film temperature properties. For
other fluids, use the bulk temperature properties.

Calculation of Void Fraction

With small liquid droplets suspended in vapor stream,
it is reasonable to expect that there will be little slip be-
tween the phases. Koizumi et al. [32] report that the
slip velocity in their R-113 data was 1 m/s or less.
Groenevald and Delorme [10] have quoted other ex-
perimental studies showing low slip.

The void fraction was therefore calculated by the
homogeneous model, which gives

XAPL

= (19)
(1 - XA)Pg + PrXa

o

where p,, is the vapor density.

COMPARISON WITH EXPERIMENTAL DATA
Property Data

Properties for water/steam were taken from the
ASME Steam Tables, [33], using the computer program
provided with it.

Properties for R-12, R-22, R-113, R-134a, and ni-
trogen were taken from the AECL code “PROPER.”
Comparison with the data in the ASHRAE Handbook
[34], to the extent possible, showed satisfactory agree-
ment. The properties in this book are mostly limited to
saturated vapors.

Properties of propane and methane were taken from
Vargaftik [35].

For helium, property data from two sources were ex-
amined. These are McCarty [36] and Beaton and Hewitt
[37]. These two sources differ widely, the latter giving
much lower heat transfer. Those by McCarty appear
to be more commonly used and gave better agreement
with the heat transfer data analyzed here. Therefore the
property data of McCarty were used in the final analysis.
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Experimental Data Analyzed

This research was primarily intended for upflow in
vertical tubes. Attempts were made to collect data for
this configuration, covering as wide a range as possi-
ble for this configuration. The data for vertical upflow
in tubes that have been analyzed are listed in Tables 1
and 2. The range covered by these data is sumarized in
Table 3. It is seen that it is very wide, including nine
fluids over an extreme range of mass flux, pressure, and
other parameters. Hydrogen data analyzed by Shah [14]
were reevaluated, with essentially the same results. To
deal adequately with this subject, a detailed study con-
sidering hydrogen data from many sources is needed.
Hydrogen data are therefore not discussed here.

Data for L/D < 30 have not been included in Ta-
bles 1-3, L being the distance from the CHF point.
The phenomena in this region are very complex. These

include entrance effects, developing boundary layers,
splashing by liquid droplets, rapidly changing temper-
atures, etc. A separate study is needed to deal ade-
quately with this region. Some researchers, for exam-
ple, Nishikawa et al. [38] and Saha [11], have applied
entrance effect factors for single-phase heat transfer in
analyzing the film boiling data in the region close to the
burnout point and found adequate agreement. This ap-
proach was also tried in the present work and the results
are discussed later.

To ensure exclusion of the data for transition boiling,
data for wall temperature below the Leidenfrost temper-
ature have been excluded. The following equation of
Spiegler et al. [39] was used to predict the Leidenfrost
temperature, 71 gp:

TiEID = (0.13pr + 0.84)Tc (20)

Table 1 Water data analyzed and results of their comparison with the present correlation

