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FORCED CONVECTION SUBCOOLED BOILING- 

PREDICTION OF VAPOR VOLUMETRIC FRACTION 

S. LEVY 

General Electric Company, Atomic Power Equipment Department, San Jose, California 

(Received 28 July 1966 and in revised form 8 December 1966) 

Abstract-A model is developed to predict the vapor volumetric fraction during forced convection sub- 
cooled boiling. The proposed method of calculation consists of three steps: 

1. The point of bubble departure from the heated surface (i.e. the location of vapor volumetric fractions 
significantly higher than zero) is determined from a bubble force balance and the single-phase liquid 
turbulent temperature distribution away from the heated wall. 

2. A relation is postulated between the true local vapor weight fraction and the corresponding thermal 
equilibrium value. 

3. The vapor volumetric fraction is obtained from the true local vapor weight fraction and an accepted 
relationship between vapor weight and volumetric fractions. 

The method was applied to a variety of available test data, and the agreement was satisfactory for a 
multitude of flow, heat flux, and fluid property conditions. 
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NOMENCLATURE 

heat-transfer area [ft”] ; 
flow area [ft’]; 

constants ; 

specific heat [Btu/lb-“F] ; 
hydraulic diameter [ft] ; 
force [lb] ; 

friction factor [nondimensional] ; 
mass flow area per unit area 
[lb/h-ft2] ; 
gravitational constant [ft/h2] ; 
conversion from lb-force to lb- 
mass ; 

P W* 

P- 
Q? 

sional J ; 
wetted perimeter [ft] ; 
pressure [lb/ft2] ; 
nondimensional heat input given 
by equation (14); 

49 local heat input [Btu/h] ; 

IB, vapor bubble radius ; 

S. spacing between vapor bubbles 
[ft] ; 

TB temperature at tip of bubbles 

[“F]; 
T,, saturation temperature [“F] ; 
T W- wall temperature [OF] ; 
u rd. relative bubble velocity [ft/h] ; 

yB* distance from wall corresponding 
to tip of vapor bubble [ft]; 

Y,+, nondimensional distance to tip 
of vapor bubble ; 

2. distance along flow channel [ft] . 

Greek symbols 

:7: 
vapor volumetric fraction ; 
saturation temperature minus 
local bulk fluid temperature 
[“FI; 

E, channel roughness [ft] ; 

X, thermal equilibrium vapor 
weight fraction ; 
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X’. true local vapor weight fraction ; 

P. absolute viscosity [lb/h-ft] ; 

P? density [Ib/ft3] ; 

c. surface tension [Ib/ft] ; 
T W’ wall shear stress [Ib/ft*] . 

Subscripts 
d. 

L, 
I/ 

point of bubble departure from 
heated wall ; 
liquid ; 
vapor. 

1. INTRODUCTION 

ONE OF the most important nonthermal equi- 
librium two-phase flow processes is that of sub- 
cooled forced convection boiling. In such a 
system, heat is being added to a subcooled fluid 
as it flows past a heated surface and, as shown 
in Fig. 1, vapor bubbles and liquid below 

Dislance olonq heated surface 

FIG. I. Vapor volumetric fraction during forced convection 
subcooled boiling. 

saturation can be found simultaneously at a 
given cross section. The boiling flow depicted in 
Fig. 1 can be broken down into four regions as 
suggested by Bowring [I]. To the left of point A. 
no vapor is present and normal forced convec- 
tion cooling prevails. At point A, the first vapor 
bubble appears, and from A to B more and more 

bubbles are formed along the heater surface. In 
the region AB, the thickness of the superheated 
liquid layer close to the wall is small. and the 
bubbles cannot grow to a size large enough to 
leave the surface. At point B. the first bubble 
departs from the heated wall and the vapor 
volumetric fraction starts to rise sharply. From 
point B to C, even though the vapor volumetric 
fraction is large, nonthermal equilibrium condi- 
tions exist; in other words, some of the flowing 
liquid is still subcooled and the local vapor 
weight fraction is higher than would be calcu- 
lated from a heat balance. At the location C. all 
of the liquid is at saturation temperature and 
thermal equilibrium conditions have finally 
been established. 

