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An advance on the theory of forced turbulent-flow 
film boiling heat transfer for subcooled liquid 
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Ah&act-The semi-empirical theory for turbulent-flow film boiling of a subcooled liquid flowing with 
high velocity along a horizontal flat plate [M. J. Heat Mass Transfer 28, 104%1OSS (198S)] is further 
advanced in this paper. It is found that the empirical constant m can be predicted analytically as 2/3 for 
different fluids. The another empirical coefficient k is revealed to be a function of thermophysical properties 

of the liquid and its vapor, the actual degree of surface superheat and degree of liquid subcooling. 

1. INTRODUCTION 

A sEMr-empirical theory had been presented for the 
forced-flow turbulent film boiling of subcooled liquid 
along a horizontal plate [I], to suit the needs of devel- 
oping etlicient cooling-control technology of high- 
temperature quenching process, which is regarded 
as one of the more important technical duties in 
metallurgical industries. The physical model and 
analytical method proposed [I] have been extended 
successfully to cover the case of subcooled liquid 
flowing in a horizontal flat duct [2] and in a circular 
tube [3]. 

In the previous paper [l], the turbulent diffusivity 
of momentum exchange within the liquid flow region, 
E~,~, for the film boiling in violent turbulent flow of 
subcooled liquid, is expressed in a more general 
dimensionless form as : 

EM,&2 = k Rc$. (1) 

It has been pointed out that the dimensionless 
coefficient k may be a weak function of the ther- 
mophysical properties of liquid and can be taken as 
an empirical constant to be determined by experi- 
ments, while the exponent m depends on fluctuation 
of the liquid-vapor interface and could approach an 
empirical constant to be determined by experiments. 
The ‘local revised Nusselt number’, defined as 

N% X = _Y,,,. x 
G--t, & 

(2) 

can be predicted from the simplified analytical equ- 
ation as 

where 

N-u X = k’ R@’ ‘)I2 Pr, (3) 

(4) 

Equation (3) had been verified by experiments [I, 4] 
for deionized water flowing at atmospheric pressure, 
with velocity in the range 14.5 m s-’ and with water 
temperature in the subcooled range 22-72YZ. The 
empirical values thus determined by the experimental 
data, taken from x = 50 and 150 mm, were k = 0.0055 
and m = 0.68. Hence, equation (3) evolves to 

N?; = 0 054 Re0.84 Pr x * x 2’ (5) 

Equation (3) was derived from the physical model 
suggested [l], the higher the flow velocity and the 
greater the degree of temperature subcooling for 
liquid deviated from its critical state, the more the 
basic assumptions tend towards reality. So, it is 
reasonable to expect that equation (3) will be suitable 
for the turbulent film boiling on a horizontat plate for 
the subcooled liquid flow, and equation (5) can be 
extended to predict the heat transfer rate in the high- 
temperature quenching process of rolled metal sheets, 
especially for water with a greater degree of tem- 
perature subcooling and flowing at a higher velocity 
[l]. It should be emphasized that k = 0.0055 and 
m = 0.68 were obtained from experiments with sub- 
cooled water only [2}. However, as will be shown, the 
value of m can be predicted analytically as a universal 
constant, 2/3, for different liquids. 

2. FUNDAMENTAL CONSIDERATIONS 

The physical model adapted is retained unchanged 
[ 1 J, as shown in Fig. 1. 

The vapor-liquid mixing process in the inter- 
mediate region, composed of vapor bubble flow and 
fluctuating liquid-vapor interface, is expected to be 
so strong that not only the time-mean velocity dis- 
tribution within the mixing region will be uniform, 
but also the time-mean temperature within the region 
can be considered as being constant and equal to the 
saturated temperature, f,. 
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NOMENCLATURE 

a thermal diffusivity 6 thickness of vapor film 

cP specific heat at constant pressure 1 thermal conductivity 

h latent heat of evaporation 
A Nusselt number 

P density 

p absolute viscosity 

Pr Prandtl number V kinematic viscosity. 

4 local heat transfer rate per unit area 
Re Reynolds number 

t temperature Subscripts 

U, u velocity component in x and y directions, W at surface 

respectively. cc at infinite distance from plate surface 

S saturated condition 

Greek symbols 1 vapor 

a local heat transfer coefficient 2 liquid. 

The time-mean velocity distribution within the intensify the phase-transition process within the 

liquid flow region is uniform and kept constant as 
free-stream velocity, u,, and the turbulent boundary 

layer would be thus limited to within the vapor-film 
layer, because the time-mean velocity distribution in 
the vapor-liquid mixing region has already been 
assumed to be uniform and will be equal to u, also. 

This confirms the result reported by Ito and Nishi- 
kawa [5] who solved numerically two-phase boundary 
equations. The flow characteristics in the vapor-film 

region will be the same as that of single-phase tur- 
bulent vapor flow along a horizontal plate surface. 
Therefore, as observed by Bradfield [6], the wall fric- 
tion for turbulent-flow film boiling is obviously lower 
than for a single-phase turbulent liquid flow, since 
viscosity of vapor is much smaller than that of liquid. 

