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Abstract—A semi-empirical model is described for the prediction of the pressure drop in subcooled

convective boiling of water flows in tubes subject to uniform high heat fluxes. The flow in the single-phase-

liquid (SPL) regime, the partially-developed boiling (PDB) regime and the fully-developed boiling (FDB)

regime is modeled including the eftects of nonequilibrium quality and void fraction and property variations

along the tube. Improved models for the PDB and FDB regimes and extensive comparisons with exper-

imental data are described. Pressure drop predictions of the model are compared with over 100 experimental
runs and found to agree within approximately +20%.

INTRODUCTION

CONVECTIVE cooling of energy system components
and electrical and computer components using sub-
cooled nucleate boiling (SCB) is becoming increas-
ingly important as the heat fluxes to which these com-
ponents are subjected increase. Subcooled boiling has
long been recognized as a very effective cooling mech-
anism as a result of the heat transfer enhancement due
to the action of the bubbles generated along the heated
surface. Cooling with subcooled boiling is generally
limited by two main constraints. The first constraint
is for the temperature of the working fluid to remain
below the onset of bulk boiling so that there is no
net bulk vapor generated (which would have to be
condensed in a heat rejection system). The second
constraint is to remain safely below the critical heat
flux condition to avoid any possibility of tube
burnout. In addition, it is generally desirable to
minimize the pressure drop in order to be able to use
lower inlet pressures and smaller pumps.

In order to predict when either of the above two
constraints might be violated in a cooling system
design, it is absolutely essential to accurately predict
the two-phase pressure drop along the tubes of the
heat exchanger. Dormer and Bergles [1] and Owens
and Schrock [2] were among the first to generate a
significant amount of low-uncertainty subcooled boil-
ing pressure drop data. They also produced cor-
relations of their data which are widely used in design
work. These correlations are reliable when used for
applications which fall within the range of the
parameters covered in the experiments upon which
the correlations are based, but the authors do not
recommend that the correlations be used outside this
range.

The research reported in this paper summarizes

several years of effort to develop an accurate model
for convective subcooled boiling water flows in tubes
which would be of more general applicability for
design purposes over a wide range of cooling system
parameters, particularly at high heat fluxes. This study
started with the work of Hoffman ef al. [3] in con-
nection with high heat flux cooling systems for future
fusion reactor components, and was continued in the
work of Mokhtarani [4], Kline [S] and Wong [6]. The
goal has been to produce a well-validated computer
code using a combination of theoretical equations
and empirical correlations which would predict the
pressure drops as accurately as the existing empirical
correlations of the experimental data and which
would be ecasily extendable to a wider range of
subcooled boiling parameters as more data become
available.

Results of the first thoroughly-validated version of
this computer code (SR-2F) were reported by Hoff-
man and Kline [7]. This code predicted the pressure
drops for a large part of the selected data base to
within +25-30%, but there were some sets of data
for which the predictions were worse than this. Jia
and Schrock [8] suggested several improvements in
the model and reported good agreement with several
sets of data. The purpose of this paper is to report on
some significant modifications in the earlier subcooled
model which improve the prediction of the subcooled-
boiling pressure drops. In all, about 110 experimental
runs were selected from the data of ref, [1] for hori-
zontal tubes and ref. [2] for vertical tubes to form our
reference data base for validating the improved SCB
model. Over 3200 computer runs were made during
this study to select and validate the models incor-
porated in the final code version ASCBS3 [6]. The
basic models used in this computer code in each flow
regime are described first and comparisons with typi-
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ONB onset of nucleate boiling

OSNVG onset of significant net vapor
generation (assumed the same as the BD
point)

PDB partially developed boiling regime

SCB subcooled nucleate boiling regime

SPL single phase liquid regime.

Symbols

C, radial void distribution parameter

¢, specific heat per unit mass

D inner diameter of tube

f fanning friction factor

¢ acceleration of gravity

G mass flux

i enthalpy

k thermal conductivity

K... reduction factor for near-wall void
fraction

L heated length of tube

p pressure

q" heat flux

T temperature

ATqar temperature difference, T, — Tsat

NOMENCLATURE
Acronyms ATy temperature difference, 7T — 7,
BD  bubble departure point u velocily
FDB fully developed boiling regime v specific volume
OBB onset of bulk boiling X nonequilibrium quality

z distance along tube from heated inlet.

