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Abstract—The nature of transition boiling from $ in. dia. copper sphere moving through subcooled distilled
water was experimentally investigated. High-speed photographs show that transition occurs as a rapidly
pulsating vapor film on the forward portion of the sphere. The behavior of the vapor wake is highly de-
pendent upon the manner in which vapor is being formed on the forward portion of the sphere. Instan-
taneous heat transfer rates calculated from experimental temperature-time measurements indicate that
film and transition boiling are as effective as nucleate boiling over the velocity range, 9-6-20-0 fps, in
highly subcooled water. That is, there is no significant change in the heat transfer rate at transition as
observed for free convection quenching of spheres.

NOMENCLATURE

A, area of sphere, including support nipple
[ft*];

C, specific heat [Btu/lbm F];

q", Theat transfer rate [Btu/h ft?];

T, temperature [F];

0, time;

p,  density [lbm/ft¥];

V. volume of sphere, including support
nipple [ft*].

Subscripts

i, initial ;
s,  sphere;
sat, saturation.

INTRODUCTION

THE TRANSITION boiling regime is an unstable
phenomenon, and is difficult to study with most
steady-state systems. An experimental study of
this regime requires different techniques. High-
speed photography has proved to be a particu-
larly effective method for this type of study.

This paper reports an experimental investi-
gation of the film and transition boiling regimes
for a sphere moving with a uniform velocity

in subcooled water. The primary objective of
this study was to describe the nature of the
transition from film to nucleate boiling around a
sphere.

A better understanding of the transition
phenomena for a hot solid spherical particle
being quenched in a liquid should be useful in
understanding related problems. For example,
this information might be useful in predicting
the behavior of liquid surrounding a moving
molten metal particle. Fragmentation and vapor
explosions apparently caused by rapid heat
transfer from molten materials have been
observed both in industry and by other investi-
gators [1, 2]. The causes of these phenomena
seem to be closely related to the sequence-of-
events that accompanies transition boiling
The unpredictibility and destructive nature of
these events is of particular concern in assessing
the potential hazards associated with the opera-
tion of nuclear reactors.

EXPERIMENTAL APPARATUS
The experimental apparatus used in this
study employs a transient quenching technique
that involves the passing of a heated 3-in. dia.,
silver-plated copper sphere through a pool of
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subcooled, distiled water. This equipment is
similar in concept and design to that described
by Witte [3].

Copper

36 gage
chromel-atlumel
thermocouple wire

Thermocouple
bead N

///

Silver solder plug \ “Insulgtion

\
Support nippie

F1G. 1. Schematic drawing of sphere-thermocouple assembly.

The sphere, as shown schematically in Fig. 1,
was machined from pure copper; copper was
selected because of its high thermal conductivity.
A 36-gage chromel-alumel thermocouple was
inserted through a 0:040-in. dia. hole and the
thermocouple bead positioned at the sphere
surface as shown in Fig 1. The bead was silver-
soldered in place and the front surface re-
machined to a spherical configuration. The
sphere assembly was then plated with silver to
retard oxidation. The plating thickness averaged
from 0001 to 0002 in.

Thesphere, mounted on a hollow support tube,
was attached orthogonally to the drive shaft of a
printed-circuit d.c. motor. The motor shaft was
mounted transversely above a semicircular
plexiglas tank, as shown in Fig. 2. The tank is
4 in, wide with a 12-in. radius. An electric resis-
tance furnace, mounted on a pair of vertical
rails, could be lowered over the sphere to obtain
the desired initial temperature. The sphere
heating furnace is shown in Fig 2 in its raised
position.

The position and velocity of the test sphere
were monitored by a tracking system composed
of a timing disk and a photo-electric cell The
timing disk, with accurately-spaced reflective
strips glued to its edge, was driven by the d.c.
motor shaft. Thus, the movement of the timing
disk reflected the travel of the test sphere. As
the disk rotated, the photocell detected the
change in reflected intensity as a reflective
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strip passed beneath it. In this way, both the
position and velocity of the test sphere could
be accurately determined as the shaft made one
revolution.

An experiment involved having the heated
sphere make one pass through the plexiglas
tank. The first 180-degrees of travel for the sphere
was in the area above the tank as can be seen in
Fig 2. During this travel, the heated sphere
would reach its terminal velocity prior to
entering the pool of distilled water.

The output of the sphere thermocouple and
the photocell were recorded simultaneously on
a Tektronix Model 565 dual-beam oscilloscope.
As the sphere passed through the pool of
distilled water, high-speed motion pictures were
taken through the side of the plexiglas tank
with a Fastax Model WF3 16mm camera.