Percent deviation of correlation

Number of data points

D G qw Bo Re
Source (mm) (kg/m?s) (kW/m?) X10* X1073 Fr,, Xg Dr New G-D Kohler Saha
Annunziato 124 3.7 2.4 2.6 1.3 0.00012  0.65 0.0046 22.0 51.1 NC NC
etal. [25] 9.1 20.8 9.4 4.2 0.00081 1.10 16 16
Chen [18] 12.0 25 20 2.4 1.5 0.0057 0.20  0.005 22.0 36.4 15.6 182.3
417 100 6.4 30.0 2.2 0.34 0.16 16 16 16 6
Nijhawan 14.1 30 22 2.4 33 0.0074 0.25 0.012 15.6 21.7 37.0 15.1
etal. [40, 41] 42 29 4.4 5.3 0.0150 0.40 9 9 9 5
Evans et al. [26] 154 15 26 8.1 5.0 0.0017 0.74 0.017 19.2 11.3 39.0 NA
5.9 0.89 5 5 5
Gottula et al. [27]  15.4 17 16 4.3 4.1 0.0023 042 0.018 13.2 18.0 343 NA
18 4.9 5.8 0.67 9 9 9
Ling et al. [46] 14.9 500 510 6.2 177 2.51 0.70 0.13 9.4 359 159 20.9
560 8.5 687 3.97 1.30 0.54 7 7 7 7
Janssen & 12.52 1,016 838 5.5 358 153 0.71 032 2.8 28.1 30.7 7.6
Kervinnen [58] 366 0.88 4 4 4 4
Era et al. [48] 5.97 1,100 540 2.7 251 37.7 0.59 0.32 11.4 22.1 18.0 NA
6.00 2,200 900 33 541 150.0 1.23 4 4 4
Bennet et al. [6] 12.6 379 511 2.3 129 2.1 0.27 032 7.9 26.0 36.1 14.4
5,176 1,833 8.9 1,078 396.0 1.45 44 44 19 4
Kastneret al. [43] 12.5 510 300 3.6 252 3 045 0.23 21.3 47.7 40.1 18.4
1,001 497 4.6 475 22 1.44  0.68 20 20 20 10
Kohler [44] 12.5 1,000 488 2.9 264 13.7 0.52 0.23 16.5 60.9 6.2 30.4
1,017 500 5.0 434 22.4 0.89 0.68 6 6 6 6
Bailey et al. [17] 12.8 2,000 242 1.5 543 108.0 0.40 0.82 15.0 11.1 19.2 33.1
614 39 737 0.65 10 10 10
Herkenrath et al. 10.0 1,530 720 6.4 308 84.4 0.37 0.84 13.4 5.3 5.6 27.3
[49] 504 0.88 4 4 4 4
Bishop et al. [50] 2.54 1,355 661 6.8 100 201 0.13  0.88 8.6 31.2 23.8 44.4
5.10 3,374 1,921 21.0 573 1,600 0.92 097 54 54 15 12
Swenson et al. 10.4 948 309 6.4 196 40 0.18 094 5.8 22.4 332 NC
[52] 1,355 565 8.2 469 83 0.96 13 13 13
Schmidt [51] 8.0 700 470 18.3 131 34 0.35 097 29.6 18.4 NA NA
212 2.4 11 11
All data 2.54 3.7 16 2.4 1.3 0.00012  0.13 0.0046 13.5 31.0 27.8 40.2
1540 5,176 1,921 21.0 1,078 1,600 240 0970 232 232 141 68
heat transfer engineering vol. 21 no. 4 2000 23



Table 2 Data analyzed for fluids other than water and results of their comparison with the present correlation