Greek symbols

o nonequilibrium void fraction

oy near-wall void fraction

u dynamic viscosity

p density

o surface tension coeflicient

() two-phase friction multiplier.
Subscripts

accel acceleration

f liquid or bulk mean liquid

fo liquid only

fg vapor minus liquid property

fric  friction

g vapor

grav  gravity

i inner

n inlet

150 isothermal

SAT saturation

SUB subcooling.

cal experimental data are given. Then the critical heat
flux correlation selected for incorporation in the code
is discussed.

REVIEW OF FLOW REGIMES ALONG A
UNIFORMLY HEATED TUBE

Figure 1 shows the flow entering the tube in the
single phase liquid (SPL) regime. After the flow
reaches the onset of nucleate boiling (ONB) point, the
flow enters the subcooled boiling (SCB) regime. The
SCB regime is conventionally divided into the high-
subcooling, partially developed boiling (PDB) regime
and the low-subcooling, fully developed boiling
(FDB) regime for the purposes of better modeling the
physical phenomena.

In the PDB regime, small bubbles generated from
nucleation sites remain on or near the wall. This near-
wall bubble layer grows in thickness as the flow is
heated until the bulk temperature reaches a sufficiently
high value to allow bubbles to depart from the surface
and exist in the cooler fluid in the core flow. This
PDB regime is modeled as a region of growing flow
blockage as a result of the growing annular void in
the near-wall region. The model for the PDB regime

includes the effects of the growing near-wall void on
the friction and acceleration pressure gradients, as will
be described in more detail shortly.

The point at which a ‘significant’ number of bubbles
have detached from the near-wall region is usually
called the point of onset of significant net vapor gen-
eration (OSNVG) or simply the bubble-departure
(BD) point; these two terms will be used inter-
changeably in this paper. While the term ‘significant’
has never been defined quantitatively to the authors’
knowledge, it nonetheless has been found to be cru-
cially important to predict this OSNVG or BD point
accurately in order to obtain a good prediction of the
pressure drop in the FDB regime following this point.
The end of the FDB regime and of subcooled boiling
occurs at the onset of bulk boiling (OBB). The model
for the FDB regime includes the effects of the growing
volumetric void on the friction, acceleration and grav-
ity pressure gradients, as will be described in more
detail shortly.

The code employs a straightforward marching
scheme to integrate the pressure gradient, where accu-
racy is maintained by selecting a sufficiently small axial
step size. For a typical run with 1000 axial steps, the
run time on a PC/AT compatible computer with a
6 MHz 80286 microprocessor and an 80287 math
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F1G. 1. Definition of the flow regimes and typical temperature
profiles along the heated tube for water coolant and uniform
axial heat flux.

coprocessor is on the order of 4 min. More modern
personal computers would be significantly faster.

The models used to characterize the SPL, the PDB
and the FDB regimes will now be described in the
logical sequence of occurrence in a heated tube flow,
as shown in Fig. 1. It should be noted that logic built
into the code allows it to start the computation in any
of the three regimes as determined by the geometry,
inlet conditions and the heat flux. However, no pro-
vision for inlet flow or thermal development is
included in the code yet.

SINGLE PHASE LIQUID REGIME

In the original SR-2F code version developed by
Hoffman and Kline [7], the Petukhov equation was
used to correct the isothermal friction coefficient for
the effects of heating

£l
.;;—6[7

However, Wong [6] discovered that under certain con-
ditions of high heat flux, the Petukhov correction
could become negative. Dormer and Bergles [1],
Owens and Schrock [2] and others have suggested
using the wall viscosity divided by the bulk viscosity
to some power to correct for the effect of heating. The
revised code version now incorporates this correction
factor with the exponent, #n, chosen as 0.3

f {:P{wal! ]”
L = =1 v
Jiso Hpulk )
Agreement of the pressure drop predictions with the

SPL data is excellent in almost every case, with overall
agreement within about +:20%. The SPL heat trans-
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fer coefficient used in the code is that specifically rec-
ommended for water in ref. [9].

