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ABSTRACT

Pool boiling of liquid nitrogen in a body force field less than standard
gravity was studied using a transient calorimeter measurement technique. Ex-
perimental variables included: body forces from standard gravity to near-zero;
a variety of geometries and orientationgof the boiling surface; subcooling
from O°F to 3%0°F; pressures from 1 to 5 atmospheres; and boiling regimes from
film to nucleate, plus free convection. Gravity was varied by using a drop
tower and a counterweighted test package. In free fall, the test package
achieved a level of less than 0.002 times standard gravity. Heat transfer
surfaces included 1/4-, 1/2-, and l-inch diameter spheres and a 3-inch diam-
eter by 15/16-inch thick disk oriented vertically, horizontally heating up,
and horizontally heating down.

Subcooling was achieved by rapid pressurization of the liquid nitrogen;
3 and 5 atmospheres were used, providing maximum subcooling of approximately
20°F and 30°F. Results were obtained in the form of time vs. surface tempera-
ture, which were then expressed as heat flux vs. the difference between the
test surface temperature and saturated liquid temperature. These results
are presented graphically. In addition, high-speed photographs were made
showing the film boiling process. These photographs were used to determine
vapor film thicknesses for the various geometries. All results were limited
to the film-boiling region except for those obtained with the l-inch diam-
eter sphere, which was used in all boiling regions.

In the film-boiling region, the heat flux on the spheres varied as di-
ameter to the -1/8 power., The heat flux on the disk, within the uncer-
tainty of the measurements, did not exhibit any dependence on the disk
orientation, but was approximately 100% higher than the heat flux observed
on the spheres with similar liquid conditions. The appearance of the vapor
film on the disk as observed in the photographs differed with orientation.
The heat filux on the l/2-inch and l-inch spheres varied as the 1/5 power of
acceleration. The heat flux on the 1/k-inch sphere and the disk varied as
the 2/9 power of acceleration. For the l-inch diameter sphere, the minimum
and maximum heat fluxes were proportional to the 1/4 power of acceleration
and were increased with subcooling and increased pressure. Nucleate boil-
ing, within the uncertainty of the measurements, was not affected by varia-
tions in acceleration, pressure, or subcooling.

xiv



CHAPTER T

INTRODUCTION

A, PURPOSE

Of the three modes of heat transfer, radiation, conduction, and convec-
tion, only convection is normally affected by a variable force field. In
the past, this dependence was not usually significant. Within the last ten
years, however, questions which previously had been primarily academic in
nature began to héve many practical applications in the new field of space
technology. The possibility of vehicles being accelerated, in free fall or
orbit, or subjected to other gravitational systems, made it desirable to
have some reasonably reliable method of predicting how various physical phe--
nomena would be mbdified under a varying force field.

Because of the compactness possible, it may be anticipated that boil-
ing heat transfer will continue as an important mechanism for power gen-
eration and energy dissipation for some time to come. Recently many dif-
ferent models have been préposéd which purport to provide a correlation for
boiling heat transfer data in the various boiling regimes, but none of them
have been able to describe completely the various boiling processes.v Most
of the correlations include a dependence on the local gravitational field.
While variations in the indicated dependence on (a/g) between different boil-
ing regimes is nof unexpected, the different predicted dependencies for a
single regime appears to indicate shortcomings in at least some of the models.

Use of particular correlations in space technology applications should there-



fore be attempted only after comparison with data which have been published
on heat transfer with nonstandard force fields.

The-purpcsé of this investigationvwas to aﬁtempt to clarify some of the
apparent discrepancies in the predicted dependence ¢f heat flux on the grév-
itational field in the wvarious boilihg regimes. Itbwas recognized that the
size, shape, and orientation of the surface from which boiling was taking -
place could affect the results, so several different surfaces were used to
obtain heat transfer data in the film boiling region. The effects of using
subcooled and saturated.liquid were investigated, and pressure on the boiling
system was varied. A transient calorimeter measﬁrement technique was used to
study the range of effective gravity from standard earth gravity to near-zero
(free fall), Liquid nitrogen was used as the test fluid since it is inert

and is convenient with the transient technique.

B. LITERATURE SURVEY#

Boiling heat transfer 1s characterized by the generation of vapor at a
sollid-ligquid interface due to heat transport from the sclid to the liquid.
The solid heat transfer surface is at a temperature above the liquid satura-
tion temperature. The liquid bulk temperature is equal to or less than the
1iquid saturation temperature. The vapor may appear as individual bubbles,
as a continuous film, or as a combination of both. Buoyant forces acting
on the vapor tend to remove it from the hot surface in the form of bubbles

of various shapes and sizes. After departure from the heat transfer surface,

¥Superscripts refer to References in the Bibliography.



the bubbles may collapse, coalesce with other bubbles, or move independently.
Detailed examinations of the conditions under which these various behaviors
are observed and descriptions of the various boilling regimes are presented
in standard texts such as those of McAdamsl and Kreith.2

The level of boiling heat flux is affected by the rate at which the
vapor is removed from the heat transfer surface. A change in the buoyancy
force would be anticipated to affect the vapor removal rate, and therefore the
heat flux, for a given heat transfer surface temperature. The effect may vary
with the boiling regime. Analyses of the hydrodynamic aspects of nucleate
and film boiling (e.g., Refs. 3-5) consider the liquid-vapor interface in-
stability. For film boiling, Taylor instability is observed. The reduction
or elimination of the gravity force will reduce or eliminate the liquid-vapor
instability, significantly changing the mechanism of heat transfer. The con-
sequences of this effect have been observed in this present work.

Adelberg6 calculated the forces on a single bubble due to bubble dy-
namics, surface tension, drag, and gravity induced buoyancy. These calcula-
tions indicated that, for water, an effect of (a/g) on heat transfer might
be expected only when (a/g) was larger than 50. Clark, et gl.,7 evaluated
the bubble Froude number (ratio of inertia to buoyant forces) in nucleate
boiling for several liquids at 1 atmosphere pressure, (a/g) = 1, ATggt = 16°F,
and a bubble radius of 0.005 inch. Their evaluation indicated inertis forces
were dominant for all liquids considered; for nitrogen, the bubble Froude num-

ber was 452.
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Keshock, et gl.,8 evaluated the forces on bubbles in nucleate boiling
and found that bubble departure diameter showed .a gravity dependence only for
slowly growing bubbles; the inertial force controlled departure diameter for
a rapidly growing bubble. Cochran, et gg,,g evaluated the furces acting on
‘& bubble attached to a surface, and found that at (a/g) =-1 and high sub-
cooling (>10°F) the principal removal forces were the pre:ssure and dynamic
forces, at low subcooling the principal removal forces were the pressure and
buoyant forces, and at zero gravity the pressure and dynamic forces removed
the bubbles at all subcoolings.

Beckman and MertelO obtained high-speed photographs of nucleate béil-
ing of water at (a/g) from 1-100 and found that variations in acceleration
affected the number of nucleating sites, the frequency of bubble departure,
and, for values of (a/g) between 1 and 3, the bubble depérture size. Tater
growth period growth rates were also affected by variations in acceleration.

The correlation proposed by Rohsenowll for nucleate pool boiling, Eq.
(58), predicts that (g/A) is proportional to- (a/g)l/2 (provided that the
empirical constant, given as 2.97x10°, is not a furction of (a/g)). The equa-
tion developed by Michenkol® for nucleate boiling, Eq. (59), predicts that
(q/A) is proportional to (a/g)'2/5. Forster and Zuberl? and Forster and
Greifit predicted that (g/A) would be independent of (a/g).

Frederkinng performed a combined kinematic and fluid dynamic analysis
of a bubble column originating at a single site in saturated nucleate boil-
ing. His results indicated that the heat flux at a single site was propor-

1/k

tional to (a/g)™’ ", but did not consider the effect of (a/g) on the number of

bubble sites.



Nucleate pool boiling experimental data have been reported for a wide
range of (a/g). Merte and Clarki6 using saturated water and (a/g) from 1-
20 observed a change in (q/A) with (a/g) for a given ATggy. An increase in
(a/A) was observed at low ATggt, but at higher ATgqt, (g/A) decreased with
increasing (a/g). Costello and Tuthilll” observed a decreasing (q/A) with
(a/g) increasing from 1 to 38 at a given ATggt, but did not present data at

k16

the low ATggt where Merte and Clar had observed a reversal of this trend.

Sherley18 reported a statistical increase of approximately 20% in (q/A) at
a given ATggt when comparing (q/A) vs. ATg gt data at (a/g) = O with similar
data at (a/g) = 1. However, the variation of (g/A) for both levels of (a/g)
was approximately *50%. Merte and Clarkl9 obtained (q/A) vs. ATggt satu-
rated nucleate boiling data with liquid nitrogen at (a/g) = 1.0, 0.6, 0.33,
0.2, and free fall (0.01-0.03). Their results were consistent with those
of Sherley'l8 in that no significant effect of (a/g) was observed in the
nucleate boiling region.

Numerous correlations have been proposed for predicting the maximum
heat flux, (q/A),, (e.g., Refs. 20,21,22,23, and discussion of 3). They

1/h.

all predict (q/A) is proportional to (a/g) Siegelgl+ suggests that

max

this may be because they all use a horizontal infinite flat plate model.

1/4

Costello and Tuthilll? observed an (a/g) dependence of (q/A),, for

1 <@/g)< 38 on a flat plate. Merte and Clarkl9 found an (a/g)l/u depend-

ence for (q/A) with a l-inch diameter sphere in the range 0 <(a/g) < 1.

max

Usiskin and Siegel25 used a platinum wire 0.0453 inch in diameter to obtain

(q/A)max data for (a/g) between 1 and free fall and commented that an



(a/g)l/q variation appeared to provide a reasonable lower limit for their
data.

k26 with nucleate boiling of Freon 114 from a horizontal

In an early qu
platinum wire, it was observed that upoﬁ changing from (a/g) = 1 to free
fall, that with no change in heat flux, the system changed to film boiling.
Evidently the heat flux level was initially above that corrsponding to
(q/A)maX for the free fall conditién,‘and film boiling was the only possible
condition.

‘A range of ATggt over which (q/A)maX would be expected to exist was
predicted by Chang and Snyder;gl Merte and Clarkl9 observed an empirical
constant in this equation had been derived for water. They modified the
. constant fo ap?ly to nitrogeh and presented experimental'results whiéh fell:
within the predicted range. This prediction also included a dependence on
(a/e)/™.

Results for transition boiling With variations in (a/g) appear tb be
limited to those of Merte and Clarkl9 for 0 <(a/g < 1. As discussed by
Siegelquthese data sﬁggest that (q/A) as a function of ATsat in this re-
gion is insensitive to gravity reductions.

Berenson predicted that. the minimum heat flux'with'filmfboilings

1/h

(q/A)min, on a horizontal flat plate was proportional to (a/g) He also
obtained an expression for ATggt at which (q/A)pip would occur. This ATggt
was proportional to (a/g)'l/6. The measurements of Merte and Clarkl9 for

a l-inch diameter sphere agreed closely with the predicted (q/A)min9 but

the value of ATsat at this condition did not.



Analyses of the film-boiling region have been performed using several
different models. Bromley27 analyzed film boiling from a horizontal tube
with viscous flow around the tube to the top. The equation he obtained is

1/h. Adelberg6 per-

given as Eq. (20) and predicts (g/A) varies as (a/g)
formed a similar analysis for a horizontal tube and also predicted that
(q/A) would vary as (a/g)l/h.

Berenson? analyzed film boiling from a horizontal flat plate with a
thin film of uniform thickness on which cylindrical bubbles with hemisper-
ical caps were superimposed at regular intervals. The equation he developed
is given as Eq. (26), and predicts (q/A) varies as (a/g)3/8.

Hamill and Baumeister28 performed an analysis of film boiling based on
a cellular model and obtained an optimum cell diameter (wavelength) which

was intermediate between Ac and Ag (see Egs. (21) and (22)). The expres-

sion they obtained for film boiling was

— _—
1/h
— ’ g Pp=0 a8
- 0.410 ffg ve8(Pgoye) (i)B/ (1)
‘ g
byrATggt
&( pﬂ Pye)
where
CoAT
h* = hf 1 + HM (2)
fg g 20 hfg

which they observed agrees with the equation of Berenson (Eq. (26)) within
4%. Equation (1) predicts (g/A) is proportional to (a/g)5/8. Baumeister,
g& gl.,29 considering film boiling to water drops on a flat plate, developed

an equation for the heat transfer from the plate as



1/4
k3 ch} 1/h
- vilt g8l fPvf a

o= 0.68 =2 - (%) (3)

sathvite

where
Vdrog

Le = 2,2 (W)

1

Equation (3) predicts that (q/A) is proportional to (a/g) The model

1/k4
used to obtain Eg. (3) assumes that the generated vapor moves parallel to
the flat plate, rather than normal to it as with the other flat plate models.
An analysis of film boiling on a vertical surface was performed by Hsu
and Westwater.BO They predicted that in the laminar film region (q/A) would

be proportional to (a/g)l/u

, but in the turbulent film region the exponent
on (a/g) would be between 1/3 and 1/2. Frederking and ClarkJ! analyzed film
boiling on a sphere at(a/g)= 1 and predicted that (q/A) would be proportional
to (a/g)l/5. Siegelgh commented that the relation proposed by Frederking
and Clark (Eq. (16)) contained contributions from both the laminar and tur-
bulent regimes.