Tests were conducted with 75 and 140 F
distilled water. The velocity of the sphere was
varied from 96 to 200 fps. The range of sphere
initial surface temperatures was 300475 F.

Further details of the experimental apparatus
and the test procedure may be found in [4].

PRESENTATION OF RESULTS
T he nature of transition

A point of primary concern in this study was a
determination of the nature of the transition
from film boiling to nucleate boiling for a
spherical particle moving through a subcooled
liquid. A cross-correlation of the high-speed
movie data with the time-temperature informa-
tion provided the following description of this
phenomenon.

As the heated sphere enters the subcooled
liquid, if its surface temperature is sufficiently
high, a thin film of vapor will be established at
all points on the sphere surface. When the sphere
has lost a sufficient amount of energy, it will no
longer be capable of supporting a stable vapor
film at its surface and transition begins. The
onset of transition is characterized by a pul-
sation of the vapor film. These pulsations may be
uniform about the sphere surface or, as was
observed in some tests, they may be irregular.
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FiG. 2. Forced convection boiling apparatus.
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(a)
Pulsating vapor film

(b)
Nucleate boiling

FiG. 3. Selected frames from high-speed motion pictures.
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That is, the vapor film may be growing on a
portion of the sphere while it collapses at some
other point. The frequency of the pulsations of
the vapor film is not constant They begin at
a low frequency and then increase in frequency as
transition proceeds. Accompanying this fre-
quency increase is a decrease in the maximum
thickness to which the vapor film will grow
between pulsations. The scope of our study did
not allow a determination of the frequency range
during transition.

Walford [5] in a photographic study of
transient quenching of a 3-in. dia. nickel sphere
noted similar behavior. He observed for certain
conditions an “‘explosive cavity” forming inter-
mittently. His experiments were performed in
172 and 203 F water and at low sphere velocities ;
the cavity grew quite large. Apparently, Walford’s
“explosive cavity” formation corresponds to
what we describe as the pulsations of the vapor
film during transition. The experiments reported
herein were done in cooler water and at higher
velocities, causing the vapor cavity not to grow
so large.

The end-of-transition comes when the sphere
has cooled to the point that liquid may contact
the surface and no longer be flashed into vapor.
Then nucleate boiling takes place as small
bubbles grow at specific sites and are swept
by the flow pattern into the wake region. The
behavior of the wake region during film and
transition boiling is greatly influenced by the
events taking place at the surface of the sphere.
Two distinct types of wakes were obsecrved.

Wake behavior

Whenever the condition at the sphere surface
was one of the stable film boiling or a pulsating
vapor film, the wake region was a mixture of
fluid and vapor with a complex, irregular flow
pattern. Individual pulsations of the vapor
film were swept into the wake region causing
large amplitude waves in the liquid—vapor inter-
face. The appearance of these waves in the wake
was one of the best indicators that transition
had begun.

As the end of transition approached, the
size and intensity of the waves in the wake
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decreased. With the last pulsation of the vapor
film at the sphere suiface, which was observed
to occur quite rapidly, there was a distinct
change in the appearance of the wake. A smooth
liquid—vapor interface, which began at approxi-
mately the 90-degree point on the sphere, swept
the wake region clean of any remaining liquid
thus establishing a well-defined wake. Small
amplitude laminar waves could be seen moving
along the interface. Vapor condensed at the
tail of the wake, leaving a trail of small, frothy
air bubbles as the sphere moved through the
pool Walford also observed that the wake
behavior was influenced greatly by the vapor
production mechanism on the front portion of
the sphere.

Figure 3 illustrates the condition of a pulsat-
ing vapor film during transition and nucleate
boiling after the end of transition, with the
associated wake characteristics described above.
The photographs in this figure are individual
frames of 16 mm film, taken from the same test.
Figure 3(a) shows the vapor film undergoing
pulsations at the sphere surface. The irregular
vapor wake trailing behind the sphere is a
good example of wakes that characterize tran-
sitional pulsations of the vapor film. The waves
on the liquid—-vapor interface in Fig. 3(a) are the
result of previous pulsations at the sphere
surface.

In Fig 3(b), the same sphere is seen after
transition has been completed. The wake region
is now well-defined with the smooth interface
broken only by the small laminar waves men-
tioned earlier.

