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ABSTRACT

A series of low pressure downflow film boiling heat transfer experiments
were conducted in a 14-foot (4.27m) long electrically heated heater rod
bundle containing 336 heater rods. The resulting data was compared with
the Oougail-Rohsenow dispersed flow film boiling correlation. The data
was found to lie below this correlation as the quality was increased.
It is believed that buoyancy effects decreased the heat transfer in
downflow film boiling. • •



INTRODUCTION

Flow film boiling studies have been conducted by several authors in
attempts to develop accurate and easy to use post-CHF heat transfer
correlations* " . The majority of those studies have been for simple
geometries, tube or annuius, and have used upflow film boiling. There
is relatively little work on downflow film boiling situations where the
buoyant effects could influence the heat transfer results. In this
paper, a series of downflow film boiling studies at low pressure and low
mass flows will be discussed and compared to other upflow film boiling
data and existing dispersed flow film boiling correlations. The effects
of buoyancy on the results will be discussed.

DESCRIPTION OF THE EXPERIMENT

The downflow film boiling test was conducted in a heat transfer test
facility shown schematically in Figure 1. The facility consists of a
water supply system with three injection accumulators and an.injection
manifold, a test vessel where the heater rod bundle was housed, and an
exhaust system which includes a downcomer, a two-phase separator and an
exhaust line with,a pressure control valve.

The test vessel, contained a rod bundle In a low mass square flow chan-
nel formed with four baffle plates and an upper and lower plenum.
Fifteen top injection tubes were located in the upper plenum. The rod
bundle consisted of 336 electrically heater rods arranged in a 0.496 in.
(12.6 mm) square array. Each rod had a 0.374 in. (9.5 mm) diameter, and
a 226 in. (5.740 M) overall length with an active heated length of 164
In. (4.166 M). The heater coil was constructed to provide a simulated
modified cosine axial power profile with a peak to average power ratio
of 1.66. There were.six thermocouples per rod at alternate one-foot
incrediments and there were 82 instrumented rods.. The instrumental rods
were placed in the bundle for maximum coverage such that hot rod infor-
mation could be obtained in addition to the bundle average heat release
which would then be used to calculate the fluid quality.
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The low pressure downfiow film boiling experiments were conducted in a
steady state mode; i.e., the water injection flow; system pressure, and
rod power were maintained constant throughout the test. These tests
were started by heating the saturated temperature at the desired testing
pressure. Then, electrical power was applied to the heater rods. Water
Injection was started through the top injection tubes when the desired
rod's peak clad temperature was reached. The injection water and the
resulting two-phase mixture flowed down the rod bundle.exiting through
the test vessel lower plenum, downcomer and separator. The liquid car-
ryover was collected in the separator. The exhaust steam was heated
above saturation before it passed through the exhaust orifice plate flow
meter. Heater rod clad temperatures, injection and exhaust flows,
liquid levels, pressures and temperatures were monitored by a. fast scan-
ning computer data acquisition system. The range of conditions studied
in these experiments were at low flow, G = 2 x 10 lbm/hr-ft - Ò.5
x 1Q5 lbm/hr-ft2 (290 - 73 Kg/m2-s), and low pressure conditions,
P• • 20 - 100 psia (0.138 - 0.695 MPa).

The data for the portion of the rods in film boiling was time averaged
over the last thirty seconds of the test to obtain steady heat transfer
values. A one-dimensional steady energy balance was performed using the
measured wall heat flux which was calculated from the heater rod thermo-
couples by an inverse conduction technique. The equilibrium quality was
calculated at each heater .rod instrumentation plane within the bundle.
If. that portion of the rod was quenched, the input power was used to
calculate the heat flux. If the rod was in film boiling, the calculated
rod heat flux was obtained by the inverse conduction technique. The
uninstrumented rods were assumed to behave in the same proportion as the
instrumented rods. While it is felt that vapor superheating adjacent to
the heater rods does occur, the aspirating steam probes in the bundle
did not detect any bulk flow vapor superheat. Also, the rod heat trans-
fer at the bundle exit and the pipe wall thermocouple data was reviewed
to see if 'any vapor superheat occurred, none was observed. As a further
check on the adequacy of the thermal equilibrium energy balance, the
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measured exit quality from the two-phase separator was compared to the
calculated exit quality from the bundle energy balance. A comparison is
shown in Figure 2 and indicates that the assumption of bulk vapor ther-
mal equilibrium is reasonable. The calculated quality for these experi-
ments ranged typically from 1 to 352, as calculated on an equilibrium
b a s i s . •-.••. - •