Percent deviation of correlation

Number of data points analyzed

D G Gy Bo Re
Source Fluid (mm) (kg/m?s) (kW/m?) X10* X107° Fr, Xe  pr New G-D Kohler Saha
Ogata & Sato [53] Helium 1.09 82 0.63 3.8 38 41.7 0.5 049 9.3 48.1 16.1 17.2
92 14 7.6 58 52.0 1.0 8 8 8 8
Glickstein [54] Propane 8.9 251 397 23.2 46 3.0 0.19 0.24 77 623 4.7 22.5
652 561 59.0 207 20.3 1.00 14 14 14 4
Glickstein [54] Methane 8.9 209 214 24.7 66 3.8 0.50 0.22 12 68.1 5.1 20.9
78 0.75 2 2 2 2
Hynek et al. [19] Nitrogen 10.2 42 23 26.2 10 0.027 1.00 0.05 9.6 536 344 29.3
44 27.5 19 0.031 2.23 11 11 11 7
Forslund & Rohsenow Nitrogen 8.2 95 214 6.3 7 0.17 0.14 005 165 588 NA NA
[7] 257 34.1 90 129 192 79 79
Laverty & Rohsenow  Nitrogen 8.1 95 12 6.3 10 0.18 0.15 0.05 249 389 NA NA
[55] 286 54 29.0 76 1.61 1.8 25 14
Cumo [56] R-12 4.75 600 87 8.7 86 7.2 035 033 248 436 57.1 224
1,230 110 15.8 285 32.0 2.00 0.69 40 40 40 12
Schnittger [45] R-12 12.5 326 41 3.1 248 055 035 023 181 240 232 15.8
243 1,255 62 123 715 13.2 2.85 0.68 52 52 52 52
Hammouda etal. [15] R-12 4.4 530 39 5.2 16 4.0 0.10 0.20 11.2 250 NA NA
950 51 8.6 66 12.9 0.50 12 12
Groeneveld [57] R-12 7.8 665 123 8.6 182 39 040 027 169 197 17.0 23.6
2,713 290 14.8 957 6.6 0.95 11 11 11 11
Nishikawa [37] R-22 13.0 400 20 4.7 136 1.9 0.60 0.68 9.1 423 364 23.8
(1983) 244 1.01 11 11 11 11
Nishikawa [47] R-22 9.0 400 20 37 126 2.7 070 0.68 113 242 36.0 16.0
1,000 40 6.7 470 16.8 142 0.84 31 31 31 31
Koizumi [32] R-113 10.0 542 21 1.8 322 1.5 0.55 0.08 122 4438 44 17.4
1,154 72 7.1 573 6.7 1.10 10 10 10 10
Hammouda et al. [15] R-134a 4.4 950 64 4.0 33 15.2 0.10 0.20 209 174 NA NA
4.2 75 16.5 0.25 0.28 8 8
All data 1.09 42 0.6 3.8 7 0.027 0.10 0.05 16.6 39.7 2838 18.9
243 2,034 561 59 957 52.0 235 0.84 314 314 190 148

where p, is the reduced pressure and 7, is the critical
temperature. (Note that both T, and Tigp are to be in
K or R.) The Leidenfrost temperature predicted by this

Table 3 Complete range of all vertical tube
data analyzed

Water, helium, nitrogen,
methane, propane, R-12,

Fluid R-22, R-113, R-134a
Tube ID, mm 1.09-24.3
Pressure, bar 1.02-215

Dr 0.0046-0.97
¢, KW/m? 0.6-1,921

G, kg/m?s 3.7-5,176

T,, K 5-1,065

Fr; 0.00012-1,600
Bo X 10* 1.5-59

Re X 1073 1.3-1,078

XE 0.13-2.4

Xe —1.4t0 +0.96
No. of data points 546

Mean deviation 15.2

24

heat transfer engineering

formula is a little lower than the critical temperature
of the fluid. It is realized that this equation may not
be accurate, but a rough approximation is adequate for
our purpose. Groeneveld and Delorme [10] had deleted
data for wall temperature below 400°C in evaluating
their correlation against water data for the same reason;
the critical temperature of water is 374 °C.

Where the publications in hand gave a large amount
of data, representative data were picked out at reason-
able intervals of parameters including the extreme val-
ues of parameters. This was to avoid excessive effort
which would not have given any new information. Thus
the data points analyzed are representative of many
more data points.

Other Correlations Which Have Been Evaluated

So that the present correlation may be viewed in per-
spective, it was decided to compare the same database
with the best available nonequilibrium correlations.
From the literature survey, it appeared that the among

vol. 21 no. 4 2000



the best are the correlations of Saha [11], Kohler (Hein
and Kohler [12], as generalized by Katsounis [13],
and Groeneveld-Delorme [10]. Attempt was made to
compare the entire database with these correlations to-
gether with the present correlation.

The values of x. for the data analyzed here were
the measured values given in these data themselves.
General methods for calculating x. are discussed in
Appendix 2.

Results of Data Analysis

Results of comparison of the measured heat trans-
fer coefficients in vertical tubes with the present and
the other three correlations are given in Tables 1 and 2.
These show that the 546 data points analyzed are pre-
dicted by the present correlation with a mean deviation
of 15.2%. The deviations of the other three correlations
are seen to be considerably higher. In these tables, de-
viation is defined as follows:

(predicted hyp — measured h7p)

Deviation = 21)
measured At p
where
qw
h = 22)
r T@ - YEAF

where Tsar is the saturation temperature.