ONSET OF NUCLEATE BOILING

The PDB regime is defined to start at the onset of
nucleate boiling (ONB). In the original code version
SR-2F [7], the PDB regime was assumed to start at
point P on Fig. | as a first approximation ; this is at the
intersection of the extrapolated SPL wall temperature
and the FDB wall temperature curves. In order to
improve upon this approximate model, the Bergles
and Rohsenow correlation {10] and the Davis and
Anderson equation [11] for prediction of the true
ONB point were compared. It was found that the two
equations gave almost exactly the same prediction of
ONB when the critical cavity radius, rcppr, was used
in the Davis and Anderson equation in place of the
maximume-active cavity radius, remma,

B q"re -
ATSAT(ONB) =—+ }(M (3)
Fema)y ¢
where
5= [LTW’—] @
iy
and

Bk
Foerir = \/(“qj?{) . &)

The Davis and Anderson equation also permits use of
the actual maximum active cavity radius in place of
the critical cavity radius when this is known for a
particular surface/fluid combination. Our improved
SCB model now incorporates the Davis and Anderson
equation.

PARTIALLY DEVELOPED BOILING REGIME

In order to model the growing near-wall bubble
layer in the PDB regime, the original code version SR-
2F used Rouhani’s correlation [12] to estimate the
radius of bubbles at the bubble departure (BD or
OSNVG) point for the prediction of the effective near-
wall void fraction at bubble departure

4 —0.237
aw(BD,za[l.ﬁxlO"‘(%—j) ] (6)

The improved model uses this equation, but the effec-
tive wall void fraction, a, is now assumed to grow
linearly from zero at ONB (rather than point P in the
old model [7}) to the above value at the BD point.
The SPL friction coefficient was used in the PDB
regime with no enhancement for the effective rough-
ness of the bubble layer, since it is uncertain how to
include the effect of sliding bubbles in the near wall
region on the friction coefficient. However, there is
a strong enhancement of the SPL friction pressure
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FiG. 2. Comparison of the predicted pressure variation to
one experimental run from ref. [1], Fig. 11. (ONB is predicted
to occur upstream of the inlet.)

gradient in the PDB regime through the use of the
core-flow mass flux, G,, instead of the inlet mass flux.
G, to calculate the pressure gradient

G(o)

G =1 _y (o)

(7
This core-flow mass flux increases due to the blockage
created by the growing wall void fraction, and the
friction pressure gradient depends on this mass flux
to the 1.8 power.

An alternate PDB model proposed by Jia and
Schrock [8] used the Levy bubble departure model
[13] to predict the bubble size at OSNVG (BD) and
the Hirata equation [14] for the enhanced friction
coeflicient due to the bubble layer effective roughness.
This model gave very nearly the same results as our
model, as illustrated by a typical comparison run in
Fig. 2. Until there arc better data which permit us to
separately evaluatc the effects of wall blockage and
enhanced friction due to the near-wall bubble layer,
it is not possible to decide which model is correct. The
final code version continues to use our original model
because Hino and Ueda [15] suggest that the Levy
equation underpredicts the size of the bubbles at
bubble departure based on measurements in their
photographic studics.

Figure 3 shows a typical comparison of our model

with an entire set of runs at different heat fluxes of
Dormer and Bergles [1] for a tube inner diameter of

4.58 mm. Dormer and Bergles presented most of their
results in this type of plot, where the dashed curve
represents an entire series of runs for a wide range of
heat fluxes. On this plot, point W signifies the heat
flux for the particular run where the ONB point is
predicted to be at the tube exit; single phase liquid
exists everywhere clse in the tube. At point X, the
ONB point is predicted to be at the tube inlet and the
entire flow is predicted to be in the PDB regime. At
point Y, the BD point is predicted to be at the tube
exit; this is the highest heat flux where the flow is
entirely in the PDB regime. It can be seen that the
agreement between our model and the data is quite

M. A. HorrMaN and C. F. WoNG

Inner Wall Heat Flux, q" (MW/m?2)

0 05 1.0 1.5 2.0 25 3.0 35 40
8 TT T T T T T T
| Dj=4.58 mm
G = 3039 kg/im2-s
b-Tggny =300k |
L/D = 100
[ Pex = 538 kPa

)

- -~ Experimental Data
@ Code pradiction (ASCB53)

il @0
S ——;:Li‘/ - 10

Pressure Drop, Ap (psi)
IS
Pressure Drop, Ap (kPa)

0ol " . 2 L : Lo
0 02 04 06 08 10 12 14

Inner Wall Heat Flux, q" (106 Btu/hr ft2)

FiG. 3. Comparison of the predicted pressure drops with a
set of experimental runs from ref. [1], Fig. 19. Points W, X
and Y are explained in the text.

good throughout the PDB regime, and the agreement
is also good in the SPL and FDB regimes as well. The
overall agreement for this particular sct of predictions
is about +15%.