Results obtained for film boiling on a l-inch diameter sphere for
0 <(a/g)< 1 by Clark and Merte (Refs. 7, 19, 32, and 33) show (g/A) to be

3L

proportional to (a/g)l/5. Pomerantz obtained film boiling results on a
0.188-inch diameter horizontal cylinder at 1 <(a/g)< 10, and found (q/A) was
proportional to (a/g)°3%°. Heath and Costellod” obtained results for film
boiling of éthanol, pentane, and Freon 113 on horizontal and vertical flat

plates, for 1 §.é/g)§ 21 in a centrifuge. Their plates were 6 inches long

and 1 or 1-1/2 inches wide. Their results were adequately predicted'by



Berenson's correlation (Eq. (26)F—(q/A) proportional to (a/g)l/u) when it
was modified by a width correction factor. Heath and Costello?” did not
find any significant difference in film boiling heat transfer characteristics
between the horizontal and the vertical plate orientation, although Class,

et glu,56 using a plate 22 inches long and 1 inch wide in liquid hydrogen,
observed heat fluxes as much as 25% higher on a vertical plate than were ob-

served ona horizontal plate heating up.



CHAPTER II

EXPERTIMENTAL APPARATUS

A, INTRODUCTION

The primary object of this investigation was to determine the effects
on bolling heat transfer of varying the gravitational field in the range
0 <(@/g)< 1, with additional variableé of test surface geometry, bulk liquid
subcooling, and pressure.

The most simple way of approaching (a/g) = O with an experimental pack-
age was with the use of a drop tower (alternative techniques include using
an aircraft flying a parabolic trajectory or a satellite in earth orbit).
This permits continuous direct measurements during free fall. The use of
a counterweighted system added the desired capability for obtaining interme-
diate values of (a/g). (A discussion of the relationship between free fall,
counterweighted drop, and various values of the gravitational field, 1s pre-
sented in Appendix E.) The use of a drop tower required a means of bring-
ing the test package to rest, as well as a means of recording data obtained
while the package was falling. A test facility with these capabilities was
designed and built in the Heat Transfer Laboratory of the Department of
Mechanical Engineering.

A drop tower provides relatively short test times, of the order of a
few seconds for realistic heights, so that steady-state heat transfer meas-
urements are not practical, A transient technique, using a test surface as

a dynamic calorimeter, permitted an accurate determination of heat flux when

10
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the test surface physical characteristics and the variati on of temperature
with time were known (see‘Section V.F).

The use of various test surfaces permitted the effects on film boiling
of variations in geometry and test surface orientation, in combination with
variations in (a/g), to be evaluated. The test fluid used was liquid ni-
trogen, generally at atmospheric pressure and saturated. In order to inves-
tigate the effects of subcooling on boiling, subcooling was achieved by rapid
pressurization of the liquid nitrogen with helium Jjust prior to the test (in
preference to supplying a cooling system to maintain a subcooled bulk liquid
nitrogen temperature level). This also provided the capability for varying
the pressure on the boiling ligquid. A subsequent need for photographic in-
formation on the boiling phenomena with different test surface geometries in
the film-bolling regime at (a/g) = 1 necessitated the acquisition of a high-

speed motion picture camera.

B. DROP TOWER

The drop tower location in the Heat Transfer ILaboratory permitted a
total drop distance of 31 feet, which provided approximately 1.4 seconds of
test time in free fall. A sketch of the drop tower facility is shown in
Fig. 1.

The hydraulic buffer arresting gear shown in Fig. 2 is basically a 6-
‘inch diameter hydraulic piston with programmed orifices designed specif-
ically for this application. The buffer is capable of decelerating a 150-
pound mass from 45 feet per second to rest in a distance of 2-1/2 feet with

a maximum measured value of (a/g)=~30.
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The use of an automotive-type coil spring, four inches of Ensolite en-
ergy-absorbing synthetic rubber compound, and one inch of heavy rubber
padding on the top of the piston helped to reduce the initial acceleration
of the piston while decreasing the initial deceleration of the test pack-
age.

Two different test packages, described in more detail in Section I11.C,
were utilized. The first package (Fig. 3) was used for obtaining saturated
data at one atmosphere pressure, and weighed approximately 120 pounds. The
second test package (Fig. 4), which could be pressurized to 100 psia, was
used for obtaining both saturated and subcooled data at pressures of from 1
to 5 atmospheres, and welghed approximately 135 pounds.

The counterweight used to provide intermediate values of (a/g) between
0 and 1 (Figs. 3 and 4) was made from a piece of aluminum tubing 6 inches
in outside diameter and 5 feet long, and included a provision for varying
its weight by adding or removing quantities of lead shot. The empty weight
of the counterweight was 11 pounds, 5 ounces, which permitted minimum ex-
perimentally measured values of (a/g) of 0.20 to be obtained with the first
test package and 0.17 to be obtained with the second test package. The
counterwelght was decelerated at the end of the drop by two Firestone Rubber
Company automotive-type air springs and was guided by two vertical wires
which limited its horizontal motion.

Initially the test package was supported by the counterweight cable,
and the counterweight was held down by a solenoid-operated latch. It was

observed that when the counterweight was released the test package and the
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Fig. 4k, vView of second test package and counterweight.
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counterweight in combination with the cable connecting them behaved as a
spring-mass system witﬁ a resultant sinusoidal wvariation in the measured
value of (a/g). This variation in (a/g), discussed further in Appendix E,
was reduced by supporting and releasing the test package directly, so that
the cable initially supported the counterweight, rather than the test pack-
age.

The test package was raised from the buffer to the release position by
means of an electrically driven hoist, which was also used to reposition
the buffer piston in the "up" position.

Two flexible shielded cables carried all of the instrumentation leads
from the test package to a control panel located on the second floor. From
the control panel the wiring led to the appropriate recording equipment,
reference junctions, or calibration equipment. These two cables were at-
tached symmetrically to the test package to balance any overturning moments,
and had no measurable effect on the values of (a/g)o

The first test package was supported by a short length of l1l7-gauge re-
sistance wire prior to a test. The package was released by passing a large
current through the wire, heating it very rapidly. The strength of the wire
decreased with increasing temperature until the wire failed, providing a
torque-free relegse. An indication of the current was superimposed on a
time record (see Section II.E), and the cessation of current indication iden-
tified the release time. The wire normally parted approximately 1.3 seconds
after the current was initiated.

The second test package was supported by a stud which engaged a solenoid-
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operated latch., The current which activated the solenoid also provided an
indication of the time of release on the recorder. This system permitted

better control of the time at which the test package was dropped.

C. TEST PACKAGES

The first test package provided for fractional gravity and free-fall
testing using liquid nitrogen at saturated 1 atmosphere conditions. It con-
sisted of a simple framework to which a 3-liter stainless steel beaker, in-
sulated on the sides and bottom with 3% inches of Styrofoam, was attached
(see Fig. 3). A 1id on the beaker reduced convection currents over the ni-
trogen, and thus the evaporation rate, as well as potential oxygen contamina-
tion from the atmosphere. Provision was made for positively positioning any
test surface which was used, so that repeatability was ensured. The test
surface was manually placed in the test fluid at the start of each test.
Four guide wires were provided, one at each corner of the framework. These
guide wires kept the package from twisting while it was being raised to or
in the release position, aligned with the rectangular openings it passed
through while dropping, and supported in an upright position on the buffer
piston after completion of a drop.

The first package was found to reach a minimum value of (a/g) which
varied from .0l to .03. Part of fhis departure from zero (a/g) during free
fall was attributed to guide-wire drag, which varied from run to run and
even during different portions of a run. The remainder was attributed to

alr drag, which is analyzed in more detail in Appendix C.
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The second test package provided a capability for rapidly préssurizing
the test fluid up to 100 psia and for shielding the test fluid container
from the external air flow. Pressurization permitted both the system pres-
sure and the test fluid subcooling to be varied, while the air flow shield-
ing permitted a more nearly constant value of (a/g), much closer to zero,
to be maintained during free fall,

There are two major components of the second test package: van outer
package which serves as a pressure vessel, windshield, and mounting structure
for fastenings and some instrumentation; and an inner package which contains
the test fluid test suffacé,-and additional instrumentation. A sketch of
this test package is presented in Fig. 5.

The inner package consists of a 3-liter stainless steel beaker wrapped
in fiberglass mat and tinfoil insulation,and a mounting plate. A hinged
test surface support is located on the mounting plate, and provides positive
positioning of the test surface for all tests. A solenoid operated release
permits the test surface to be placed in the test fluid from a remote loca-
tion with the outer péckage sealed and pressurized. Support chains which
position the inner package prior to a free-fall test are also attached to
the mounting plate.

The outer package is a 1lh-inch diameter cylinder 36 inches long, blunted
on the lower end and flat on the upper end. It provided a minimum of l-inch
radial clearance between fhe inner and outer packages and also between the
outer package and the sides of the drop tower, and a 6-inch vertical clear-

ance for the suspended inner package.
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The initial weight of the combined inner and outer package was approxi-

mately 75 pounds, which was too low to provide acceptable initial impact be-

havior with the buffer system. No further modifications were practical with
the existing buffer system, so sufficient ballast was added to the outer
package to bring the total weight up to approximately 135 pounds.

The removable cover of the outer package was made in two sections. One
section provided access to the interior of the package, and the other sec-
tion provided a mounting location for fittings, connections, and instrumenta-
tion. Pressure was controlled through a quick-disconnect pressure fitting
and a pressure relief valve, and monitored with a strain gauge type pressure
transducer. A view of the cover showing the pressurizing hose attached to

Fig. 6.

the quick-disconnect fitting is shown in

For fractional gravity tests, the inner package is placed on thecush-
ion material in the bottom of the outer package. This cushioning serves
to reduce the im?act felt by the inner package when the outer package first
contacts the buffer.

For free-fall tests the inner package is positioned midway between the
top and bottom of the outer package by means of the support chains. The
upper ends of these chains are fastened to the bottom of a T-shaped bar which
in turn rests on a spring-loaded friction catch. When the outer package is
dropped, the force between the T-bar and the catch goes to zero, and the

spring retracts the catch. This allows the inner package to float freely

within the outer package.
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Fig. 6. Pressure cover on second test package.



23

The position of the inner package relative to the outer package was
monitored during several drops, and it was observed that the inner package
moved up about one inch during the drop. This was attributed to an initial
upward impetus supplied by the elastic energy in the support chains as the
load decreased to zero. The relative motion downward which was anticipated
due to increasing air drag did not become large enough to ovefcome this
initial upward motion during the 1.4 seconds of free fall which were avail-

able. This relative motion had no effect on the measured value of (a/g)u

D. TEST SURFACES

Previous work by Merte, gg.gl,,l9 had established the feasibility of
using a l-inch diameter copper sphere as a dynamic calorimeter in boiling
liquid nitrogen at one atmosphere. This was chosen as the first test sur-
face here for its inherent symmetry. In order to determine whether there
were any size effects with a sphere, l/2-inch and l/h—inch diameter copper
spheres were also tested. Although a limited amount of testing at one
atmosphere was performed with the l/2-inch diameter sphere, most of the
sphere tests were performed with the l-inch and 1/M—inch diameter spheres.

The l1-inch and l/2—inch diameter spheres were supported on l/l6—inch
diameter stainless steel rods (see Fig. 7), and the 1/4-inch diameter
sphere was supported by its thermocouple wires. The l-inch diameter sphere
had three thermocouple holes drilled into it. One was used for a direct
measuring junction at the upper surface, one for a differential thermocouple

90° along the surface from the direct measuring junction, and one for a dif-
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Fig. T. View of l-inch diameter sphere with stainless steel support rod.
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ferential thermocouple at the center of the sphere. The differential thermo-
couples used the copper in the test object as the intermediate conductor be-
tween the junctions, and so were fabricated of a single 30-gauge constantan
wire held in place by a drop of soft solder. They were used only to verify
the accuracy of the lumped approximation or to indicate the surface-to-center
differential temperature when a distributed analysis was necessary. The
wiring schematic for the l-inch diameter sphere is shown in Fig. 8. The
l/2-inch and l/h-inch diameter spheres were provided with single direct meas-
uring junctions only, and were otherwise similar to the l-inch diameter
sphere.

