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Abstract—The method of superposition for correlating forced convection boiling heat transfer data is

extended to cover subcooled to high quality ranges using single phase and two phase forced convection

equations. a pool boiling equation, and an incipient boiling criterion. Only one empirically determined
coefficient is needed. Agreement with water data is better than that provided by the Chen correlation.

NOMENCLATURE

Bu. dimensional constant in equation {11);

C, specific heat [Jkg™! K~! (Btu lbm™!
FY]:

D, tube d}iamctcr {m (f3]:

F(X,). parameter in equation (5);

F,, parameter in equation (5);

G. mass flux [kgs™ ' m™ Y (lbmh~ 1" 3)];

a gravitational acceleration [ms~2 (fth~%)];

dor constant [T kgm N"'s"2{4.17 x 10* Ibm
ftibf~! h~?)]:

hey. enthalpy of vaporization
[Jkg™' (Btulbm™')];

h, heat transfer coefficient
[(Wm 3 (Buh "2 F H];

k, thermal conductivity
[Wm 'K ' Bwh 't °F-H];

P absolute pressure [Pa (Ibf ft~4)]:

Pr, Prandti number;

q. heat flux [Wm™? (Buwh ™' th)];

r bubble radius [m (ft)];

Rey, liquid Reynolds number, defined by equa-
tion (8}

T, temperature [K ('F)];

AT, temperature difference [K (°F)]:

Urge vapor-liquid specific volume difference
[mPkg™' (i Ibm™Y)];

X, quality;

X Martinelli parameter, defined by equa-
tion (7);

¥ distance from heating surface {m (ft)].

Greck symbols
dynamic viscosity

e
[kgs 'm~t{ibmh~t " H)]:
o density [kgm™? (Ibm ft~*)];
a, surface tension [Nm™* (Ibfft=1)].
Subscripts
B, boiling
Bi, value obtained from fully developed boiling

correlation at the incipient boiling point;

* Lieutenant, U.S. Navy.
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FC. forced convection :

ib, value at the incipient boiling peint;

L liquid ;

meas, measured;

pred, predicted;

sat, saturation, or. with respect to saturation ;
tang.  point of tangency;

v, vapor ;

w, wall.

INTRODUCTION

Forcrp convection boiling data has been recorrelated,
using previously proposed superposition equations.
For the high quality region (x > 0.05)

4 = Gy + g ~ Yy 1

For the subcooled and low quality region (x
< 0.05)

q = [afc + (qu — 4wV ] 2. (2)

These are a superposition of gy and gy, modified by
subtracting gy, in order to make ¢ = ¢y at the
incipience of boiling. The quantities in equations (1)
and (2) are shown in Fig. |.

A different superposition equation is used for each
region to obtain better agreement with data in each
region. Equation (2) lies closer to the g, and g, curves
than equation {1). This is probably due to the fact that
in the subcooled region bubbles do not depart, but

grow and collapse near the wall.
equations (1) and (2) may be written as follows, for
q4 = dyc ‘ln[ < AT, (3)
AT,

The g, curve is the fully developed boiling curve and
AT!M 2 AT\al,ih:
)]
subcooled and low quality region:
=at

has a slope of about 3 {gy ~ AT2,). In this case,
high quality region:
ATual.ib
3 ATn i T
q= {q;c+q§[l ~ (—J—”)J} . @
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Fii. 1. Superposition technique.

The term multiplying ¢, 1s in effect a boiling sup-
pression factor which replaces the factor § used by
Chen [1].

Equations (3) and {4) have been proposed pre-
viously. Relations for g,.¢, gy and gy, not previously
used in these equations are proposed here.

Forced convection contribution, q .

High quality region. Traviss et al. [2] developed a
corrclation for annular flow forced convection con-
densation inside tubes. The same analytical model
applies to annular flow evaporation without nuc-
leation. This equation was tested against non-
nucleating forced convection data by Hall {3], who
suggested a slight modification of the coefficients in the
Traviss equation. The recommended equation for g
in equation {3) is

Rel? PrF(X
F,D

i { 0,32
F(X,) =015} =+ 2.0( : ) ] (6}
[Xn '\u

“)A'AI\JI‘ (5)

qyc =

where

where
G o
g t, X
aD(t -
Re, = __..(_._...1_! (8)
H
and

F, = 5Pr, + 5In(1 + 5Pr)) + 2.5In(0.0031 Re{#'2)
(Re, > 1125} (9a)
Fy =5Pr; + SIn[1 + Pr{0.0964 R — 1)]

