Study of Subcooled Film Boiling
on a Horizontal Disc:’
Part 2—Experiments

D. Banerjee _ _ N o
Experiments were performed to study subcooled film boiling of performance liquid PF-
V. K. Dhir 5060 (made by 3-M Company) on a horizontal copper disc. The experiments were per-
formed for two regimes of film boiling involving departing vapor bubbles (low subcool-
Mechanical and Aerospace ing) and nondeparting vapor bubbles (high subcooling). By employing high speed digital
Engineering Department, camera, data were obtained for temporal variation of bubble height, bubble shape and
University of California, Los Angeles, bubble growth rate over one cycle. Heat flux data were deduced from temperatures
Los Angeles, CA 90095 measured with thermocouples embedded in the solid. The results from the numerical
model are compared with experimental data and are found to be in general agreement.
Particle Tracking Velocimetry (PTV) experiments were performed for a configuration of
non-departing vapor bubbles to study the flow field in the liquid phase. The PTV experi-
ments point to the existence of natural convection flow in the liquid phase and is in
qualitative agreement with the predictions available in the literature.
[DOI: 10.1115/1.1345890

Keywords: Boiling, Film, Heat Transfer, Phase Change, Two-Phase

1 Introduction order phase change by heating from below pointed to the exis-
c}ence of different regimes of vapor-liquid interfacial instability.

In subcooled film boiling the bulk temperature of the liqui n application of this analysis was in a geothermal situation
phase is lower than the saturation temperature. In such a Situa\'/&vﬁ‘erg pfor instance, water cgn be stabl stra%ified over steam. The
the heat flux at the wall is partitioned at the interface between ! ' y :

phase change and convective heat transfer into the subcooled it ults of the aforementioned analy_3|s were expenmentally_ven
: . PR fied by Ahlers et al.[8]. The experiments involved isotropic-
uid. This results in higher heat transfer compared to saturated fi ’ - S ;
nematic phase transition of a liquid crystal. They reported various

m
boiling. " . - ! .
Dhir and Purohif1] observed experimentally that film boiling condltlon_s where _conductlor] temperature profile was obtained in
the heavier overlying nematic phase.

heat transfer coefficients in subcooled film boiling on a sphere Under certain conditions of subcooling and wall heat flux val-
were 50—-60 percent higher than those predicted by the laminar 9

plane interface theory. The significant enhancement in liquid si&éjsctoh;e\éaﬁﬁ; ft')lgi]“rlls Sutizgr Stcr)%ﬁmt?c()ji|ilrjlnd§gntgi?iol:1qsu'dStE(()jO| cl)?
heat transfer was attributed to the alteration of flow field in thg ' olling p gc¢ ) y of
liquid by interfacial waves. Experimental results of VijaykumaPUCh a configuration is helpful in understanding the hydrodynamic

and Dhir[2,3] show that degree of subcooling significantl aﬁectQSpeCts of .the: vapor-liquid in.terface and heat transfgr into the
the quuitg sit]:ie heat transfger in subcooled ?ilmgboiling c))/n afl ubcooled liquid. Such a situation was reported by Ayazi and Dhir

. |, for subcooled film boiling of water on a horizontal cylinder.
vertical plate. The authors argued that such a configuration of stationary vapor-
Nishio and Ohtaké4] observed that subcooled film boiling in” uid interfacegcan exist only when tlge vapor roductionyratepat
the “small cylinder diameter” regime could be divided into tWotr?e film matches the conde)rlwsation rate arg thg bubble interface
distinct regimes, “normal” and ‘“singular.” In the “normal” re- :

gime of film boiling (for R-113 as the test fluid and for heater wir Based on the experimental results, the authors proposed a criterion

diameter greater than 0.2 mithe boiling heat transfer coeffic:ienteforl.”:je onset of collapse of subcooled film boiling on a horizontal
§ylinder.

was found to increase with degree of subcooling. In the "singu* Though there is a huge body of literature on subcooled film

lar” regime of film boiling (for R-113 as the test fluid and heaterboilin — very few investigations have been performed to under-
wire diameter less than 0.2 mmthe heat transfer coefficients 9 y 9 P

were found to decrease to a minimum with increasing subcooll tand the hydrodynamics of film boiling on a horizontal flat plate.