It is found from numerical analysis on the basic 
mathematical formulation presented in ref. [l], that 
the rate of increase in 6, will diminish quickly along 

x. So, we assume 

6, = bx” (6) 

b is a dimensional coefficient. 
For the forced-turbulent film boiling, the increase 

in vapor-film thickness along the flow direction will 

IL ! i y/ 
Liquid 

FIG. I Analytical model. 

liquid-vapor mixing region, meanwhile, fluctuations 
at the vapor-liquid interface as well as vortex move- 
ment of liquid will spread rapidly into the liquid 
region, so that the turbulent viscosity, .Q,.,~, becomes 
very large and approximately uniform at any given x- 
section, i.e. E~,~ may be independent of y at y > 6:. 
To this end, instead of equation (1) we take for the 
liquid flow region 

WC 
~ = constant, or E~,~ = CU,~,. (7) 
%%I,2 

In addition, the turbulent film boiling for liquid 
subcooled greatly, the increase of vapor-film thickness 
is strongly suppressed [8]. Especially, for the case of 
subcooled liquid flowing with high velocity along 
horizontal plate surface, the vapor-film thickness 6, 
itself would be small. Hence, referring to Fig. 1, the 
heat flux transferred to the vapor film from the plate 
surface can be assumed to be almost completely trans- 
ferred to the liquid flow, i.e. 

4W.X = 41.X. (8) 

This is equivalent with the assumed temperature of 

vapor dropping sharply from t,,, to t?, which thus 
results in a very high heat transfer rate. 

3. THEORETICAL ANALYSIS 

The energy equation in the liquid flow region should 
be : 

u,g=$[(a2+et.Z)$] (9) 

where t2 is the time-mean temperature of liquid, 
E t.2 - - lt2/(p2cp2) is the turbulent thermal diffusivity 
and A,, is the turbulent thermal conductivity of liquid. 

Noting, E,,~ >> a,, and E.,, >> 1, for the violent 
turbulent liquid flow. Taking conventionally 
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Pr, = E~/E, 2 1 [7], where aH is the turbulent viscosity 

for momentum exchange, equation (9) can be sim- 

plified to 

at, a at, -=- 
‘m ax ay EM,2 ay ( -1 . (10) 

For the case Ed,> assumed independent of y, equ- 
ation (10) evolves to 

at, azt, 
-_=E ‘a ax M-237 (11) 

Introducing a dimensionless subcooled temperature, 
9 = (ts- tJ/(t,- t,), and substituting equation (7) 
into equation (1 l), changing the co-ordinate referring 
to the vapor-liquid interface, i.e. taking y’ = 0 at 
y = S:, the following equation is obtained : 

(12) 

Let 

then 

and equation (12) transforms to 

as 
q= 

with boundary conditions : 

x = 0, 9=1 

y’ = 0, 9=0 1 
(15) 

y’ = co, 9= 1. 

The solution of equations (14) and (15) is given as 

9 = erf 
2X(“+ r$Jo 1 . (16) 

Hence, from Fourier’s law, 

a9 
41,x = P2+%4,2(4 - Ld~ y,=. 

or (17) 

= P2Cp*(fs-fm) J Wn+ 1) 
41.x -- 

(a- ,),z 
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For the vapor-film region, both Karman’s universal 
velocity distribution and the analogy between mo- 
mentum and heat transfer would hold true, together 
with the boundary conditions 

Y = 0, tl = L,, 

y = 6x3 t, = t, > 
(18) 

the following familiar correlation can be obtained as 

171: 

r,,-ts 1 
4, Js,,lp,+5(Pr,-1)ln 7 

( > 

4W,X Prc,rJQP, 
(19) 

where s,,, is the shear stress on wall surface. Using 
Blasius’ formula for the friction coefficient ~r,~ of 
single-phase flow, we get 

SW,, = P,&. (20) 

For most liquids, including water, deviating 
greatly from their critical states, Pr, z 1, equation 
(19) can be then reduced to 

w,x - 4 t urn 
4ws CpPL’ 

Combine equations (20) and (21) then clearly 

(21) 

qW,, = 0.023~~ cpl urn h,, - t,) 
( > 

u,6, “4 

VI 
(22) 

According to equation (8) we obtain from equa- 

tions (19) and (22) 

J Wn+ 1) 
P&&s--t,) yx 

(n_ I),2 

= 0.023p,c,,u~4(t,,, - t,) x-“‘~. (23) 

The identity of equation (23) for any x requires the 
necessity of the same exponent of x in both sides, i.e. 

n-1 n 2 
p= _~ 

2 4’ 
or n = -. 

