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Abstract-The method of superposition for correlating forced convection boiling heat transfer data is 
extended to cover subcooted 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 

coefbcient is needed. Agreement with water data is better rhan that provided by the Chen correlation. 

dimensional constant in equation (I I): 

specific heat [Jkg- i K-’ (Btu lbm-’ 

“F-t)]: 
tube diameter [m (ft I] ; 
paramrter in equation (5): 

paramctor in equation (5); 

mass flux [kgs-’ me2 (lbm h-t ft-2)]; 

gravitational acceleration [m s-’ (ft h-“)I; 

constant[l kgrnN-‘~-~(4.17 x 10”Ibm 

ft IbfU’ h-‘)I: 

cnthalpy of vaporization 

[Jkg-’ (Btulhm-‘)I; 

heat transfer coefficient 

fWm -2(Btuh-ih-z”F-‘)]; 

thermal conductivity 

[Wm -’ K-‘(Btu h-* ft-’ “F-‘)I; 

absolute pressure [Pa (lbf ft-‘)I; 

Prandtl number ; 

heat flux (W m-l (Btu h-* ft*)]; 

bubble radius (m (ft)]; 

liquid Reynolds number, defined by eyua- 

tion (X); 

tcmperuture [K ( F)] ; 
temperature dillerence [K ( ‘F)]: 
vapor-liquid specific volume dilfcrence 
Cm” kg-i (ft’ Ibm-‘)I; 

quality ; 
Martin~lli parameter, defined by equa- 

tion (7); 

distance horn heating surface [m (ft )I* 

Greek symbois 

Ii* dynamic viscosity 

[kgs- ’ m -* (Ibmh-’ ft-I)]; 

I’* density [kg m-’ (lbm ft-‘)]; 

6. surface tension [N m- L (lbf ft - t )]. 

Subscripts 

B, boiling ; 
Bi. value obtained from fully developed boiling 

correlation at tho incipient boiling point; 

* Lieutenant, U.S. Navy. 

FC. 
ib, 

I, 
meas, 

pred, 

sat. 

tang. 

v, 

w. 

forced convection ; 
value at the incipient boiling point: 

liquid: 

m~~sured : 
predicted : 
saturation, or. with rcspLyt to saturation ; 
point of langcnoy ; 
vapor : 
Wd. 

F~~t.~:~)c~nvcctit)tl boiling data has bLwn recorrelated. 

using previously proposed su~rp~~sition equations. 

For the high qmrlity region (.x > 0.05) 

(1 = fftzc f (I,, - i&i. (1) 

For the subcoolcd and low quality region (x 

< 0.05) 

4 = [y:C f (<IN - “~iii)2]’ ‘, (2) 

These are a superposition of q,,r and q,,. modified by 

subtracting y,,, in order to make y = qrc at the 

incipience of boiling. The quantities in equations (I) 

and (2) arc shown in f’ig. I. 

A dilhzrcnt superposition equation is used for each 

region to obtain better agreement with data in each 

region. Equation (2) lies closer to the ~1~~ and y,r curves 

than equation (I). This is probably due to the fact that 

in the subcooled region bubbles do not depart, but 

grow and colltlpsc near the wall. 

The y,i curve is the fully developed boiling curve and 

has a slope of about 3 (vu * AT:,,). In this case, 

equations (I) and (2) may be written as follows, for 

AT,,, 2 ATNa,.ih: 
high quality region : 

,=,,;,+,,,[I -(*r]: (3) 

subcooled and low quality region : 



Log ( T_ - T,,, ) 

FK;. I. Superposition technique 

The term ~luitipiyiil~ firt is in effect a boiling sup- 

prcssion factor which rcplaccs the factor S used by 

Chcn [1]. 

Equations (3) and (4) huvc bscn proposed prc- 

viously, Relations for y,.,., ‘I,, and cllr, not previously 

used in lhcsc cqualions arc proposed hcrc. 

fliyh qwrliry reyiotr. Traviss rt ul. [Z] dcvelopcd a 

corrclalion for annular Ilow forced convcxtion con- 

densation inside tubes. The same analytical model 

applies lo annular Ilow cvaporslion without nuc- 

leation. This equation was tcs1txI against non- 

nuclcatin~ forced convection data by Hall [3], who 

suggested a slight m~~d~l~catiorl ~~rtl~ec~r~cients in the 

Traviss equation. The recommended equation for yEc 

in equation (3) is 

where 

where 

RP~ = 
GD(f - s) 
I---- 

14 ’ 
(81 

and 

F2 = SPr, + 51n(l + 5/V,) + 2.51n(O.O031 Rry ““) 

(Rc, > 113) (9a) 

F, = SPr, + %[I + Pr,(O.O9M RL*: ‘“’ - I)] 

(SO < Rc, < 11’5) (9b) 

F2 = O.O707Pr, Rry ’ (Re, < 50). (SC) 
Suh~tc&~d und i~~rc quulit_v reyion. The recommended 

equation for yFc in equation (1) is that of Colburn [A] : 

Here the subscript (‘indicates that the property should 

be evaluated at the film temperature, (T, + T&Z, and 

the subscript b indicates that the property should be 

evaluated at the liquid bulk tem~rature. T,. 

