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Abstract—Experiments on pool boiling heat transfer in saturated R-113 at 1 atm pressure are conducted
to investigate anomalies associated with the initiation of boiling using horizontal, 0.13 mm diameter
chromel wires and a 0.51 mm diameter, platinum thin-film heater. Wall incipience superheat values of up
to 73°C and wide variations in incipience superheats (more than 20°C) from case to case for nominally
identical cases are observed. Presentation of incipience superheat results in terms of probability distributions
is therefore recommended. The significant influence of the minimum heat flux and corresponding minimum
wall superheat (after the cool-down portion of one run and the beginning of the subsequent run) on the
incipience superheat excursion is observed. Tests with large step changes in heat flux, using a thin-film,
cylindrical heater, indicated increases in incipience superheat of as much as 20% over tests with a series of
incremental steps in heat flux up to the same heat flux level.

1. INTRODUCTION

THE HEAT flux of modern microelectronic chips has
already exceeded one-twentieth that on the surface of
the sun {1] and continues to increase with successive
generations of devices. Innovative cooling schemes
must therefore be implemented to maintain accept-
ably low junction temperatures as needed for reliable
operation. Boiling heat transfer is being considered
for these applications because it effectively cools the
heated surface, showing small increases in surface
temperature with large increases in power. Even
though this has been realized for over 40 years [2], it
has not been extensively used in the electronics in-
dustry. Recently, boiling of dielectric fluids was pro-
posed as a promising cooling mechanism for future
chips {1,3]). However, concern over observed anom-
alies associated with the initiation of nucleate boiling
was raised. These anomalies were discussed in detail
in ref. [4]. Large superheat values were needed to
initiate boiling when inert dielectric fluids proposed
for computer cooling were used. This is of concern
since a 15 ~ 20°C rise in junction temperature often
doubles the chip failure rate [5].

Although the literature on boiling heat transfer is
extensive, boiling behavior is not well documented for
highly-wetting dielectric liquids like R-113 and FC-77
(Fluorinert used in the Cray-2). In the present study,
pool boiling incipience of a highly-wetting liquid was
investigated. R-113 was used as the working fluid and
chromel wires as well as a plantinum-coated quartz
cylindrical heater were used as the boiling surfaces.
This study presents means and variations about the
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means, of incipience superheats and thermal excur-
sions, based upon multiple-run cases. As far as the
authors know, this is the first time that incipience data
have been presented in this format.

1.1. Previous work

Corty and Foust [6] and Bankoff et al. [7] were
among the first investigators to observe the wall tem-
perature excursion at the beginning of nucleate
boiling. These and other experimental resuits (pub-
lished prior to 1986) on incipience wall superheat
excursions were discussed in ref. [4]. These results,
listed in Table 1, showed significant variations from
case to case. Possible mechanisms for delayed
nucleation were discussed and approximate methods
presented for calculating superheat excursions at
incipience in ref. {4].

Danielson e al. [8} conducted saturated pool boiling
experiments with a 0.25 mm platinum wire heating
element using several inert liquids (FC series and R-
113). Based on their observations, superheat excur-
sions at boiling incipience differ widely from case to
case even for the same fluid and wire. In a study by
Berenson [9], nucleate boiling heat transfer coefficients
varied by 600% due to variations in surface finish. He
strongly emphasized the importance of the surface
roughness—a rougher surface, in the boiling sense, is
one which has a greater number of cavities of appro-
priate size, regardless of the more traditional r.m.s.
roughness definition. Recent investigations on surface
effects in pool boiling by Chowdhury and Winterton
[10] confirmed that an increased number of active
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C  specific heat

g  gravitational acceleration

h  enthalpy

P pressure

AP pressure difference across bubble interface

Pr Prandtl number

heat flux

r,  embryonic bubble radius inside cavity

r.  radius of cavity mouth

T  temperature

AT,, superheat excursion

AT, superheat needed at the onset of nucleate
boiling

v specific volume.

NOMENCLATURE

Subscripts

Greek symbols
B contact angle
u  dynamic viscosity
p  density
o surface tension.

c thermodynamic critical condition
fg  liquid/vapor transition
h  homogeneous nucleation

1 liquid

sat saturation
v vapor

w  wall

nucleation sites moves the nucleate boiling curve
toward lower wall superheats. From their obser-
vation, nucleate boiling heat transfer appears to be
unaffected by contact angle.

Kozawa et al. [11] conducted boiling experiments
with R-113 and copper foil heater surfaces fabricated
with different densities of hour-glass-shaped pinholes
and found a 5°C decrease of superheat in the fully
developed nucleate boiling regime due to the holes.
While the smooth surface experienced about 30°C
superheat excursion, the excursion vanished when the
pinhole surface was used. Venart et al. [12] compared
boiling with R-11 on non-porous and two surfaces
with porous coatings finding that the enhanced
(porous) surfaces showed decreases in nucleate boiling
superheat. However, the incipience wall superheat
values for the three different surfaces were similar.
Therefore, increases in the temperature excursion
were observed for the porous surfaces.