: : : art of the reason can be ascribed to the difficulty in gathering
However, the authors did not provide any explanation for th'e?x erimental data for evolution of the interface on a flat plate
peculiar behavior in the “singular” regime. P P

Kikuchi et al.[5] found that in saturated film boiling of water (compar_ed to say, on a horizontal cyIin)JIand_a_Iso In proper post
on silver coated spherical and cylindrical probes the quuid-sol%ocsss'ng. of thfek:axpgrlmgntsl gata' ghe dlfflculltyfarlses léegaulfe
(L-S) contacts occurred with a much higher frequency compar@{lo struction of the view by bubbles departing in front and bac

to subcooled film boiling, in which the L-S contacts were almos the fo_cal plane. This stut_jy was _performed to_ enhance the un-
erstanding of subcooled film boiling on a horizontal flat plate

nonexistent. This pointed to the stabilizing influence of subcoou-nder pool boiling conditions. The objectives of the present inves-

ing on the vapor-liquid interface in subcooled film boiling. The igation were to:(1) compare the hydrodynamic and wall heat
also found that the L-S contact frequency was lower for a (:ylindkélg _ pare yarody z
ransfer experimental data with numerical predictions for a con-

than for a sphere. i - : e
Linear stabilty analysis performed by Busse and Shusart TCC 8 CAREER, LIS B S er the Tauid

and also discussed by Busgé, for a system undergoing first pool for subcooled film boiling on a horizontal disc at high sub-

— ) . . ) coolings and compare the results with the numerical predictions of
This work received support from the National Science Foundation.
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releasing nodes, bubble shape during the evolution of the interParticle Tracking Velocimetry (PTV) Measurement®Vith the
face, bubble growth rate, flow field in the liquid and overall heaibjective of studying the flow-field within the liquid pool at high
transfer rate were measured. subcoolings, the liquid pool above the heater was seeded with
particles and the video pictures of the particle motion were re-
) corded. Since a priori information was available about the opti-
2 Experimental Apparatus mum particle concentration, proper intensity and lighting tech-
The experimental setup is shown in Fig. 1. The test sectidhques as well as the required camera parametery.,
consists of a cylindrical test heater blogkachined from one end Magnification, resolution of the digital video camera, exposure
of a 99.99 percent pure solid copper cylindplaced on a steel time, etc) for minimizing the errors in the data, the experimental
base plate and forms the base of a cubic viewing charfiieem procedure was based on trial and error. The particles used in this
each side The test heater block was machined to a diameter ekperiment were ground fish scales with a metallized coating of
88.9 mm and a height of 42.18 mm. Holes were drilled into th&luminum. The particles had a nominal diameter of/f. Also,
copper cylinder from bottom to insert several cartridge heatetbe particles had widely varying density distribution—depending
Temperature was measured with thermocouples embedded in dinehe amount of metallized coating. Hence, particles with similar
test block. The test liquid was confined to the viewing chambelensity as the test fluidPF-5060 were obtained by floatation
and was boiled on the copper surface. A cooling coil made gkparation technique. In following this technique, particles were
copper tubing was placed just under the free surface of the te&ll stirred in a container of PF-5060. The particles with same
liquid. Antifreeze mixture(mixture of ethylene glycol and water density as liquid PF-5060 remained suspended in the liquid and
was used as a C00|in_g fluid. The antifreeze mixture was Ch|“ed \Wbre sucked out with a pipette’ thus Separating them from the
an external chiller unit to-15°C and pumped through the coolingfioating particles at the free surface of the liquid and the particle
coil to cool the test liquid and obtain the required degree of suBadiments settled at the bottom of the container. This way a slurry

cooling. The temperature drop of the cooling fluid in the chillepf harticles in PF-5060 was obtained with the solid particles hav-
tubes was maintained at less than 1°C to ensure uniform coolipg ine same density as the liquid PF-5060.

at the free surface. Complete details of the apparatus are given by, particles were introduced from above into the liquid pool

