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NOMENCIATURE

a Tocal acceleration - ft/hr°

A Area - ft2

Co Specific heat - BTU/lbm-°F

D Dia. - ft.

g Acceleration due to standard (terrestrial) gravity
32.2 ft/sec® = 4,17 x 10° ft/nr2,

g, Mass-force conversion constant = 4,17 x 108 lbm/lbf ft/hr2

h Enthalpy - BTU/lbm-°F

h Heat transfer coefficient - BTU/hr-ft°-°F

he, Latent heat of vaporization - BTU/lbm

k Thermal conductivity - BTU/hr-ft-°F

M Mass - lbm

Pr Prandtl number

q Heat transfer rate - BTU/hr

Ra’ Modified Rayleigh number - see Figure 9

t Temperature - °F

T Temperature - °R

v Volume - ft3

Ap Saturation pressure difgerence corresponding to heater sur-
face superheat - lbp/ft<

At Temperature difference at maximum heat flux - °F

At ot Heater surface superheat - °F

4] Time - hrs

o Density - 1bm/ft3

iv



Y Surface tension - lbf/ft

" Viscosity - lbm/hr-ft
g0 ]l/Q

—_— Critical wavelength - ft
g(og-0y)

Subscripts

s Sphere

sat Saturation

f Film temperature
1 Liquid

v Vapor



INTRODUCTION

(1)

A prior work has been presented which deals with boiling
heat transfer from a one-inch diameter sphere to saturated liquid nitro-
gen at atmospheric pressure under reduced gravity. The present paper
considers the effects of a change in size (to one-quarter inch diameter)
and an increase in pressure (to five atmospheres). Additional data
are presented which were obtained under conditions more closely approach-
ing the condition of zero gravity. These resulted from a modification
to the test facility permitting an a/g ratio less than 0.002, as com-
pared with the previous range from 0.01 to 0,03,

One motivation for this study arose from previous work(g)
with high force fields. Previous studies of boiling heat transfer had
not considered the gravitational field to be a variable, and it was
considered that further understanding may be gained by investigating
the influence of this parameter,

(3)

Initial research includes the range of a/g up to 40 for
nucleate pool boiling of saturated water, and a/g up to QO(A) for
nucleate pool boiling of saturated liquid nitrogen, both at atmospheric
pressure, It was found that significant changes in the q/A - Otgat
relationship were not observed except at low values of heat flux where
the relative contribution of non-boiling natural convection was apprec-
iable. This appeared to indicate that the buoyant forces acting on the

bubbles were not a significant factor in promoting the large rates of

heat transfer associated with nucleate boiling.
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In view of these circumstances it was desirable to extend the
work to determine whether similar effects occurred in cases where the
force field is less than that corresponding to standard gravity. In
this connection a Froude number criterion for distinguishing the limits
of a bouyant force dominated process has been presented(5) based. on the
results of Adelberg and Forster<7) and Forster and Zuber.(B)

Another purpose for this study is the current problem, gener-
ated by the global interest in space flight and exploration, of pre-
dicting the behavior of fluid systems under adiabatic and diabatic
conditions in environments where the force fields will be low., It may
be anticipated that, for the sake of compactness, boiling heat transfer
will continue as an important mechanism for power generation and energy
dissipation,

A drop tower 1s used to achleve fractional and near=-zero
gravities, Inherent in this msthod 1s the short time of exposure of the
test system to reduced gravities, In experimental studies of pool boil-
ing the primary parameters of heat flux and temperature difference are
usually measured under steady-state conditions. A stesdy-state condi-
tlon 1s probably the most convenient for this determination, For
unsteady~-state conditions it 1s necessary to include the effect of the
thermal capacity of the heater surface,

In view of the short test period availeble for these measure-
ments in a drop tower, no attempts were made to obtaln steady-state
conditions, Instead, & transient technique wes used, in which the heat-

ing surface serves as a dynamic calorimeter., The surface heat flux is
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determined from the rate of change of enthalpy of the heating surface
as found from the measurement of its temperature change with time,
Simultaneously, the corresponding tempefature difference is obtained.
This technique is not new and has been used for a number of
years in this laboratory to demonstrate the behavior of lumped-parameter
thermal systems to undergraduate students in heat transfer, Metallur-
gists have made these types of measurements in the study of heat treat-
ment of metals. Kays, et g;.(9) reports an application of this method
for the determination of heat transfer from tubes. Several references
with this method are given by Stolz.(lo) This method has been used to
obtain boiling heat transfer data.(l)2f4’5) The same simple test
device permits measurements in the film, transition, maximum and minimum,

(11)

nucleate boiling and free convection regions. Ruzicka has presented
boiling data for liquid nitrogen with a hollow vertical cylinder as a
transient calorimeter.