1.2. Some theoretical background on boiling incipience

Griffith and Wallis {13] presented a criterion for
predicting vapor superheat required to initiate boiling
as

ATs = Tw- Tsal(Pl) = AP(dT/dP)sdl
= (20/r,)(dT/dP),,, (1)

where r, = r., the cavity radius. Here, using the
Clausius—Clapeyron equation, (d7/dP),, can be esti-
mated as

(AT/dP). = [T P ) sy @

This prediction is appropriate when the contact angle
is large (~90°), the incipience superheat is small and
the saturation curve is nearly linear over the range
from the saturation temperature of the liquid to the
temperature of the stperheated vapor within the
bubble.

Table 1. Incipience wall superheat excursions

Authors AT, Working fluid Surface
Bergles et al. (1968) 15-27°C R-113 S.S. tubing
Seeley and Chu (1972) 12°C R-11 Ferrite cores
Murphy and Bergles (1972) 10-14°C R-113 S.S. tubing
Nghiem et af. (1980) 30°C R-113 Thin gold film
Reeber and Frieser (1980) no nucleation FC-72 Polished silicon
(for AT, < 46°C)
8°C FC-72 Etched gold film
Eutectic surface
Oktay (1982) 23°C FC-86 Plain Si chip
15°C FC-86 Sandblasted/KOH treated chip
Moran et al. (1982) 20°C FC-86 Without surface finish
30°C FC-86 With surface finish
Giarrantano (1984) 20°C Liquid nitrogen  Thin platinum film
Ogiso (1985) several degrees Liquid nitrogen  Silicon chip
Samant and Simon (1986) ~40°C FC-72 Thin nichrome film
Present study 10-23°C R-113 Chromel wire
29-53°C R-113 Thin Pt film
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FiG. 1. Boiling incipience prediction with R-113 saturation
curve.

As discussed by Bar-Cohen and Simon [4}, Marsh
and Mudawwar [14], Lorenz et al. [15} and Tong et
al. [16] the incipience mechanism for highly-wetting
fluids may be different from that of poorly-wetting
fluids. Some important differences are as follows. (1)
On a given surface, there will be a larger number of
active embryos (gas retained in cavities) with poorly-
wetting liquids (e.g. water) than with highly-wetting
liquids (e.g. dielectric fluids). This is due to the
enhanced ability of fluids of small wetting angle to
effectively flood the cavities. (2) The residual bubble
in highly-wetting liquids is small and represents the
configuration of minimum radius of curvature in its
eventual growth (r, < r.). Initial growth from this
stage therefore requires the maximum superheat of
the bubble’s life. (3) Because of this larger incipience
superheat, a nonlinearity of the saturation curve may
result in a significant error in superheat computed
from equations (1) and (2). An equivalent expression
for computation of the incipience superheat in highly-
wetting fluids, is

ATs = Tw_ Tsat(Pl) = Tsul(PI+20(Tw)/rh)—Tsal (PI)
3

Here, r, is the radius of the embryonic bubble which,
for the highly-wetting fluids, will be smaller than the
cavity mouth radius, s, [16]. Equation (3), with sur-
face tension values evaluated at T, is utilized in this
paper to estimate the embryonic bubble radius from
measured incipience superheat values.

The boiling incipience prediction is illustrated using
the saturation curve for R-113 in Fig. 1. The wall
superheat required to maintain a 0.1 ym radius,
embryonic bubble of R-113 vapor in a liquid at atmos-
pheric pressure is computed from equations (1) and
(3). With the assumptions of equation (1) the com-
puted pressure difference AD yields a superheat, OD,
of 87°C. Using equation (3) the computed pressure
difference BC yields a superheat, OC, of 39°C. The
two computed pressure differences are not the same
partially because in equation (3) the surface tension
is based upon the wall temperature whereas in equa-
tion (1) it is based upon the saturation temperature
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of the liquid. The largest difference between the two
computed superheat values, however, comes from the
nonlinearity of the saturation curve over this pressure
difference.

The incipience superheat is bounded from above by
homogeneous nucleation as discussed in ref. [4]. This
is the nucleation mechanism which will come into play
in the absence of sufficiently large embryonic bubbles
on the heated surface. This limiting superheat can be
estimated using a correlation proposed by Lienhard
[17]

T —Tu = Tc[0923 - (Tsal/Tc)
+0.077(T./T.)’).

A Thomogem:ous =

4

Equation (4) is used as the upper limit of the incipience
superheat for comparison with experimental data. No
cases were found in the present study where this upper
limit was reached.

2. EXPERIMENTAL APPARATUS

A 1 kW immersion circulator/heater, a 1 kW immer-
sion heater and a 300 W bath cooling unit provided a
uniform and constant temperature for the 32 liter
glass container, in which the test vessel was immersed.
The test vessel was a 2 liter glass container in which
the test fluid and heating element resided. The test
fluid temperature, measured by copper—constantan
thermocouples and by a platinum RTD sensor,
remained constant and uniform to within 0.05°C.