Banerjeg11]. . . e . .
Visualization studies were performed to determine the interfad(%fprg:;‘:(]e i\l;;g ?i(l)lleeg vf\::m tbhoélIglﬂrxtgf?hgppeattrﬁc?gs ig SE.%%%Q) ;23

motion. The viewing chamber was illuminated from outside wit . . ; ;
tungsten filament incandescent light source placed behind opti iglg;:iﬁelr;ﬂthﬁ :pgee(rj %?rtilt:? g;rt::rglsvgic;ilﬂae%lrﬁiil;ri]l’?ef?l?ﬁ
diffuser plates. Vapor bubbles were photographed with a digit 9n sp 9 g

camera(manufactured by HiSys Incat framing rates ranging minating plane. lllumination W?S achleved with a 6QOW Lowel
from 450 to 1024 frames/s. A measuring scale was glued on tf ni stage lamgmanufacturer: Omr_u Ingplaced behind a col-
side of the steel jacket for calibration of the digital video picture Imator arrangement to generate a light gheet of approximately 1
Simultaneous acquisition of thermocouple data for heat flux a thickness. He-Ne_ lasers .Of power rating 10mW, 100mW, and
wall temperature and video pictures for temporal variation of?OmMW were also tried as illumination sources. However they
bubble height and bubble spacing was made. A few time exposVfgre _four_ld to l_)e unswta_ble due to rapid attenuation of the illu-
still photographs were also recorded on high speed photograpRihation intensity of the light sheet.

films. Various lense combinations ranging from 35—210 mm were 10 determine the flow field in the liquid, it was necessary to
tried for obtaining motion pictures on the video camera as well &tain simultaneous image of the particles and the vapor bubbles.
for the still photographs. The pictures of the vapor bubbles on théght scattered by the particles was sufficient to obtain an image
heater were obtained by taking video pictures at an angle from tp@ the digital video camera placed perpendicular to the light sheet.
side of the viewing chamber. The angle of inclination, with reFHowever, the light reflected by the vapor bubbles was insufficient
spect to the horizontal plane, of the video camera varied fromt obtain an image on the digital video camera. Hence, a 60 W
deg to 20 deg. The distance between vapor bubbles was measimegndescent light source was placed on the side opposite to the
for vapor bubbles lying in a plane perpendicular to the viewingamera, along with a set of diffuser plates to obtain a faint outline
axis. This was done to obviate the optical distortions arising froof the vapor bubbles in the images. This unconventional arrange-

the inclination of the camera. ment (compared to standard two-dimensional BTWas necessi-
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Fig. 1 Schematic diagram of experimental apparatus
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tated by the need to obtain uniform background illumination aEhe calculated value of the velocity was assigned to the mid-point
well as to restrict the illumination intensity to obtain images obetween the initial and final locations of the particle.

articles and vapor bubbles at the same instant.
P P Heat Flux Measurements.In steady-state tests, surface heat

2.1 Experimental Procedure. The test surface was rubbedfluxes are readily calculated using the spatial temperature distri-
with 500 grit emery paper followed by 1000 grit emery paper anoution recorded from the thermocouples. One-dimensional heat
cleaned with acetone, prior to any test run. The test surface wimsv was found to exist inside the test heater block. The tempera-
heated to a temperature above the required superheat andttie distribution in the copper block was linear and the heat flux,
viewing chamber was filled with the test liquid to a certain fixed),,, was evaluated from the gradient of the temperature profiles in
height. the copper block, as

A data acquisition system, consisting of a digital to analog con-
verter and 16 channel data loggémanufacturer: Strawberry
Tree, was used to record the signals from the thermocouples

placed inside the copper block, on the outer surface of the siga{qre s the thermal conductivity of heater test block material
jacket, in the test liquid, and the side walls of the test section. (coppel, AT is the temperature differential between two thermo-

The wall heat flux was adjusted by a variac to achieve the, e Iying in the same vertical plane, aa is the distance

required superheat for obtaining film boiling under steady-st tween them. The surface temperature was obtained by simpl
conditions. Tests were considered to be steady state when ! b y ply

temperature of the test block changed less thdiC in 5 min apolating the temperature profile to the surface. Hence, the
utes. The liquid temperature changes were less t@5°C in 1 average wall Nusselt number \uand the average heat transfer

minute for liquid subcooling upto 20°C. Care was taken to avo'%oefficient in film boilingh can be defined as
liquid thermal stratification. The liquid thermal stratification was

AT
Qw= “shy 4)