The top curve in Fig. 4(a) shows the predictions of
our model for the smallest diameter tubes (1.575 mm
inner diameter) used in the experiments of ref. [1];
this was the poorest agreement of the model with any
of the data in our selected data base. The predicted
pressure drops can be seen o be too high by as much
as 50% in the PDB regime between points W and Y.
In order to improve the agreement with these small-
diameter-tube runs, we introduced an empirical
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FiG. 4. (a) Comparison of the predicted pressure drops for
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with a set of experimental runs from ref, [1], Fig. 28. (b)

Final variation of the near-wall void reduction factor selected
for incorporation in the new SCB Code ASCB53.



0.200

0.100

|

0.020

q
GeprATsyBED)

0.010
0.007

0.070 p

0.040

Prediction of pressure drops

Pressure Drop, Ap (psi)

Inner Wall Heat Flux, g (MW/m?2)
1 2 3 4 5

T T T T T
D =4.58 mm
G = 6077 kg/me~s

L/D = 100
Pox = 345 kPa

[ === APy Experimental
| @ APy Saha/Zuber
O3 APy Modified Saha/Zuber

1

!

T(n) = 300K i
i

1. |

| S

3295

Pressure Drop, Ap (kPa)

b -a0% cut-off —
@ 0.004 / R
Q' =48310  15(MWm?)
0.002 LA 1 n 2 1 N "
ax03 10t 2 4 5 2 4
Pe = [%J
ks

F1G. 5. Modifications of the Saha—Zuber BD (bubble depar-
ture) correlation incorporated in the new SCB Code
ASCB53.

reduction factor, K4, to reduce the effective near-wall
void fraction, a,,. This did give some improvement in
the agreement in the PDB regime, particularly for the
lower value of K4 of 1/2. However, in order to obtain
good agreement in the FDB regime past point Y, a
final compromise value of K4 close to 3/4 was chosen
for this small tube diameter. The final choice of the
reduction factors incorporated in our model is shown
by the curve in Fig. 4(b). The use of some reduction
in a,, is consistent with the recent experimental results
of Inasaka et al. [16], which suggest that the effective
wall void fractions in tubes with diameters around
1 mm are lower than predicted by current models. The
fact that our agreement is still only within about 20%
in the PDB regime indicates that further research is
required on the modeling of the PDB regime, par-
ticularly for small diameter tubes.

As indicated on Fig. 1, a linear wall temperature
variation was assumed in the PDB regime between the
ONB point and the BD point in the improved code
(instead of using the asymptotes to point P). This is
clearly only a first approximation to the actual wall
temperature variation; it is adequate for the pre-
diction of the PDB pressure drop, because the wall
temperature only affects the pressure drop very
slightly through its effect on the wall viscosity in equa-
tion (2). However this wall temperature variation only
gives a rough estimate of the PDB heat transfer
coefficient. An improved equation for the wall tem-
perature variation in the PDB regime is now being
developed.

ONSET OF SIGNIFICANT NET VAPOR
GENERATION

The prediction of the OSNVG or BD point was
based on the empirical correlation of Saha and Zuber
[17} in the original code version SR-2F. In an analysis
of the most probable locations of the OSNVG points
for the Dormer and Bergles data, we detected a weak
trend with tube diameter and a stronger trend with
heat flux [6]. With only a few exceptions the estimated

0 05
Inner Wall Heat Flux, q" (1 08 Brurhr ﬂ2)

1.0

F1G. 6. Comparison of the predicted pressure drops using
the unmodified and the modified Saha-Zuber correlation
with a set of experimental runs from ref. [1], Fig. 19.