The facility was controlled and monitored with a
small laboratory computer that interfaced with a 30-
channel data acquisition/control unit and a d.c. power
supply programmer via IEEE-488 interface cables.
Direct current was supplied to the heating element
and a series precision resistor by a power supply.
Separate voltage taps across the heating element and
across the precision resistor were used to compute
heater resistance and heating element power. Heating
element temperature was computed from its resistance
via a calibration curve taken before the experiment.
Computed temperatures and heat fluxes were averages
of 20 samples taken over a 50 s period.

The present investigation was conducted with satu-
rated R-113 fluid under atmospheric pressure and
electrically-heated 0.13 mm diameter chromel wires
(90% nickel) and with a 0.51 mm diameter cylindrical
heater. The second heater was constructed with a thin
platinum film on a quartz rod. The heated areas of
the two heaters were 0.36 and 0.41 cm?, respectively.
The saturation temperature of the R-113 was deter-
mined by the total pressure and the dissolved gas
content. Measurements with a Seaton—Wilson Aire-
Ometer indicated that the dissolved gas content, on a
volume basis, for all tests, was essentially zero (0~
10%)—a 1% by volume dissolved gas content
will change the saturation temperature only 0.5°C. As
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a point of reference, R-113 saturated with air at 25°C
and 1 atm has a 40% volumetric air fraction.

The chromel wires were cut from commercially
available thermocouple wires. The nominal measured
resistance was 4.8 Q and the calibration slope was
572+6°C Q" The thin-film heater, 25.4 mm long
and 0.51 mm in diameter, was made by sputtering a
film (= 0.1 um) of platinum on a quartz cylinder. Its
resistance was 20 Q and its calibration slope was
24.0°C Q- ', within 1%. Both heaters displayed a
linear relationship between temperature and resist-
ance and, therefore, could serve as both heaters and
wall temperature sensing devices. The large aspect
ratios of the heaters resuited in minimal conduction
losses and nearly-uniform heat flux.

2.1. Qualification of the test facility

Analyses were performed for evaluating uncer-
tainties of heat fluxes and wall superheats (differences
between the heating element temperatures and the
saturated pool temperatures) under various regimes
of boiling. The techniques of Kline and McClintock
[18] were used to compute the propagation of uncer-
tainties. The computed uncertainty of heat flux was
2% and that of the wall superheat was 0.7°C for all but
a few points near the incipience of nucleate boiling, at
which 1°C was assigned. The increase in uncertainty
of wall superheat near incipience was due to the larger
unsteadiness at this rather unstable location.

When a heating element immersed in a pool of
quiescent liquid is electrically heated, a buoyancy-
induced motion due to density gradients generates
natural convection flow. This is the operative mech-
anism for a portion of the test, labeled ‘single-phase
convection’ on the ‘boiling’ curves to be presented.
Experimental results were compared with a cor-
relation recommended by Kuehn and Goldstein [19].
Measurements (not shown) agreed within 5% for
Rayleigh numbers from 1 to 10000. The close agree-
ment lent confidence to the test procedure.

3. RESULTS AND DISCUSSION

3.1. Saturated pool boiling experiments with a chromel
wire

A typical single-run boiling curve, heat flux vs wall
superheat, is shown in Fig. 2. Distinct single-phase
and nucleate boiling regimes are observed, when the
heat flux increased in small steps, with an abrupt
temperature decrease of about 15°C when the single-
phase curve reaches 28°C superheat. In the present
study, the superheat excursion at the incipience of
nucleate boiling is defined as the maximum tem-
perature difference (along a line of constant heat flux)
between the surface temperature for increasing heat
flux and that for decreasing heat flux. The lengths of
the horizontal bands in Fig. 2 indicate the magnitude
of two-standard-deviation intervals computed from 20
readings taken over a 50 s period at a constant heat
flux. They, thus, are indicators of unsteadiness. This
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F1G. 2. Unsteadiness of saturated pool boiling (R-113, first
chromel wire).

unsteadiness is shown to peak in the vicinity of boiling
incipience, with a two-standard-deviation value of
~2°C.

Results of ten consecutive runs, each with heat flux
incrementally increasing to the maximum value of the
test then decreasing to zero, are shown in Fig. 3.
These runs were computer-controlled to step through
precisely the same heat flux conditions (each starting
from zero heat flux). Note that this repeatability test
is quite different from the unsteadiness test recorded
in Fig. 2. Large non-repeatability values from case to
case appeared in the region of onset of nucleate
boiling. The highest heat flux attainable in the natural
convection regime prior to boiling varied from 2.4 to
4.4 W cm~?*for the ten runs. The maximum excursion
of the ten runs was about 23°C. The order in which
the ten runs were taken is given by the run numbers.
Note that the curve shapes are random ; there is no
discernible trend in the incipience behavior with run
number. The averaged values and the two-standard-
deviation ranges of temperature for the ten runs of
Fig. 3 are shown in Fig. 4. The repeatability is clearly
good for much of the curve while poor (a maxi-
mum standard deviation of 8°C) in the vicinity of
boiling incipience. The data suggest that incipience of
nucleate boiling of highly-wetting liquids may be
better displayed by statistical or probabilistic means.