— I -

found to be less than 0.5°C in a height of over 5 cm for subcool- Nuw= A(?I_W . h= Aq?w (5)
ings upto 20°C. The liquid subcooling was varied from 0 to 42°C Wi w
and the wall superheat was varied from 50 to 100°C. The characteristic length scallg, and growth frequencyw,, in

After steady state conditions were established the video caméha boiling are defined as
was focussed on an area on the test surface for video capture of 12 2
temporal evolution of vapor bubbles. The image of the measuring | = ;} . | [P TPy 9 } ) (6)
scale was recorded at the end of each experimental run for cali- (pi=p,)9] prtpy)ilo

brating the magnification parameters of the camera and subse;

: . : 2.3 Error Analysis. The uncertainty in heat flux data is es-
quent post processing for calculation of the bubble height. timated to bet12 percent whereas the uncertainty in heat transfer

coefficient values is estimated to hel5 percent. The error in
2.2 Data Reduction measurement of interface height is estimated taHi® percent,
) ) in interface velocity,£11 percent and in interface growth fre-
Wavelength MeasurementsThe radial location of bubbles quency+16 percent. For details of error analyses the reader is
was measured in pixels from the individual digital frames of thgsferred to Banerjefl1].
video pictures and converted to the actual distance, by multiplyingThe net error in displacement measurement of particles in the
with camera magnification. This enabled the measurement of thgy experiments is calculated to hel0 percent neglecting the
wavelengths in the radial direction. The circumferential directioghree-dimensional effects of the velocity field. By including the
wavelengths were obtained by counting the number of bubblestiftee-dimensional effects in the velocity field this error is esti-
each concentric ring. From this the average bubble separation difated to be less than 15 percent. The net error in velocity deter-
tance in the circumferential direction was obtained by dividing thﬁina’[ion is estimated to be abotitl0.5 percent when neglecting
circumference of the ring by the number of bubbles. the three-dimensional effects and is estimated to be abdif

Bubble Growth Rate Measurementd=rom the video films the Percent when including the three-dimensional effects.

height of the evolving interface was determined as a function of . .

time. The interfacial velocity was obtained by taking the tempor§1 Results and Discussion

derivative of the bubble height,). The interfacial velocity in  Experimental observations of interfacial behavior and wall heat

this situation is given by transfer were made for a range of liquid subcoolings. At low
d¢ (Alma) liquid subqoolingg the interface was observed to evqlve as for
_omax_ 1T omax 1) saturated film boiling and vapor bubbles were released in a regular

dt (At) and cyclic manner from the interface. However, at high subcool-
ings the interface acquired a static shape. As such, discussion of

The growth rate is given by results is divided into low and high subcooling cases.

_ 4o dldmax/o)  d

w= = —(IN[Lmaxl Lo1), ) 3.1 Low Subcooling. For film boiling under subcooled con-
{max dt dt ditions data were taken for dominant wavelength, interface shape,
where, £, is the undisturbed height of the vapor layer from thg.rOWth of interface, growth rate and for the heat transfer coeffi-

wall cient and comparisons were made with predictions.

Dominant Wavelength. Because of the passage through the
&JOO| of the bubbles leaving the interface, it was difficult to capture

with particles seeded in the liquid. In this method the displac&” unambiguous view of the orientation and location of the bubble

ment of a specific particle was measured between two consecufii§asing nodes at low subcoolings. However, with increased sub-
video frames to obtain the velocity as cooling the interface acquired a nearly static shape, as will be

discussed in more detail later. In this situation a clear view of the
As location of the bubble releasing nodes could be obtained. This is

u=-—3f (3)  depicted in the photograph in Fig. 2. In this photograph the loca-

tion of wave peaks in several radial rings and in the azimuthal

wheres is the displacement of the particl8,is the magnification direction can be clearly seen. It is in this context that Fig. 2 is
factor of the camera, arfds the framing rate of the video camera.contained in this section on low subcooling. From such photo-