The effect of velocity and surface temperature on
transition

Foreach test in which theinitial temperature of
the sphere was high enough to cause a vapor
film to be established upon entering the tank,
the transition temperature, i.c. the temperature
at which the transition from stable film boiling
began, was obtained. A cross-correlation of high
speed movie data with the Polaroid time-tem-
perature record was required to establish the
transition temperature for each experiment:
The correlation procedure was accomplished
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by viewing the film from a test run on a stop-
action projector. The particular frame at which
the first pulsation of the vapor film was observed,
was located and flagged. Utilizing the timing
marks that were included along the edge of the
film, the elapsed time from entrance into the
pool to the onset of transition could be established.
With this information the transition temperature
could then be determined from the Polaroid
time—temperature record
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FiG. 4. The effect of initial sphere temperature.
a. 75 F water.
b. 140 F water.

Figure 4 presents the effect of velocity and
initial sphere temperature on the transition
temperature. These results are for two water
temperatures, 75 and 140 F. The results indicate
that velocity has virtually no effect on the
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temperature at which the transition from film
to nucleate boiling begins for the velocity range
studied in these tests. The scatter of the data is
minimal and felt to be well within the range of
experimental error.

The trend of increasing transition temperature
with increasing initial sphere temperature is
well-defined, as shown in Fig 4. Intuitively one
might expect that the transition temperature
should be relatively constant and that, with all
other systemn parameters held constant, in-
creasing the initial sphere temperature would
only result in a time lag before transition began.
However, such was not the case for these experi-
ments. In all cases the trend of Fig 4 was found
to exist. A careful study of the possible sources
and magnitudes of mecasurement errors was
conducted [6] and it is our opinion that this
trend does exist and cannot be attributed to
error in the measurement system.

One other interesting, though likewise con-
tradictory observation, from the results pre-
sented in Fig. 4 is the effect of subcooling on the
transition temperature. One might expect that
as the degree of subcooling is decreased, the
transition temperature would likewise decrease.
This cffect has been observed in free convection
quenching. The reasoning here is straight-
forward: in hotter water the production of
vapor to sustain the vapor film should be more
effective, thus allowing the sphere to cool to a
lower temperature before the vapor film collapses.
The present results indicate just the opposite
effect. By comparing Fig. 4(a) to Fig. 4(b) it can
be seen that as the degree of subcooling is
decreased, the transition temperature increases.

Heat transfer

Instantancous and overall heat transfer data
were obtained from the experimental tempera-
ture-time traces. The instantaneous heat-transfer
rates were computed by considering the sphere
as a lumped-parameter system; ie. that the
sphere cooled uniformly. The determination
of the heat-transfer rate then hinges upon an
accurate determination of the slope of the
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temperature-time curve since.
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The assumption of an isothermal sphere is not
considered to be a serious source of heat flux
error. The computation of the heat flux is based
on the slopc of the temperature-time curve,
rather than the sphere temperature at a specific
time. Calibration tests and other procedures
[4] were undertaken to establish that the test
spheres used in these experiments had satis-
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F1G. 5. Overall heat transfer rates to 75 F water.
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on the basis of the total temperature drop of the
sphere during its travel through the tank.
Figure 5 presents the overall heat-transfer
rates from the sphere to 75 F water at three
different velocities. The temperature used in
presenting these results was taken as the initial
temperature of the sphere upon entering the
pool, T, As can be seen in Fig 5, as the sphere
velocity was increased, the overall heat-transfer
rate likewise increased.

A typical temperature (emf)-time oscilloscope
record is shown in Fig 6. The striking feature of
the record is that the slope is continuously
decreasing as the sphere cools. However, for the
data presented in Fig 6, the sphere entered the
pool In the film boiling regime and underwent
transition shortly thereafer. This was observed
in the high-speed motion picture sequence
for this experiment. Normally, the heat-transfer
rates in film boiling are lower than that in
transition or nucleate boiling. All the data
indicate otherwise for the subcooled forced-
convection quenching case; ie. all of the tem-
perature-time traces are similar to Fig. 6 in
shape.

Figure 7 shows typical instantaneous heat-
transfer data obtained from the temperature—
time histories. The T, values plotted in Fig. 7
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F1G. 6. Temperature history for 3-in. dia. copper sphere in
75°F water, V = 116 fps, quench time & 270 ms.
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are instantaneous values and are estimated to
be accurate to within 10 F. Note that there is no
reduction in heat-transfer rates at temperature
differences representative of film and transition

boiling.
toxio?
L]
Ce
-
o~ o
b *
= Y
@ | oxie® |- o
OO.
&
LS
»
o o T,=400F
* T =475 F
o) [ ]
1o xi0° i
) 100 1000
7;‘7;@1’ 3
{a}
toxio”
.
& © (%
£
3 o ®
D 10x10% b .
0 0P %
o O. .
L ]
o T=375F
. 7;=425F
10 x10° i
10 100 1000
7; ~Tats F

{b)
FIG. 7. Instantaneous heat transfer rates to 75 F water.
a. V= 11-6 fps.
b. V = 96ips.