The Mikic-Rohsenow [5] correlation, used success- 

fully for pool boiling data, was used to determine ys in 

both equations (3) and (4): 

whcrc tl, is a dimcnsi(~nal constant which for pool 

boiling dcpcnds only upon boiling surface cavity size 

distributi~?n and fluid propertics. Brown and Bcrgles 

[h] showed that forced convection heat transfer is not 

inllucnced by cavity size distribution. Thcreforc, it was 

cxpcctcd that a single value of B, in equation (I I) 
should be suilkient for a given fluid. This was dc- 

tcrmincd from data to bc BM = I.89 x IO-” in SI 

units (O.OOOOZl3 in engineering units) for forced con- 

vcction boiling of water. 

Iwipicwt b~~i~i~~~l, AT,,,*ih 
Iliglt yuuliry w&r. Using the procedure of Bergles 

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

of boiling is 

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 

[s] have shown the existence of vapor bubbles which 

remain in the film after a larger vapor bubble has 

broken through the ljquid---~por interface. These 

bubbics act like nucleation sites of diameter larger 

than the maximum cavity in the solid surface. 

Suhcdd and low quality rcginn. in subcooled 

boiling, the flow is bubbly. and a thin liquid film is not 

prcscnt. Thus, the elkct of a maximum cavity size must 

bc accounted for in determining the incipient boiling 

point. There are twoequations for the incipient boiling 

heat flux, qih, with the truevalue depending on whether 

the radius at which tangency between the bubble 

equilibrium equation and the temperature profile near 
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the wail occurs. rU_. is greater or less than the radius of 
the largest cavity, rmar 

The radius of the point of tangency is given by 

(13) 

Davis and Anderson [9] found good agreement with 
data using rmlx = 10p6m(3.28 x 10-6ft).Thisvalueis 
used here. 

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

for rl.n, > bar 

AT,,.,, = I 
I -N 

(14a) 

for rt.“, < rmar. 

AT,,,i, = & [l f (I + 4rAT,,)’ “19 (14b) 

I- k,h,, 
= 8uT,~,q& ' 

(14c) 

NE+. U4d) 
I 

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

~jgh ~u~~iry rryic>Q. The correlation for the high 
quality region was compared with eight sets of water 
data [l 1 -Iii]. The range of variables covered is 

D 0.295-2.54cm (0,116-1.Oin.X 

G 54.2-3930 kg s-’ m-’ 
(4.0 x lo”-2.9 x IO6 Ibm h-’ 

p 0.0624-7.43 MPa (9-1072 psia), 

x l-650/, 

q 2.2 x lo’-4.57 x 106 W rnwz 

(7.0 x 103-1.45 x 106Btu h-’ 

It-*), 

ft-2). 

X 11 

FIG. 2. Comparison of Hall-Ttaviss equations (5) and (6) 
with non-boiling data. 

io’ 
h -, W rn-‘K’ 

FIG. 3. Comparison with data: Cben 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 (5) and (6) in Fig. 2. The 
average deviation is 13.9’;/. 

All of the high quality data were compared with the 
proposed prcdi~tion method. equation (3). and also 
with the Chcn [I] correlation. In both cases. the heat 
flux was assumed to be specified and the wall supcrhcat 
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 [ 143. Similar graphs arc shown by Bjorge [IO] for 
all data used [I I-161. 

The average deviation of the data from the pre- 
diction is as follows [IO]: equation (3), l&O’;/,; Chen, 
17.4%. 

It is evident that the proposed correlation provides 

h -1 Etu hr-‘ft’2*F“ 

IO’ 0’ 
IO’ 

h mot. W me2 K“ 

FIG 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 

thecorrelation line for the Chen correlation. Fig. 3. but 

follows along the correlation line of the proposed 

correlation, equation (3). Fig. 4. 

Subcoolrdan~f 10,~ youlit? reyion. The correlation for 

the subcooled and low quality region was compared 

with water data of Cheng et al. [ 171, Latsch et al. [ 1 S]. 
and McAdams er crl. [19]. The range of variables 

covered is 

D l.&-1.32cm (0.39~0.52in.l 

G 470-1880kgs-‘me2 

(3.47 x IV-l.39 x 10”Ibm h-’ ft-*), 

p 0.2-0.41 MPa (29-60 psia), 

AT, IO-70K (SO-126‘F), 

q 1.5 x 105-2.1 x 10h W m-* 

(4.75 x IO’-6.65 x 10” Btu h -’ ft-*). 