(50 < Re, < 1125} (9b)
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F, = 00707Pr,Re? 3 {Re, < 50). (9¢)
Subcooled and low quality region. The recommended
equation for gy in equation (4) is that of Colburn [4]:

fiﬁ?ﬁ) 0023 (¢2Y" u,C,,,,")”
ky He k, )7

grc = hec (AT, + AT,
Here the subscript f indicates that the property should
be evaluated at the film temperature (T, + T, )2 and
the subscript b indicates that the property should be
evaluated at the liquid bulk temperature, T\,

(10)

Boiling contribution, q,

The Mikic-Rohsenow [5] correlation, used success-
fully for pool boiling data, was used to determine ¢ in
both equations (3) and (4):

go0

dy ( >l 2
Nlh[g q(ﬂl - /’v)

12 178 IQS 8
o TG T s
"’8 53T18 vt

lu!hfg (l’ - Py ) (Il)
where By is a dimensional constant which for pool
boiling depends only upon boiling surface cavity size
distribution and fluid propertics. Brown and Bergles
[6] showed that forced convection heat transfer is not
influcnced by cavity size distribution. Therefore, it was
expected that a single value of By in equation (11)
should be sufficient for a given fluid. This was de-
termined from data to be By = 1.89 x 107**in SI
units (0.0000213 in engineering units) for foreed con-
vection boiling of water.

Incipient boiling, AT, 4
High quality region. Using the procedure of Bergles

and Rohsenow [ 7], the wall superheat at the incipience

of boiling is

8a Tulrf gkii(f

T =
A wt, b klhf‘

(12)
In pool boiling at low pressures with low convection
heat transfer coefficients, the procedure for predicting
the incipient boiling conditions must be modified to
account for the effect of a maximum cavity size.
However, in annular flow forced convection boiling
where there are thin liquid films, Mesler and Mailen
[8] have shown the existence of vapor bubbles which
remain in the film after a larger vapor bubble has
broken through the liquid-vapor interface. These
bubbles act like nucleation sites of diameter larger
than the maximum cavity in the solid surface.
Subcooled and low quality region. In subcooled
boiling, the flow is bubbly, and a thin liquid film is not
present. Thus, the effect of a maximum cavity size must
be accounted for in determining the incipient boiling
point. There are two equations for the incipient boiling
heat flux, g, with the true value depending on whether
the radius at which tangency between the bubble
equilibrium equation and the temperature profile near
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the wall occurs. r,,,,. Is greater or less than the radius of
the largest cavity, r_,.
The radius of the point of tangency is given by

_ 40T, 1y,
s hngTat.ib '

Davis and Anderson [9] found good agreement with
datausingr,,, = 107°m(3.28 x 10~ ¢ ft). Thisvalueis
used here.

The incipient boiling criterion for subcooled con-
ditions is derived by Bjorge [10]:

ror rl‘l‘\l > rml(‘

r

(13)

max

1 1
AT iy = e | e = T..): (14
sat.ib { N (4FN NA sc) ( a)

for ripng < " mae

1
AT p = T [1 + (1 +4TAT,}'?). (14b)

ke
r=—"a__ 14
80T e ghec (14e)
N = trcm (14d)

ky

Equation (14b) reduces to equation (12) for
AT, =0.

Comparison with data

High quality region. The correlation for the high
quality region was compared with eight sets of water
data [11-16]. The range of variables covered is

D 0295-254cm (0.116-1.0in.),

G 542-3930kgs™!'m~?
(4.0 x 10*-2.9 x 10®lbmh~!ft~2),

p 00624-7.43 MPa (9-1072 psia),
1-65%,
q 22 x 10*4.57 x 10°Wm™?
(70 x 10*-145 x 10°Btuh~'t~2),

F(Xyy)

T lllll]

1
]

o basss] syl Lol
005 o1 i s

X

FiG. 2. Comparison of Hall-Traviss equations (5) and (6}
with non-boiling data.
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F1G. 3. Comparison with data: Chen correlation.

The incipient boiling criterion, equation (12), was
used to determine which data were non-boiling. These
data arc compared with the Hall-Traviss forced
convection relation, equation (3} and (6) in Fig. 2. The
average deviation is 13.9%.

All of the high quality data were compared with the
proposed prediction method, equation (3), and also
with the Chen [ 1] correlation. In both cases, the heat
flux was assumed to be specified and the wall superheat
was calculated. To illustrate the nature of the results,
Figs. 3 and 4 show the comparison of the two
predictions with series F data of Schrock and Gross-
man [ 14]. Simitar graphs are shown by Bjorge [10] for
all data used [11-16].

The average deviation of the data from the pre-
diction is as follows [10]: equation (3), 15.0% Chen,
17.4%.