As a check on the validity of the temperature—
time data for forced-convection, the following
experiments were performed. The sphere-ther-
mocouple assemblies used in this study were sub-
jected to free-convection quenching tests; ie.
the heated spheres were plunged into a pool of
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water and brought to rest. Under this type of
cooling, the behavior was classical; ie there
was a definite film boiling regime, indicated by
a low cooling rate, followed by a transition
to nucleate boiling, in which the cooling rate
increased considerably. This was taken as evi-
dence that the sphere-thermocouple calorimeter
was responding properly to its surroundings.

The point of interest here is the effect of forced
convection on the heat-transfer rate during film
boiling. Although a vapor film definitely exists,
heat-transfer rates are higher in the film boiling
regime than for nucleate boiling Walford
noted similar behavior for lower sphere velocities.
Witte [9] also observed similar behavior for
forced convection from high-temperature spheres
in liquid sodium. He estimated that film thick-
nesses on the order of 107° in. would be required
to achieve the measured energy fluxes from the
sphere to the liquid-vapor interface. Witte
noted no evidence of a transition regime during
the cooling process, although the sphere was on
occasion 2000 F hotter than the sodium satura-
tion temperature. For temperature differences of
that magnitude, film boiling should definitely
occut. Witte found that his data could be correta-
ted by assuming there was no vapor film present.
However, the study described herein along with
recent studies by Jacobson and Shair [10] and
Walford [5] indicate that the assumption of no
vapor film is probably erroneous.

It appears that forced convection quenching
of spheres in subcooled water and liquid sodium
may be similar. Film thicknesses on the order of
1075 in. are estimated for the transfer of the
measured energy from the 3-in. copper sphere
to subcooled water. This estimate compares
well with the value of 15 ym (~6 x 107* in)
given by Walford for film thicknesses on the
front of the i-in. nickel sphere in hotter water.
It appears that extremely thin films may be
maintained next to a very hot surface even though
the surface may be relatively rough. Conclusive
evidence for this premise is given by the photo-
graphic sequences obtained in this investigation,
ie a pulsation of the vapor fibm indicating
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transition is definitely observed, and yet the
instantaneous heat-transfer rate does not change
significantly at this transition point.

SUMMARY
From this study, insight into the nature of
transition boiling around a sphere moving
through a liquid has been obtained. Over the
range of variables that was investigated, the
following sequence-of-evants was observed.

1. A sufficiently hot sphere will support a
stable vapor film during forced convection.
A vapor film is established and maintained
at all points on the surface of sphere. The
wake region exhibits a complex, irregular
flow pattern containing both liquid and
vapor.

2. Transition from a condition of film boiling
to one of nucleate boiling begins with a
slow pulsation of the vapor film at the
sphere surface. The frequency of the vapor
pulsations increases while the maximum
thickness to which the vapor layer grows
decreases. During the period of these
vapor pulsations, the vapor wake is charac-
terized by a complex flow situation with
large amplitude waves in the wake. These
waves are the direct result of pulsations of
the vapor film at the sphere surface.

3. Transition is completed when fluid remains
in contact with the front surface of the
sphere. Nucleate boiling takes place on the
front hemisphere with the bubbles being
swept into a well-defined teardrop-shaped
vapor wake. The liquid—vapor interface of
this wake is basically smooth and dis-
turbed only by small amplitude waves.

The velocity of the sphere has virtually no
effect upon the temperature at which transition
begins. Apparently, the transition temperature is
lowered as the water is made cooler. This result,
along with the unexplained effect of initial sphere
temperature, seems contrary to intuition and
will require further experimentation for a
plausible explanation.

449

The heat-transfer characteristics of forced-
convection quenching of spheres in highly-
subcooled water are significantly different than
free-convection quenching Although there is
definitely a vapor film surrounding the sphere,
the heat-transfer rates in the film boiling regime
are higher than those in the nucleate regime.
The reason for this may be two-fold:

1. The vapor film may be “thinned” by the
motion of the liquid and the subcooling of
the liquid to such an extent that conduction
across the film is highly effective, and/or,

2. The wake region in the film boiling regime
may contain enough liquid to effect sig-
nificant cooling of the rear portion of the
sphere because of impingement and subse-
quent vaporization of small liquid droplets.
(MacGinnis and Holman [11], for example,
have observed extremely high heat-transfer
rates for liquid droplets “‘splattering” on a
hot surface.)