Numbers indicate the
chronoiogical order in
which the data was taken.

61
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FiG. 3. Pool boiling runs (R-113, first chrome! wire).
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FiG. 4. Repeatability of ten pool boiling runs (R-113, first
chromel wire).

Figure 5 shows a probability distribution that does so.
Here. the probability of boiling incipience is plotted vs
the value of single-phase, natural convection, wall
superheat. As shown, all cases reached 23°C superheat
without boiling (0%). The last case to boil did so at
39°C and 50% of the cases had begun boiling before
a single-phase wall superheat of 26.5°C was reached.
Throughout the ten test runs, transition from single-
phase natural convection to nucleate boiling was
accompanied by the appearance of columns of
bubbles. This transition was more abrupt and many
more bubble columns were immediately formed (the
surface temperature therefore abruptly dropped)
when higher incipience superheat values were
attained. A more gradual transition from single-phase
natural convection to fully-developed nucleate boil-
ing. allowing opportunities to measure intermediate
points, was observed for cases of smaller incipience
superheat values (see curve 9 of Fig. 3). It appeared
that the locations, on the heater surface, of the initial
bubble columns for the ten different curves were ran-
dom ; there was no repeated or consistent trend in
the behavior from one run to the next.

From the large unsteadiness (Fig. 2) and the poor
repeatability (Figs. 3 and 4), the onset of saturated
nucleate boiling is apparently a very unstable process.

» (2] 223 6
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N
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Fig. 5. Probability of boiling incipience vs single-phase,

natural-convection wall superheat: obtained from ten con-
secutive runs (R-113, first chromel wire).

Such unstable behavior may be attributed to both the
good wetting characteristics and the poor repro-
ducibility of contact angle from case to case: a dis-
cussion of this follows. First, only a few cavities are
candidates for trapping gases when the wetting angle,
B, is small. When few cavities participate. the results
can change considerably if candidate cavities are
sometimes active and sometimes inactive. This intro-
duces a sensitivity to changes in wetting angle. This
sensitivity and the difficulties of contact angle
measurement were reported in the following litera-
ture. Contact angle measurements for water on clean
stainless steel surfaces indicate a very wide distribution
in values from 307 to 907 [13]. The contact angle of R-
113 with polished copper was reported to be near zero
[20]. One may therefore imagine large variations of its
value, expressed as a fraction, with small changes in
fluid and surface conditions; although this has not
been experimentally verified. Movement of the triple
(liquid/vapor/solid phases) contact line on a solid sur-
face is expected throughout the boiling phase of the
experiment. Schwartz and Tejada [21], emploving hexa-
decane on a stainless steel surface, found that the
contact angle increased linearly from ~0° to 25°
depending on the velocity between 0.2 and 10 mms ™",
Movement of the contact point can thus result in
a velocity-dependent and position-dependent contact
angle. This may change the trapping of gases for
bubble embyros, and thus, the boiling incipience
superheat in a random manner.

Equation (3) was used to determine the effective
embryonic bubble radius in each of the above ten
runs ; values ranged from 0.10 to 0.23 um. The smali-
est radius, 0.10 um, corresponded with the highest
wall superheat value of 38.9°C. Since the measured
superheat values were substantially below the homo-
geneous nucleation superheat values computed from
equation (4) (130°C in this case), it appears that
heterogeneous nucleation was the operative nuclea-
tion mechanism for all the cases.

3.2. Experiments with a second chromel wire

An ostensibly identical test was conducted with a
second cut of chromel wire which was taken from the
same manufactured run of wire as the first. The boiling
curve taken with this wire lies further to the right than
does that of the previous wire. Following Rohsenow
[22], nucleate boiling curves may be correlated as

G(Tw=Tu) _ qMJC ﬂ
hrb {#lhlg (p—p.) i O

Here, the recommended value of b for R-113 is 1.7.
For the second chromel wire, a different C,, value
(0.0063 compared to 0.0040 for the first wire) and a
different constant, a (0.165 compared to 0.208 for the
first wire), were found. According to Rohsenow [22],
C,r has been found to range from 0.0025 to 0.015.
The differences in C,; and a for these two wires are
presumed to be due to different distributions of cavi-

G(T,. ~
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FiG. 6. Surface micro-geometry taken by SEM—sample chromel wire ( x 2500).

ties for the two heating elements. even though they
were cut from the same manufacturing run. These
ditferences may be due to variabilities during the
munufucturing processes, e.g. die chatter. Danielson
et al. [8] reported Cy and a values for a 0.25 mm
platinum wire 1n saturated R-113 of 0,003 and 0.17,
respectively, Though the nucleate boiling curves for
the two chromel wires discussed above were different,
predicted embryonic bubble diameters for the second
wire, corresponding to the measured incipience super-
heats, were within the range of the first wire;
0.10 ~ 0.23 yum.