Particle Tracking Velocity MeasurementsUsing the “path-
line method,” the velocity field in the liquid pool was measure
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Fig. 4 Comparison of prediction for most probable values of
r, with the experimental measurements of number of crests in

aring
Fig. 2 Digital image of non-departing bubbles arranged on
concentric rings on a horizontal circular plate for superheat of
52°C and subcooling of 42°C obtained from a single frame of wavelength in the radial and azimuthal directions are the same and
movie. Camera angle: 10 deg to the horizontal. Test-Fluid: PF- are equal to two-dimensional Taylor wavelength,. By divid-
5060. About 5 percent of the bubbles were found to depart by ing the total surface area of the disc with the number of wave-
merger of contiguous bubbles caused by natural convection nodes, the area supported by one node is found to be approxi-

irculation induced into the liquid | fi the sid IIs. S .
cireuiation induced info the fiquid poo from the side Wats mately)\ﬁz. This is within =5 percent of the predicted values.

Comparison of Interface ShapesComparison is made for the

graphs the ring radius as a function of discrete values of the rifitierface shape predictions from numerical simulations with vapor
number,n, from the center and the number of wave mottesin  bubble pictures taken during experiments and is shown in Fig. 5,
then™ ring could be obtained. Figure 3 compares with the data tfi@r subcooled film boiling of PF-5060 at a wall superheat of
dimensionless value of ring radius as a function of ring nummer, A Tw=100°C andAT,;;=10°C. Three frames prior to bubble
with that predicted from the analysis. It is seen that though thered§parture are shown in Fig. 5 in three separate rows. The picture
some variability in the data obtained from different experiments,

the predictions are in general agreement with data. A similar com-

parison of the number of wave modes, as function ofn is
performed in Fig. 4. Although the agreement between prediction:
from analysis and data is reasonable, the data also show scatt
Some scatter in the data is not unexpected because of some late
merger of bubbles. Any merger can reduce the number of wav:
modes by one, until the original pattern re-establishes. Goot
agreement with analytical predictions of the measured values ¢
I'ngy andm suggest that as assumed in the analysis the dominar

T
50 * .
X
X
40 - .
al
%
=30t x .
T X é
20 .
X
& ,
10 L « Experimental x i
% Prediction =
0 I 1 1 | I
0 1 2 3 4 5 6 Fig. 5 Comparison of shapes of vapor bubbles obtained from
experiments with numerical predictions of interface shape for
n subcooled film boiling of PF-5060 at a wall superheat of ATy,
=100°C and A Tg,=10°C. The pictures are at 1.2 ms intervals
Fig. 3 Comparison of prediction for most probable values of starting at 39.1 ms from the detected formation of the vapor
r,, for different rings with the experimental measurements bulge.
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Fig. 6 Comparison of experimental data  (denoted by various Fig. 7 Comparison of experimental data  (denoted by various
marker symbols ) with numerical predictions  (denoted by solid marker symbols ) with numerical predictions  (denoted by solid

line ) for temporal variation of bubble height for wall superheat, line ) for temporal variation of bubble height for wall superheat,
ATy,=100°C and liquid subcoolings, AT,=5°C. The dotted AT,=100°C and liquid subcoolings, A Tg,=10°C. The dotted
line represents prediction from linear stability theory. line represents prediction from linear stability theory.

on the right in each row was obtained from a single frame of the Growth Rate. The interface growth rate was obtained from
video motion picture recorded from experiments. The left plot iflata such as plotted in Figs. 6 and 7 by dividing the displacement
each row is the shape of the bubble obtained from numericall two consecutive times with the time interval between the two.
analyses at corresponding time step prior to bubble departure.Tine corresponding frequency normalized with the “most danger-
the middle of the predicted and observed bubble shapes is thails frequency” (0.62,) for infinite vapor-liquid layers is plot-
superimposition. It is found that the predicted interfacial shapégd in Figs. 8 and 9. In these figures the abscissa is the dimension-
agree quite well with the experimental data. less position of the peak of the interface. The dotted line in these

. . . . figures marks the “most dangerous frequencyb’dp where the
Interface Position. The highest position of the interface from or layer is assumed to have a finite thickness of 0.77 g (
;h? waII_I W%S miasurl.ed n e?pseoréments 8?65 plot:jedllonoglgs. 6 a}é?fe solid line is the prediction from the numerical simulations.
—001r3I3qUI subcoo l'ngls [()) h (Jaz .069) aln d (]:fa The growth rate is predicted to increase to a maximum value as
=0.133), respectively. In both cases data are plotted as a functigl inierface evolves, acquire a nearly constant value before de-