The thermocouples used consisted of 30-gauge copper and constantan
wires spark welded together and fastened to the bottoms of the drilled
thermocouple holes with soft solder. A piece of polyethylene tubing was
slid over each pair of thermocouple leads down to the bottom of the drilled
holes. The tubing extended a short distance from the sphere surface, where
individual pieces of tubing were placed around each wire. The thermocouple
holes were sealed with Glyptal, as were the plastic sleeve joints. The
.tubing served to prevent heat conduction from the thermocouple junctions
to the liquid nitrogen through the wire itself, and to provide extra strength
in the region where thermocouple wire breakage was most probable.

Much of the experimental data and analyses presented in the literature
for boiling heat transfer apply to flat surfaces. To determine what geomet-
rical effects, if any, existed in conjunction with reduced gravity, a disk

3 inches in diameter and 13/16 inch thick was fabricated. The diameter was
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as large as could be fitted into the 3-liter beaker while preserving suffic-
ient clearance between the test surface and the beaker to prevent the pres-
ence of the beaker from affecting the boiling from the disk. The thickness
was a compromise between the desired total heat capacity and the undesired
temperature differentials within the disk. The disk could be positioned in
any orientation, so that possible differences in heat transfer characteristics
between horizontally oriented and vertically oriented flat plates could be
investigated.

Electrolytic tough pitch copper was chosen as the material for all test
surfaces because its properties were well documented down to temperatures
below that of saturated liquid nitrogen at one atmosphere. Because of the
relatively high thermal conductivity of copper, 1t was possible to treat the
entire test objects as lumped systems in the film-boiling region. In other
boiling regimes it was necessary to consider each test object individually
to determine whether the lumped approximation was acceptable (see Appendix
D).

It was originally intended that radial thermal isolation be provided
for the disk test surface by machining several narrow, deep concentric
grooves in the underside of the test surface. The machining properties of
the electrolytic tough pitch copper made this impossible with the available
machine tools, so an alternate gridwork pattern was chosen, as shown in Fig.
9. This figure shows only the test surface portion of the disk; a disk of
similar size and construction is attached to the backside to provide a

plane of symmetry and to prevent the liquid nitrogen from contacting the



28

Outlet for
Thermocouple
Wires
o)
I
— 656
.375*
— nn ——
upyu
N

062
|
e J
A

g5 : ,;7/ {

»§5 /

=)
.

@ ? .500 Typ.— —&{ f=- .030 Typ.
g — . 781 Typ.—

g— 1.062 Typ. —
3.000 Dia.

OO0 e

| L——-=-1|— ——--j \- 1875 TFTT?*
AV AN AV

* .030 Thermocouple Junctions

Fig. 9. Disk for transient heat transfer measurements.



29

thermocouple junctions directly. A small gap at the center plane further
isolates the two disks. Five thermocouple locations were provided as indi-
cated. One was a direct-measuring Jjunction located at the center of the
test surface. The other four were differential thermocouples located as
shown in Fig. 9. The differential thermocouples were used only to verify
the validity of the lumped approximation in the film-boiling region. Copper
and constantan thermocouples, spark welded together and fastened in place
with soft solder, were used.

The disk was supported at two places on the periphery by stainless
steel straps. Any desired test surface orientation (e.g., horizontal heat-
ing up, horizontal heating down, or vertical) could be achieved by using

the appropriate straps.

E. INSTRUMENTATION

1. Recording Equipment

A Sanborn Model 150 four-channel recorder was used for recording thermo-
couple, accelerometer, and pressure transducer outputs. This recorder has
interchangeable preamplifiers so that low-level preamplifiers, AC-DC pre-
amplifiers, or DC coupling preamplifiers could be used depending on the re-
cording requirements. All of these preamplifiers are equipped with zero
supression. The maximum sensitivity possible with the low-level preamplifiers
used for thermocouple output recording was 10 pv/mm. At liquid nitrogen tem-
peratures one mm corresponds to approximately 1°F when operating with maximum

sensitivity.
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To minimize the influence of possible drift in the recording system
during a test, it was calibrated against a Leeds and Northrup 8662 potenti-
ometer immediately before and after every test.

The four channels were normally used for recording test surface tem-
perature, pressure in the outer test package, and two test fluld temperatures.
The test fluid bulk temperatures were measured at two different levels to
verify that the fluid was at a uniform temperature throughout, and also that
the test fluid free surface was at least 1 inch above the top of the test
object. The Sanborn recorder also has provisions for placing a timing mark
on the record and this provided the time base for data reduction. Other
signals indicating events such as duration of current flow (see Fig. 12) or
solenoid operation can be superimposed on this timing record (see bottom

trace, Fig. 12).

2. Pressure Transducer

A strain-gauge type force transducer was used to measure pressure within
the outer package. A dial face pressure gauge was calibrated to within
0.2 psi using a dead weight tester, and the pressure transducer was then
calibrated against the pressure gauge. The nominal operating range of the

transducer 1s 0-100 psig.

3. Accelerometer
A Kistler Model 303 Servo-Accelerometer was used to monitor the pack-
age accelerations under both fractional gravity and free fall. The output

from the accelerometer was a voltage which was recorded on the Sanborn re-
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corder with the pressure and température records. The accelerometer was not
used on every test but only on a series of acceleration tests which were
used to verify the gravity levels for each of the counterweight masses
tested. The maximum resolution achievable in measuring (a/g) with the ac-
celerometer in the range of zero gravity was of the order of +0.001. This
limitation was imposed by the noise level in the recording system including
any sixty-cycle pickup.

Calibration of the accelerometer was achieved by means of a special
calibration fixture constructed specifically for this purpose. The calibra-
tion fixture permitted accurate and repéatable positioning of the accele-
rometer over all relative positions of the measuring axis of the accelerom-
eter and the normal gravity vector. Thus (a/g) imposed on the accelerometer
could be varied from +1 to -1. A zero value of (a/g) was imposed by placing
the accelerometer at 90° to the normal gravity vector.

The voltage output from the accelerometer under calibration conditions
varied from +5. to -5. volts DC. 1In order to avoid potential damage to the
galvanometer in the Sanborn due to excessive voltage inputs when operating
at maximum sensitivity, a set of limiting diodes was installed in the sys-
tem. These limited the voltage which the Sanborn could see to a level which
would not overload the galvanometer. It was ppssible to change the level
at which these limiting diodes acted so they could be used at the various
fractional gravity levels (where the galvanometer was operating at reduced

sensitivity) as well as at free-fall conditions.
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4. High-Speed Camera

Many photographic studies have been made of the bolling phenomenon, but
most of these are studies of bolling from horizontal or vertical plates or
wires. In order to aid in the understanding of boiling on a horizontal
plate heating down and on a sphere, some additional photographic coverage
was indicated.

A high-speed framing camera (Dynafax Model 3%26) manufactured by the
Beckman and Whitley Company was utilized to obtain photographs of the boil-
ing process at (a/g) = 1. This camera has a continuously variable framing
rate ranging from 200 to 26,000 frames per second; a nominal value of 1000
frames per second was found to provide the best results for this applica-
tion and was used for all the data presented here. A maximum of 224 frames
could be obtained on one film strip.

A sgketch of the test setup utilized is shown in Fig. 10. The water and
flat glass around the dewar eliminated most of the view distortion caused
by diffraction and substantially reduced radiant heating of the liquid ni-
trogen by the high intensity lights. The black felt provided good photo-
graphic contrast for the test objects.

The exposures appeared as two parallel sequences with 16 mm film spac-
ing on a single strip of 35 mm film. After developing, the film was slit
and spliced to provide one strip of film suitable for use in a standard 16
mm projector. It was thus possible to examine the film-boiling phenomena

both on a frame-by-frame basis and by continuous projection.
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CHAPTER IIT

TEST CONDITIONS

Liquid nitrogen was used as the test fluid for this investigation be-
cause it is an inexpensive, readily available, easy to handle cryogenic
liquid with well known physical properties. It was stored in a dewar at
one atmosphere saturation conditions (-2%21.2°F at 1L.7 psia).

The effects on boiling heat transfer of varying (a/g) between O and 1
have been reported by Merte, et gi.,l9 for the l-inch diameter sphere with
saturated liquid nitrogen at one atmosphere using the first test package.
Values of (a/g) of 1.0, 0.6, 0.33, 0.2, and free fall (for these tests,
free fall correspondea to 0.01 S(@/g)i 0.03) were used. A predictable
change in heat transfer rates at a given ATg,y was observed to occur for
(a/g)'between 0.2 and 1.0. Therefore, only one value of (a/g)'between 0
and 1 was chosen for the present investigation. The wvalue chosen was ob-
tained by using the empty counterweight, and was found to vary with both
the test package and the test object. The experimentally measured values
were: with the first test package and a spherical test surface, (a/g) =
0.20; with the second test package and a spherical test surface, (a/g) =
0.17; with the second test package and a flat test surface (disk), (a/g) =
0.16. These variations occurred because of the differences in weights of
the two test packages and of the different test objects. The free-fall
tests performed using the second test package provided measured levels of
(a/g) of 0.001%0.001.

3k
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 In order to perform tests using subcooled liquid, it was necessary to
raise the saturation temperature of the nitrogen without raising the bulk
temperature. This was accomplished by pressurizing the second test package.

After pressure testing the second test package to 100 psig, it was decided

to limit test pressures to 60 psig, or 5 atmospheres absolute. This provided
a maximum subcooling of approximately 32°F. An intermediate value of 30
psig, or 3 atmospheres absolute, provided a maximum subcooling of approxi-
mately 20°F. In practice, considerable deviation from these maximum values
was observed. The bulk temperature of the liquid nitrogen was monitored at
two different locations during each test, and it was found that the liquid
frequently increased in temperature a few degrees between the time that pres-
surization was completed and the time that the test was actually run. Some
of the reasons for this are the convective heat transfer between the rela-
tively warm gas in the test package and the liquid nitrogen, and the fact
that when the test obJject is placed into the liquid nitrogen, the wvapor
created at the surface of the test object recondenses into the bulk liquid,
with a corresponding addition of heat to this liquid. When the test object
was the l-inch or 1/k-inch diameter sphere, the liquid was within a few
degrees of the nominal maximum possible subcooling. With the disk, because
of its larger thermal mass, some nominally subcooled tests were made with
the liquid nitrogen within a few degrees of saturation temperature, and sat-
urated liquid temperature measurements indicated significant amounts of
superheat in a few cases. The degree of subcooling was approximately con-

stant during a test run with the exception of the full temperature range
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(a/g) = 1 data where, particularly in the case of the disk, as much as 18°
variation in indicated subcooling was observed. The exact subcooling, or
range of subcooling, for each test is included in Appendix A. Nominal values
of 15°F at 3 atmospheres and 25°F at 5 atmospheres were observed for most
tests.

To determine which observed changes in boiling characteristics were due
solely to subcooling effects and which were due to pressure variation, all
subcooled tests were repeated at the same pressures under saturated condi-
tions.

When gaseous nitrogen was used to flush out the test package and pres-
surize the liquid nitrogen, it reached equilibrium at the new saturation
conditions in approximately 5 minutes, aided by condensation of the pres-
surizing gas. When the vessel was first flushed and then pressurized with
gaseous helium, the liquid temperature increased very slowly toward the new
equilibrium point, so that saturation conditions were not reached for al-
most 30 minutes. Consequently, helium gas was used as the pressurizing
medium for all subcooled boiling tests, and nitrogen gas was used as the
pressurizing medium for all saturated boiling tests at elevated pressures.

Six different test surfaces were employed during the testing: the 1-
inch, 1/2-inch, and l/h-inch diameter spheres, and the 3-inch diameter disk
in the vertical, horizontal heating up, and horizontal heating down posi-
tions. All of the available combinations of (a/g), subcooling, and pressure
were not used with every test object. The conditions under which heat trans-

fer data were obtained for the various test surfaces are summarized in
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Table I. For the disk, only film boiling data are reported, although a
few runs were made in the nucleate boiling region. The difference between
the first test package and the second test package is significant only for
free fall, where a large difference in the measured values of (a/g) exists.
The high-speed photographs which were obtained of the boiling phenomena
were limited to one atmosphere saturated conditions at (a/g) = 1 using
liquid nitrogen. The photographs were taken because of questions which
arose after examination of the film-boiling heat transfer results with the
disk, so the disk was photographed in the vertical, horizontal heating up,
and horizontal heating down positions. The l-inch diameter sphere was
photographed to provide film boiling coverage for another geometry for com-
parison purposes. Separate sequences were obtained for each test surface

at values of ATy, of 100°F, 200°F, and 300°F.
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CHAPTER IV

TEST PROCEDURES

One test or test run includes all of the operations necessary to obtain
one time vs. temperature record for a test surface which has been immersed
in liquid nitrogen. A standardized test procedure was prepared with appro-
priate modifications to satisfy individual test requirements. Operations
common to all tests included cleaning and preparation of the test surface,
instrumentation calibration, and test surface immersion. Tests under frac-
tional gravity required the use of the counterweight system with the inner
test package attached to the outer vessel. In the free-fall tests the inner
test package is suspended within the outer vessel ﬁrior to being dropped.
Pressurized tests required flushing and pressurizing of the outer vessel.