The complete range of vertical tube data analyzed is
summarized in Table 3. Figures 2-7 show comparison
of wall temperatures from some runs with the various
correlations. Figures 8 and 9 show comparison of mea-
sured vapor temperatures with various correlations.
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Figure 2 Comparison of the present correlation with the mea-
sured wall and vapor temperatures. Fluid water, D = 15.4 mm,
p = 3.7bar, G = 17.3 kg/m?s, g,, = 18 kW/m?. Dashed line is
the prediction for L/ D < 30. Data of Gottula et al. [27].
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Figure 3 Comparison of the various correlations with the data of
Nishikawaetal. [47] forR-22. D = 9mm, p = 42bar, G = 400 kg/
m?s, g, = 20 kW/m?, x, = 0.54. Dashed line is for L/ D < 30.

DISCUSSION OF RESULTS OF DATA ANALYSIS
Range of Data Analyzed

The data analyzed include nine fluids with widely
differing properties: cryogens, chemicals, refrigerants,
and water. The range of dimensional and dimensionless
parameters is very wide. Mass velocity of water ranges
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Figure 4 Comparison of the variable heat flux data of Annunziato
et al. [25] for water with the present and the Groenevald-Delorme
correlations. D = 12.4 mm, p = 1.01 bar, G = 4 kg/m?s.
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Figure 5 Comparison of the data of Ling et al. [46] for water with
various correlations. D = 14.9mm, p = 119 bar, G = 500 kg/m?s,
q = 510 kW/m>,

from 4 to 5,176 kg/m?s. The reduced pressure varies
from 0.0046 to 0.97, an extremely wide range. Data
for all fluids over the entire range are reasonably well
correlated.

Very low velocities together with low pressures oc-
cur during reflooding of nuclear reactors. Such data are
adequately predicted by the present correlation as seen
in Figures 2 and 4 as well as in Table 1, while the devi-
ations of other correlations are considerably higher.

Mode of Dryout Occurrence

In the data analyzed here, the boiling crisis was pro-
duced in several ways. These include increasing heat
flux until dryout occurs (e.g., Bennet et al. [6]), quench-

ing a preheated tube (for example, Hynek et al. [19]),
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Figure 6 Comparison of the data of Forslund and Rohsenow [7]
for nitrogen with present and Groenevald-Delorme correlations.
D =82mm, p = 1.72 bar, G = 257 kg/m?s, ¢q,, = 31.5 kW/m?,
Xe = 0.
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Figure 7 Comparison of the data of Bennet et al. [6] for water
with various correlations. D = 12.6 mm, p = 70 bar, G = 379 kg/
m?s, g = 511 kW/m?.

and application of hot patch (for example, Hammouda
etal. [15]). While most of the data are from steady-state
runs, some quasi-steady-state data for slowly moving
quench fronts are also included, for example, Evans
et al. [26]. Data from runs of all these types are satis-
factorily correlated.

Nonuniform Heat Flux

The only data for nonuniform heat flux included here
are those of Annunziato et al. [25]. These also happen to
be the data at the lowest mass flux and also at the lowest
pressure. The agreement of the present correlation is
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Figure 8 Comparison of vapor temperatures measured by
Annunziato et al. [25] with the present and the Groenevald-Delorme
correlations.
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Figure 9 Comparison of Lehigh University measurements of wa-
ter vapor temperatures with predictions of various correlations.

reasonably good, and is comparable to that of other
low-pressure and low-mass-flux data at uniform heat
flux. Thus the results with nonuniform heat flux data are
encouraging, but more verification is needed to confirm
the applicability to nonuniform heat flux.

The Groeneveld-Delorme correlation performed
poorly with these data. These data were not compared
with the Kohler and Saha correlations.

Vapor Temperature

There have been very few studies in which vapor
temperature inside the tube has been measured. Such
studies whose data have been analyzed here are those
of Evans et al. [26], Gottula et al. [27], Nijhawan et al.
[40, 41], and Annunziato et al. [25]; the first three of
these are from a laboratory at Lehigh University. All of
these data are for water at low pressure and flow rate to
simulate reactor reflooding conditions.