After the experiments, the surface geometry of the
second chromel wire was examined using a scanning
clectron microscope (SEM) and compared with
another sample wire from the same run (see Figs. 6
and 7). Both surfaces showed many pits of various
sizes up to an equivalent diameter of 2 um. These pits
may have been caused during the extrusion process—
many axially-oriented scratches can be observed. It
appears from Fig. 7 that it is likely that many cavitics
of the 0.1 ~ 0.2 ym size range exist. Also. many pits
associated with deep cracks (possibly due to thermal
stress cracking) were found @ thus, the included angle
of such pits may be small. Such small-angle pits could
be expected to enhance the trapping process.

3.3, Experiments with different starting conditions using
the second chromel wire

The effect of varying the minimum heat flux (the
beginning heat flux of the heat-up portion of cach
cyvele and the minimum heat flux ending the cool-
down portion of each cycle) was next investigated. In
these tosts. the heat flux was incrementally decreased
after establishing nucleate boiling at 104 W em™-,

continuing until a specific. non-zero minimum heat
flux was reached. This minimum heat flux was main-
tained for about | min. Then, without decreasing the
power, a heat-up cycle with incremental, stepwise-
increasing heat flux changes was begun and the boiling
behavior was documented. Each heut-up cycle was
concluded and the ensuing cool-down cycle was begun
when a heat flux of 3.66 W cm ~ * wus reached. Mini-
mum heat flux values for successive cases were 2.10,
1.05,0.727 and 0.158 Wem *forcases |, 2. 3and 4
of Fig. 8, respectively. Corresponding minimum wall
superheat values were 15, 9.5, 7, and 2.2°C. No bubble
column was observed at minimum heat flux values of
the 0.727 and 0.158 W cm ™ cases. Tests were repeated
ten times for each particulur minimum heat flux value.
Average values and two-standard-deviation intervals
for cach ten-run series arc shown on Fig. 8. Casc 1
was entirely within the nucleate boiling regime and
case 4 was entirely within the single-phase natural
convection regime. As the minimum heat flux (or
starting heat flux for the test) decreased from that of
case | (2.10 W cm~?), the superheat value (T, — 7,)
at the maximum heat flux of cach run. 3.66 Wom™?,
increased from the nucleate boiling value (case | of
Fig. 8) to the largest single-phase natural convection
value (case 4). A trend showing a consistently decreas-
ing number of bubble columns at the maximum heat
flux (many, 4, 2 and 0 columns, for cases 1. 2. 3 and
4, respectively) was observed.

For cases 3 and 4 (superheat of 7 and 2.2 C at the
minimum heat fluxes, respectively). no bubble column
was seen at the start of the run. As the heat flux was
increased to 3.60 Wem 7, case 3 showed two columns
of bubbles whereas case 4 showed no bubbles. This
may be due to larger embryonic bubbles inside the
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F1G. 7. Surface micro-geometry taken by SEM—second chromel wire { x 2300).

cavities at the beginning of the heat-up cycle for the
higher initial heat flux case (case 3) requiring a lower
superheat to activate nucleation than for the embry-
onic bubbles of the lower initial heat flux case (case
4). This scenario is consistent with the hypothesis
presented by Lorenz er af. [15] and Tong ef al. [16]
{sec Fig. 3 of ref, {16]) that, for highly-wetting fluids,
the minimum radius of bubble embryos is attained
within the cavity and not at the mouth of the cavity.
If the minimum radii of bubbles curvature were experi~
enced when Lu&: bubble were at the mouths of the
cavities. both cases 3 and 4 {which appeared to be
the same at the minimum heat fluxesy would have
displayed similar incipience behavior,

3.4, Saturated pool boiling experiments with the thin-
film heater

The thin-film heater constructed with a sputtered
platinum surface on a quartz cylinder was next intro-

nucleate boiling curve
(dacreasing heat Hux)

()
A

minimum haat flux
of aach case
]

Heat Flux, /A [ W ¢ |
n

Horizontal fine lergihs indicate 20
wanations of the ten-sampls test.

[*4

0 10 20 30 n
Wall Superneat, T, - Ty, [°C)

F1G. 8. The effect of varying minimum heat flux at the
beginning of the heat-up cycle {R-113, second chromel wirg).

duced to further investigate the effects of surface
characteristics on the initiation of nucleate boiling and

Thn voot Brogra
L0C 1St P ggram Was

selpesrt e batts e

Ull LhC uu\..u.uu/ UUJli(ll— hLll AA"N
precisely the same as with the wires—only the heating
element was replaced. Before examining the nucleate
boiling characteristics. the surface micro-geometry
was documented using SEM. A portion of the plati-
num film containing a large cavity and a number of
smaller cavitics is shown in Fig. 9. There were no other
large cavities, like the one shown. found during the
SEM scan (although there may have been others out-
side the scanning ficld of view): the remainder of
the coated cylinder appeared more like the teft-hand
portion of Fig. 9. This obviously differed from the
surface geometry of the chromel wire shown in Fig.

7—it was much smoother and had much fewer Ir\yg

cavities.