Several studies of transient boiling have been conducted(12’13)
wherein power pulsations were imposed on small wires. The degree to
which a transient process represents one at the steady-state depends
upon the ratio of the characteristic times of the system and the parti-
cular process, In the present application, the residence time of the
bubble is small compared to the inverse time-constant of the calorimeter,
Hence, the results may be considered as essentially steady-state when-
ever this condition prevails. Furthermore, comparison of the transient

data with those from steady-state measurements validates this supposi-

tion.(l>



EXPERIMENTAL APPARATUS

A cross-section of the drop tower facility is shown in Figure
1. The free fall distance of 31 feet gives 1.4 seconds of approximately
zero-gravity. A specially designed hydraulic buffer topped by an auto-
motive-type coil spring and foam rubber brings the test package, having
a total mass of 135 pounds, to rest in 2 1/2 feet with a maximum decel-
eration of approximately 30 g's. After the test package comes to a
stop, it falls over a few degrees from the vertical until the top rests
against one or two of the upright members which form an inverted conical
enclosure around the base of the buffer.

A gketch of the test package is shown in Figure 2. The test
vessel is a three liter stainless steel beaker surrounded by three inches
of styrofoam, For "Zero-g" tests, the test vessel is suspended from
the upper part of the outer package via three chains and a spring loaded
pawl which is prevented from withdrawing by friction, The outer package
is released by withdrawing a solenoid actuated yoke, and the weight of
the inner vessel is then removed from the spring-loaded pawl, thereby
releasing the inner vessel., The outer package thus acts as a wind
screen, eliminating the effects of air disturbances and drag.

The upper end of the outer package has a welded flange and
a removable cover so that the test vessel may be pressurized., The cover
is equipped with a pressure transducer, a quick-disconnect pressure
fitting, a pressure relief valve, and a release stud. A dial face

pressure gauge was calibrated with a dead weight calibration fixture,
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then used to calibrate the pressure transducer before each run. It
is estimated that the accuracy of the pressure determination is + 1%.

A Kistler Model 303 Servo-Accelerometer (+ 1.0 g range) is
installed to monitor the local gravitational force field of the inner
vessel during drop. Measurements indicate that the effective force
field with free fall is approximately 0.001 g . More accurate measure-
ments of the force field than this are not practical because of back-
ground electrical noise level. The force field has been reduced to
the level, it is believed, where the forces in the small electrical
wires between the outer package and the inner test vessel are becoming
influential.

For fractional gravity a counter-weight system is used. This
consists of a six inch 0.D,, five foot long, counter-weight made of a
closed aluminum tube filled with variable quantities of lead shot.

The counter-weight is attached to the test package via a 1/8 inch
diameter flexible steel cable with light weight ball bearing supported
pulleys. The counter weight cable passes through the solenoid operated
release mechanism. The counter-weight impact is absorbed with two
automotive-type air springs venting through adjustable orifices.,

The inner test vessel rests on the bottom of the outer package
for fractional gravity tests.

The outer package was pressurized with high purity dry nitro-
gen when performing saturated boiling tests at elevated pressures.

The heat transfer surface geometry for the results presented

here is a sphere, selected for symmetry and ease of instrumentation,
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Electrolytic copper was chosen as the sphere material because its heat
capacity is a well known function of temperature and its high thermal
diffusivity results in a close approximation to a lumped-parameter system.
Three test sphere diameters were used: one inch, one-half inch,
and one-quarter inch. Figure 3 shows the thermocouple locations in the
one~inch diameter test sphere. The temperature at point Ty was
measured using a 30-gage copper-constantan thermocouple having a spark
welded junction and soldered at the bottom of the drilled hole with a
minute amount of soft-solder. The temperature differentials te - tg4y
and t, - tgo were obtained by soldering separate single constantan
wires in the holes, using the copper sphere as the intermediate metal.
The differentials thermocouples were installed to determine the influence
of the orientation of the measuring junction tsl . No significant effect
was observed. To prevent heat conduction from the junctions to the liquid
nitrogen through the wire itself, a polyethylene sleeve is placed over
the wires external to the sphere and sealed to the sphere. The one-
inch and one-half inch diameter spheres are supported by 1/16 inch
diameter stainless steel rods attached with press fits. The one-quarter
inch diameter sphere is supported only by the thermocouple wires, It
was possible to install a single thermocouples only at the centers of
the one-half inch and one-quarter inch spheres.,
The thermocouple wire was calibrated with a nitrogen vapor-
pressure cryostat, at the COo and mercury freezing points and steam