At the beginning of each day's testing, the test surface was cleaned using
copper polish to remove any tarnish or other corrosion. Additional treat-
ment was limited to careful washing of the test surface with reagent grade
acetone prior to each test to remove any contamination deposited by hand-
ling. At completion of a test the test object was at liquid nitrogen tem-
perature and had to be heated to room temperature before another test could
be made. A jet of high-pressure line air was directed on the surface of the
test object to hasten this heating. The l/h—inch diameter sphere did not
require this assistance to return it to room temperature rapidly.

A Leeds and Northrup 8662 potentiometer, which was calibrated against

an internal standard cell every hour during testing, was used to supply a

59
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voltage source for calibration of the instrumentation. A resistor in each
circuit used for thermocouple calibrations was adJjusted to duplicate the

resistance of the thermocouple wires, so that the voltage drop from the 8662

potentiometer was matched to that from the thermocouple. This calibration
procedure was performed immediately before and immediately after every test
for every thermocouple being used. Normally the calibrations were consistent;
when they were not, the average of the two calibrations at each increment of
voltage was used if the changes were minor, or the test was discarded.

The pressure transducer provided a linear voltage-pressure relationship
over its operating range, so standard settings on the Sanborn recorder were
used to provide the required calibrations for each run. Pressure was also
calibrated immediately before and immediately after each run.

The accelerometer was calibrated using the calibration fixture as de-
scribed in Chapter II. It was necessary to include a voltage limiting diode
circuit in the output from the accelerometer. If the voltage to the San-
born recorder were not limited, the internal galvanometer would be subjected
to excessive current flow at (a/g) = 1 and upon impact with the recorder set
at the desired sensitivity level to monitor the fractional gravity or free
fall. Potential damage to the pen or the galvanometer windings was pre-
vented by use of the voltage-limiting circuit.

The accelerometer was used only on dummy runs (no other instrumentation
functioning, although physical similitude was maintained) to establish the
value of (a/g) for each particular combination of test package, test object,

and (if used) counterweight. All four channels of the Sanborn recorder were
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required for other variables (three temperatures one pressure) during the
test runs.

Time reference was supplied by a pen deflection which occurred every 60
cycles of line current. The recorder strip chart velocity was assumed to
be constént between pen deflections as long as the deflections were equally
spaced (this was the case except for a starting transient when the chart
drive was initially engaged).

Preparation for a test was initiated by filling the stainless steel
beaker with liquid nitrogen from a portable 25-liter dewar. The test surface
was cleaned with reagent grade acetone, and placed in position for immersion
in the nitrogen. For a free-fall test, the inner package was suspended from
the spring-loaded pawl attached to the outer test package. For a fractional
gravity test, the inner package was placed on the bottom of the outer test
package. The thermocouples and the pressure transducer were calibrated. The
pressure relief valve was placed in the open position and the cover on the
outer package was bolted down. The test package was raised to its release
position using the hoist, and the release stud was engaged in the solenoid
operated release mechanism. The hoist cable was detached and the package
was ready for either pressurization or immersion of the test object.

The liquid nitrogen was initially at one atmosphere saturated condi-
tions. For elevated pressure saturated tests, dry gaseous nitrogen was used
as the pressurizing medium. The pressure was monitored and maintained
within *1 psi of the desired pressure until the liquid temperature (also

monitored) stabilized at saturation. Saturation conditions were verified
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by comparing the actual and tabuléted saturation temperatures for the de-
sired pressure, and by observing that a small change in test package pres-
sure was accompanied by a small change in liquid temperature. The system
was then ready for immersion of the test object.

For subcooled tests, dry gaseous helium was used as the pressurizing
medium. As soon as the desired pressure was reached, the system was ready
for immersion of the test object.

The test object was then immersed in the liquid nitrogen. For the pres-
surized tests, the pressure was continuously monitored and maintained at the
desired level 1 psi. Shortly before the anticipated drop time, the Sanborn
chart drive was engaged, and when the test surface reached a predetermined
temperature, the test package was released. After the package impacted on
the buffer, the chart drive was disengaged and the instrumentation recali-
brated.

For the high~speed motion pictures of film bolling at (a/g) =.l the
flat walled glass tank (Fig. 10) was filled with water and the unsilvered
glass dewar filled with liquid nitrogen. Illumination and camera focus
were checked, and the thermocouple recorder was calibrated.

The high-intensity lights were not turned on until the test object had
been placed in the liquid nitrogen, to limit radiant heating. When the test
surface temperature reached a predetermined level, the camera shutter was
opened. The exposure time used provided 60 to 80 frames of film boiling.
The remainder of the unexposed frames were used to photograph the nonboiling

state, immedlately following the run, and served to indicate the precise
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location of the heater surface, which was obscured while boiling was taking

place.



CHAPTER V

DATA REDUCTION

The following sections describe the techniques used in obtaining from
the raw data the numerical values of time, temperature, pressure, accelera-
tion, saturation temperature, heat flux, Nusselt number, and modified Ray-
leigh number. The procedure used in reducing the photographic results is
described. Also included for each measured parameter is an estimate of the

errors involved.

A. TIME

Time was obtained on a relative basis only and was used as a reference
and correlating parameter. All data (except photographic) are referred to
a zero referénce time which was taken as occurring 3.8 seconds before test
package impact when the data permitted. This allowed up to 2.4 seconds of
(a/g) = 1 data to be reduced in addition to the free fall or fractional
gravity data. The time indication was provided by timing marks on the San-
born recorder (Figs. 11 and 12).

The location of the timing mark on the strip chart could be read to
within £0.2 mm. At the normal chart speed of 100 mm/second, this corresponds
to 20.002 second. It was necessary to interpolate between the l-second
marks to obtain the times at which the temperatures were read. These inter-
vals varied from 0.2 second in the film-boiling region to less than 0.05

second in the peak heat flux region. The intervals used were chosen so that

Ly
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for each interval the value of ATyt (see Section V.F) was approximately
constant, but with no interval longer than 0.2 second. These interval marks
could be read to within 0.2 mm, or *0.002 secondl The maximum error pos-
sible in time determination is +0.005 second, but probably will not exceed

+0.00% second.

B. TEMPERATURE

The output from the wvarious thermocouples was recorded on Sanborn charts
in the form of pen deflection vs. time (see Figs. 11 and 12). The recorder
was calibrated for the millivolt range of interest both before and after the
test run. These calibration marks are recorded as deflections which cor-
respond to the various calibration voltages, and thus to the thermocouple
temperatures which would produce those voltages. The deflections cérrespond-
ing to the millivolt-calibrations and data are measured and recorded as a
function of time and converted to temperature values using the thermocouple
calibration curve deri#ed for the thermocouple wire which was used.

One roll each of copper and constantan 30-gauge thermocouple wire had
been obtained and calibrated with a nitrogen vapor pressure cryostat, at
the COp, and mercury freezing points, and the steam point. The calibration -
for these particular wifes, rather than the standard copper-constantan con-
version tables, was used for all data reduction. All thermocouples were
made from these two rolls of wire.

Sanborn recorder pen deflections could be determined to within 0.2

mm, which corresponds to approximately *0.2°F at liquid nitrogen temperatures
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when the recorder is operating at maximum sensitivity. This is taken to be
the error in relative temperature measurements. To determine the error in
absolute temperature measurement, liquid nitrogen temperature measurements
were made during every test series at one atmosphere, saturated conditions.
The local pressure was obtained from a barometer, and the saturation tem-
perature of the liquid nitrogen was determined fromtables57 to the nearest
0.1°F. The measured value of the liquid nitrogen temperature did not deviate
from the calculated temperature by more than *0.5°F, including reading er-
rors as discussed above. This value, *0.5°F, is taken to be the maximum

error in absolute temperature determination.

C. PRESSURE

The pressure transducer was calibrated to within *0.5 psi at %0 psig
and 60 psig, which were the nominal values for the elevated pressure tests.
The Sanborn recorder pen deflection was read to within 0.2 mm, which cor-
responds to *0.2 psig at 30 psig, and *0.4 psi at 60 psig. The pressure at
which a run started was regulated manually to within *1 psi of the nominal
pressure, and an attempt was made to keep the pressure on the low side of
this range at the start of the test.

The duration of a test during fractional gravity conditions was so short
(< 2 seconds) that regulation of pressure during this interval was not con-
sidered necessary, since the relatively large volume of the container served
to minimize the potential pressure rise due to vapor generation. Pressure

increased between the time that the relief valve was closed and the time that
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the test package was dropped, and values of this increase were as much as 1
psi at 30 psig and 2 psi at 60 psig. Measured values of pressure therefore
varied from 43.3 psia to 46.3 psia at a nominal 3 atmospheres (LL.1 psia).
The average value of the pressure measured during a run was used for calcula-

tions for that particular run.

D. SATURATION TEMPERATURE

The saturation temperature was determined as a function of the pressure
at the time of measurement. When saturated liquid tests were being run it
was possible to check the tabulated value for that pressure37 against the
value indicated by the liquid thermocouples. These values were found to
agree within the #0.5°F indicated above for thermocouple error in absolute
temperature determination. For subcooled tests it was not possible to deter-
mine saturation temperature independently by the thermocouple measurements,
so 1t was necessary to use the tabulated value corresponding to the measured
pressure in the test vessel. Based on the results obtained under saturated
conditions, the determination of saturation temperature under subcooled con-
ditions is estimated to have the same error, i.e., *0.5°F.

The value of Tg-Tggt, Or ATggt, 1s subject to *0.5°F errors in the
determination of both Tg and Tggt, So that the maximum error in ATgat is

*1°F.

E. ACCELERATION
The fixture used to calibrate the accelerometer measured the angle be-

tween the normal gravity vector and the sensitive axis of the accelerometer.
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The angular position was known to within #0.0005 radian (position locations
were acéufate to within 20.002 inch on the periphery of the calibration
disk, which is 10 inches in diameter) and the direction of the norﬁal grav-
1ty vector was determined to within *0.0005 radian (checked against spirit
levels and the accelerometer itself, which has maximum positive voltage out-
put at (a/g) = +1 and maximum negative voltage output at (a/g) = =-1).

The acceleration measured by the accelerometer is equal to the product
of the normal acceleration and the cosine of the angle between the normal
acceleration vector and the sensitive axis of the accelerometer. The max-
imum error in the accelerometer measurement thus corresponds to a maximum
error in (a/g) of *0.001.

Two values of (a/g) were of primary interest: those corresponding to
free-fall and to counterweighted drop utilizing the empty counterweight.
The test package was prepared exactly as it would be for a normal data-taking
run except that none of the pressure and temperature instrumentation was
used. The accelerometer was installed and calibrated for the region of
interest, with the sensitivity setting on the Sanborn recorder being deter-
mined by the region being investigated (higher sensitivity was required for
free-fall tests).

Operation under free-fall tests revealed a noise level for the accele-
rometer-recorder system which corresponded to a level of (a/g) of 0.001,
owing primarily to AC pickup. Reading errors in this range corresponded to
a variation in (a.g) of *0.0002. The value of (a/g) measured during free
fall was less than the AC pickup, so it was read as 0.001+0.001, i.e., less

than 0.002.
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No AC pickup problem existed with the fractional gravity tests, and the
error corresponded to a variation in (a/g) of #0.001. The actual fractional
gravity tests revealed periodic fluctuations about an average value of (a/g).
These were attributed to a spring-mass type coupling of the counterweight
and the test package with the steel cable acting as a spring. This problem
is discussed in more detall in Appendix E. Reading and calibration errors
were negligible compared with these oscillations, which limited the accuracy
of the determination of (a/g) to approximately *0.01l in the range of (a/g)

of 0.17.

F. HEAT FLUX

Heat flux, or (q/A)j was determined from a combination of the properties
of the test object and the quantities measured during the tests. A first
law analysis assuming a lumped system shows that the heat flux may be ex-

pressed as the time rate of enthalpy change of the test object, or

9 = - v )y 4T, '
A AT 5)

S
g
5

|

The heat flux can be calculated from the slope of the cooling data (temper-
ature vs. time) and the known body properties.

To determine the value of CP(T) the experimental data for pure copper
were plotted as Cp vs. T. A curve was fitted to these data (Fig. 1%) and
Cp was read directly as a function of T. The maximum deviation between the
two sets of experimental data is estimated to be less than 5% below 200°R,

and less than 2% above 200°R.
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A system usually may be treafed as a lumped system when the Biot Number
is very small (see Appendix D). In the film-boiling region, the Biot Number
corresponding to the test objects used here has an order of magnitude of
0.005, so that the assumption of a lumped system in this region is reason-
able. In the region near peak heat flux the value of the Biot Number ap-
proaches 0.5 and the system may no longer be treated as lumped. For this
case it is necessary to use the form of Eq. (5) where (q/A) is expressed in
terms of dh/dt, the rate of change of total enthalpy of the test object,
since both T and Cp(T) vary over the volume of the test object.