Because of its importance in liquid-cooled 
nuclear reactors, several attempts have been 
made to predict the shape of the curve shown in 
Fig. I. Most of these efforts to-date have been 
empirical due to the complex nature of the sub- 
cooled boiling process. Early correlations were 
presented by Griffith. Clark. and Rohsenow [2] 
and by Maurer [3]. A more comprehensive 
approach was next offered by Bowring [ 11. who 
developed empirical expressions for the point 
where the vapor bubbles first leave the heated 
surface and for the fraction of heat which goes 
to form vapor bubbles. More recently, Zuber. 
Staub. and Bijwaard [4] postulated a profile for 
the liquid temperature during nonthermal equi- 
librium conditions, and derived an expression 
for the vapor volumetric fraction which takes 
into account the vapor concentration profile 
across the flow duct and the local relative 
velocity between the two phases. One of the 
important shortcomings of the preceding analy- 
sis is that it does not prescribe a method for 
calculating the location of point B in Fig. 1. It is 
the purpose of this report to obtain an expression 
which determines the position where vapor 
bubbles first leave the heated surface. A relation 
similar to that presented in [4] is next postulated 
for the vapor weight fraction. and the corres- 
ponding vapor volumetric fraction can be pre- 
dicted and compared to available test data. 
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2. PREDICTION OF POINT OF DEPARTURE 
OF VAPOR BUBBLES FROM HEATED 

SURFACE 

The position where vapor bubbles first leave 
the heated surface is obtained from two con- 
siderations : 

1. A balancing of the forces exerted on the 
vapor bubble while it is in contact with the 
wall, and 

2. The temperature distribution in the single- 
phase liquid away from the wall. 
The forces acting on the bubble in the flow 

direction are shown in Fig. 2 for the case of 

Flow 
direction 

FIG. 2. Vapor bubble prior to departure from heated surface. 

vertical upwards flow. They consist of a buoyant 
force, F, ; a vertical component, Fs of the 
surface tension force ; and a frictional force, F,, 
exerted by the liquid upon the bubble. The 
buoyant force, F, is given by 

F 

B 
= CB4pL - PAS 

SC 
(1) 

where rg is the bubble radius, C, is a pro- 
portionality constant, pL and pv are the liquid 
and vapor density, g is the gravitational con- 
stant, and ge is a conversion ratio from lb-force 
to lb-mass. Similarly, the surface tension force. 
Fs, can be expressed as follows: 

F, = Csrp, (2) 

where Cs is a proportionality constant, and o is 
the surface tension. Finally, the force F, can be 
related to the liquid frictional pressure drop per 
unit length, (- dp/dz),. The pressure differential 
seen by the bubble is proportional to (- dp/dz)p 
rB and it acts across an area proportional to 
ri. If we now relate the frictional pressure 
(- dp/dz), to the wall shear stress r, according 
to 

there results for FF 

F, = C,$“r;, 
H 

where C, is a proportionality constant, and DN 
is the hydraulic diameter taken equal to four 
times the cross-sectional area divided by the 
wetted perimeter. A force balance applied to the 
bubble shown in Fig. 2 gives 

C+ (pL - pv) ri + C, $ ri - Csrfl = 0. 
f H 

(5) 
Solving for the bubble radius, rB yields 

CSJJ rB = . (6) 

c+P, - PA + 
c 

CF$ 
H 

We assume next that the distance YB to the tip 
of the bubble is proportional to rB, and we can 
rewrite equation (6) as follows : 

1 + c,g (PL - PV) 41 -’ 
SC L 1 

(7) 

Equation (7) specifies the distance YB to the 
tip of the bubble. The corresponding non- 
dimensional distance YS+ is given by 

(8) 
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For the case where the fluid forces acting on the surface tension forces at that same position. 

the bubble are much larger than the buoyant Substituting for Ap from the Clausius-Clapey- 

forces, equation (8) reduces simply to ron relation gives 

(9) 
T _ T = 2aTs(p, - ,+‘) 

B s 
PVHfJBPL. 

-. (111 

Let us next consider the temperature distribu- 
where Ts is the saturation temperature. and 

tion within the liquid. As originally pointed out 
H,, is the heat of vaporization. For simplifica- 

by Hsu [5], the fluid temperature Ts at position 
tion purposes, it will be assumed that the right- 

Y, must exceed the saturation temperature by a 
hand side of equation (11) is close to zero* and 

prescribed amount such as Ts = T,. (12: 

The temperature T, at the position YS+ can also be specified from existing solutions for the fluid 
temperature distribution. If we assume that the flow is turbulent and if we utilize the solution 
proposed by Martinelli [6]. there results 

T, - T, = QNprYB+. 