DISCUSSION . v

The most widely used dispersed flow film boiling correlation is the .
Dougall-Rohsenow correlation* . This correlation was developed from
upflow film boiling data in freon in a tube. DougaTl observed that a
flow regime change would occur at equilibrium qualities of approximately
10 percent where the flow regime was predicted to change from inverted
annular to dispersed flow. The heat transfer then changed from a pool-
type film boiling heat transfer situation to a forced convection film
boiling regime. One of the principal assumptions in the Dougall-
Rohsenow correlation is bulk vapor thermal equilibrium. This assumes
that while local superheating could occur at the wall, there is
sufficient liquid/ vapor interchange so as to maintain the bulk vapor at
thermal equili- brium. As the flow quality increases, however, it is
less.likely that there will be sufficient liquid/vapor heat transfer to
maintain the bulk vapor at saturation and some vapor superheating will
occur. For the experiments reported in this paper, the. equilibrium
quality was in the moderate range (35£ maximum) and no bulk vapor
superheating was observed such that the Dougall-Rohsenow correlation
should be appreciable. .

Using the calculated equilibrium qualities, the total flow measurement
(a constant) and the fluid properties, the mixture Reynolds number,
Prandtl Number and Nusselt Number could be calculated for each data
point in film boiling. The Nusselt number used the average rod heat
transfer calculated from the center rods, at least tw& rows away from
the housing. These rods normally had the lowest heat transfer. The
Dougall-Rohsenow Correlation was also used to predict the Nusselt Number
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given the flow and quality conditions from the experiment. A comparison
of the rod bundle film boiling data, Oougall's data and the Dougall-
Rohsenow correlation is shown in Figure 3. The line at 0.023 represent
the Dougali-Rohsenow correlation. It can be seen that the rod bundle
data shows the same trend as Dougail's original data except that it
drops below the 0.023 line at lower qualities, typically 15% or more.
Dougall's data stays above the 0.023 line until typically 502 quality
which is his highest quality data point.

The literature was examined to see if other low pressure, low flow film
boiling data existed which could be compared to the down flow rod bundle
experiments described above. Most other upflow flow film boiling.data
is for a tube or annulus at higher flow and pressure conditions and is
not comparable to the present data. The FLECHT (Full Length Emergency
Core Heat Transfer) flow film boiling reflooding heat transfer data is
at pressure and flow conditions of interest. The FLECHT experiments and
data is described in Reference 4 and consists of steam/water upflow film
boiling tests in a 10x10 rod bundle array where the rods are. initially
heated above the rewet temperature and the bundle is reflood. The
heater rod temperatures are typically quite high in the FLECHT tests
(typically 1200°C),and substantial bulk vapor superheating occurs.
The FLECHT tests were screened carefully to find flow film boiling data
where little or no bulk vapor superheating was detected in the experi-
ments. Using the same techniques described above for the downflow data,
a mass and energy balance was written for the unquenched portion of the
FLECHT bundle, and the equilibrium quality was calculated. Using the
calculated quality and flow, the Dougall-Rohsenow Nusselt number could
be predicted for the test conditions and compared with the measured rod
heat transfer. These data points from the FLECHT excperiments are also
plotted in Figure 3 and are for a pressure range of P = 20 - 60 psia
(0.138 - 0.414 MPa and flow range of G= 1.58+104 - 9.32 x 104 Ibm
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/hr-Ft (21.4-126.4 Kg/m -s) which is comparable.to the downflow
data. Comparison of the three sets of data in Figure 3 indicates that a
heat transfer difference is occurring between the downflow and upflow
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rod bundle data. It was feít the buoyancy effects could be occurring in
the downflow situation resulting in poorer rod heat transfer.