OSNVG points for each of four heat fluxes fell on the
dashed lines shown in Fig. 5. However, since none of
the estimated OSNVG points fell below the horizontal
line 40% below the Saha—Zuber correlation, we chose
this as a lower bound.

Equations were fitted to these lines and are incor-
porated in the final code version. These modifications
to the Saha—Zuber correlation were found to either
give improved agreement with the experimental data
in our data base or to give a more conservative esti-
mate of the pressure drop (i.e. to predict a somewhat
higher pressure drop). In some cases such as the one
shown in Fig. 6, the improvement over the original
SR-2F code prediction was dramatic. (It should be
noted that the agreement in Fig. 6 is typical of that
obtained with most of the data of ref. [1].) As a result,
it was decided to include this modification of the
Saha-Zuber correlation in our model until more data
become available. We also feel that some modification
of the Saha—-Zuber correlation for the smaller diam-
eter tubes will improve the model, but more research
is needed to quantify this effect.

The alternative model of Shah [18] for predicting
the bubble departure point was also examined briefly.
A typical result is shown in Fig. 7. For this run, the
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to occur upstream of the inlet.)
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Shah model predicted bubble departure (i.c. OSNVG)
to occur further downstream in the tubc than the
Saha—Zuber correlation. This in turn caused the code
version employing the Shah model to underpredict
the pressure drop in the FDB regime. Since the present
model using the Saha—-Zuber bubble-departure cor-
relation gave better results, the Shah model was not
adopted.

For many high heat flux situations, the wall at the
heated tube inlet is already superheated above the
value required for ONB. For these cases, we assume
that the near-wall bubble layer growth starts at the
inlet. This approximation appears to give good agree-
ment with the data for experimental runs which had
subcooled boiling at or very close to the heated inlet
(e.g. see Figs. 2, 7, 8 and 10). Our model does not
account for thermal development explicitly, as men-
tioned earlier. However, based on the good agreement
of the predictions with the pressure drop data near
the heated inlet, we speculate that the effective devel-
opment lengths in subcooled boiling may only be a
few tube diameters.

FULLY DEVELOPED BOILING REGIME

In the original code version SR-2F of ref. [7], the
near-wall void fraction in FDB was calculated using
equation (6). The core mass flux was calculated using
equation (7) and this value was used as the effective
mass flux in all the FDB equations. This implied that
the effective blockage created by the near-wall void
stayed almost constant in the FDB regime. This is
clearly one possibility, but we believe that it is not the
most likely one. Another possible limiting case is 10
set the wall void fraction to zero immediately after the
BD point and use the full mass flux, G, in all the FDB
equations; however, this case gave poor agreement
with the data. The actual situation probably lies in
between these two limiting cases. Since it was not
possibie to distinguish the wall void from the volu-
metric void in the FDB regime based on the available
experimental data, we decided to treat the wall void
variation and the blockage after the bubble departure
point in a purely empirical way.

A set of linearly decreasing wall void profiles was
evaluated and it was found that a profile that
decreased to zero at a point one-quarter of the dis-
tance from the BD point to the predicted location of
the onset of bulk boiling (OBB) gave the best overall
agreement with the experimental data in our data
base. However, this treatment of the transition
between PDB and FDB is purely empirical and should
be improved upon when reliable data on the actual
behavior of the wall void fraction become available.

The basic analytical equations used in the original
code version SR-2F [7] for the pressure gradients due
to friction, flow acceleration and gravity in the FDB
regime were based on the separated flow model [19]
modified for use in the subcooled boiling regime
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The main modification for use of the separated flow
model in the SCB regime was to replace the equi-
librium quality and void fraction normally used in the
bulk boiling regime by the nonequilibrium quality, x
and the nonequilibrium void fraction, o, in the SCB
regime. The total pressure drop was obtained by inte-
grating each of these pressure gradient terms along
the tube and summing them.