T,,--TB=5Q{N,+ln[l+Npr(‘_--I)]]. 

T’-7,=5Q{N*,+ln[I +5N,] +05ln[g]}, 

where N, is the liquid Prandtl number, and Q is a nondimensional term defined in terms of the 
local heat flux (q/A) and the liquid specific heat C,,: 

Q= 
q/A 

By setting TB = Ts and introducing the definition of the heat-transfer coefficient h in terms of the 
liquid mixed mean temperature Tf, 

T-T=!!! 
w 

* h 

gives 

Aq=Ts-lJ-=+QNp,Ys+. o<r;<s 
1 

A&=?-5Q{N,.+ln[l +N,(?- I)]] 

AT,=?--5a(N,+ln[l +5N,.]+oSln[G]) ‘9 Y,+ 3 30. J 

Ap = 2, (10) ~~--.-- 
* Equation (I I) could have been employed in the subse- 

where Ap is the pressure differential acting across 
quent sections. It should, however. require defining rs in 
terms of I’, and thus would require knowledge of an 

the interface at the tip of the bubble to balance additional arbitrary constant. 
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If the constants C and C’ were known, 
equations (8) and (16) would determine the sub- 
cooled fluid conditions AT, i.e. the position, 
where vapor bubbles first leave the heated 
surface. To obtain the constants C and C’, the 
equations were applied to some of the available 
experimental data. To simplify the calculations, 
all the liquid properties were taken at the 
saturation temperature, Tp The heat-transfer 
coefficient was calculated from the accepted 
relation 

2 = O.O23(G%)Oa (NP,T4, (17) 

where kL is the liquid thermal conductivity, and 
G is the mass flow rate per unit area. The wall 
shear stress r, is equal to 

f 1 G2 
%v =---3 

8 PLS~ 
(18) 

where the friction factor, J was obtained [7] 
from 

f = 0~0055{1 + [20000(40,) 

+ I06/(GW&-Jf}. (19) 
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The channel relative roughness parameter 
e/DH was taken to be that of drawn tubing, or 
(E/DJ = 10-4. 

The above set of equations was applied first 
to high-velocity tests and the constant C was 
determined. The value of C’ was next obtained 
from the low-velocity runs. It was found that for 
the range of reported test results 

c = 0.015 

C’ = 0. 1 
(20) 

It is interesting to note that, according to 
equation (20) buoyant forces appear to play a 
negligible role even at the low mass flow rates 
of 100000 lb/h-f? reported by Rouhani [8]. 

Once the constants C and C’ are known, 
values of ATd can be calculated for a multitude 
of test conditions; the predictions are listed in 
Tables l-3. The values of A& for the high- 
pressure steam-water experiments of Bettis [2] 
and BMI [9] are given in Table 1. The measured 
values of AT, reproduced in Table 1 are those 
reported by Bowring. The predicted and meas- 
ured values of ATd for Ferrell’s [IO] and 

Table 1. Subcooling conditions for bubble departure for Beth and BMI experiments 

Experiments 
Pressure Mass flow rate Heat flux Measured Predicted 

(psia) (lb/h-ft*) (Btu/%-ft’) ATd”F) ATd”F) 

Bettis 1200 0.561 x lo6 6 x lo5 15 63 
1200 0.865 x lo6 6.06 x lo5 52 52 
1200 @419 X 106 1.98 x lo5 34 24 
1200 0.901 x 106 6.02 x 10S 36 50 
1200 0445 x lo6 0.97 X 103 11 11 
1200 0.588 x lo6 3.46 x lo5 32 36 

Bettis 1600 0408 x lo6 0.98 x 105 16 15 
1600 0,594 x 106 1.97 x lo5 23 26 
1600 0.594 x 106 2.99 x 10’ 36 39 
1600 0.900 x 106 2.49 x 10’ 18 26 

Bettis 2000 0.677 x lo6 304 X 105 34 35 
2000 0,856 x lo6 3.03 X 105 29 31 

BMI 2000 0.673 x lo6 0.8 x lo5 8 9 
2000 0405 x lo6 1.5 x 105 17 23 
2000 0.662 x lo6 3Q x 105 23 35 
2000 0.654 x lo6 4.0 x 105 32 48 
2000 0,840 x lo6 3.0 x 105 25 31 
2000 0.844 X 106 4.0 x 105 38 41 
2000 0.844 x lo6 5.0 X 105 31 52 
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Table 2. Subcooling conditions for bubble departure for Ferrell’s experiments 