Figure 2 compares the present correlation with the
data of Gottula et al. [27]. The present correlation is
seen to predict the vapor temperature accurately.

Figure 8 shows the comparison of the data of Annun-
ziato et al. [25] with the present and the Groeneveld-
Delorme correlations. The present correlation’s predic-
tions are in reasonable agreement with the data, while
the Groeneveld-Delorme correlation predicts very high
temperatures.

Figure 9 shows the comparison of the Lehigh Uni-
versity data with the various correlations. It is seen
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that the present correlation predicts the these data fairly
well. The deviations of the other correlations are much
larger.

It should also be noted that accurate measurement
of vapor temperature in dispersed-flow film boiling is
quite difficult, and some of the reported temperatures
may not be accurate.

Thus the present correlation performs reasonably
well in the prediction of vapor temperatures, and consid-
erably better than the other correlations. However, the
range of data available and analyzed is rather narrow.

Asthe agreement of the present correlation with mea-
sured vapor temperatures is better than those of the other
correlations, its comparative performance in predicting
heat transfer coefficients would have been even better
had the heat transfer coefficients been based on the ac-
tual vapor temperatures.

The Region L/D = 0 to 30

For L/ D < 30, wetried the following entrance effect
factor given by McAdams [42] for single-phase flow:

0.7

where &, is the heat transfer coefficient at L/D = z
and & is the heat transfer coefficient at a large L/D.
The 76 data points in this region had a mean deviation
of 20.7%. This is quite good. However, the results were
mixed: some data had very low deviations, while some
had large deviations.

Accurate predictions close to the burnout point are
very difficult due to the complexity of phenomena as
well as the steep rise in temperatures for a small increase
in quality. A small error in estimation of burnout quality
could result in a large percent error in wall temperature.
Hence the results with this simple approach may be
considered good.

Performance of Other Correlations

Among the other correlations tested here, only the
Groeneveld and Delorme correlation could be com-
pared to all data points. The Kohler and Saha correla-
tions cannot be used when burnout occurs at subcooled
conditions. The void fraction equation in the Saha cor-
relation sometimes gave void fractions greater than 1;
predictions could not be made for such data points. As
a result of these limitations, the number of uniform-
heat-flux data points analyzed with the Kohler and Saha
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correlations is 331 and 216, respectively, as compared
to 530 with the present and the Groeneveld-Delorme
correlations.

While the other correlations show good agreement
with some of the data sets, their overall performance
is not good. For all vertical tube data, the mean devia-
tion of the present correlation is 15.2%, for Groeneveld-
Delorme 36.0%, Kohler 28.3%, and Saha 25.6%. While
the mean deviation of the Kohler and Saha correlations
are lower than that of the Groeneveld-Delorme correla-
tion, these could be applied to many fewer data points.

The major shortcoming of the Saha correlation is its
void fraction prediction. As it often gives void fraction
greater than 1, thus invalidating the calculations, one
never knows whether this correlation can be applied to
a particular problem. For the data for which it could be
used, its predictions were better than the Groeneveld-
Delorme and Kohler correlations. Another limitation is
that it cannot be used when the boiling crisis occurs at
negative qualities.

It may be mentioned that the computer time required
by the Saha correlation is much more than for the other
three correlations.

Horizontal Tubes

There have been comparatively few studies on hori-
zontal tubes. Three studies were found in which vapor
quality exceeded 10%. Two of these, by Kastner et al.
[43] and by Kohler [44], appear to be from the same se-
ries of tests. Their range of parameters is listed in Table
4. These studies show that at high mass velocities, the
phenomena are the same as in vertical tubes. At compar-
atively low velocities, the upper surface dries out first
and its temperature rises while the bottom of the tube
still has nucleate boiling. The bottom of the tube dries
out eventually and its temperature also rises.