. X X .treasin in r below the finite vapor layer val for
normalized with initial vapor thickness of 0.77 mm and time |E easing again 1o or below the finite vapor layer value before

lized with . f th h btai Hubble “pinch off.” The predictions are seen to be in general
normalized with respect fo inverse of the growth rate o ta'.neégreement with the data, although the data show significant scat-
from linear stability analysis for infinite fluid layers. In these fig

> o - .Iter. Two possible reasons for this large scatter are identified. One
ures the solid line represents prediction from the numerical SIMiL- 1o uncertainty+16 percentthat exists when the derivative is

lations whereas the dotted line is from the linear stability theo%btained by taking a ratio of two small quantities. The second

The last point on the solid lines represent the initial height ju.%‘i"ginates from the occasional merger of two neighboring
before departure and at the end of the measured growth perigfjpes The merger resulted in the departure of a larger bubble.
The numerical simulations correctly predict the nonlinear behasfhe wake left behind by the larger bubble distorted the flow field

ior of the interface during its evolution, especially slowing dowr&nd caused an asvmmetric arowth rate of the interface in the
of the interface in the later stages of the end of growth period. Tk}f’c' : y 9

model generally tends to underpredict the maximum interface
position just prior to bubble pinch off by about 10 percent. How- Wall Heat Transfer. From the wall heat flux measured in

ever the observed growth periods lie withinlO percent of the steady state experiments and the deduced wall temperature, the
predictions. heat transfer coefficient and in turn the area and time averaged
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Fig. 9 Comparison of experimental data  (denoted by various
marker symbols ) with numerical predictions  (denoted by solid
line) for temporal variation of bubble growth rate with bubble
height. The dotted line represents prediction of growth rate,
@4, from linear stability theory.

Fig. 8 Comparison of experimental data  (denoted by various
marker symbols ) with numerical predictions  (denoted by solid
line) for temporal variation of bubble growth rate with bubble
height. The dotted line represents prediction of growth rate,
gy, from linear stability theory.

Nusselt number, Ny could be obtained. The values of jJiob-  Some bubble mergers occurred between the neighboring bubbles
tained in different experiments for liquid subcoolings upto 29.4°gn the same ring as well as between bubbles lying on the adjacent
are given in Table 1. In this table the values of |Npredicted rings. The radial as well as azimuthal movement of the bubbles is
from the numerical simulations are also listed. It should be notéglieved to result from the toroidal single phase convective cells
that numerical predictions were made for constant heater surfaggt were present in the liquid. After bubble merger the orderly
temperature whereas the experiments were conducted by contglyaration distance between the bubbles was distorted. However,

ling the wall heat flux. It has been shown by Banerjee efld] ;
that because of spatial and temporal variations of the heat transzggﬁe%ugre‘tvgobugaf ?hipigz;e’sgegrgﬁgs lﬁi;?;iisgnv% ;So?gjnv(\j/etrg
coefficient, local heater surface temperature varies with time: p p

However, for a thick copper surface the temperature variations agStore to its original value.

not expected to be significant and in turn the difference in the Flow Field. Particle Tracking Velocimetrytwo-dimensional
predicted heat transfer coefficient for constant wall temperatu - ’ N - :
and for constant heat flux cases is expected to be quite Sma”.ﬁ?owded the flow field in the liquid pool when the interface was

Figure 10 shows a comparison of the experimentally measur@g@rly static. Figure 11 shows the liquid field obtained from par-
Nuy with the numerical predictions as a function of liquid subI'CleI velocimetry aft |r_1|t_ervalls 0f|.4 (TS' Since partlcle_dlensny in
cooling. It is found that the predictions are about 20 percent lowBP° wafs spafr_séto acl |tatet_ oca !(zje Teasuremem!artlc s. po(; .
than the best fit through the data. Two possible reasons are aﬁ'-‘;]”s ron;) lve r?or]s?cu Ive video Famde?' wereh C(I)m 'Il'nhe o-
vanced for this underprediction. One is the uncertainty that exig§ther to obtain the information contained in each plot. The par-
in the thermophysical properties of PF-5060 vapor, especia le locations in each frame were mapped anq the veI00|t.y f'?ld
thermal conductivity and viscosity. The second is that the numelf2S evaluated from displacement of the particles. The viewing