During operation. the thin-film heating clement
became coated with dark deposits {shown in Figs, 10
and 11) during each set of runs. These were similar in
appearance to deposits reported by Akagawa er al.
[23]. They found that a 0.29 mm platinum wire heater
in R-11 or R-113 was contaminated with deposits. It

was presumed that the r{nnsun were formed with
pr e forme

products of thermal decomposmon of the fluid under
film boiling, They noted that no fouling deposit
occurred for surface temperatures beiow 100°C, In a
film boiling study of R-113 by Yilmaz and Westwater
{24], dark deposits were seen when wall temperatures
exceeded 170°C. In the present study. the formation
of deposits was not observed in the chromel wire cases,
in which the maximum wall temperatures were less
than 80°C, but deposits were observed with the plati-
num film heater when temperatures exceeded 100°C.
Hl buCCCSS!VC Odld runs pcrwrmco lmrm.maun dﬂ.ef'
each cleaning of the surface with an ultra-sonic bath of
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F1G. 9. Surfuce micro-geometry taken by SEM—Pt thin-film heater ( x 5000).

acetone, wall superheat values in the nucleate boiling
regime decreased progressively as a result, it is pre-
sumed, of the growing deposits. No changes in the
natural convection portions of the curves due to this
contamination were obscrved. Eventually, within ten
runs after each cleaning, repeatable boiling curves
were achieved (see Fig. 12). SEM pictures taken after
these ten runs show the fouling deposits (see Figs. 10
and 11). The high supcrheat (> 100°C) required to

initiate nucleate boiling of a highly-wetting liquid on
the smooth platinum-sputtered surface is presumed to
cause fluid decomposition leading to the creation of
fouling deposits and the corresponding changes in the
nucleate boiling curve. Therefore, in order to conduct
a series of consistent tests, the surface contamination
was allowed to continue until no more change in wall
superheat was observed. This surface was then used
for the remainder of the runs discussed herein. Before

FiG. 10. Pt thin-film heater coated with dark deposits ( x 2500).
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FiG. 11. Pt thin-film heater coated with dark deposits ( x 5000).

discussing these runs, the following observations
about the effect of the deposits are noted. Even though
a dramatic change in surface micro-geometry can be
seen (Figs. 9-11), no significant change in the incipi-
ence superheat was observed in the data. There was a
decrease in nucleate boiling superheat values, how-
ever. This implies that there was no significant effect
of the fouling deposits on those cavities which were
activated upon initiation of boiling (~0.02-0.06 um
range). but the deposits shown in Fig. 11 provided
more bubble nucleation sites for fully-developed boil-
ing (cavity sizes in the 0.2 um range).

Fifteen consecutive runs with increasing, then
decreasing. heat flux values were next performed,
using R-113 at 1 atm pressure and the ‘contaminated’
surface shown in Fig. I1. The results are shown in
Fig. 13. Again, single-phase data agreed with the cor-
relation of Kuehn and Goldstein {19]. The maximum
excursion was about 53°C and the wall incipience
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Fi1G. 12. The effect of fouling deposits on boiling curve—Pt
thin-film heater.
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superheats of these runs ranged from 49.1 to 72.5°C
(recall that the maximum excursion attained for the
wire tests was 23 C and the highest superheat was
38.9°C). This comparison was expected, based on the
different surface micro-geometries—the wire surfaces
(e.g. Fig. 7) appeared to have many pits or cavities of
submicrometer sizes with. it is presumed, small cavity
angles; but, the thin-film heater (Figs. 10 and 11)
was much smoother. The behavior following the first
appearance of boiling was also markedly different
for the thin-film heater. For all these tests, the wall
superheat values returned abruptly to the fully-
developed nucleate boiling range when the heat flux
was increased incrementally beyond the maximum
single-phase value. During this increment, bubble
columns formed immediately across the entire heating
element—recall the stepwise transition from single-
phase natural convection to fully-developed nucleate
boiling experienced in many of the runs in which the

151 Pt, thin-film heater
~
210
%. single-phase
: first Kuehn & Goldstein (1976)
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Fic. 13. Pool boiling runs (R-113, Pt thin-film heater and
first chromel wire).
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drawn wire was used as the heated surface (e.g. Run
9 of Fig. 3).

Effective incipience bubble radii, r,, for the 15 runs
on the platinum film heater were computed with equa-
tion {3). They ranged from 0.023 to 0.062 pm, sub-
stantially smaller values than those for the wire (0.10-
0.23 pm). A highly-enlarged SEM picture of the thin-
film surface (Fig. 14) shows the structure of the sput-
tered platinum film. This figure seems to indicate many
cavities between 0.01 and 0.1 um, a range which cor-
responds to the r, values which were computed from
the measured incipience superheat values. These cavi-
ties, it is felt, are those which serve as uctive sites for
boiling incipience. Higher nucleate boiling superheat
values were observed for this thin-film heater surface
than those observed with the drawn wires (Fig. 13).
This also is presumed to be duc to the smoother
surface. Differences, between the wire and platinum
film cases. in fully-developed nucleate boiling super-
heat are much smaller than those at incipience.
however,

The probability of experiencing boiling incipience
vs single-phase, natural convection wall superheat, for
the thin-film heater, is plotted in Fig. 15. All cases
reached 48°C superheat without boiling (0% prob-
ability), and, at 72°C, the last case boiled (100%
probability). A comparison of the two surfaces at
equal probability points shows that the incipience
superheat for the sputtered surface is approximately
two times that for the drawn-wire heater.