point,
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The thermocouple emf were recorded on a Sanborn 150 series
recorder through approximately 50 feet of shielded cable which falls
free with the test platform. To take advantage of the high sensitivity
of the recorder (lOuv/mm) it was found necessary to calibrate it against
a precilsion potentiometer immediately prior to and after each test run.
It is estimated that the accuracy of the level of temperature measure-
ment is + 0.5°F while the accuracy of relative temperature measurement
is better than + 0.2°F. Relative temperature measurement is considered
with respect to changes taking place during a particular test.

The spheres are highly polished, and the only treatment given
to the surface is to cleanse it with reagent-grade acetone prior to each

test to remove any contamination deposited by handling.

DATA REDUCTION

Figure 4 shows a representative cooling curve for the sphere
from the ambient to liquid nitrogen temperature. In the film boiling
range the temperature difference between the center and surface of the
sphere is negligible, as might be expected since the corresponding
Biot number is approximately 0.004. The heat flux can be computed from
the temperature-time slope of the cooling data and using the specific
heat corresponding to the instantaneous temperature. Hence, the time

rate of enthalpy change of the sphere is

Wfhs = 3 (nfae) = §2cp (b)) 2 (1)
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Copper Sphere with Film Boiling of L

Figure L.
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For measurements of film boiling under fractional gravity
the millivolt and time scales on the Sanborn recorder are expanded and
the test package released when the sphere reaches the desired tempera-
ture level. Normally the sphere is inserted in the liquid nitrogen at
room temperature to cool to the desired level, requiring as long as
2—1/2 minutes in some cases., To determine the influence or the liquid
motion in the container induced by the film boiling on the fesults
during free fall, a number of tests were conducted by pre-cooling the
Sphere in the vapor space above the liquid nitrogen, plunging the sphere
in the nitrogen and releasing the package within several seconds. No
effect of residual liquid motion could be detected, with both one-inch
diameter and 1/2 inch diameter spheres.

In Figure 5 a representative result is shown in the transition-
nucleate boiling region. The correspondence between the point of maximum
slope and the largest temperature difference within the sphere (approxi-
mately 2°F) may be noted. For data under fractional gravity or free-fall
conditions in this region the test package is released at the desired
temperature level, as illustrated in Figure 5. A method for determining
the heat flux in the transition-nucleate boiling region is described

in Reference 1.

RESULTS

(a) The Effects of Pressure and Size on Boiling

Boiling data for the several sphere diameters and pressures

investigated are presented in Figure 6 for the standard gravity case.



-13-

o~ m\.m "SUTTTOg UOTLFISUBRIJ,
pur 23BSTONN UITM TTBJ 9244 Jurang proody oTudea3oTTTosQ TBoTdA]




e

"seanssaif snotaep 4e sogeydg Iej3eWRIQ

JUBISIIT(Q TBISASE I0F L3TABINH PIBPUBLS J9PUN UaBoJ3TN PINbTT Jo JurTIog ‘g 2JanITH
o051 - 51
¢Ol 8 9 14 [ 201 8 S v 4 Ol 8 9 1 4 2
T 1 T T — T ] rTi1mr 11 T T I T T T 1T 1 1 T T T T
- v
]
OO ([
LA™ a s
— 4
5 \00 0] oq o 4.
2 .\0@_00 n
0’ B e 7 g v .
B o ® v _ - v ° v
7
oo\. \\ AV gt g 3JAHND -
B 6~ "% ul QUVANVLS,, o v
0 \\4\ ~ v L) v
B oA .\ v/ « o] 0] ) v
- S 8D’ Wl =
o & PR 4
B . . Qo \“\
n Wiv'd | (ol
- \4\“ v
R ) . - Y v
Ny d ¢~
‘Wlv'd 67