It is evident that the proposed correlation provides

Pracss  Btu hr'tt2eg™!
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Fic. 4. Comparison with data: Hall-Traviss/Mikic~

Rohsenow superposition correlation.
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better agreement with the water data examined than
does the Chen correlation. Also, the data crosses over
the correlation line for the Chen correlation, Fig. 3, but
follows along the correlation line of the proposed
correlation, equation (3), Fig. 4.

Subcooled and low quality region. The correlation for
the subcooled and low quality region was compared
with water data of Cheng et al. [17], Latsch et al. [18].
and McAdams er al. [19]. The range of variables
covered is

D 1.0-1.32cm (0.39-0.52in.).
G 470-1880kgs™!m~?
(347 x 10°-1.39 x 10%Ibmh~ ! ft~3%),
p 02-041 MPa (29-60 psia),
AT, 10-70K (50-126°F),
g 1.5 x10°-21 x 10°Wm™?
(475 x 10*-6.65 x 10" Btuh ' ft~2),
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Fii 5. Comparison of equation {4) with data of Cheng

et al. {17].
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Fi1c. 6. Comparison of equation (4) with data of McAdams
et al. [19].
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Fii;. 7. Comparison of equation (4) with subcooled boiling
data.

The proposed prediction method, equation (4), is
compared with fully developed subceooled forced con-
vection boiling data of Cheng et al. [17] in Fig. 5. Also,
shown are the correlations of Jens and Lottes [20]. and
Thomet al. [21]. The present correlation isseen to be a
marked improvement over the previous ones. The
discrepancy between equattion {(4) and the data at high
heat fluxes is due to the fact that the critical heat flux is
being approached.

Equation (4) is compared with partial boiling data
of McAdams e al. [19] in Fig. 6. A plot of predicted
versus measured wall superheat for the boiling data
points of McAdams et al. {19] and Latsch er al. [18] is
given in Fig. 7. Good agreement is seen between the
correlation and the data.

CONCLUSIONS

It is recommended that the prediction methods
described here be used to predict heat transfer in foreed
convection boiling of water in tubes, The method may
be extended for use with other fluids by determining
the value of the dimensional constant By, which applies
to each fluid.

REFERENCES

1. J. C. Chen, A correlation for boiling heat transfer to
saturated fluids in convective flow, Ind. Engng Chem.
Process Des. Devel, 5, 322 (1966).

2. D. P. Traviss, W. M. Rohsenow and A, B. Baron, Forced
convection condensation inside tubes: A heat transfer
equation for design, American Society of Heating, Air
Conditioning and Refriyeration Engineers, ASHRAE Re-
print No. 2272 RP-63 (1972).

3. G. R. Hall, Method of correlating forced convection
boiling heat transfer data, Ocean Engincering and SM
Thesis in Mechanical Engineering, Massachusetts In-
stitute of Technology (1977).

4. A. P. Colburn, Trans. Am. Inst. Chem. Engng 29, 174
{1933}

5. B. B. Mikic and W. M. Rohsenow, A new correlation of
pool boiling data including the effect of heating surface



Correlation of forced convection boiling heat transfer data

characteristics, Trans. Am. Soc. Mech. Engrs, Series C, J.
Heat Transfer 91, 245 (1969).

. W. M. Rohsenow and J. P. Hartnett, Hundbook of Heat

Transfer, p. 13-7 et seq. McGraw-Hill, New York (1973).

. A.E.Berglesand W. M. Rohsenow, The determination of
forced convection, surface boiling heat transfer, Trans.
Am. Soc. Mech. Engrs. Series C, J. Heat Transfer 86, 365
(1964).

. R. Mesler and G. Mailen. Nucleate boiling in thin liquid
films, A.L.Ch.E. J. 23, 954 (1977).

. E. J. Davis and G. H. Anderson. The incipience of
nucleate boiling in forced convection flow, Trans. Am.
Inst, Chem. Engrs. 12, 774 (1966).

. R. W. Bjorge. Recent Developments in Boiling Heat
Transfer, SM Thesis in Mechanical Engineering, Mas-
sachusetts [nstitute of Technology (1979).

. C. E. Dengler, Heat Transfer and Pressure Drop for
Evaporation of Water in a Vertical Tube, Sc.D. Thesis,
Massachusetts Institute of Technology (1952).

. R. L. Sani, Downflow boiling and non-boiling heat
transfer in a uniformly heated tube, University of Califor-
nia. Report UCLA-9023 (1960).

. V. E. Schrock and L. M. Grossman, Local heat transfer
coeflicients and pressure drop in forced convection
boiling. University of California, Institute of Engineering
Research, 73308-UCX-2t59, (USAEC-UCRL-13062)
(1957).