In the film boiling region the value of dT/dt ranges from 1 to 20°F per
second, depending on the test surface geometry, size, and temperature. Only
a small temperature change is covered in a single test with fractional grav-
ity. The value of d2T/dt® is very small in the film-boiling region in this
short time interval, so that the value of dT/dt is éonsidered constant for
a particular value of (a/g).

In the transition and nucleate boiling region, the value of dT/dt was
normally in the 10 to 50°F per second range (to 200°F per second for the
l/h-inch diameter sphere) and dzT/dtg was also large. A much higher data
sampling frequency was utilized in reducing these data, and the reduced
data were punched into IBM cards. A computer program was written for the
IBM 7090 to calculate the values of (gq/A) as a function of ATggt. The pro-
gram treats the sphere as 10 concentric spherical segments and utilizes a
finite difference technique to evaluate the rate of total enthalpy change

of the entire system, using the measurements as input at the outer shell.
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The calculated difference in the temperature of the sphere at the center and
at the surface was found to be in good agreement with experimentally meas-
ured values in the peak heat flux region (typically of the order of 2 or
3°F). The program included as output a plot of input time vs. temperature
data, a logarithmic plot of (gq/A) vs. AT gt (including a typical plot for the
l-inch diameter sphere at (a/g) = 1 for comparison purposes), and a plot of
(¢/A) vs. time. Samples of the input to the computer are shown in Fig. 1L,
and samples of the output from the computer are shown in Fig. 15. T0S-8

is the identification for the 1l-inch diameter sphere. '"R" indicates when
the package was released. A flow diagram and listing of the program are in-
cluded in Appendix D.

The error in the determination of (q/A) may be approximated by the
errors in determining dT/dt. The value dT/dt is obtained by measuring the
slope of the curve drawn through the time-temperature data points. In the
film-boiling region, the dT/dt for the l-inch diameter sphere and the disk
were approximately equal, while the dT/dt for the l/h—inch diameter sphere
under the same conditions was approximately six times higher than i1t was
for the l-inch diameter sphere. The temperature could be read to *0.2°F
(see Section V.B), and the time could be read to #0.003 second (see Section
V.A).

The typical increments of temperature and time, regardless of test ob-
Jject or bolling region, produced a maximum error due to reading inaccuracies
of *20%. The (q/A) vs. AT4,4 data were repeated within this range for most

of the tests. Repeatability varied with the test object and boiling region.



55

11

000°¢ 00s

.

1

1

I *

1 -k X ¥ X X %

I

1

1

1

1

I

1

1

1

1

o m e

I

1

I

1

1

1

1

1

1

1

1

1

1

1

gy
20+3002%68°2- 2043000768 °2~
20+3008698°2- 20+30022%8"2-
20+3005908° 2~ Z0+300R 109
2043006552 *2~ Z0+300897L 2~
20+3009269°2- 20430006%9° 2~

00+3000069°1
00+43000062°1
10-3000006°8
10-3000062°S
10-3000052°¢

688¢10° = VOA

00+390C009°1
00+3000002°1
10-3000000°8
T0-4000000°¢
10-3000000°¢€

450

*Jogndwoo 03 gndut TedTdAL 4T 'STd
*andut 4o 30|d 483ndwo) (q)
J2T1=9NI0NJIENAS “VISd §% ~¥d 3IH ¢9 0 *8-SOL “¥9/0T/1 909 °ON NNY
SANOJ3S “3WIL 3AIAVIIY
*1 000°1 00s°0 000°0
R et R =+ - —_—— + 000°00€-
1 1 1 1
1 I I I
1 I I I
* I 1 1
I *x x % x 1 i 1
1 LI A 4 1 I 1
1 * & & % X B I 1
1 1 * * % 1 1
1 1 *% 1 1
1 1 Rt 1 El
I 1 T+ *% 1
1 1 1 *k 1 9
I 1 1 H% % I 3
1 1 A1 * 1 qa
Ao e e e e e ommm B Sttt ket ditetd x=%-=%=—+ GCO°0SZ-
1 1 1 * +
1 1 1 1 3
I 1 1 1 k]
1 1 1 1 n
1 1 1 1 1
1 1 1 1 v
I 1 I 1 d
1 1 1 1 3
1 1 1 1 d
1 1 1 1 W
1 1 1 1 3
1 I I 1 1
1 1 ! 1
1 1 1 1
D ittt A ——— e mm———— ——————————— —————— +
*andui Jeinqe| (e)
20+3008806 °2~ 20+30072906° 2~ 20+3000%06°2- Z0+30C8006°7~ 2G+3008L68°2~

20430009882~
20+3009%€R 2~
20+300RS6L 2~
Z20+3000%1L "2~
20+4300R%»€9°2-

00+3000065°1
00+3000061°1
10-3000006 "L
10~-300006L°%
10-3000005°2

-3000000°01 =

4000000865 =

Sa

oY

20430050882~
20+300%628°2~
20+300808L°2-
<0+300CH0L "2~
20+3000€29°2 -

00+3000006°1
00+300C006°1
00+300C00T°T
10-3000005°9
10-300000S°*%
10-3000000°2

z20+30099L8°2~
20+3000%2P°2-
20+300]9LL ¢~
20430009692~
20+3008116°2~

00+4300005R°1
00+300005%°1
00+430000%0°1
10-300005¢°9
10-3000062°%
10-3000006"°1

J3S 1670 LV 3ISYITIY

0
‘o

‘s

00000°10€~ =

00000°062 =

4L1=9N110024NS

70+300%p3R° 7~
20+4300PPTHE 2~
20+30000LL°2-
20+30¢00%89° 2~
20+3000209°2-

20+3000€398°2~
20+3008%13°2~
20+43000FGL"2~
20+3006G%LR" 7~
¢0+3006256°%¢2-

(S%IWI L (T)A3L

a0+3conoce 1
00+300000%°1
00+300CC00"T
10-3C00000°9
10-30000C0°%
10-300c0C0"T

GO +300006L°1
CO+30000¢e "1
10-300000¢6
10-30000¢L°5
10~3C00Cs2L "¢
20-30060CV"* %

{GHIRI L (T)WIL

1vsl
a1
N

VIS4 S¥% *dd 3H

‘t0L91%0°
f€0-3000L9T°Y

‘oy

70433069482~
Z0+300801€°2-
Z0+3T0G9YL e
2C+30009939°¢—
20+300%%86°2-

do “TANIVYINIL

C0+300000L°1
00+2000G0€° T
T0-3000000°6
T0-3200006°S
1CG-300000¢6°¢€
N0+3006000°

035 IWIL

1%

da

S4ALINAYd

»N  NOLLYINOTY)

‘9 0 *8-S01 *¥9/01/1 *909 *ON NNH



56

00+3000059°1
00+3000062°1
10-3000006°8
10-3000092°S
10-30000s2°¢€

T0+366£90%°1
10+3650606°1
10+368L21€°2
10+3%€1092°¢

$0+35509L%° 1
%0+3269860° 1
$0+3%11560°5
»0+38818L2°%

10+366€90%°1

10+3650606°1
10+398L1L€°2
10+3%€1092°¢

00+3000009°1
00+3000002°1
10-3000000°8
10-3000000°¢
10-3000000° €

10+32%6160°1
10+39L189%°1
10+3802256°1
10+3650816°2
10+35622%5€°¢E

€0+3001102°L
4043286196 °1
€0+31.26268°6
$0+39969%2°¢
%¥0+308.880°%

10+32%6160°1
10+43%L289%°1
10+3802296°1
10+3550516°2
10+3G6225¢€°¢€

*xondmoo woxJ ndqno TeoTdAlL

00+3000065°1
00+43000061°1
10-300000s°2
10-30000SL°*Y
10-3000005°2

10+39L2121°1
10+320L6€6°1
10+3455266°1
10+30120€9°2
10+3281€¥Y%°€

€0+3221825°L
Y0+3€8€L09°1
%0+3.61500°1
%0+368L€81°¢g
¥0+3€96918°€

T10+3922121°1
T0+32026¢5°1
10+3456266°1
10+30120€9°2
10+3¢8B1eYy €

*indino Jejnqe] (e)

00+3000006°1
00+3000009°1
00+3000001°1
10-3000006 *9
10-300C00G*%
10-3000000°2

10+3%6€¢ST1°1
10+43668%09°1
10+38801€0°2
T10+366€%HL°2
10+31%9925°¢

€0+388L02%°8
#0+3L92€599°1
%0+3598802°1
#0+319€%06°Y
20+3%€0%TL°€

10+3%6£261°1
10+3668%09°1
10+38807€0°2
T10+3666%%L"°2
10+31%9925°¢

00+3000098°1
00+300005%° 1
00+3000060° 1
10-3000062°9
10-3000052°%
10-300000s°1

10+3920261°1
10+310L%19°1
10+43L66080°2
10+32%0€98°2
10432192909 ¢

$%0+432629%0°1
H0+311€629°1
%0+43909125°1
$0+356L€08°Y
0+436€2€0L°€E

T0+3620261°1
T10+3102%19°1
10+3266080°¢
10+32%0€468°¢
10+3292909°¢€

4LT=9N170028NS

*CT 314

00+3000008°1
00+300000%°1
00+3000000°1
10-3000000°9
10-3000000 %
10-3000000°1

10+39L21€2°1
T10+43%L9%20L°1
T0+3261061°2
10+3116L66°2
T0+3%528%L "¢

. 00+4300006L°1

00+300006€°1
10-3000005°6
10-300006L°S
10-300006L €
20-3000000°¢

(SHINT L (TINIL

10+3€212062°1
10+3€99%08°T
10+39¢25122°2
10 +3209090°¢
T10+32L€0L8°€

(6E)XVLIVO® **(T)XVLIVQ

$0+3962262°1
%0+3806%96%°1
»0+3190edL"°1
»0+3652869°%
»0+3686821°¢

T0+39L21¢€2°1
1043%L%2421°1
10+3L61081°2
T0+3116256°C
10+3H928%L°¢

‘¥1Sd S% *ud 3IH

Y0 +3€9662€°1
Y0 +361T05¢° 1
Y0 +3€8L9%%°2
40+309688%°*%
$¥0+3€90261°C

(6€)9V0°°°(1)19VD

10 +3€L2062°1
T10+3€99%08°1
T0+39¢€2622°2
10+3209060°¢
10+31L€0L8°¢

(6€)110°°*(1}1i0

00+300000L°1
00+300000¢€"1
10-3000000°6
10-300000S6°S
10~-3000004°¢
00+3000000°

23S ‘WMIL

10+32828%€°1
10+368€098° 1
10+3%1502¢€°2
T0+3901191°¢
T0+3€L2086°€

mOn._.<m._.<

#0438%605€°1
»0+3168102°1
%0+3861L8¢c°€
#0+350L%1G°Y
#0+39156%5° 2

Nhu-gz\zpm.ﬁ<\cv

10+3L828%¢€°1
10+368€098° 1
10+3%1502¢€°2
10+390T191°¢
10+43€L2086°€

4o LVS]v

49 0 $8-S01 *¥9/01/1 *909 °*ON NNY



o7

000°¢

(ponutjuo)y) Gt
“3®S19 -sh xnpy qeeH  (q)

42.1=9N17002490nS

*3Td

‘VISd S¥

*dd IH

‘90

34 $33¥930 *(1vS1-S1) 900

‘g-S01L

000°2 000°1
R el e e R Bt e e e B e T Sttt S SR e e e e O et et TR
1 1 I
I 1 I
1 1 I *
I 1 1 .
1 I I
1 i ceee 1 .
I 1 i 1 °
+ + L + .
I ) B 1 .
I 1°° 1 .
1 .o . I .
+ L +
I M 1 I
1 b 1 1
+ . + + 0 °
1 b 1 * 1
+ .. + + °
1 b 1 I
+ ceo + b + °
I b 1 1
+ . + *+°
I I ° * 1
+ + *x °
+ + +
Rt e e e e Rttt e D D e D e T e . et et © Ly T U ey I S,
1 1 * 1
I 1 . *x * °1
1 I * * 1
I I M * % I
I 1 * ** 1
1 1 * 1
I 1 ° 1
+ + . . +
1 1 I
I I * ° * 1
I 1 x* ° * 1
+ + x ° +
1 1 A ¢ 1
I 1 * ° 1
+ + % . +
I 1 P . 1
+ + E 3 e +
I I %k I
+ + +
1 1 Nl I
+ + +
I I 1
+ + +
+ 7 + +
=ttt —t——t——% + + ————t b=t ——+ + -—t—

%39/01/1

€909 °ON NN

000°%

U b &

M ODONT X

LK AL I A I e I I R I R T I I I I I N I il i e el e
-~ 00 aONAG -

-ttt ot ot bemm b e —pmm e ee—=—+ (000°S



58

J O S L L L L L T sy

4 00s°®

*

N e e R I e N e I

(pspntouo)p) CT1 *ITd

TaWL} *SA

SANOD3S

1

#*
#*

*

xn|4 33y (2)
3.T=9N170024NS ¢‘VISd S% °*¥d 3IH *9 0 *8-SOL *%9/01/1
$3WIL IATLVIIY
000°1 00s°0 000
1 I
1 1
1 I
* & X I
* 1 * I
I * % I
1 1
1 1
1 * 1
1 I * %
I 1
1 1 *
1 * 1
1 1 *%
——— e —— - e Fm————— A — e
I *
I %%
I
1
1

*
L3
*
=y

x
—

bt bt bod bt b b ot

309 °*ON NNY

Y

+ 000°0

I

1

H

1

1

1

I Z

I 1

1 E]

H -

1 d

1 H

I /

1 n

+ 000°0000%1
g
‘
v
/
o]

R R N e ]

+ 000°00008



59
All l-inch diameter sphere data and the l/h—inch diameter sphere data with

film boiling repeated within a few percent; the disk data seldom repeated

to better than ilO%, and the nucleate boiling data with the l/h-inch sphere
variled by.iao% or more, due primarily to the very large rate of change of

temperature.