:NOILOJIG3¥d (1) TV 13 9NIMY¥3Q344

B 1= 60
- v [ ] [ ) v/
o 2/1
v o] (o] |
(un ‘via
JY3IHJS
G g ] W1V °d

Ol

0]

ol

z.L:!-HH/ﬂ.LG‘V/b



-15-

In the film boiling region, the following observations may be made:
(1) at a given temperature difference, the heat flux
increases with increasing pressure for a constant
sphere dlameter;
(2) at a given temperature difference, the heat flux
increases slightly with decreasing sphere diameter
for a constant pressure,
Shown for reference purposes is a "standard" curve which was obtained
from many tests with the one inch sphere at a/g = 1 and one atmosphere
Pressure. Frederking gi}gi,(lu) have analyzed film boiling about a

sphere and used the data from which the standard curve was drawn along

with other data to determine the coefficient in the relationship:

e [RRaet () (e 0 )BT

This relationship is shown in Figure 6 for values of pressure

of 1, 3 and 5 atmospheres. As can be seen, the agreement at the higher
pressures is excellent for the one inch sphere data, but the correlation
does not indicate the effect of a change in the sphere diameter,

In the transition and nucleate boiling region, the scatter
of data points is more pronounced than in the film hoiling region (see,
e.g., Reference 1), However, there is a clear indication of an increase
in heat flux with increasing pressure in both the nucleate boiling and
peak heat flux region. With nucleate boiling the influence of pressure

is greater for the smaller size sphere.
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The value of At corresponding to the maximum heat flux
decreasges slightly with decreasing sphere size, but the value of the
maximum heat flux does not appear to be dependent upon the sizes
covered, Previous sﬁudieél) reported that the best comparison of the
maximum heat flux with experimental data occurred with the correlations

of Noyes(lB) and Zuber (discussion in Reference 16), given as:

Noyes:(l5)
(0,-0 )" 1k )
(0/A)pay = 0.14k hgy pvl/2 [__fz_z__,g e UJ P 0»245(501/
(3)
Zuber:(lé)
1/k L
(/) = €1 g 0 [g go ¢ <%‘pv>J @l/ (1)

where
. 120 < Cl < 157

(b) The Effect of Gravity on Boiling

A representative sampling of data over a wide range of values
of a/g are presented in Figure 7, Most of the data apply to the one-
inch sphere, although a few data points obtained with the one-half-inch
sphere are also included to show that comparable results occur at one
atmosphere pressure,

The data shown were obtained using a stationary test package

for a/g = 1 , a counterweighted test package for fractional gravity,
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a single vessel free-fall package for near zero-gravity, and the double
vessel free-fall package described earlier also for near zero-gravity.
A variation in the effective value of a/g of about three orders of
magnitude was thus obtained. The results obtained at very low values
of a/g with film boiling are shown to vary over a significant range.
Examination of the data in this region showed a transient change in

the slope of the time-temperature curve after release which sometimes
persisted for as long as 0.7 seconds. This is considered as the time
required for the vapor film to reach a stable configuration after the
abrupt change in gravity at release, A second, more gradual change was
observed to continue until the system impacted on the buffer. This was
identified as the result of the slow growth of the vapor film about

the test object in the absence of a gravity field to remove the film
by free convective processes. The heat transfer process then approaches
pure conduction, with steadily decreasing heat flux as the vapor film
thickness increases. If the zero-gravity environment could be main-
tained indefinitely, as in a satellite, and no other mechanism for
vapor removal is provided the heat flux might be expected to continue
to decrease as long as the test configuration could be maintained.,

Also plotted in Figure 7 is the correlation(lu) given in
Equation (2) showing the heat flux variation with changing gravity

for film boiling, A one-third power dependency of the heat flux on
gravity is predicted, and the experimental data is seen to substan-
tiate this behavior. The discrepancies from the correlation are signi-

ficant only in the region of very low values of a/g , where the experi-

mental values of a/g are not well identified.
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(c) The Effect of Gravity and Pressure on Maximum Heat Flux
(16)

The correlation of Noyes Equation (3), for the maximum
heat flux is plotted in Figure 8 for values of a/g from 0.01 to 1.0
and a range of pressures from one to five atmospheres. Also shown is
the range of maximum heat flux predicted by Zuber(17) Equation (4),

for a/g = 1 only., Data points for all three sphere sizes investigated
for selected pressures and values of a/g are presented., In general,
the one-fourth power dependence of the peak heat flux on a/g is borne
out, although there are some anomalous points. A pressure dependence

is evident and in reasonable agreement with the prediction of Noyes(l6>
and there does not seem to be any apparent size effect., Data at the
peak heat flux at the lower values of a/g is difficult to obtain,

and no attempt was made at this time to cover the range of variables

comprehensively.