We applied the present correlation to the data for the
top of the tube using the measured x. for the top of

Table 4 Summary of horizontal tube data analyzed
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Figure 10 Comparison of the present correlation with the data of
Kastner et al. [43] for water in a horizontal tube. D = 12.5 mm,
p = 100 bar, G = 743 kg/m?s, q,, = 391 kW/m?.

the tube. The measured wall temperatures at the side
and bottom of the tube were similarly analyzed using
the measured x,. at the side and bottom of the tube.
The other three correlations were applied in the same
way. It should be clarified that this approach has not
been recommended by the authors of those correlations.
The results are summarized in Table 4. It is seen that
the agreement with the data of Schnittger [45] is good,
while that with the other two sources (which appear to
be really one) is fair. The mean deviation of the present
correlation with all data is 25.5%. This is not bad.
Figure 10 shows the comparison of data from one of
the runs with the present correlation.

The results obtained with this simple approach are
encouraging. No definite conclusion can be reached
from the limited amount of data analyzed. More study
is required using more varied data. Some modifications
to the correlation may be needed. A significant factor
may be conduction through tube wall.

Percent deviation of correlations

Number of data points

D G Gy Bo Re
Source Fluid (mm) (kg/m%s) (kW/m?) X10* X1073 Fr, Xg Dr New G-D Kohler Saha
Kastner et al. [43]  Water  12.5 505 189 2.8 244 4.4 0.70 045 299 71.0 383 NA
743 391 4.0 310 9.5 1.08 13 13 13
Kohler [44] Water 12.5 521 145 1.5 167 023 0.16 023 287 500 285 20.9
24.3 2,467 605 6.9 1,495 80.7 1.06 091 40 40 33 14
Schnittger [45] R-12 243 384 62 4.7 290 39 038 045 167 194 237 18.1
1,279 63 15.5 1151 5.5 0.84 0.68 27 27 27 27
All data 12.5 384 62 1.5 167 023 038 023 255 43.6 29.6 19.1
24.3 2,467 605 15.5 1,495 80.7 1.08 091 80 80 73 41
28 heat transfer engineering vol. 21 no. 4 2000



SUMMARY AND CONCLUSION

1. A general correlation, consistent with physical phe-
nomena, is presented for heat transfer during film
boiling, which can be conveniently used for comput-
erized calculations as well as for hand calculations.

2. The present correlation has been shown to be in good
agreement with a wide range of data for upflow in
uniformly heated vertical tubes. The data include
reduced pressures, from 0.0046 to 0.97, mass veloc-
ities from 4 to 5,176 kg/m”s, and nine fluids (wa-
ter, helium, nitrogen, propane, methane, R-12, R-22,
R-113, and R-134a).

3. A limited amount of data for nonuniformly heated
tubes was also satisfactorily correlated.

4. In the region L/D < 30, use of a single-phase en-
trance effect factor gave reasonably good results,
even though the phenomena involved are very com-
plex.

5. The same database was also compared to the cor-
relations of Saha [11], Hein and Kohler [12], and
Groenevald-Delorme [10]. Their deviations were
considerably higher. Further, the Saha and Kohler-
Hein correlations are not applicable over the entire
range of parameters.

6. The present correlation was also compared to data
for horizontal tubes from three sources. The results
are encouraging.

7. The correlation is recommended for application to
vertical upflow in tubes in the range of data analyzed.
This range is wide enough to cover most needs. Use
outside this range should be made with caution.

8. More research is needed on horizontal tubes, nonuni-
formly heated tubes, and the region immediately
downstream of the dryout point. Analysis of data
for other fluids is also desirable.

NOMENCLATURE

All equations in this article are dimensionless. Hence
any consistent system of units may be used.

Bo boiling number [= g,,/(Gi,)],
dimensionless

Cpg specific heat of vapor at constant pressure,
J/kg K (Btu/Ib F)

D inside diameter of tube, m (ft)

f Fanning friction factor for pipe flow
[= (Ap/AL)Dp; g./ G*], dimensionless

Fyue factor for enhancement resulting from
liquid droplet-wall interaction,
dimensionless

Fr; Froude number [= G?/(pL*gD)],
dimensionless
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g acceleration due to gravity, m/s? (ft/s?)

gc conversion factor, = 1 for SI units, = 32.2
for British units

G total mass flux, kg/m? s (Ib/ft* s)

hg heat transfer coefficient between vapor and
tube wall, W/m? K (Btu/s ft? °F)

ifg latent heat of vaporization, J/kg (Btu/lb)

ig enthalpy of vapor at actual temperature,

J/kg (Btu/lb)
[ gSAT enthalpy of saturated vapor, J/kg (Btu/Ib)

kg thermal conductivity of vapor, W/m K
(Btu/s ft °F)

L distance from dryout point, m (ft)

Nu Nusselt number, dimensionless

p absolute pressure, Pa (Ib/ft?)