These heat-transfer data indicate that forced
convection quenching of spheres in liquid
sodium may not be significantly different than
in water. Verification of this premise will
depend upon a method of experimentally de-
tecting extremely thin films near relatively hot
surfaces.
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FILM TRANSITOIRE ET EBULLITION DE TRANSITION AUTOUR D'UNE SPHERE

Résumé—On a étudié expérimentalement la nature de I'ébullition de transition autour d’une sphére de-
cuivre, de diamétre égal 4 1,9 cm se mouvant dans une eau distillée sous-refroidie. Des photographies a
grande vitesse montrent que la transition apparait comme un film de vapeur rapidement pulsé sur la portion
avant de la sphére. Le comportement du sillage de vapeur dépend fortement de la maniére dont la vapeur
est formée sur la portion avant de la sphére. Les taux de transfert thermique instantané, calculé a partir
de mesures expérimentales de température en fonction du temps, indiquent que le film et I’ébullition de
transition sont aussi efficaces que I’ébullition nuclée dans la gamme de vitesse de 2,9 a 6,1 m/s, dans de
I’eau fortement sous-refroidie. Ainsi, il n’y a pas de changement significatif dans le taux de transfert thermique
de transition comparé & ce qui est observé pour une convection naturelle autour de sphéres.

INSTATIONARES FILM- UND UBERGANGSSIEDEN AN EINER KUGEL

Zusammenfassung—Die Erscheinungen des Ubergangssiedens bei der Bewegung einer Kupferkugel von
19 mm Durchmesser in unterkiihltem destilliertem Wasser sind experimentell untersucht worden. Hoch-
geschwindigkeitsaufnahmen zeigen, dass beim Ubergang ein sehr schnell pulsierender Dampffilm an der
Vorderseite der Kugel auftritt. Das Verhalten des Dampfwirbels ist sebr stark von der Art der Dampfbildung
an der Vorderseite der Kugel abhiingig. Instationdre Wirmeiibergangsraten, berechnet aus experimentellen
Temperatur-Zeit-Messungen, ergeben, dass Film und Ubergangssieden fiir den Geschwindigkeitsbereich
von 292:6 bis 610 cmys in stark unterkihltem Wasser ebenso wirkungsvoll wie das Blasensieden ist. Wie
fiir das Abschrecken von Kugeln in freier Konvektion, ergibt sich auch hier beim Ubergangssieden keine
bedeutende Anderung der Wirmeiibergangsrate.

HECTAIIMOHAPHOE TIJIEHOYHOE W IIEPEXOJHOE KUINEHUE HA HIAPE

ABHOTANMA—OIKCIEPUMEHTANBHO HCCIEI0BAIACE IPUPOAA NEPEXOKHOre KUTICHUA HA MENHOM
mape AmaMetrpoM 3/4 mioliMa, NBMKYINEMCS 4Yeped NePeOXJaIeHHYIO AMCTAILINPOBAHHYIO
Boxy. CHMMKH, CHAETaHHEE CKOPOCTHOM KMHOCHEMKOW, NOKA3HBAKT, UTO NEPEXO] Npou-
CXOTMT B BUJIe OHICTPO MyIbcHpyomtel NIeHKN Napa Ha nepejuelt Yactu wapa. MrHoBeHHbe
CKODOCTH TEIUIONEPEHOCA, MONCYUTAHHEE C MOMOUIBI0 HKCHEPUMEHTAJILHON 3ABUCHMOCTH
TeMTIepaTyphl OT BPEMEHM, NOKABHBAIOT, YTO IMIIEHOYHOE It 1ePeXOJHOe KUNEeHWe FABJIACTCH
TaKuM ke OOEKTUBHBIM, KAK 1 NYSHPbKOBOE KUTEHHE B IUANA30HE CHOPOCTel OT 9,6 no
20,0 ¢yr/cex B mepeoxuamgennoft Boge. To-ecTh, NPHU Iepexofe He NPOUCXOAMT Cylue-
CTBEHHLIX WBMEHEHMH B CKODOCTM TENJIONEpeHoca, Kak HAOMIoJaloch B Clydae 3aTyXaHHA
cBOGORHON KOHBeKIMU Yy IIapa.