cal simulations are based on a two-dimensional axisymmet%ea was restricted to an area of 7 mm square in order to achieve
model of the film boiling process. In reality the process is thre e optimum resolu_tlo_n for the video camera. The viewing plane
dimensional. was chosen to begin just above the surface of the heater with the

objective of studying the flow field above the interface. However,
3.2 High Subcooling. At a wall superheat of 50°C and lig- this placed a constraint on the measurements sincethe particle
uid subcooling greater than 38°C the interface was observeddoncentration tended to be lower near the wall due to lesser de-
acquire a near static shape. A photograph of the film boiling phgree of convective motion just above the thin film region.
nomena under static conditions of the interface is shown in Fig. 2.1t is noted that velocity vectors in general show a downward
Under the static interface condition, however, about 3—5 percenbtion in the regior{valley) between two nodes. Above the crests
of the vapor bubbles were observed to depart from the heatéhe larger bubble in Fig. J1the velocity vectors are pointed
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Table 1 Data obtained from low subcooling steady-state ex- 30 ~ T .
periments. :
(°C) | (°C) | Exptl. | Numer.
98.6 0 9.7 L i
98.6 0 104 20
102.3 0 9.7 7.94 || S 15 L
102.3 0 9.9 =z % % §
102.1| 4.5 11.8 10 r % % 7
102.1| 4.5 11.5
100 5 12.0 5t 4
102.2| 6.2 11.1 o L . .
1022 | 6.2 12.1 0 10 20 30
101.4| 7.9 | 107 Subcooling (°C)
1014 7.9 12.9 o
Fig. 10 Comparison of predictions for Nu  , with experimental
100 10 12 8.45 data for wall super-heat, AT,=100°C, and liquid subcooling up
99.1 | 11.2 | 101 10 ATgp=22°C
99.4 | 11.7 | 11.1
102 | 146 | 111 Rayleigh number considered in their work wag.1® Fig. 12, the
102 | 146 | 121 Nusselt numbers predicted from their work are plotted as a func-
tion of Rayleigh number. The chainlines represent the extrapola-
99.1 | 21.5 11.1 8.91 tion of their predictions to Rayleigh numbers upta 20°. For the
9091 | 215 12.1 numerical analysis, Rayleigh number was based on the height
’ ) ’ of the liquid layer above the interfagehich was equal to 4 times
the vapor bubble radiyisFor fluid properties of PF-5060 the value
104.6 | 264 | 125 of H is 1.28 cm. In Fig. 12 the Nusselt numbers from Table 1 are
104.6 | 264 12.0 also plotted. In plotting these data, the values listed in Table 2
were multiplied by ,/x XH/l,). It is interesting to note that
96.7 | 26.7 | 13.2 the results predicted from the extrapolated correlations nicely
bound the data. Correlations for natural convection in cylinders
98.9 | 294 | 14.2 with heated bottom, cooled top and insulated boundary have been
989 | 294 | 169 reported by several investigators. Fishenden and Sauhdl8}s

proposed a correlation of the form

Nu=0.1Rd", @)

upwards. The velocity vectors do show a general motion frofjhereas Chavanne et &14] proposed the correlation
right to left. It is believed that the cause of this motion is the

toroidal convective cells that were also present in the liquid pool.
Highest measured velocities of 100 mm/s are comparable to th
predicted from the simulations of Banerjee et[dD] for convec-

tion in a cylindrical cell with a bubble like protrusion at the

bottom.

Nu=0.17R&". (8)

?r%el:ig. 12 these correlations are also plotted. It is noted that the

observed value of Nusselt number is about 40 percent higher than
the prediction from correlation of Fishenden and Saun{l&gs
Some underprediction by correlation Egs. 7 and 8 is expected

Heat Transfer. The Nusselt numbers based on the area arsihce they were obtained for rigid bounding wall of the cylinder.

time averaged heat transfer coefficient obtained under the stdticthe present work near zero shear stress condition exists at the
mode are listed in Table 2. The data for the static mode was takglane of symmetry between two nodes. Also, these correlations
over a rather limited range of wall superheats and liquid subcoalid not account for the presence of a protrusion at the lower
ings. In the static mode, vapor produced in the thin film regiosurface.

between adjacent bubbles is condensed at the upper surface of the

bubble. As a result all of the energy transferred from the wall i conclusions

dissipated into the pool through single phase natural convection.