(d) The Effect of Gravity and Pressure on Minimum Heat Flux

(17) (16)

Based on the analysis of Zuber, Berenson had deter-

mined the following relation for the minimum heat flux with film boil-

ing.

1/h
Hh (5)

ge o (p,-0) o
LV

Again a one=-fourth power dependence on a/g is indicated, but no size
effect is predicted. A comparison of the predicted values at one atmo-

sphere for the one-inch sphere is presented in Table I. These data are
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TABLE I
COMPARTISON OF EXPERIMENTAL AND PREDICTED VALUES

OF (q/A)pip, EQUATION (5) FOR ONE INCH
SPHERE WITH ATMOSPHERIC PRESSURE

a/g (a/A)pin - predicted (a/A)pip - experimental

1.0 2100 1700-2100

.6 1850 1550
.33 1590 1300-1400
.2 1400 1300
.03 875

870-1100
.01 666
.003 491

180-530
.001 374

also given in Figure 9 with stable film boiling data. The agreement
is generally good, supporting the one-fourth power dependence., An
increase of the minimum heat flux with increasing pressure is also
indicated by Equation (5) and may be observed experimentally in Figure
6. An examination of the data in Figure 6 for the one-quarter inch
sphere at one atmosphere and standard gravity reveals a substantial
increase in the value of the minimum heat flux above that predicted,

as well as above that observed for the one inch sphere.

(e) Correlation of Film Boiling Data

1)

The correlation of Frederking et ilx( was presented as

Equation (2) and is predicated on the existence of a turbulent, free
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convection process., No size effect is predicted, Bromley(lB) worked
with a horizontal tube at standard gravity and developed the following

correlation for laminar conditions:

35 1/4
HDO Do vf pﬁ vf g /
9 - 0.62 —~5— +0,412 (6)
ke v CpAt g
Pomerantz(lg) also used a horizontal tube, but at values of a/g from

one to ten, and added an additional dimensionless parameter to Bromley's

correlation to obtain

0.172

i_?_ - 0.62 [DO Pur! L Cor’® <C M>Vf <cpAt * O'l*> <§>} <—>

which indicates a -0.078 power dependence on diameter, rather than the
-0.250 power dependence predicted by Bromley. Pomerantz also found a
0.336 power dependence of heat flux on gravity, which is in essential

(14)

agreement with the correlation of Frederking et al.

(18) (14)

The correlations of Bromley and Frederking et al.
are shown in Figure 9 in dimensionless form. The data of Pomerantz

are included., Data points are given for one-quarter, one-half, and one-
inch spheres at pressures from one to five atmospheres and values of

a/g from 0.17 to 1.0. The one-inch data, regardless of pressure or

a/g , agree well with the correlation of Frederking et gl,(lu) A

coefficient of 0.15 for the one-half inch sphere data and 0.17 for the

one-quarter inch sphere data would result in a closer comparison with
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the correlation., Perhaps what is indicated here is the necessity for
including an additional weak size dependency term similar to the
(D/n.) term suggested by Pomerantz in Equation (7).

A pronounced departure of the sphere data from the correla-
tion at the higher values of Ra' for each size is felt to be an
indication that a state of incipient transition boiling has been
reached, At this point the heat flux does not decrease with decreasing
At in the fashion it had been at higher temperatures, but neither does
it start to increase as is characteristic of the transition region,
This phenomenon seems to be most pronounced with the one-quarter inch
sphere, and may indicate the onset of localized film instability which

is not propagated as it would be in the transition region,

CONCLUSIONS

1. For film boiling from spheres, the heat flux and the Nusselt number
have been found to be proportional to (a/g)l/3 within the range of
gravities examined, 0.001 < a/g < 1, and to be a weak function of the
sphere diameter. The correlation of Frederking et gl.(lu> was found

to predict the experimental results well for the one inch diameter
sphere, and the one-half and one-quarter inch diameter spheres if the
empirical coefficients of 0.15 and 0.17, respectively, are used

instead of 0.1k,

2. In the nucleate boiling region, the heat flux increases with in-
Creasing pressure at a given temperature difference, but does not

show any sphere size dependence.
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3., The maximum and minimum heat flux values appear to exhibit a

1/4.

dependence on gravity as (a/g)



10.

11.
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