Pressure Mass flow rate 

(psia) (lb/h-ft2) 

60 0,398 x IO6 
60 0.785 x lo6 

120 0.390 x lo6 
120 0.390 x lo6 
120 0.390 x lo6 
120 0,781 x lo6 
120 0.781 x lo6 
120 0.781 x lo6 
120 0.972 x IO0 

240 0.398 x lo6 
240 0.776 x lo6 

Heat flux 
(Btu/h-ft*) 

1.15 x 105 
1.15 x IO5 

1.51 x lo5 
1.16 x lo5 
0.77 x 105 
2.16 x 10’ 
1.43 x 105 
1.15 x 105 
2.15 x 105 

1.16 x 10’ 
2.1 x lo5 

Measured Predicted 

AT,(“F) AT&OF) 

21 19 
22 14 

26 23 
23 17 
19 12 
34 25 
29 16 
24 13 
34 ‘2 

22 24 
33 31 

Table 3. Subcooling conditions for bubble departure for Rouhani’s data 

Pressure Mass flow rate 

(psia) (lb/h-ft’) 

142 0.0972 x lo6 
142 0.0973 x lo6 
142 0.781 x lo6 
142 0.781 x lo6 
142 1,061 x lo6 
142 0,391 x 106 

425 0.0973 x lo6 
425 0.0973 x lo6 
425 0.0973 x lo6 

725 0.0973 x 106 
725 0.0973 x lo6 

Heat flux Measured Predicted 
(Bru/h-ft’) ATd”F) AT,(“F) 

0.953 x lo5 20 19 
1.87 x IO5 34 38 
1.87 x lo5 28 21 
2.82 x lo5 37 32 
1.87 x lo5 21 19 
2.96 x lo5 38 45 

0.953 x lo5 21 18 
1.87 x lo5 40 35 
2.83 x 10’ 58 53 

1.87 x lo5 32 37 
2.83 x 10’ 50 56 

Rouhani’s data are shown in Tables 2 and 3. 
respectively. Examination of Tables l-3 reveal 
that the proposed model compares satisfactorily 
with the measurements. The calculated and the 
test values agree within + 30 per cent. The agree- 
ment is all the more satisfactory when it is 
recognized that the low experimental vapor 
volumetric fractions found near the position of 
ATd show considerable scatter, and that there 
are some inconsistencies in the test results. For 
instance, the last BMI run listed in Table 1 
exhibits a different and probably incorrect trend 
with heat flux from that of the two runs pre- 
ceding it. 

The predicted effects of flow and fluid proper- 

ties upon the departure subcooling AT* are 
shown in Fig. 3. The values shown in Fig. 3 
were calculated for steam-water mixtures and 
for a hydraulic diameter of 05 in and a heat flux 
of 250000 Btu/h-ft’. Corresponding predictions 
obtained from Bowring’s relations are plotted 
on the same figure. It is observed that the sub- 
cooling at bubble departure varies only slightly 
with pressure. The variation is of the same order 
of magnitude as that obtained from Bowring’s 
equation. The present model. however, shows 
that the dependence upon pressure increases as 
the flow is reduced. and at low pressure. the 
prediction curves upward rather than staying 
horizontal. Both the proposed and Bowring’s 
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equations predict that the subcooling AT, 
decreases as the flow goes up. They are also in 
approximate agreement for mass flow rates of 
the order of 0.5 x lo6 lb/h-f?, where most of the 
available test data fall. The effects of flow rate, 
however, are reduced considerably in the present 
model. Higher subcooling values than Bowring’s 
are predicted at high flows, and the inverse is 
true at low flows. The change of ATd with flow 
becomes negligible at very low mass flow rates, 
and this accounts for the ability of the present 
model to predict Rouhani’s data at 0.1 x lo6 
lb/h-ft2, a condition where Bowring’s empirical 
correlation gives values substantially higher than 
measured. 