. V. E. Schrock and L. M. Grossman, Forced convection

15.

16.

17.

18.

19.

20.

21

757

boiling studies. University of California. Institute of
Engineering Research, 73308-UCX-2182 (USAEC-TID-
13078) (1959).

R. M. Wright, Downflow forced convection boiling of
water in uniformly heated tubes. University of California,
UCRL-9744 (1961}

S. Bertoletti, C. Lombardi and M. Silvestri, Heat transfer
to steam-water mixtures. C.I.S.E., Report R-78 (1964).
S.C. Cheng, W. W.L.Ng and K. T. Heng. Measurements
of boiling curves of subcooled water under forced con-
vective conditions, Int. J. Heat Mass Transfer 21, 1385
(1978).

K. Latsch, F. Morell and H. Rampf, Subcooled forced
convection boiling heat transfer at subatmospheric
pressure, Proc. Sixth Int. Heat Transfer Conference, Vol.
1, pp. 287-292. Hemisphere, Washington D.C. (1978).
W. H. McAdams, W. E. Kennel, C. S. Minden, R. Carl, P.
M. Picornell and J. E. Dew, Heat transfer at high rates to
water with surface boiling, Ind. Engng Chem. 41, 1945
(1949).

W. H. Jens and P. A. Lottes, Analysis of heat transfer,
burnout, pressure drop and density datafor high pressure
water. ANL-4627 (1951).

J. R.S. Thom, W. M. Walker. T. A. Fallon and G. F. S.
Reising, Boiling in subcooled water during flow up
heated tubes or annuh, Paper 6, Symp. Boiling Heat
Transfer, Manchester UK. 1. Mech, E., London (1965).

FORMULATION DES DONNEES THERMIQUES EXPERIMENTALES SUR L'EBULLITION
AVEC CONVECTION FORCEE

Résumé —La méthode de superposition pour regrouper des données de transfert thermique par ébullition
avec convection forcée est étendue pour couvrir des domaines depuis le sous-refroidissement jusqu’aux
qualités élevées, en utilisant des équations de phase unique ou de convection biphasique, une équation
d'ébullition en réservoir, et un critére d'ébullition naissante. Seul est nécessaire un coefficient empirique.
L'accord avee les données sur 'eau est meilleur que ce qui est fourni par la formule de Chen.

KORRELATION DES WARMEUBERGANGS BEiM SIEDEN BEl ERZWUNGENER
KONVEKTION

Zusammenfassung —Das Superpositions-Verfahren zur Korrelation acs wiirmeiibergangs beim Sieden bei

erzwungener Konvektion wird auf die Bereiche des unterkiihlten Sisc-.s und des Siedens bei hohen

Dampfgehalten ausgedehnt. Dazu werden Ein- und Zwei-Phasen-Korrelationen fiir erzwungene Konvek-

tion, eine Korrelation fiir Behiltersieden und ein Kriterium fiir den Siedebeginn verwendet. Nur ein

empirisch bestimmter K oeffizient wird benétigt. Die Ubereinstimmung mit den Daten fiir Wasser ist besser
als die der Chen-Korrelation.

OGOBUWEHHE AAHHbLIX MO TENJTOOBMEHY MPU KUNEHUW B YCIOBHUAX
BbIHYXAEHHOA KOHBEKUWU

AHHOTRIMA — MCTO/1 CYUCpPIIOTHIIMK, € HOMOUILIO KOTOPOro NpoBoAHTCR obobuicnue Manusix no

TCILIOOOMCHY IPH KHITCHHH B YCIOBUAX BLIHYK/ICHHOA KOMBCKIHH, PACHPOCTPUHCH Ha Cly4ail, BKTiO-

HALOUIHIT IMAIAI0HEL OT HC0NPEBA 10 BLICOKOTO YPOBHA MAPOCOACPRKAHHUA, LN HErO HCIIO/NbIOBAHBI

YPABHEHHA 0j1HO- W ABYX(U3HON BLINYAKJICHHOK KOHBEKIHHK, YPABHEHHE, ONIHCLIBAIOIICE KHUICHHE B

OTKPLITOM 0OLeME, M KpHTCPHIt BOIHMUKHOBCHMR Kuncxua. [lpu IToM Tpebyercst TOALKO OauM

koMb HIMCH T, ONpeEateMulit IMITHPHUCCKH. PelybTaThl AY4IIC ONHCHIBAIOT LIHHLIC 10 KHIEHHIO
BO.bE, YCM COOTHOIBCHHC Yeua.