In order to model the nonequilibrium volumetric
void fraction, o', the drift flux model developed by
Kroeger and Zuber [20] was used

xX'{(z)

I:Co(pf"pg):'x,(z)_'_ [C + ]pe
Pr Pe

The nonequilibrium quality was evaluated from the
model of Kroeger and Zuber [20] using an empirical
equation for the variation of the bulk fluid tem-
perature in the FDB regime

«(z) = (1n

AT ) (Z* —T*) J
pf (BD)
= 12
X'(z) [ e ATy (1= T%) (12)
where
Ti(z)— Tr(ZBD)]
T* = | ———o——" I =tanh [Z* 13
[TSAT — T(zgp) [ ] (13
and
A (14)
ZoBs —Z8D
and
i, = 1.4 [”g%f—pﬁ] 15)

which is the weighted mean drift velocity for vertical
upflow in tubes. For horizontal tube orientations, this
velocity was set to zero. This model has been retained
in the improved code with the minor modifications
described below.

One problem encountered with this model was the
prediction of too large nonequilibrium void fractions
near the tube exit for some runs, particularly at lower
exit pressures on the order or less than 2 x 10° Pa.
In fact, in some cases the predicted « was over
0.80, which is probably too high a value in subcooled
boiling.

One of the most crucial adjustable parameters in
the nonequilibrium void fraction equation, the dis-
tribution parameter, C,, was examined first. The orig-
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inal code version SR-2F [7] used a constant value
of 1.13, corresponding to a bubbly flow, because
Kroeger and Zuber [20] recommended that this
value be used in the absence of experimental data on
the void fraction radial profiles in subcooled boiling.
However, since other authors have recommended
constant values up to about 1.3 for C,, these other
values were evaluated.

Jia and Schrock [8] suggested the use of the empiri-
cal equation of Hancox and Nicoll [21] for the dis-
tribution parameter, C,, instead of a constant value

_ I:l—exp (—Cy)

1—exp (—Cyy) ](1 +Co2)—Core’ (16)

(o]

where Cy, = 19 and
Co, = 1.164—1.6534 x 10~ "p+7.5098 x 10~ 5p2.

an

Note that the pressure is in Pascals in this and all
other equations. We compared the Hancox—Nicoll
equation to various constant values for C, and found
that a constant value for C, of 1.25 gave the best all
around agreement with the runs in our data base. A
typical result from this comparison study is shown in
Fig. 8. The Hancox—Nicoll equation often resulted in
an underprediction of the pressure drop by as much
as 20%. This was probably a direct result of the fact
that the Hancox-Nicoll equation often predicted high
values for C, ; in some cases C, peaked at values as
high as 1.8 along the tube and had a value as high as
1.7 at the tube exit.

Several alternative correlations first studied by
Kline [5, 7] were reexamined to be certain that the
revised FDB model described above was indeed the
best choice. First, the tanh (Z*) empirical equation
for the bulk temperature profile in the FDB regime
was compared with the [l —exp(Z*)] alternative
equation suggested by Kroeger and Zuber [20]; the
tanh (Z*) was found to be clearly superior. Next
the Levy empirical equation for the nonequilibrium
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Fi1G. 8. Comparison of the predicted pressure variation using

various values of the radial distribution parameter, C,, with

one experimental run from ref. [1], Fig. 11. (ONB is predicted
to occur upstream of the inlet.)
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quality [13] was tried in place of the Kroeger and
Zuber equation (12). The results showed that the
Kroeger and Zuber equation gave much better agree-
ment with the experimental pressure drop data.

The weighted mean drift velocity, i, in equation
(11) is normally set equal to zero for horizontal tubes.
A number of horizontal tube runs were made includ-
ing a nonzero #,; and the effect was found to be neg-
ligible. This was due to the fact that the #,; term was
always very small compared to the C, terms in the
denominator of the nonequilibrium void fraction
equation (11).

Finally, the homogeneous two-phase friction multi-
plier, (¢,)?, used in the original SR-2F model {7] was
replaced by the Martinelli-Nelson friction multiplier
[22] to be more consistent with the separated flow
model. However, this change had only a very slight
effect on the predicted pressure drops because the
acceleration pressure drop dominated the friction
pressure drop contribution in the FDB regime.

ADDITIONAL TESTS OF THE MODEL

After careful validation of the new model using the
selected experimental runs of Dormer and Bergles
[1] for horizontal tubes, additional comparisons were
made against other sets of experimental data. Figures
9-11 show comparisons with some of the experimental
data of Owens and Schrock [2] in small diameter tubes
with vertical upflow of water. These runs were made
at much higher pressures than the Dormer and Bergles
runs. The predicted pressure drops can be seen to be
in good agreement with the data. This also constitutes
a good test of equation (10) for the gravity con-
tribution to the total pressure gradient.