G. NUSSELT NUMBER, Nu
The Nusselt Number, (Eb/k), may be expressed in terms of the heat flux

and ATsat,aS follows:

Mo - B2 . 9A D _g_D (6)

Kyt ATsat kvf A kyrATsat
The value of (q/A) was determined as indicated in Section V.F, D is a con-
stant for each test object and kysy and ATgyt are functions only of the tem-
perature of the test surface at the point where the heat flux was evaluated.
The term 1/kvaTsat was plotted as a function of ATggt. For a given ATggt
.and (q/A), the Nusselt Number was calculated using the appropriate value of

the body parameter D.

H. MODIFIED RAYLEIGH NUMBER, Ra'’

Natural convection heat transfer data may be c:orrelated:L by an equation

of the form

clor-Pr}® (7)

¢ [?3DB(TS'Tﬂ)a . Cﬁi} (®)
2 k

where the product Gr-Pr is known as the Rayleigh Number, Ra, and B is the

Nu

1]
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coefficient of volumetric expansion. Frederkinguo has expressed the single

phase Rayleigh Number as

3 -
uk

Bromley27 correlated film boiling heat transfer data with an equation of the

form

F;, k3 (ogp- )a
. ! Pl fPvE P L Py T
| DuyrdTsat

=

(10)

which can also be written as

D30.,¢ (0 g-p M "
Nu = C vE\P g™ vf <p> > (11)
Wg e vE \C ATsat

h. n
Nu = C|Ra —iB— (12)

CpATsat

or

The term in square brackets in Eq. (11) serves the same function in corre-
lating film boiling heat transfer data that the Rayleigh Number serves in
correlating natural convection heat transfer data, and therefore is referred
to as a modified Rayleigh Number, Ra'. The term h%g takes into account a
portion of the superheat in the vapor film as well as the heat required to

vaporize the liquid, and is expressed as

g 3
h = hf

g

where C; was given as 0.4 by‘Bromley27 but is now generally taken to be 0.5

(e.g., Refs. 19, 31). Frederkinguo has observed that when the superheat
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CpATggat >> hpg, the term _Dre constant as _bfg 0, and the product
CpATsat CpATsat

hl
a — T8 reduces to the ordinary single phase Rayleigh Number. This in
C,AT
ph-sat

turn becomes the product of Gr and Pr when, for small AT , the density

sat

difference 1s expressed in terms of AT by means of the isobaric coeffic=

sat

ient of thermal expansion.

The modified Rayleigh Number may be written as,

D3 C h
uvf C &

If it is written as the product of three terms,

Ra' = {D3}J\0Vf il n pvf’g < D“) _Peg 0.5>J<§)
’ “vf vf g

the first term is a constant for each test object, while the second term is
a function of ATSat and pressure. A plot of the value of the second term
vs. ATy, was made for pressures of 1, 3, 5 atmospheres, using properties

as given in Ref. 37 and 41.

I. PHOTOGRAPHS

The high-speed photographs provided a means of obtaining the vapor film
shape and thickness for the various geometries investigated. This permitted
comparisons to be made of the effects of changing disk orientation, geom-
etry and AT ¢ on the vapor film shape and thickness. The test procedure
limited coverage to P = 1 atmosphere, saturated liguid conditions.

The photographic data were obtained as sequences of negative frames on

a 16 mm format. A wire framework was placed near each test surface to pro-
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vide a measurement reference. .The dimensions of‘these frameworks, ﬁhich
appeared on all photographs,weré measured to *0.0005 inch.

The negatives were back projected onto a ground glass screen with a
magnification of approximately 50:1. A tracing was made of the test surface
for each combination of test surface and ATggt.

A sequence of approximately five frames was chosen for each combina-

. tion of geometry, orientation, and AT and the film outlines were super-

sat?
imposed on the test surface tracing. For the sphere, the complete film
surface was included; for thé disk, approximately five représentative points
along the surface were included.

The film thicknesses were measured on the tracings and, using the meas-
ured reference wire framework, corrected to absolute physical dimensions.
The reading error in these measurements corresponds to #0.010 inch. An-
other source of uncertainty exists in the assumption that the measured film
thickness is representative of film thickness at all points on the test sur-
face. Although short-lived protuberances were deliberately avoided.in
selecting representative points at which to make the measurements, those

made on the disk give the maximum film thickness along a chord. Measure-

ments taken on the sphere probably indicate the local film thickness.



CHAPTER VI

RESULTS

A. GENERAL
The experimental results are presented under three major headings:
Film Boiling, Other Boiling Regimes, and Photographic Results for Film Boil-
ing. The results included under the first two headings are presented on
graphs showing the relationship between heat flux, (q/A), and the difference
between the test object temperature and the saturated liquid temperature,
ATggt, for the other variables considered. The photographic results of film
boiling are presented as composite drawings of vapor film thickness for a
sequence of frames. All results were obtained using liquid nitrogen as the
test fluid. "Saturated boiling" is used to indicate boiling with a liquid
under saturated conditions; "subcooled boiling" indicates boiling with a
liquid which has a bulk temperature lower than the saturation temperature.
Comparison of heat fluxes for the different variables is made by plot-
ting them against ATsat' The use of log-log coordinates permits the data
to be presented conveniently over the approximately two orders of magnitude

variation which was obtained for both (q/A) and AT A standard (q/A) vs.

sat:’
ATggt curve was developed based on the data obtalned by Merte, g3_§l0,19
with the 1-inch diameter sphere in boiling saturated liquid nitrogen at one

atmosphere pressure and (a/g) = 1. This curve, or a portion of it, is in-

cluded on most of the figures for reference purposes.

63
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Various test surface geometries and orientations were used, and the
effects of these variations are shown in terms of (q/A) vs. AT 4 for the
film boiling-regime. The pressure and the liquid subcooling were varied,
and the effects of these on boiling are shown. The effects of changing
(a/g) in addition to the above variables are shown. Only spherical test
surfaces were used for tests in boiling regimes other than the film-boiling
regime.

The temperature behavior of a test surface at (a/g) = 1 is characterized
by a "quasi-steady" change of temperature with time, i.e., there are no dis-
continuous changes in the slope of the time-temperature curve. When the
test package is dropped, a discontinuity in the time-temperature curve is
observed, followed by the establishment of a new quasi-steady condition with
a different slope of the time~temperature curve. The period of time between
the discontinuity and the new quasi-steady condition represents a transitory
period between two levels of (a/g), and is shown in the figures by a dotted

line connecting two data points.
B, EXPERIMENTAL RESULTS

1. Film Boiling

Film bolling data were obtained for all geometries, orientations, sub-
coolings, pressures, and accelerations which were investigated. The effects
of each variable except acceleration on (Q/A) vs. 0Tg4¢ are presented in-
dividually, and then the effects of acceleration on each of the other wvari-

ables are presented.
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a. The Effects of Geometry and Orientation

The (g/A) vs. ATggt data at (a/g) = 1 for saturated film boiling at
P = 1 atmosphere are shown in Fig. 16 for the l-inch and l/H-inch diameter
spheres and for the disk in the orientations designated as vertical (V),
horizontal heating up (HU), and horizontal heating down (HD). The points
shown for the l/h-inch diameter sphere and the disk include all data ob-
talned under these conditions.

For a given ATggt, the value of (q/A) for the 1/L-inch diameter sphere
is approximately 20% higher than the corresponding value of (q/A) for the 1-
inch diameter sphere. The heat flux for the disk in all three orientations
is approximately lOO% higher than the heat flux for the l-inch diameter
sphere at the same ATgg¢. A larger range in variation of (q/A) at a given
AT o+ was generally observed for the disk than for the spheres. Some of the
l/h—inch diameter sphere data points obtained at ATggt less than 80°F may
indicate the beginning of the transition boiling region.

b. The Effects of Pressure

The (q/A) vs. ATggt data for saturated film boiling at (a/g) = 1 are
shown in Fig. 17 for the l-inch diameter sphere at 1, 3, and 5 atmospheres.

For a given AT the heat flux 1s more than MO% higher at 3 atmospheres,

sat’
and more than 60% higher at 5 atmospheres, than at 1 atmosphere.
Results obtained using the l/h-inch diameter sphere and the disk in all

three orientations also exhibited a similar increase in heat flux with in-

creasing pressure for a given ATsat in saturated film boiling.
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c. The Effects of Subcooling

The (q/A) vs. ATgyt data at (a/g) =1 film boiling conditions with 5
atmospheres pressure are shown in Fig. 18 for the l-inch diameter sphere at
both saturated and subcooled conditions. For these test conditions the
use of subcooled liquid increased the heat flux from the test surface ap-
proximately 50% over that obtained using saturated liquid at a given ATgqt -

Results obtained at % atmospheres pressure with the l-inch diameter
sphere and at both 3 and 5 atmospheres for the other test surfaces were sim-
ilar. For a given AT, ., the heat flux ranged from 10% to 60% higher with
subcooled liquid than with saturated liquid.

d. The Effects of (a/g)

The (q/A) vs. ATggt data at 1 atmosphere film boiling conditions are
shown in Fig. 19a for the 1l-inch diameter sphere with (a/g) =1, (a/g) =
0.17, and (a/g) =~ 0 (free fall). Two different free-fall conditions are
shown. A value of (a/g) in the range of 0.0l to 0.03 was measured using
the first test package in free fall, and was due primarly to air drag. A
value of (a/g) of 0.001*0.001 was measured using the second test package
in free fall, the decrease being due to use of the inner free vessel con-
cept. A continuously decreasing heat flux was measured during free fall
with the second package., The heat fluxes obtained after the transitory
periods associated with the change from (a/g) = 1 to free fall are shown as
~two data points connected by a solid line. The point labeled "E" indicates
the earliest heat flux data after the transitory period, and the point

labeled "L" indicates the last heat flux data obtained prior to impact of
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the test package on the buffer. The solid line represents intermediate
values.

The heat fluxes measured at (a/g) = 0.17 are approximately'60% of those
obtained at (a/g) = 1 for a given ATggt. The heat fluxes at (a/g) = 0.01
to 0.03 are approximately 35% of those at (a/g) = 1 for a given ATygt. The
heat fluxes at (a/g) < 0.002 show a large amount of variation, ranging from
40% to less than 10% of the heat flux at (a/g) = 1 for the points labeled
"E," and a similar variation for the points labeled "L."

Film boiling data were obtained with the l-~inch diameter sphere at 3
and 5 atmospheres pressure at (a/g) = 0.17 for both saturated and subcooled
liquid. Data were also taken for the subcooled case at elevated pressures
and with free fall, but not for saturated liquid at higher pressures. The
results obtained with subcooling were similar to those shown in Fig. 19a,

i.e., for a given AT a decrease in (a/g) was accompanied by a decrease

sat’
in heat flux. The extremely low values of heat flux associated with free~
fall conditions at 1 atmosphere pressure (Fig. 19a) were not observed with
the higher pressure tests with subcooled liquid, the average value of heat
flux at a given ATsat decreasing to approximately 25% of the heat flux at
(a/g) = 1, for the l-inch diameter sphere.

The (q/A) vs. ATggt data for the 1/h-inch diameter sphere are shown in
Fig. 19b. The conditions were the same as for the l-inch diameter sphere,
i.e., film boiling at P = 1 atmosphere with (a/g) =1, 0.17, and free fall.

The effects of varying (a/g) are not as pronounced with the l/h—inch diameter

sphere as with the l-inch diameter sphere. At (a/g) = 0.17 the heat flux



T2

is approximately 70% (vs. 60% with.the l-inch diameter sphere) of the heat
flux measured at (a/g) = 1 and the same ATy ,¢. In free fall, the heat flux
is approximately 50% (vs. 35% or less with the l-inch diameter sphere) of
the heat flux measured at (a/g) = 1 and the same ATggy-

Single (q/A) vs. ATggt data points were obtained with the l/h-inch di-
ameter sphere at (a/g) = 0.17 at 3 and 5 atmospheres with saturated liquid.
Results were obtained with subcooled ligquid at 3 and 5 atmospheres at (a/g) =
0.17 and free fall. All of these results showed decreases in heat flux with
decreasing (a/g) at a given ATgg+ similar to those shown for 1 atmosphere
saturated film boiling.