3 (24) 

Hence, from equation (23) 

b = 0.01 

(25) 

Substituting equations (25) and (6) into equation 
(7) we have 

*_ , 
[ 

p,c,,(t,,,-t,) 4’3 v, 1’3 24,x 2’3 

V2 - c P*qdfs- t,) 1 k> CT> (26) 
where c’ = 0.01(5~/3n)-~‘~ is a dimensionless empiri- 
cal constant. It is clear that comparing equations (26) 
and (1) 

and 

m = 213, (27) 

k = c, P,c,,(tw,x-4) VI “4 4’3 01 P&*(4-L) v2 
(28) 
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From equation (4) were obtained empirically from specified experiments 
with subcooled water [l, 41. Further experiments will 

k’ = “I ; 

“6 

(>[ 

p, cp, (& - 1,j- z!J 

I 

still be necessary to check the suitability of equation 

LW,,(t, -L) (29) (29) or equation (28) as well as to determine the value 
of c” or c’ = (c”)’ for different liquids. 

where c“ = O.l(Sc/3~)“‘. Then, equation (3) evolves 
to 
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of the Chinese Academy of Sciences, Beijing (Grant No. TS 

N?ti I = k’ ReYb I+ 
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x 2 . (30) 

The exponent of Re, here is 516 = 0.83, which 
coincides very well with the empirical value 0.84 in 1. 
equation (5). 

2. 

4. CONCLUDING REMARKS 

The semi-empirical theory [l] for the turbulent film 
boiling heat transfer of a subcooled liquid, greatly 
deviating from its critical state andllowing with higher 3. 
velocity along a horizontal flat plate, is further 
advanced. 

It is predicted analyticalIy that the value of m is 2/3, 4. 
i.e. a universal constant for different fluids, which 
coincides with the empirical value from the deionized 5, 
water, reported as 0.68 [ 1, 41. 

The heat transfer relation, equation (30) is very 
nearly the same as that reported in [l, equation (5)]. 6. 
The analysis presented here, however, reveals that the 
value of k, and then the value of k’, is not only a 7, 
function of thermophysical properties of the liquid 
and its vapor, but is also affected by the actual degree 8. 
of surface superheat, (t,,,-r,), and degree of liquid 
subcooling, (ts- t,). So k and k’ will not really be 9. 
constant even for the same liquid flowing along the flat 
plate. The empirical values k = 0.0055 and k’ = 0.054 
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SUR LA THEORIE DU TRANSFERT THERMIQUE POUR UN FILM LIQUIDE 
SOUS-REFROIDI EN EBULLITION AVEC ECOULEMENT TURBULENT 

FORCE LE LONG DUNE PLAQUE HORIZONTALE 

R&sumP-On am&ore la theorie semi-empirique de I’ebullition en film turbulent d’un liquide sous-refroidi 
yui s’ecoule i grande vitesse sur une plaque plane horizontale [ht. J. Heat Ma.ss Trunsfrr 28, 1049~1055 
(1985)]. On trouve que la constante empirique m peut &tre predeterminee analytiquement comme tgale a 
213 pour differents fluides. L’autre coefficient empirique k se revele itre une fonction des proprietes 
thermophysiques du iiquide et de sa vapeur, du degrt de surchauffe de la surface et du degre de sous- 

refroidissement du liquide. 

WARMEUBERGANG BEIM FILMSIEDEN IN ERZWUNGENER, TURBULENTER UND 
UNTERKUHLTER FLUSSIGKEITSSTRdMUNG 

Zusammenfassung-Die halbempirische Theorie fur das Filmsieden bei turbulenter Strijmung einer unter- 
kiihlten Fltissigkeit bei grol3en Geschwindigkeiten entlang einer horizontalen Platte [ht. J. Heat Mass 
Transfer 28, 1049-1055 (1985)] wurde weiterentwickelt. Man findet, da% die empirische Konstante m 
analytisch mit 2/3 fur verschiedene Fluide angegeben werden kann. Der andere empirische Koeffizient k 
ist eine Funktion der thermophysikalischen Eigenschaften der Fliissigkeit und des Dampfes, sowie der 

Wandiiberhitzung und der Fliissigkeitsunterkihlung. 
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PA3BMTklE TEOPAM TEIUIOO6MEHA IIPM nJIEHO’-IHOM KINIEHIJA B 
BbIHYTAEHHOM TYPEYJIEHTHOM I-IOTOKE AJUI HEAOrPETbIX TMHKOCTEti, 

~BkiXY~kIXCJI BAOJIb I-IJIOCKOR I-OPkI30HTAJIbHOfi IUIACTMHbI 

.hlOT2ll@lR-Pa3BEiBaeTCR nOny3MIIPipH'ieCKa5i TeOpliR IIneHO'lHOrO KFineHBIl B Typ6yneHTHOM nOTOKe 

HenOrpeTOfi XKNLIKOCTII, LIBlrXyUIeiiCH C 6onbmoB CKOPOCTiJO BAOnb IInOCKOii i-Op&i30HTanbHOi? IInaC- 

TwibI [lnt.J. ffent and Mass Transfer 28, 1049-1055(1985)-j. hanSiTWieCK&i pacc%iTaao, YTO s~nepe- 

VecKas nocToIlHHaR m paBHa 2/3 nna pa3nwiHbIx NinKocTefi. HaiineIio, YTO npyrofi 3Mnepe9ecK8fi 

K03+@iwieHT k KBnneTcK @ytiKuAeR Tenno&i3wfecKBx CBOBCTB XKALIKOCTA w ee napa, @arcrurecKoB 
cTenetm neperpesa nosepxkiocTA II cTenemi flenorpeea x~inKoc~si. 