3.5. Tests with large steps in heat flux using the thin-
Silm heater

In the experiments discussed thus far, the boiling
curves were generated by taking incremental steps up
or down in heat flux. allowing sufficient time to

achieve steady state, then sampling over a 50 s period.
Simulating the turning-on transients of clectronic
equipment. the next serics of tests were carried out by
introducing a large step in heat flux. from zero to
various test heat flux levels. The average of 20 samples
for cach puarticular level of heat flux was then
measured. Data was not recorded until steady-state
heater temperatures were reached. sometimes requir-
ing as long as 2 min (less than 50 ps were required for
the step change in heat flux). The curve for probability
of boiling incipience {Fig. 15} for this large-step test
was next calculated using 20 repeated runs. The pur-
pose of this test was to see the effect of a large step
in heating on the probability curve. As shown, the
magnitudes of the wall superheats for this test lic as
much as 20% above those for the test with small,
incremental increases in heat flux. Though no explan-
ation is proposed at this time, observations from this
test appear to be consistent with those {from a transient

100 -
small, incremantal

e chrome! wirg
«— heat fux test

L4 L g
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801 =

601
401

201
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. 15, Probability of boiling incipience vs single-phase,
natural-convection wall superheat.
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boiling incipience study by Nghiem ez al. [25]. In a
test where the heat flux was increased abruptly from
zero to a specified value and the transient tem-
perature response was recorded, Nghiem er al.
observed higher superheat for the transient boiling
incipience at progressively higher values of the speci-
fied heat flux. The incremental heating tests of the
present study, characterized by small steps of heat
flux and allowance of sufficient time at each value to
achieve a steady state, took 20-50 min to arrive at
the measurement conditions, while the large-step tests
took about 50 us to achieve the desired heat flux and,
at most, 2 min to arrive at a steady state. Therefore,
the two thin-film heater probability curves in Fig. 15
seem to serve as limiting cases for the upper and lower
bounds on incipience wall superheat after achieving a
steady state with this heater, but with different heat
flux vs time trajectories. The two probability curves,
therefore, indicate the range of heat flux values or
superheat values one might expect to be required for
the boiling incipience, regardless of how the heater
was powered.

4. SUMMARY AND CONCLUSIONS

The thermal excursion at the onset of nucleate boil-
ing was investigated using horizontal 0.13 mm
chromel wires and a 0.51 mm platinum-sputtered,
thin-film heater immersed in R-113 at saturation con-
ditions under atmospheric pressure. Incipience super-
heat values just prior to these thermal excursions are
large when using dielectric fluids and correspond to
high wall temperatures, usually larger than those at
the critical heat flux conditions. The main obser-
vations and conclusions of this study are given below.

(1) The incipience superheat excursion, under the
conditions of this study was highly non-repeatable
and, therefore, could not be described with single-
sample measurements. The data is best presented in
statistical form.

(2) Superheat levels of 24.0 ~ 38.9°C at incipience
were measured for drawn chromel wires—cor-
responding embryonic bubble radii of 0.10 ~ 0.23 ym
were computed. The thin-film heater (platinum sput-
tered onto quartz) data showed incipience super-
heats of 49.1 ~ 72.5°C~—embryonic bubble radii of
0.023 ~ 0.062 um were computed from this data. The
higher superheat values measured on the thin-film
heater (higher than those measured on the wire) are
presumed to result from the absence of large cavities
(>0.1 pm) capable of entrapping bubble nuclei for
incipience.

(3) Superheat excursions at the onset of nucleate
boiling were strongly dependent upon the values of
wall superheat at the beginning of the heat-up phase
of the cycle (and the end of the cool-down phase of
the previous cycle). This behavior is believed to be
peculiar to low-wetting-angle fluids where the mini-
mum radius of the incipience bubble embryo, within
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the cavity, establishes the wall superheat or heat flux
required for incipience. Thus, the minimum superheat
between cycles establishes the superheat required for
incipience.

(4) When the wall temperature exceeded 100°C,
fouling deposits appeared. These deposits, presumed
to be due to decomposition of the R-113, were shown
to affect the nucleate boiling curve slightly, but not
the incipience superheat values.