The effects of heat flux and hydraulic diameter 
upon the subcooling ATd are not included in 
Fig. 3. They can, however, be deducted from 
equation (16). According to equation (16), the 
subcooling AT* is directly proportional to the 
heat flux, q/A. which agrees with Bowring’s 
postulate. The hydraulic diameter also enters 
into equation (16) through the nondimensional 
distance YL and the heat-transfer coefficient h. 
As the hydraulic diameter increases, so does 

SUBCOOLED BOILING 957 

Yi and the subcooling AT* decreases at low 
values of Yi. As Yi extends more and more into 
the turbulent core (Y,’ > 30), its effects upon 
ATd become small and can be even reversed when 
the effects of the heat-transfer coefficient, h, 
start to predominate. It is interesting to note 
that while Bowring did not include a hydraulic 
diameter term, he reported that data taken at 
the Argonne National Laboratory [I l] ex- 
hibited a dependence upon the hydraulic dia- 
meter. He found that the *-in ANL channel gave 
subcooling values smaller than the a-in channel. 
Bowring discarded the reported trend because 
he could not understand it physically. The ex- 
planation, now, can be inferred from equations 
(3 to 8). For the same flow velocity, the frictional 
pressure drop (i.e. the pressure differential 
exerted on the bubble in the flow direction) 
decreases as the hydraulic diameter is enlarged ; 
the bubble must grow further into the main 
stream before it can detach itself from the wall 
and the resulting value of ATd is reduced.* 

As demonstrated in the case of hydraulic 
diameter, one of the important advantages of 
the present model is that it has a physical basis ; 

* Aemer Anderson (University of Illinois) has suggested to the author that the results of the analysis are represented best 
in terms of nondimensional groupings. Equation (9) can be rewritten as : 

Also, the subcooling at detachment can be normalized as follows : 

where 

+ 

G(N, Y:) = cGit’+ In [l + N,(0.2 Yi - l)]}. 
O<Yd<S 
5 < Yf < 30 

The fractional subcooling 

5,O{N, + In [l + 5 NR] + 05 In (Yi/30)}. r; > 30 

T, - T, 

T, - T, 

is a function of the dimensionless parameters 

GD, G2DH 
-, -, N, and f 

GD,, .z 
i.e. - and - 

PC, aprBc PL 4, 

(A-1) 

Typical values predicted by the model are shown in Figs. 4 and 5. 

3P 
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- - Bowrings equation Heal flux 250 000 &u/h-ft’ 
- Present model Hydraulic diameter 0.5 in 

2” ’ I I 1 I I I I 
40 60 100 200 400 600 1000 ,?wo ,000 

PICZSSUre, DSia 

FIG. 3. Prediction of liquid subcooling at point of bubble 
departure for steam-water mixtures. 

it can, therefore, be applied to flow conditions 
and fluids not previously tested. The following 
comments and words of caution are, however. 
in order before it is used indiscriminately. 

2. The constant C’ in equation (7) was found to 
be zero for the range of available data. It can 
be expected that at extremely low flow rates, 
c’ can no longer be neglected, and some data 
in this range may be desirable. 

One more and final comment is in order about 
equation (6). Another relation was first tried for 
rfi but it was found unsatisfactory and was dis- 
carded. In this initial approach, it was assumed 
that the force FF was proportional to the wall 
shear stress and the surface of the bubble. 

so that 

F, = C,T,& (21) 

+ UC CFWC = 
CBdP, - Pv) > 

+4 
cswc 11 G&L - P”) . (72) 

1. At very low flow rates, the value of ATd is At very high flow rate, equation (22) reduces to 

obtained by subtracting two large numbers, 
and it becomes sensitive to the properties 

GSJ r -- 
B - C&,’ 

(23) 
utilized. A more accurate treatment may be 
desirable for the heat-transfer coefficient and When compared to available test data, the above 
the temperature at which the properties are relation did not show the appropriate depend- 
evaluated. ence upon flow, hydraulic diameter. and fluid 

FIG. 4. Fractional wall superheat at bubble detachment for 
Prandtl number of one. 
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FIG. 5. Fractional wall superheat at bubble detachment for 
Prandtl number of two. 

properties. The primary reason for mentioning 
equation (22) is that a similar form was proposed 
by Chang [ 121 in his studies of forced convection 
critical heat flux. Chang derived a similar ex- 
pression for rg by assuming that 

FF = C&p,?, (24) 
f 

where Urel is the relative vapor velocity.* In 
view of the poor success of equation (22), some 
caution is in order in applying Chang’s result. 