In flow film boiling, the'vapor layer adjacent to the heated surface is
controlled by the inertia forces of the bulk flow and the buoyant force
caused by heating. For upflow, these forces act in the same direction,
and the vapor layer remains thin promoting good heat transfer. In down-
flow situations, particularly for low total mass velocities, the inertia
and buoyant forces act in opposite directions and. can cause the vapor
layer to thicken, thus reducing the wall heat transfer. As the magni-
tude of the dowriflow increases, it is expected that the flow inertia
forces will dominate the buoyant effects; thus, little difference be-
tween upflow and downflow would be expected. The flow conditions at
which the buoyancy effects are negligible have not been determined for
steam/water flow film boiling situations.

The literature also was reviewed to find upflow and downflow film boil-
Ing comparisons to confirm the trends observed in Figure 3. Film boil-
ing and CHF studies by Papelr ' and Simoneau* ' in cryogenic fluids
indicated that a difference between upflow and downflow film boiling can
occur if the inlet velocity is less than 7.5 ft/sec (2.29 m/sec).
Papel1 calculated a Froude Number criterion of V? /(Dg) = 42, (Vin
1s the inlet velocity, D is the tube diameter) above which buoyany
effects became negligible» Similar calculations were made with the
present rod bundle data and yield Froude numbers less them 42 indicating
that buoyant effects were present. Simoneau's visual results indicated
that significant vapor layer thickening at the wall can occur with low
inlet velocities in downflow, thereby decreasing the flow film boiling
heat transfer. There was also a pressure effect indicated in their data
which showed that the buoyant effects were greatest at low pressure and
diminished as the pressure increased. This is expected since the volume
of vapor generated would be less at higher pressure, thereby decreasing
the vapor layer thickness at the wall and the buoyant effect.
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A similar upflow and downflow film boiling comparison was performed by
Newbold, Ralph and Ward* ' at low inlet mass flux flows, G = 3.09 x
10 4 lbm/hr-ft2 - 1.57 x 105 lbm/hr-ft2, (G =» 43 Kg/m2-s - 218
Kg/m -s) at low pressures,' typically atmospheric to 45 psia (0.13
MPa). These authors observed that the cooldown time in film boiling
downflow with saturated inlet water temperatures were three to four
times as long. If subcooled liquid was used, there was no difference
between upflow and downflow from their tests; however,.their test
section was only 12-inches (304.8 mm) long such that not Vill of the
liquid subcooling.may have been removed. They also attempted to esti-
mate the. updraft of steam due to the buoyant effect by calculating the
rise velocity of a single bundle in the turoulent churn flow regime
using an expression given by Wallis^ . The updraft steam Í57OW rate
using this approach could equal the downflow-mass flow for the lowest
mass velocity test indicating that buoyant effect would become signifi-
cant low magnitude downflows. -

tg)
A similar study by Robershotte and Griffith^ ' with low mass velocity
downflow film boiling indicated that at very low mass flows, G = 10 -
4 x 104 lbm/hr-ft2 ( 1 5 - 5 0 Kg/m2-s). The liquid falls through a
laminar film of vapor. Heat transfer in this situation is due to
convectfon to a laminar steam layer and radiation to drops. As the mass
flow increased, however, these authors found that the Dougall-Rohsenow
correlation worked well with the properties evaluated at the wall tem-
perature,- and there was no apparent buoyant effect. Again, their test
section was short*, 2 feet (609.6 mm) such that the resulting exit quali-
ties and vapor generation was low, thereby not providing sufficient
potential for buoyant effects.