T, -T,,,. ‘i= 

3 

2 

N 

‘E 2 
3 

Ei 
t 
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FK;. 5. Comparison of equation (4) with data of Cheng 

Cl ul. [17]. 

T,, - T8 , ‘F 

~~041 MPo 

AT,,. 270 K 

Ftr;. 6. Comparison of equation (4) with data of McAdams 
91 at. [19]. 

(T,-T&_, ‘F 

0 2 4 6 a IO I2 14 :6 18 

IT. -l&_, K 

FK. 7. Comparison of equation (4) with subcooled boiling 
data. 

The proposed prediction method, equation (4). is 

compared with f%y developed subcooled forced con- 

vection boiling data of Chcng CC trl. [ 171 in Fig. 5. Also. 

shown arc the correlations of Jens and Lot tes [20]. and 

Thomcf (II. [21]. The present correlation is seen to bc a 

marked improvcmcnt over the previous ones. The 

discrepancy bctw~wn cyuation (4)and the data at high 

heat iluxcsisduc to the fact that the critical heat flux is 

hcing approachsd. 

Equation (4) is compared with partial boiling data 

of McAdams cf al. [I9) in Fig. 6. A plot ol predicted 

versus mcasurcd watl supcrhcat for the boiling data 

points of McAdams or uf. [ 191 and Latsch et uf. [IS] is 

given in Fig. 7. Good agreement is SL’CII between the 

correlation and the data. 

It is rccommcndcd that the prcdiotion methods 

described hcrr ‘or used to predict heat transfer in forced 

convection boiling of water in tubes. The method m:ty 

bc extended for use with other fluids by dctcrmining 

the value of the dimensional constant B, which applies 

to each lluid. 
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FORMULATION DES DONNEES THERMIQUES EXPERIMENTALES SUR L’EBULLITION 
AVEC CONVECTION FORCEE 

R&u&-La mCthode de superposition pour regrouper des dorm&s de transfert thermique par Cbullition 

avec convection fortie est itendue pour couvrir dcs domaines dcpuis le sous-refroidissement jusqu’aux 
qualit& Clev&s. en utilisant dcs Cquations de phase unique ou de convection biphasique. une Cquation 
dYbullition en rCservoir. et un &t&e dYbullition naissante. Seul est ntcessaire un coefficient empirique. 

L’accord avec Ies dorm&s sur ILau est meilleur que cc qui est fourni par la formule de Chen. 

KORRELATION DES WARMEOBERGAYGS BEiM SIEDEN BE1 ERZWUNGENER 
KONVEKTION 

Zusammenfussung -Das Superpositions-Verfahren zur Korrelation a&s vi’irmeiibergangs beim Sieden bei 
erzwungener Konvektion wird auf die Bereiche des unterktihlten SI.C ‘~‘c.~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 Siedeheginn verwendet. Nur ein 
empirisch hestimmter Koeftizient wird hendtigt. Die Ohereinstimmung mit den Daten fiir Wasser ist hesser 

als die der Chen-Korrelation. 

0606lllEHllE AAHHblX fl0 TEflJI006MEHY flPM KMllEHMM B YCJlOBMIlX 
BblHYJKflEHHO6i KOHBEKUMM 

A~~orntuca - Mcro:a cy~~epn~~~~u~tu, c IIOMOIIILH) woroporo npoeo.1nrcn 0GoGmeuwe mtttlbIx no 

ICll:lOO6MClly Ilptl Ktlllelltttl It yC:lOtltlIlX IlbltlyYACtIHOfi KOIIltCKIIHtI. pUXlpOCT~JtlCll IP C;Iy’Id. BK;IIO- 

‘I3I‘NIlHii ,W3llil’tOllbI Or IlC,lOl pCttl JO BLICOKOI’” ypOItllII ll~pOCO,,CpXJIIHR, ,XItl ‘ICI0 ttCIIOflb30BaHbI 

ypiittiiCi~iiK oiwo- ti nsyx+a311oii m~iiy-xcncIlttoii KoIIneKlltit4. ypaetIetIt4e. OIIHCt~IItJIOIllCC Ktwetitfe B 

OrKpblrOM 06WlC. H KptIICpllti tlO~IIWKllOttCIINR KtIIICtlttR. npH 7TOM TpCtiyCTCK TO,lbKO 0;1HtI 

KO3It)~~ltlllllCllr. OllpC,-lC~ltICW.lii 3Wltlptl’lCCKtl. kty,7bTIITbI nyVlllC OIlHCIJR;1tO~ llilllllblC II0 KNlleHHtO 

RO:,tJ, ‘tCM COOTIlOllICllttC L(CtU. 