3. VOLUMETRIC VAPOR FRACTION DURING 
SUBCOOLED FORCED CONVECTION 

To calculate the local volumetric vapor 
fraction o! in the subcooled region and beyond it, 
one must know the true local vapor weight 
fraction 1’. If x is the local vapor weight fraction 
calculated from a heat balance and thermal 
equilibrium, x’ will have a finite value at 
positions where x is zero and negative. As a 
matter of fact, we can postulate that at the point 
of bubble departure, x’ is approximately zero 
since at that location the bubbles are small and 
still attached to the heated surface. The corres- 

* It is difficult to specify the relative velocity UIs, in the 
oresent case where the bubble is still attached to the wall. 

ponding value of x at the same point is negative 
and equal to xd: 

xd = - 

C,LAT, 

4, * 

(25) 

Bubble motion is absent at the point of bubble 
departure, and most of the heat is being trans- 
ferred to the liquid so that 

(26) 

As 2 increases and becomes positive and 
large, nonthermal equilibrium conditions stop 
to exist and one can write that 

x’ 3 XforX +jxdj- (27) 

A simple relation between x’ and x which 
satisfies the above condition is 

(28) 

The basis and form of equation (28) is very 
similar to the one proposed by Zuber, Staub, and 
Bijwaard. The latter investigators postulated an 
exponential or hyperbolic tangent function for 
the local liquid subcooling in terms of the 
distance along the channel. Their exnression is 
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more difficult to handle than equation (28) 
because to obtain the volumetric vapor fraction 
it requires integration with respect to position, 
and the integration becomes complicated for 
nonuniform heat flux distributions. The effects 
of variation in local heat flux were circumvented 
entirely in equation (28) by defining x’ in terms 
of the equilibrium weight fraction x rather than 
the local position z. 

Equation (28) specifies the value of x’ once the 
parameters x and x,, have been calculated from 
a heat balance and from the method proposed 
in the preceding section. The corresponding 
vapor volumetric fraction CI is obtained by 
assuming that the relationship between c1 and x 
is the same as it would be under thermal equi- 
librium conditions. Several correlations are 
available in the literature for vapor volumetric 
fraction; and while, for example, one could have 
used the relations proposed in [13] and [14], 
the following equation proposed by Zuber and 
Findlay [ 151 was selected. 

Equations (28) and (29) were applied to a 
variety of experiments, and the results are 
plotted in Figs. 614. Figures 6 and 7 show 
experimental data obtained at Bettis in a rect- 
angular channel, and the correspondence be- 
tween tests and predictions is excellent. The 
model accurately predicts the vapor volumetric 
fraction over the entire range of vapor content. 
Similar satisfactory comparisons are noted in 
Fig. 8, where both Bettis and BMI data at 2000 
psia are compared with the model. Figures 9 
and 10 are plots of Christensen’s data [16] at 
400. 600, 800, and 1000 psia. While the agree- 
ment is excellent at the two high pressure values. 
some deviation between tests and predictions 
exists at 400 and 600 psia. The difference be- 
comes noticeable beyond the subcooled region. 
and it appears that equation (29) is under- 
estimating the local vapor slip. Some of Ferrell’s 
data are shown in Figs. 11 and 12. In this case. 

_ 

+ E wl,(P, - P”) 
G PE 

(29) 

In equation (29) the vapor volumetric distri- 
bution factor of 1.13 and the relative vapor 
bubbly drift velocity of 1.18 

[ 

WdPL - P") 

P2 I+ 

were taken as most typical of the range of test 
conditions covered in forced convection sub- 
cooled boiling tests. The validity of equation (29) 
is questionable. It has been shown in the litera- 
ture that the vapor fraction distributions in 
developing flow differ from fully developed flow. 
In particular, the vapor distribution factor of 
1.13 has been reported to be less than one. How- 
ever, accurate developing flow correlations are 
not available; and the use of equation (29) is 
justified until such time that they are formulated. 
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FIG. 6. Comparison of model with Bettis data at 1200 psia. 
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FIG. 7. Comparison of model with Bettis data at 1600 psia. FIG. 8. Comuarison of model with Bettis and BMI data at 
2000 psia. 
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the agreement beyond the subcooled region is 
very good, and the initial vapor volumetric 
fractions look low. This can be traced to the 
tendency to underpredict AT, for Ferrell’s runs. 
Yet, the model predictions at zero steam quality 
fall on top of the data, and the agreement at this 
location would be adversely affected if the pre- 
dicted subcoolings AT, were to be increased. 
Shown in Fig. 13 are Rouhani’s data at medium 
and high velocity, and here again, the model is 
doing a satisfactory job. At the very low llow 
rates considered in Fig. 14, the model tends to 
overpredict the vapor volumetric fraction. The 
deviation is due to the fact that equation (29) 
gives too low a vapor slip velocity value. It is 
also possible that at low mass flow rates. the 
acceleration losses become dominant; for this 
reason, the momentum exchange model of [17] 
which considers mostly acceleration losses was 
substituted for equation (29). The agreement 
improved considerably at all pressures except 
at 725 psia where, as shown in Fig. 14, even the 
momentum model overpredicted the vapor 
volumetric fraction. It appears, therefore, that 
at low flows the local vapor slip values in 
Rouhani’s tests do not follow expected trends 
and the increased slip values he obtained may 
be brought about by the fact that his tests were 
performed in an internally heated annulus. 