Finally, we compared our predictions to the data
of Reynolds [23] for the relatively large diameter hori-
zontal tubes (inner diameter of 9.53 mm). A typical
result is shown in Fig. 12, and the agreement can be
seen to be reasonably good. (It should be noted that
all of Reynolds experiments showed an unexplained
discontinuity in the pressure profile around an axial
distance of about 1.4 m.)
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experimental run 255 of ref. [2].
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F1G. 10. Comparison of the predicted pressure variation with
experimental run 210 of ref. [2]. (ONB is predicted to occur
upstream of the inlet.)
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Fi1G. 12. Comparison of the predicted pressure variation with
experimental run 129 of ref. [23].

RANGE OF VALIDITY OF THE FINAL MODEL
ASCB53

The new code version ASCB53 now gives agree-
ment with almost all the runs in the selected exper-
imental data base to within +20% with the exception
of cases where the acceleration pressure gradient
exceeds about 3 MPa m~'. As mentioned in the pre-

M. A. HorrMaN and C. F. WoNG

vious section, the probable cause is that equation (11)
seems to over-predict the nonequilibrium void frac-
tion for the lower pressure cases (around 2 x 10° Pa),
and the void fraction grows to very large values as
OBB is approached. We have not yet found any simple
correction for this problem, although many ideas were
studied. For the present, the code warns users when
this value of the acceleration pressure gradient of 3
MPa m~' has been exceeded and cautions the user
that the predicted pressure drop beyond that point
may be too large. Further work on this problem is
warranted.

The only other situation where the predicted pres-
sure drops differed from the experimental values by
more than +20% occurred for some vertical tube runs
with mass fluxes less than about 2500 kg m~2 s,
Since the model tends to overpredict the pressure in
the SPL and PDB regimes for these cases, the code is
only accurate for values of G greater than 2500 kg
m~? s~'. However, most water cooling systems of
interest for high heat flux applications employ higher
mass fluxes than this value, so this should not seriously
restrict the use of the code for the intended
application.

In summary, the SCB pressure drop model has been
validated over the following range of parameters for
water flows in round tubes and was found to agree
with our data base consisting of about 110 runs to
within +20% :

g =09.7MWm™?

G = 250010000 kgm s "
P = 0.2-2.8 MPa

ATgunm = 10-200°C

D, = 1.6-9.5mm

L/D; = 49-192

[dp/dz]uceas < 3.0 MPam ™.

The range of validity can be extended as more low-
uncertainty pressure drop data in the subcooled boil-
ing regime become available. However, even in the
absence of such data, the cooling system designer can
use this model for preliminary design purposes, since
the model is based on a set of sound physical equations
and well-validated empirical correlations. In any case,
a good designer should recognize that the predictions
must be checked by an experiment before commitment
to the final design whenever the design parameters are
outside the range of experience.

CHOICE OF A CRITICAL HEAT FLUX
CORRELATION

After an examination and comparison of many sub-
cooled boiling CHF correlations, the Gambill cor-
relation [24] was chosen for use in the computer code.
This correlation is based on one of the largest sets of
data for uniform heat flux on tubes and channels of
any of the CHF correlations examined. It should be
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noted that the Gambill correlation tends to be some-
what more conservative (i.e. to predict a lower CHF)
than many of the other correlations examined.

One modification was applied to the Gambill CHF
correlation. For tubes smaller than 8 mm in inner
diameter, the Gambill CHF was modified as follows :

0.008
CHF = CHF g \/ (T)

This modification is based on the correction suggested
for the USSR Academy of Sciences CHF data [19]}
and is supported by CHF data of Bergles [25] on small
diameter tubes.

(18)

CONCLUSIONS

A semi-empirical model of subcooled convective
boiling of water in round tubes based on sound physi-
cal models and well-validated empirical correlations
has been developed. The model has been compared to
over one hundred experimental runs for water coolant
in round tubes subject to uniform heat fluxes. The
model has been found to predict the overall pressure
drop for our data base to within +20%. The model
has also been extended to nonuniform circumferential
and axial heat fluxes. Work on these aspects will be
reported in a separate paper.
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