Closer examination of the downflow rod bundle data given in Figure 3
indicates a similar pressure trend as observed by Papel1. The lower
pressure data falls below the Dougall-Rohsenow correlation at lower
equilibrium qualities as compared to the higher pressure data for the
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same inlet fluid conditions. The pressure effect became indistinguish-
able above 60 psia (0.414 MPa). The updraft of steam flow was also
calculated in the same fashion as Newbold, Ralph, and Ward and was found
to be a maximum of a 10% effect in relation to the downflow mass velo-
city conducted in these experiments.

An evaluation was made of comparing the Dougall-Rohsenow correlation
with the properties evaluated at the wall temperature instead of the
satuation temperature similar to Robershotte and Griffith. When this
approach was used, the mixture Reynolds Number would decrease signifi-
cantly due to the increase in vapor viscosity.and the decrease in vapor
density which occurs at higher vapor superheats. When the data is com-
pared in the same fashion as in Figure 3, nearly all of the data would
H e above the 0.023 line. Thus such a correction technique tends to
over compensate the buoyant effect and uniformly penalizes the predicted
heat transfer. ' '

CONCLUSIONS

Buoyancy effects can be significant in downflow film boiling situations
at low pressures and flows. This effect has also been observed in down- .
flow rod bundle experiments. It is believed that the effect of the
buoyant force is to increase the vapor film thickness such that the
downflow film boiling data will deviate from heat transfer correlations
developed for up flow. The amount of deviation is very pressure sensi-
tive with lowest pressure data 20 psia (0.138 MPa) showing the most
variance.•

It has been shown by others that as either pressure or flow increases,
the buoyant effects diminish and there is no difference between upflow
and downflow film boiling. Presently no criterion exists for determing
'when the buoyant effects can become significant. .



. ••,','. REFERENCES. . . •

(1) Oougall, R. S., and Rohsenow, W. H., "Film Boiling on the Inside of

Vertical Tubes with Upward Flow of the.Fluid at Low Quality," HIT

Report 9079-26 (1963) :

(2) Groeneveld, D. C , "An Investigation of Heat Transfer in the Liquid

Deficient Regime", AECL-3281 (1969). . -

(3) Slaughterbeck, D. C , Ybarrondo, L., and C. F. Obenchain, "Flow Film

Boiling Heat Transfer Correlations: A Parametric Study with Data

Comparisons" ASME 73-HT-50, 1973. •

(4) Rosal, E. R., Hochreiter, L. E., McGuirei M. F., and Krepinevich, M.

C , "FLECHT Low Flooding Rate Cosine Test Series Data Report," WCAP-

8651, December 1975. . • .

(5) Papel1, S. S., "Buoyancy Effects on Liquid-Nitrogen Film Boiling in

Vertical Flow" Advances in Cryogenic Engineering, 16, Pg 435-444

(1970).

(6) Simoneau, R. J. and F. F. Simon, "A Visual Study of Velocity and

Buoyancy Effects on Boiling Nitrogen," NASA-TN-D3354 (1966).

(7) Newbold, F. J. Ralph, J. C , and J. A. Ward, "Post-Dryout Heat

Transfer Under Low Flow and Low Quality "Conditions," Paper Presented

at Europeun Two-Phase Flow Group, Elangen FRG, (1976).

(8) Wallis, G. B., One-Dimensional Two-Phase Flow, Pg 255, McGraw-Hill

Bool Company (1969).

(9) Robershotte,' P., and P. Griffith, "Downflow Post CHF Heat Transfer

to Low Pressure Water" Paper Submitted to International Journal of

Heat Mass Transfer.

-8-



UPPERHEAD INJECTION
MANIFOLD

-i

STEAM
SEPARATOR
NO. 2
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COMPARISON OF
CALCULATED BUNDLE EXIT QUALITIES WITH

SYSTEM EXHAUST QUALITIES
(DOWNFLOW FILM BOILING TEST)

X, system exhaust quality
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COMPARISON OF BUNDLE FILM BOILING DATA WITH
DOUGALL-ROHSENOW CORRELATION
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