The predicted effects of heat flux, pressure, 
and flow rate upon the subcooled vapor volu- 
metric fraction can be deduced from Figs. 614. 
Figure 13 shows that the subcooled volumetric 
fraction, CY, increases as the heat flux goes up. 
Similarly, as it would be expected, the sub- 
cooIed values of IY increase as the pressure is 
reduced (Fig. 12). Decreasing the Ilow rate has 
generally the same effect as can be seen from Fig. 
13. Moreover, at very low flow rate, the local 
vapor drift velocity can negate and even reverse 
this trend. Finally, the role of hydraulic diameter 
can be inferred from the proposed equations. As 
the diameter increases, the subcooling A& de- 
creases. and so will the subcooled volumetric 
vapor friction. 

It is also interesting to note that equation (28) 

can be used to specify the fraction of heat 4, 
going to form vapor. 

qt, = A,GH,,$ 

where AF is the flow area. 
Substitution of equation (28) and recognizing 

that 

q = A,GHf$ 

gives 

:=1+x, 2-l). (32) 

According to equation (32), the ratio q&q 
changes with position and is not a constant as 
predicted by Bowring. 

In the preceding derivations, it was assumed 
that the vapor volumetric fraction was equal to 
zero at the point of bubble departure. A high 
estimate of the vapor present at that location 
can be obtained as follows. Let us assume that 
the vapor bubbles are spaced a distance S apart, 
The number of bubbles around the wetted 
perimeter P, is then (P&S). If the bubbles are 
assumed to be full spheres (i.e., Ys = 2r,), their 
volume in a section of channel S long is (P,/S) 
(4 x 1;); the volumetric fraction of vapor Ed at 
that position is 

ol, = 

If the bubbles are assumed to be packed in a 
square array and to interfere with each other 
area of influence, r$S GZ 0.25 and 

nr, nY* 
ctdx---_----. 

3D, 60, (34) 

Typical values of cl, calculated from equation 
(34) for steam-water mixtures flowing at various 
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pressures in a channel of hydraulic diameter of 3. G. W. MAURER, A method of predicting steady-state 

0.5 in and at a heat flux of 250,000 Btu/h-ft2 are boiling vapor fractions in reactor coolant channels. 

tabulated below. 
Bettis Technical Review, pp. 59970 (1960). 

Table 4 

Pressure Flow rate 

(Ma) 0.1 x lo6 lb/h-f? 05 x lo6 lb/h-ft2 1 x 1061b/h-ft2 

60 CQ = 5.5 x 10-Z 
300 ad = 4.7 x 10-Z 
600 ad = 4.0 x lo-’ 

1000 a,j = 3.3 x lo-2 
2000 a&j = 1.9 x lo-2 

ad = 1.3 x 10-Z 
a,j = 1.1 x lo-2 
cfd = 1.0 x 10-Z 
tl,, = 0.8 x lO-2 
aI = 0.5 x 10m2 

ad = 0.7 x 10-2 
GL‘, = 0.6 x lo-* 
ad = 0.5 x lo-* 
Xd = 0.4 x 10-t 
ad = 0.2 x 10m2 

The volumetric fractions c(,, are observed to 
decrease with increased pressures and flow 
rates. Also, except for the low flow condition. 
the values of ad are small. It is interesting to 
compare the values of bubble diameter at 
departure from the present model with the 
observations of Hosler [18]. Hosler reported 
that bubbles detach from the wall while quite 
small (at most of the order of 04lO34005 in. 
in diameter). The present model predicts that 
the bubble diameter at detachment will be of 
the order of 0903 in for the test conditions of 
Hosler and a flow rate of 0.5 x lo6 lb/h-ft2. 
and the agreement is surprisingly good. 

1. 

2. 