{(5) The tests with large steps in heat flux showed
increases in superheat excursion values (at the same
probability) of as much as 20% over those of the
small, incremental heat flux tests. The probability
curves for boiling incipience are, apparently, depen-
dent on how the heater is powered. These tests and
the tests with small, incremental steps in heat flux
seem to bracket the range of incipience performance
attributable to the heat-up history.
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ETUDE EXPERIMENTALE DU DEBUT D’EBULLITION NUCLEEE AVEC UN FLUIDE
DIELECTRIQUE TRES MOUILLANT (R-113)

Résumé—Des expériences sur le transfert de chaleur par ébullition en réservoir de R-113 4 1 atm sont
conduites pour étudier des anomalies associées 4 I'initiation de I'ébullition 4 partir de fil de chromel de
0,13 mm de diamétre et d’un chauffoir & film mince en platine, de 0,51 mm de diamétre. Les valeurs de
surchauffe de paroi allant jusqu’a 73°C a Pinitiation et des larges variations d’un cas 4 l'autre sont
observées. On recommande la présentation des résultats de surchauffe a I'apparition par des distributions
de probabilité. On observe Pinfluence minimale correspondante de la paroi. Des tests avec des grands
changements échelons des flux thermiques, utilisent un chauffoir cylindrique 4 film mince, indiquant des
accroissements de la surchauffe a 'apparition d’a peu prés 20% sur des tests avec des suites d’échelons
incrémentiels de flux thermiques jusqu’au méme niveau de flux thermique.

EXPERIMENTELLE UNTERSUCHUNG DES BEGINNS DES BLASENSIEDENS IN
EINEM STARK BENETZENDEN DIELEKTRISCHEN FLUID (R-113)

Zusammenfassung—Es werden Experimente zum Wirmeiibergang beim Behaltersieden von gesattigtem
R-113 bei Atmosphirendruck zur Untersuchung von Anomalien durchgefiihrt, die mit dem Siedebeginn
verbunden sind. Es werden 0,13 mm dicke Drihte aus Chromel und 0,51 mm dicke Diinnfilmheizelemente
aus Platin verwendet. Es wurden Wandiiberhitzungen bis zu 73°C und eine weite Streubreite (mehr als
20°C) in den Wandiiberhitzungen bei Siedebeginn von Fall zu Fall beobachtet—fiir nominell identische
Zustinde. Deshalb wird die Darstellung der Ergebnisse in Form von Wahrscheinlichkeitsverteilungen
vorgeschlagen. Der signifikante EinfluB der minimalen Wirmestromdichte und der zugeh6rigen minimalen
Wandiiberhitzung (nach der Abkiihlungsphase einer MeBreihe und dem Beginn der folgenden MeBreihe)
auf den Siedebeginn wurde beobachtet. Versuche mit groBen Abstufungen der Warmestromdichte unter
Verwendung eines zylindrischen Diinnfilm-Heizelements zeigten cine Zunahme der Wandiiberhitzung bei
Siedebeginn von mehr als 20% gegeniiber Versuchen mit enggestufter ErhShung der Warmestromdichte
bis zum selben Niveau.
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SKCNEPUMEHTAJIBHOE UCCIEAOBAHME 3APOXIEHHSA MY3bIPBKOBOI'O
KHIEHHUA BbICOKOCMAUMBAIOMEN AUSJEKTPHYECKON XUIKOCTH (R-113)

AmmoTaums—]11 H3YUCHHS aHOMaJIHit, CBSA3aHHBIX C HAYAJIOM KHIICHHA, IPOBEACHO 3XCNCPHMEHTAIbHOE
HCCJICAOBAHAE TCIUIONEPCHOCA B YCJIOBHAX KHOCHEA B 6onbwoM oGbeMe HachlLieHHOM xuaxocTH R-113
NpH AABJICHHM, PABHOM | aTM., C HCIIO/Ib3OBAHHEM FOPH3IOHTABHBIX XPOMEIEBLIX IPOBOIOYEK THAMET~
pom 0,13 MM H MIATHHOBOIC TOHKOIUICHOMHOrO Harpepartens AuamerpoM 0,51 mm. JINg NOYTH HNEHTHY-
HBIX CJIY4acB MOJYYCHO, ¥TO BE/HYMHBI NEPETPEBAa CTCHKH OPH 3aPOXOCHHH KHICHHA COCTABAMIOT IO
73°C u HabmonaloTcs 3HaYHTENbHBIC HX Koncbanua (Gonee wem Ha 20°C). B Itoil ca3n Taxue pesynb-
TaThl OPEAVIOKEHO BHIPAXATH B BHIC PACOPEACTCHHN BEPOATHOCTH. OTMEUEHO CYLISCTBCHHOS BIIMAHHC
MHHHMJILHOTO TEIUIOBOTO MOTOKA H COOTBETCTBYIOUIEr0O MHHHMAJILHOTO NeperpeBa CTEHOK (HA CTHIKE
JIBYX OMBITOB) HA Pa3IHYHE B BEHYHHAX NEpErpeBa. B axcmepHMEHTax ¢ GOJNLIIHMH CXKAYKOOGpasHLIMK
A3MCHEHHAMH TEILUIOBOTO MOTOKA, NPOBCACHHBIX HAa TOHKOIUICHOWHOM LMIMHAPHYECKOM HarpeBartene,
OTME4EHO MPEBHILIEHAC ITHX BEJIHYHH Ha 20% O CPABHECHHIO C OMBITAMH, B KOTOPHIX IIPOHCXOANT NOC~
TENEHHOC YBEIUUMCHHC TEIUIOBOrO NOTOKA QO TAKOIO XK€ €ro YpOBHA.
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