The (q/A) vs. ATggt data obtained with the disk in all three orienta-
tions at 1 atmosphere film boiling conditions with (a/g) =1, 0.16, and free
fall are shown in Fig. 20. The variation of heat flux at a given AT 54 Ob-
served at (a/g) = 1 (quite large when compared with the variation of heat
flux obtained using the l-inch diameter sphere) may be indicative of the
variation of heat flux to be anticipated at (a/g) = 0.16 and free fall. One
point was obtained for each orientation and AT ot 8t (a/g) = 0.16 and free
fall, so no variations could be observed.

The heat fluxes measured at (a/g) = 0.16 and free fall were always less
than those at (a/g) = 1. This was also observed at pressures of 3 and 5
atmospheres using both saturated and subcooled liquid. However, no consis-
tent orientation dependence 1s observed at any particular value of (a/g), as
was noted also at (a/g) = 1 (Fig. 16) (e.g., although the heat flux from

the vertical disk at a given AT oy in free fall was lower than that from the
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Fig. 20, Effect of (a/g) on saturated film boiling on disks.
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disk heating up or heating down at 1 atmosphere saturated conditions, this

was not true at 5 atmospheres saturated conditions).

2. Other Beoiling Regimes

Time-temperature data were also obtained in the minimum heat flux,
transition, peak heat flux, and nucleate boiling and free convection regimes
using the spherical test surfaces. All l/2—inch diameter sphere data were
reported by Merte, et g;.19 The l/h-ineh diameter sphere data in the peak
heat flux and nucleate boiling regimes are subject to large errors owing to
the very rapid temperature transient associated with the small heat capacity.
The variations in the computed heat flux associated with these errors ob-
scure the effects of the test variables. The experimental data for the 1/2-
inch and l/h—ineh diameter spheres are included in Appendix A.

The heat flux—AT_, . data obtained with the l-inch diameter sphere,
which are presented in this section, do not represent coverage of the var-
iables investigated as completely as was the case in the film-boiling re-
gion. Emphasis is placed on presenting the effects of (a/g), subcooling,
and pressure on boiling on the l-inch diameter sphere in the various regimes.

a. Minimum Heat Flux Boiling

A1l of the (q/A) vs. AT, data points obtained with the l-inch diameter
sphere which appeared to have the characteristics of the minimum heat flux
((q/A)min) are presented in Fig. 2la for saturated boiling at pressures of
1, 3, and 5 atmospheres. A (q/A)min point was obtained when a change in

ATgg+ to either a larger or a smaller value was accompanied by an increase
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in (g/A). Each point in Fig. 2la represents the (q/.A)min from an individual
test run. An increase in (q/A)min with increasing pressure may be seen in

Fig. 2la. The value of ATy 4 at which (q/A)pin occurs, (ATgqt ) does

mirn’
not appear to vary with changes 1in pressure.

The effect of subcooling on (Q/A)min is shown in Fig. 21b for 5 atmos-
pheres. The influence of subcooling at 3 atmospheres pressure is similar.
The (q/A)min with subcooling is between 50% and 100% higher than the (q/A)pin
with saturation. Subcooling does not appear to affect (ATgg4)pmin- There is
no apparent effect of the level of subcooling in the range of subcooling
covered here.

Merte and Clark,l9 using a 1-inch diemeter sphere, obtained (g/A) vs.
AT, data in the minimum heat flux region for O <(a/g)§ 1. No specific ef-
fort was made to obtain data in this region at elevated pressures in the
course of the present work, but a limited amount of data were obtained. Re-
sults obtained with the l-inch diameter sphere near the minimum heat flux
point are shown in Fig. 22 and indicate that (q/A)min is less than 2000
Btu/ftz-hr for (a/g) = 0.17 and saturated conditions at 3% and 5 atmospheres,
less than L4000 Btu/ftg-hr for (a/g) = 0.17 and subcooled conditions at 3
and 5 atmospheres, and less than 2000 Btu/ftz-hr for free-fall and sub-
cooled conditions at 3 and 5 atmospheres. No saturated boiling data were
obtained at free fall at 3 and 5 atmospheres. The data of Merte and Clarkl9
at 1 atmosphere are also indicated on Fig. 22.

b. Transition Boiling

Typical (q/A) vs. ATggt data at (a/g) = 1 are presented in Fig. 2la
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for the transition boiling regime with the l-inch diameter sphere and sat-~
urated conditions at pressures of 1, 3, and 5 atmospheres. Although the
minimum and maximum heat flux increase with pressure the effect of pressure
in the transition region appears minimal, if any. Data obtained in this
region with subcooled liquids also appears to be indistinguishable from that
for a saturated liquid.

A limited amount of transition boiling data at (a/g) = 0.17 and free
fall was obtained. These data are shown in Figs. 23, 24, and 25. When the
test plackage was released at a value of ATsat larger than that at which
peak heat flux occurred, & decrease in (q/A) to some minimum value was nor-
mally observed. This was followed by an increase in (q/A) which was assumed
to be transition boiling. If the test package was released after peak heat
flux had occurred, there were no indications of transition boiling (e.g.,
Fig. 2%a). When the test package was released at a ATggt slightly higher
than that at which peak heat flux occurs, any transition boiling which oc-
curred at (a/g) < 1 also occurred during the transitory period (see Section
VI.A) represented by the dotted lines in the figures (e.g., Fig. 24c). A
few of the (a/g) = 1 data points are shown for each test run in Figs. 23,
2k, and 25. The last data point obtained at (a/g) = 1 prior to the release
of the test package is designated on the figures by an "R."

Figures 23, 24, and 25 do not show any consistent trends in transition
boiling with changes in pressure, subcooling, or (a/g). Transition boiling
(defined here as any boiling where a decrease in ATsat is accompanied by an

increase in (q/A))is observed over a large range of ATy gt between (ATggt)pin
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Fig. 25. Effect of (a/g) on transi’cion boiling at five atmospheres.
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and (ATggt )pax (the ATgqt at which peak heat flux occurs) at values of
(a/g) < 1 when initiated by a change from transition boiling at (a/g) = 1.
The values of heat flux for a given ATggt at (a/g) < 1 are less than the
values of heat flux at (a/g) = 1 by as much as an order of magnitude, but
specific decreases cannot be predicted. The results of Merte et gl;,l9‘for
the l-inch diameter sphere at 1 atmosphere and (a/g) < 1 (Fig. 23) led to
the same conclusions.

c. Peak Heat Flux Boiling

The>effect of pressure on the value of the peak heat flux, (q/A)pax,
is shown in Fig. 26a for saturated liquids at pressure of 1, 3, and 5
atmospheres. For any particular test run, only those data in the vicinity
of the peak heat flux are shown. An increase in heat flux with increasing
pressure is evident., There does not appear to be any clear influence of
pressure on the ATggt at which the peak occurs,(ATsat)maX.

The effects of subcooled boiling on (g/A),., &re shown in Fig. 26a for
pressures of 3 and 5 atmospheres. A definite increase in the value of
(q/A)max 1s observed when subcooling is present, but again there is no trend
of ATgat at which the peak occurs.

The effects of (a/g) on peak heat flux is shown in Fig. 26b for satu-
rated boiling at 5 atmospheres. A decrease in (a/g) is accompanied by a de-
crease in the peak heat flux and a slight decrease in the ATg 4 at which
it occurs. The results of Merte, et gl.,l9 for the l-inch diameter sphere

at 1 atmosphere showed (Q/A)max decreasing with decreasing (a/g), as shown

in Fig. 26b. A decrease in (q/A)maX with decreasing (a/g) was also observed
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with subcooled boiling (e.g., Test Runs Nos. 60D, G, 61E, F, 6L4G, I).

d. DNucleate Boiling

Representative examples of the (q/A) vs. ATggt data for nucleate boiling
on a l-inch dlameter sphere are presented in Fig. 27. The effects of pres-
sure on saturated nucleate boiling are shown. Except for the pressure-in-
duced differences near the peak heat flux region, the nucleate boiling curves
at a given heat flux differ from the reference curve by less than 2°F.
Comparable variations were found in thé nucleate boiling curves obtained
for different test runs‘at the same pressure of 1 atmosphere, and the results
presented here should not necessarily be interpreted as indicating any ef-
Tfect of pressure on saturated nucleate boiling over the range investigated.

A larger variation in the experimental ATggt for a given (q/A) was found
with subcooled ligquid, but no consistent trend could be noted.

Typical results of nucleate boiling with reduction in (a/g) are shown
in Fig. 28. The last data point obtained at (a/g) = 1 prior to the release
of the test package is designated on the figure by an "R." There is no ap-
parent influence of (a/g) on nucleate bolling either with a saturated
liquid, as shown, or with subcooled liquids, not shown (e.g., in Test Runs
Nos. 60C, F, 61E, G, H, 6L4G, I, K).

e, Natural Convection

The heat transfer regions of prime interest in this study were those
associated with boiling. Operations with subcooled liquids made it pos-
sible in some cases to make measurements with nonboiling natural convection

taking place. The (q/A) vs. (T4-T,) data obtained are presented in Fig. 29.
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Fig. 28. Effect of (a/g) on saturated nucleate boiling.
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There is no effect due to either pressure or degree of subcooling. No data

in this region were obtained for (a/g) less than 1.

3. Photographic Results for Film Boiling

The results of film boiling from the disk presented in Fig. 16 did not
show any influence of orientation on the process, at standard gravity. Work
done by Class, et g;.,56 has shown a definite sensitivity to orientation
(orientations used were: vertical, 45° heating up, and horizontal heating
up) for film boiling of hydrogen on a 22-inch long strip, although the data
of Heath and Costello,55 with film boiling at high gravity, did not. indicate
a sensitivity to orientation.

It was intultively felt that at least the adverse effect of the body
force in the horizontal orientation facing downward should give rise to
distinct effects, but this was not the case. In an effort to determine if
the lack of any significant effect could be related to the thickness of the
vapor film, a series of high-speed motion pictures were taken to attempt
measurements of the vapor film thickness. The liquid used was saturated
liquid nifrogen at 1 atmosphere and all photographs were taken at (a/g) =1,
The disk was positioned in the vertical, horizontal heating up, and hori-
zontal heating down positions. The l-inch diameter sphere was also photo-
graphed to provide information on the effect of geometry on the appearance
of film boiling.

Representative composite tracing of several frames for each condition,
at various values of AT+, are presented in each of Figs. 30, 31, 32, and

33 for the different orientations and configurations. The measurements of
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Fig. 31. Composite tracings of photographs of film boiling on a vertical disk.
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vapcr film thickness corresponding to those shown on the composite tracings
are tabulated in'Appendix A.3. Selected film frames corresponding to those
presented in the figures are included in Appendix A.2. The frames at each
ATsat‘were spliced into continuous strips for viewing with a 16 mm pro-
jector. Where appropriate, the results of visual examination of the boiling
processA(while the movies were being taken) are also indicated.

The viewing angle used for the disk, parallel to the heating surface,
gives the maximum film thickness across the entire face of the disk being
observed. Any localized disturbance in the flow pattern at any point on the
disk surface would result in the thickest film at that position being photo-
graphed. Therefore, the measured film thickness estéblishes only an upper
limit for the local dimension, and does not represent the mean film thick-
ness., The use of a composite of observations permits a more accurate as-
sessment of a mean film thickness than a single frame would. This is not a
problem for photographs of the sphere for obvious geometrical reasons.

a. One-Inch Sphere

Film boiling on the l-inch diameter sphere, as shown in Fig. 30, is
characterized by a thin film on the bottom and sides of the sphere. The
film is attached to the sphere up to about 60° from the top of the sphere,
then becomes much thicker and quantities of vapor detach from the surface.
At ATgot = 200°F, small waves can be ldentified on the lower hemisphere,
and become quite prominent on the upper hemisphere below the point at which
the vapor clearly separates from the sphere. At AT g 4 = 300°F waves are

visible over almost the entire surfacé of the sphere. The area on the top
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of the sphere from which the vapor leaves, forming a column, does not change
significantly over the range of ATgg+t examined. The diameter of the column
appears to increase with increasing ATgqgt, as might be expected for the
larger mass flow rate of vapor which occurs at larger ATgg+.