4. CONCLUSIONS 

A method was developed to predict vapor 
volumetric fractions during subcooled forced 
convection boiling. 
The method gives general agreement with 
the available data. 
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Reaun&-un mod& de&& & predim la fraction volumique de vapeur pendant l’ebullition sous-refroklie 
par convection for&e est expo&. La mtthode de calcul proposb consiste en trois &tapes: 
1. me point de depart dm bulles de la surface chau@e (c’est-a.dire, l’emplacement oh lm fractions volumiques 

de vapeur sont sensiblement plus blevees que Zero) est determine a partir d’un Klan de forces stir les 
bulles et de la dist~bution & temperature loin & la surface chauffee dans une phase liquide unique 

2. tibulente. suppose %I LL existe une certaine relation entre la veritable fraction massique de vapeur locale et la 
valeur correspondant a l’bquilibm thermique. 

3. On obtient la fraction volumique de vapeur a partir de lavtritable fraction massique de vapeur locale 
et dune relation connue entre les fractions massiques et volumique de vapeur. 
La methode a et& appliqut a un ensemble de don&es exp&rimentales disponibles, et I’accord etait 
satisfaisant pour un grand nombre de conditions d’ecoulement, de flux de chaleur et de proprietes de 

fluides. 

~~~Zur Bestimmung des volumetrisch~ Dampfanteils bei unterk~~t~ Sieden in freier 
Konvektion wurde em Model1 entwickelt Die vorgeschlagene Ber~hnungsme~ode besteht aus 3 
Schritten : 
1. Die Stelle der Blasenablosung von der beheizten Wand (dh. der Ort mit einem volumetrischen Damp- 

fanteil wesentlich grosser als null) wird bestimmt aus einer Bilanz der Blasenktifte und der turbulenten 
Tem~atu~er~il~g in der Ffiissigkeit im Abstand von der beheiztm Wand. 

2. Eine Beziehung wird aufgestellt zwiscben dem wahren ijrtlichen D~pfg~cht~nte~ und dem ent- 
sprechenden Wert des thermischen Gleichgewichts. 

3. Der volumetrische Dampfanteil wird erhalten aus dem wahren iirtlichen Dampfgewichtsanteil und einer 
anerkanntm Bexiehung zwischen Dampfgewicht und volumetrischem Anteil. 
Die Methode wurde auf eine Reihe von Versuchsdaten angewaudf und es zeigt sich ~fried~stell~de 

~ere~s~mung Rir eine Viefzahl von Str~munge~ ~~estromdicht~ und Fl~ssi~eitseig~sch~t~. 

AaaoTaqH~-Paapa60TaHa MoRenb nns paweTa W~THHHOC~ 06~beMworo napacoAepmariw 

IIpZi KHIIeHZSiHe~OrpeTOti XFBRKOCTH B yCJIOBMRXBblHy2KAeHHOti KOHBeK~IW.~pe,WlO?KeHH"8 

MeToR pacveTa CONTEST 83 Tpex 0Repa~~~: 

1. n0 6ana~eyc~nung3~pbKaurpacnpe~eneR~~TeMnepaTyp~O~HO~a3HOZtTy~6y~eHTKO~ 

WRAKOCTYI Ha HeKOTOpOM PaCCTOFIHkikI OT HarpeTOtt CTeHKH OIIpeQeJIHeTCR TOqKa OTpbIBa 

ny3bIpbKa OT nosepxHocTA Harpesa (T.e. MeCTO, we 06'beMHOe napoconepmame 3Haw- 

TeJIbHO BbIIIle HyJIR). 

2. ~OCTy~RpyeTCX COOTHO~eH~e MemJ(y ~CT~HH~~ ~OKa~bHblM BeCOBbIki ~apOCO~e~~aH~~~ 

B COOTBeCTByIOWett BeJIE4EHOi% IlplS TeIIJlOBOM PaBHOBeCRH. 

3. O@beMfioe napoconep~anne rronyqaeTcR 113 kic~a~~oro BecoBoro napoco~epmmffl; 

IIpLlHHMaeTCRCOOTHOLUeHHe MeRQy BeCOBbIM II 06%eMHI;IM IIapOCOJJepHtaHMeM. 

~TOTMeTO~~~~MeRReTCR~~~~R~~3KC~e~MMeHTa~bHbIX~aHK~X.~Ojry~eHOy~O~~eTMO~~- 

TeJlbHOe &Or~arOBaK~e J&W3 pa?JWSHbIX PeittRiwOB TeVeHMR, Te~~OB~X Hafpy3OK M CBOtiCTI1 

FKMfiKocTeti. 