De critical pressure, Pa

Dr = p/ p., dimensionless

Ap/AL pressure drop per unit length, Pa/m (Ib/ft? ft)

Pr Prandtl number of vapor, dimensionless

qc heat flux removed from wall through
convection by vapor, W/m? (Btu/s ft?)

qdc heat flux removed from wall through liquid
droplet cooling W/m? (Btu/s ft*)

qw total heat flux at inside surface of tube,
W/m? (Btu/s ft?)

Re Reynolds number, dimensionless

T, actual vapor temperature K (°F)

Tsar temperature of saturated vapor, K (°F)

T, temperature of wall, K (°F)

XA actual vapor quality, dimensionless

X critical quality, i.e., quality at dryout,
dimensionless

XE vapor quality calculated by assuming
thermodynamic equilibirium,
dimensionless

o vapor void fraction, dimensionless

u dynamic viscosity of vapor, N s/m? (Ib/fts)

p density, kg/m> (Ib/ft?)

Subscripts

g of vapor

L of liquid

Abbreviations

CHF critical heat flux

NA not applicable
NC not calculated
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APPENDIX 1: HAND CALCULATIONS WITH
THE PRESENT CORRELATION

The steps in calculating x4 by using Figure 1 are as
follows:

1. Calculate Fry and x. by a suitable correlation, such
as that of Shah (1987).

2. Locate x. on the equilibirium line AB.

3. If this point is below the intersection of the Fry curve
and line AB, x4 is read on the equilibirium line AB
and then directly along the Fr; curve.

4. If this point is above the intersection of the Fry, curve
and the equilibirium line, draw a tangent to the Fry
curve from the x. point on the the line AB. x 4 is then
read along the tangent up to the point of contact with
the Fry curve, and beyond that along the Fry, curve.

To illustrate these simple steps, the following two
cases are shown in Figure 1A:

1. FI'L = 1.3,Xc = 0.1

2. FI'L = 10, Xe = 0.6
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Figure 1A Prediction of x, for two cases. Predicted x, is read
along the solid lines.
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APPENDIX 2: ADDITIONAL INFORMATION
FOR HELP IN CALCULATIONS

Calculations When Heat Flux Is a Dependent
Variable

If heat flux is an independent variable, as is the case
in nuclear reactors and electrode boilers, heat flux and
thus Bo are easily calculated. When heat flux is a depen-
dent variable, as is the case when heating is by liquid
or condensing vapor, calculations have to be done by
trial and error. A heat flux is assumed, the film boiling
heat transfer coefficient is calculated, the overall heat
transfer coefficient is calculated, and then the heat flux
is calculated. If the calculated heat flux differs from the
assumed value, a new value of heat flux is assumed and
the calculations are repeated. This procedure is contin-
ued until convergence is achieved.

Calculation of x,

The dryout quality can be calculated using any pre-
dictive technique for critical heat flux, as the two are
related. Numerous such predictive techniques ranging
from interpolation formulas to theoretical derivations
are available. It is suggested that the reader refer to
books and articles dealing with this subject to select
the best method for the application. The review article
by Groeneveld and Snoek [4] is a good example. Some
guidance is provided in the following.

For CHF upflow in uniformly heated vertical tubes,
among the most verified is the Shah correlation [21].
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In a recent comparison of several leading predictive
techniques, Cheng et al. [59] found it to give the best
agreement with data.

Predictive techniques for horizontal tubes are scarce.
Kefer et al. [60] have given a simple correlation which
agrees with their own data for water. The extent of its
agreement with other data is not known.
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