The vapor liquid interface and the surface of the cooling coils 1 Experimental validations of the numerical predictions for the
serve as high and low temperature surfaces, respectively. On #welution of the interface shape, temporal position of the inter-
interface liquid suction(in the region where evaporation takedace, interface growth rates and wall heat flux values were per-
place occurs. However, its effect on the natural convection he&dirmed. The numerical predictions are found to be in general
transfer is considered to be small. agreement with the PF-5060 data obtained at low subcoolings.

In the numerical simulation of the convective process in the 2 The numerical simulations, generally underpredict the bubble
circular cell surrounding a bubble, the height of the bubble prdweight at departure by about 10 percent. However, the interface
trusion was varied parametrically in the study by Banerjee et ahape, interface evolution and interface growth rates prior to
[10]. It was seen that the presence of the protrusion on the lowmurbble departure are predicted within the range of experimental
surface was to enhance the overall heat transfer. However, thecertainties. The growth rates of the liquid-vapor interface in
effect was not significant, as in the range of parameters studied thbcooled film boiling were found to decrease with increase in
enhancement was always less than 20 percent. Also the highasicooling.
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Fig. 11 Sample results from two-dimensional, PTV experiments showing the spatial distribution of velocity
vectors at a particular instant. The frames are 4 ms apart. The protrusions depict outline of two vapor bubbles.

3 The wall heat flux values were underpredicted by about 2iodel of Banerjee et a[.10]. The flow in the liquid pool is to-
percent for steady-state data. However, the model correctly pweards the valleys and is away from the protrusions.
dicts the rate of increase of wall heat transfer with increase in6 The experimental data for Nuat high liquid subcoolings are

subcooling.

bounded by the extrapolated results from the numerical model of

4 At high subcoolings the interface acquires a static shape. Banerjee et al[10] for the static bubble case. Correlations ob-
5 The results from two-dimensional PTV experiments qualita-
tively match the velocity field predictions obtained from the static

Table 2 Heat transfer results for high subcoolings

ATw | ATg | Nuw qw
(°C) | (°C) (W/m* x 10~%)
50.1 40 27.5 2.33
53.5 40 26.1 2.35

55 40 25.6 2.38
55 40 25.7 2.39
55 40 25.3 2.36
55.3 40 25.5 2.38
55.4 40 25.1 2.35
52.9 41 27.0 2.41
53.2 41 27.1 2.43
52.4 42 27.2 2.40
53.4 42 26.7 2.41
50.6 43 28.4 2.43
51.7 43 27.9 2.44
52 43 27.9 2.44
50.6 43 28.4 2.43
51.7 43 27.9 2.44
52 43 27.4 2.41

292 / Vol. 123, APRIL 2001
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10 | ~  Experiment o 1
Eq. (7)
- Eq.(8) —
Numerical (B/H = 0) -
Numerical (B/H = 0.24) -
. Extrapolated (Numericat) ----
1 L L ) .
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Fig. 12 Comparison of predictions for Nu  from numerical re-
sults of Banerjee et al. [10] for B/H=0 and B/H=0.24 with
steady-state experimental data from Table 2. Correlction of
Fishenden and Saunders [13] has been plotted as “Eq. (7)” and
Correlation of Chavanne et al. [14] has been plotted as “Eq.
(8).” Extrapolated trend lines for numerical predictions of Ban-
erjee et al. [10] are also shown.
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tained from literature for natural convection in circular cylinders [3] Vijaykumar, R., and Dhir, V. K., 1992, “An Experimental Study of Subcooled

underpredict the experimental valuesozf\,wuy about 40 percent.

Nomenclature

B = height of bubble
f = camera framing rate
H = height of liquid pool above heater surface
m = wave number in the azimuthal direction
n = ring number in the radial direction
S = camera magnification factor
s = displacement
«x = thermal conductivity
Subscripts
max = maximum
d = corresponding to “most dangerous” or fastest growing

wave
f = value obtained from linear stability theory
s = substrate heater property

Superscripts
= space and time average quantity
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