Visual observations made while the film was being taken revealed that
the vapor column did not appear as axisymmetrical bubbles released at inter-
vals. A continuous slug of vapor appeared to tear away from the sphere in
a helical fashion, with the center of the area of detachment describing a
circle about the vertical axis of the sphere. This phenomenon was most
pronounced at the highest level of ATggt used. It may be seen in Fig. A-1
in Appendix A.2 where 1t appears as a displacement of the vapor column from
the vertical axis of the sphere as a function of height above the sphere
(and therefore as a function of the time of release of vapor from the sphere).
Photographs taken by Frederkingug show a similar phenomenon.

b. Vertical Disk

The composite tracings of the film thicknéss observed on the vertical
disk are shown in Fig. 31. Each frame in the sequence used was identified
with a number. These numbers are placed beside the lines indicating the
vapor-liquid interface on each frame, and show the variation in interface
position at approximately 0.00l-second intervals.,

The vertical disk does not present the same configuration to the boil-
ing liquid as a vertical flat plate with a horizontal leading edge (i.e.,

a two-dimensional leading edge is present). The vapor film on the disk

appears similar to that anticipated for a vertical plate. The film near
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the leading edge 1s initially thin, with a fairly well defined transition
to a greater thickness evident at a location below the centerline of the
disk,

The lower portion of the vapor film does not appear to show any signifi-
cant change in thickness with an increase in AT 4 over the temperature range
covered here. The solid-interface spacing in the upper portion of the wvapor
film is greater at ATggt of 200°F and 300°F than at 100°F. An increase in
the number and magnitude of localized disturbances with increasing ATgyt Was
observed visually while the fillms were belng taken. These disturbances ap-
peared in the form of waves and bubbles. The bubbles separated from the
film layer and moved upwards in a path parallel to the vapor film. The
waves, which are also represented in Fig. 31 as localized thickenings of
the film, moved upwards without actually detaching from the film. The in-
creasing prevalence of these disturbances can be seen quite clearly in Fig.
A-2 of Appendix A.2.

c. Horizontal Disk Heating Up

In order to observe the film boliling process taking place at the top
of the disk without having the view obscured by the vapor flowing from the
bottom and sides of the disk, it was necessary to attach a collar which
diverted the flow of wvapor from the bottom and sides of the heater to the
side of the field of view. While this technique may have had local effects
at the edges of the disk, i1t is felt that the film boiling in the central

portions of the disk was substantially unaffected.
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Film thickness composites fdr the horizontal disk heating up are shown
in Fig. 32. At ATggq¢ = 100°F the measured thickness of the vapor film above
the heating surface was nearly constant. No measurements were taken where
bubbles were forming or leaving the surface. At higher values of ATggt the
thickness and irregularity of the film increases drastically. Comparison
with the film frames in Fig. A-3 of Appendix A.2 indicates that at AT o4 =
100°F the number and frequency of bubbles released is relatively low. ILarge
individual bubbles may be clearly distinguished after departure from the
vapor film area. At AT 4 = 200°F, the frequency and number of bubbles has
increased with relatively little change in the size of the bubbles and the
vapor film has increased in thickness. bAt ATgqt = 300°F the spacing between
departing vapor bubbles appears to be smaller, indicating that the frequency
of bubble departure has increased further. A consequence is that the vapor
film thickness appears to be only 2/3 of what it was at ATggt = 200°F. At
the two higher levels of ATggt the increased bubble frequency make it ex-
tremely difficult to obtain a measurement of either an average or minimum
film thickness. This 1s indicated by the extreme variation in film thick=-
ness as shown in the composites of Fig. 32. The average film thickness ob-
talned from the composites is indicated, but 1s probably a maximum value
rather than a true average.

Visual observations made while the photographs were being taken re-
vealed that, after detachment, the individual bubbles moved upwards very
slowly. There was little mixing or coalescence of these bubbles. The phys-

ical size of bubbles ranges up to 1/2 inch major dimension, with the bubbles
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showing a slight increase in size with increasing ATggt -

d. Horizontal Disk Heating Down

Observation of the vapor film on the disk surface in the heating down
orientation is not obscured by release of the vapor generated, as it flows
up and around the sides of the disk, and therefore away from the interface
being examined. Inspection of Fig. 33 shows that the composite interface
at each ATggt 1s much smoother in appearance than those for the other orien-
tatlons.

It might be anticipated that the film thickness would increase with in-

creasing AT because of the higher heat flux. This generates more wvapor,

sat’
which should result in a thicker vapor film owing to the increased buoyant
forces necessary for removal of the vapor. This 1s examined in detail in
Appendix B. No difference could be discerned in film thickness between

ATgqt = 100°F and ATgqt = 200°F, while at ATggz¢ = 300°F it increased by ap-
proximately SO%U Visual observations made while the film was being taken
revealed a number of waves and protrusions appearing sporadically on the
vapor-liquid interface. The protrusions, which can be seen in Fig. A-4 of
Appendix A.2, generally appeared briefly, then subsided back into the inter-
face. The waves could be observed moving across the surface of the disk

for a considerable distance before either disappearing or going past the

edge of the disk and being absorbed in the upward flow of vapor. The overall

effect was one of continuous motion, in both horlzontal and vertical planes,

of the wvapor-ligquid interface.
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The mean values of the vapor film thickness for the horizontal disks,

along with an estimate of the maximum deviation, are listed in Table II.

TABLE II

MEAN VAPOR FIIM THICKNESS
(inch)

%-inch diameter disk, P = 1 atm, (a/g) = 1, saturated liquid

Disk ATqqt
Orientation 100°F 200°F 300°F
Horizontal
heating up 0.0%35 * 0.020 0.124 % 0.020 0.080 + 0.020
Horizontal
heating down 0.04k + 0.010 0.042 + 0.010 0.060 * 0.010

4. Anomalous Results

The measured heat flux in film boiling at a given AT, i for a particular
set of conditions (geometry, pressure, etc.) could normaily be repeated to
within #35%, and in many cases it could be repeated to within #10%. In a
few cases involving film boiling on a disk, deviations from the average values
of (q/A) at a given AT ,¢ of from 50% to 500%'were observed. In one case
such a deviant run was duplicated within a few percent at (a/g) =1 and 0.16.
These anomalous data are shown in Fig. 3k.

Anomalous results were obtained for both saturated and subcooled liquid,
and for the disk in both vertical and horizontal heating up orientations.
These results could indicate an incipient instability in the liquid-vapor
interface on a flat plate which occasionally is manifested as a substantial

reduction in the thickness of the vapor film. Normally such an effect may
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tend to be damped out or localized, being evidenced only by a relatively
large variation in values when attempts are made to repeat particular re-

b3

sults. Hosler and Westwater ' obtained variations of almost 100% from their
average curve on a few runs with film boiling of water at atmospheric pres-
sure on an 8-inch x 8-inch horizontal flat plate.

Further speculation on possible causes for the results observed is not

warranted at this time. The possibility of investigating the phenomenon in

detail is intriguing.



CHAPTER VIT

DISCUSSION AND ANALYSIS

Many correlations have been proposed for the various boiling regimes
in attempts to fit or describe the various published data. The data for
liquid nitrogen are largely summarized by Fig. 35, which has been repro-
duced from Ref. LL. The correlations are discussed by Seader, et gl,,uu
who show that no correlation has been advanced which fits all of the exper-
imental data in any single bolling regime. This is anticipated in light
of Fig. 35, where the nonreproducibllity of results is most likely due to
the nonuniformity of the significant parameters, some known and others as
yet unknown. A variety of materials, test surfaces, and orientations were
used in obtaining the data presented.

The objectives of this study were to determine the effects of varying
test surface configuration and orientation on boiling heat transfer, along
with variations of gravity field, system pressure, and subcooling. Discus-
sion and analysis of the experimental results of the previous section are
presented below in the order of film boiling, minimum heat flux, peak heat
flux, nucleate boiling, and free convection, i.e., following the course of

the cooling curve used to obtain the data.
A, FIIM BOILING

Saturated Liquid Boiling Correlations

Frederking and ClarkBl correlated the film boiling data obtained by

102
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Merte, et al.,19 for a sphere by using the Nusselt (Nu) and modified Ray-
A= J

leigh (Ra') numbers. The relationship obtained was:

Nu = cl(Ra')l/5 (16)
where
hD
Nu = =— (17)
kVf
and

Ra’

1l

{D}S{pr 4" va <p“> <hfg 5)} (%) (18)
va vT CpATsat &

with C; = 0.14. The correlation was developed on the basis of data from
film boiling of saturated liquid nitrogen at atmospheric pressure and stand-
ard gravity only.

The film boiling results obtained with saturated ligquids at pressure
of 1, 3, and 5 atmospheres for the l-inch, l/E-inch, and l/h-inch diameter
spheres and for the wvarious levels of (a/g) are plotted on Fig. 36 in tenms of
Nu and Ra’'. The Frederking-Clark correlation is also shown and except for
the results with the l/h-inch diameter sphere correlates the data quite
well, including the variations in pressure and (a/g)n For a given Ra’, the
Nu for the 1/2-inch diameter sphere is approximately T% higher, and for the
;/h-inch diameter sphere approximately 20% higher than that corresponding
for the l-inch diameter sphere. If the constant C; 1s evaluated indepen-
dently for each diameter, values of 0.14, 0.15, and 0.17 are obtained for

the 1l-inch, l/2—inch, and. l/4~inch dlameter spheres, respectively, Cy may
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be related to the diameter by:

-1/8
- : D
C, = 0.1k < > (19)
_ Dper
where D . ¢, the reference diameter, is chosen to be that of the l-inch diam-

eter sphere for which the correlation was originally developed.

Manson and Seader®d obtained (a/A) vs. ATgat film boiling data for a
h-inch diameter sphere in saturated liguid nitrogen at 1 atmosphere and
(a/g) = 1. They reported that, for a given AT 4, their (q/A) results
were approximately 10% lower than those of Merte, et g£u19 The decrease
in heat flux between a l-inch and 4-inch diameter sphere predicted by Egs.
(16) and (19) is 16%. Equations (16) and (19) are thus shown to be ap-
plicable with sphere diameters varying by a factor of 16 and Ra' covering
a range of 4 orders of magnitude.

The saturated film boiling data obtained with the spheres are re-
plotted as Nu vs. [Ra' x (D/Dper) >/8] in Fig. 37. Also included are the
data for film boiling of Freon-113 from a cylinder over the range 1 <
@/g)g 10, and Bromley's correlation27 for laminar flow film boiling from
a horizontal cylinder. Bromley's correlation for the heat transfer coef-
’f

ficient, H, in film boiling from cylinders”' is

h = 0.62

3 L l/Ll-
kvfpvfg(pﬂ‘pvf)hféw
nvfATgatD

With the exception of some of the l/h—inoh diameter sphere results at

(a/g) = 0.17, Egs. (16) and (19) fit the experimental data within #25%.

3L

The diameter of the test cylinders used by Pomerantz, 0.188 inch, was
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used as the reference diameter for the cylinder data.

The saturated film bolling results obtained using the disk were also
plotted as Nu vs. Ra' in an attempt to determine if this data would be cor-
related by the same parameters as were the data from the sphere. The plot
for the vertical disk is shown in Fig. 38. The value of D used in Fig. 38
was the disk diameter, 3 inches. A straight line fit through the (a/g) =1
data on Fig. 38 can be used to predict most of the experimental points with-
in i25%. The data points for (a/g) = 0.16 deviate considerably from such
a fit, indicating that a correlation of the form Nu = C;(Ra')? does not
properly describe the film bolling process for the disk in this case. This
was also true for other orientations of the disk.

Other investigators (Refs. 34, 43, L6, 47) indicate the appropriate
dimensions for correlating film bolling data from a flat surface may be
what are referred to as the critical wavelength, Ae, and the most dangerous
wavelength, Ag. The heat flux of a flat plate heating upward should not
be influenced by its physical dimensions at a given Alggt provided the
plate is large enough to neglect edge effects.

It is possible that changes in properties or other relevant parameters
which influence the vapor fillm thickness and vapor flow patterns, and there-
by influence the heat flux, may be reflected in changes of A and Ag.

Bellman and Pennington*® showed that the smallest wave which will be
unstable along a vapor-liquid interface, in an adverse gravity direction,

has a length, called the critical wavelength, given by
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[ J -1/2 1)
g(pz .

When the wavelength is shorter than A,, the interface is stable, and dis-
turbances will be damped out. When the wavelength is longer than A., the
interface is unstable, and disturbances will grow. In the case of film
boiling, this implies that if the wavelength is longer than Ac, bubbles
will form and detach from the vapor film, while i1f the wavelength is shorter
than Ac, interface motion may be observed but no bubbles will form.

Bellman and Penningtonu8 also showed that the rate at which a dis-
turbance grew was a function of the wavelength. The wavelength for which
the amplitude of a disturbance grows most rapidly is called the most dan-~
gerous wavelength, given by

1 .
Ny = on _ 280 /2 <i)-l/2 (22)
g(p,-0.,) g

The critical wavelength increases with decreasing (a/g), indicating
that for film boiling at very low values of (a/g) there is no hydrodynamic
Justification for the formation of bubbles as such. The analysis is based
on the existence of a vapor-liquid interface with an adverse gravity di-
rection (Taylor instability) so extension of the analysis to true zero
gravity conditions 1s meaningless.

The critical wavelength, A., was substituted for the characteristic
dimension D in Egs. (17) and (18) to determine whether it might be a more
appropriate characteristic dimension for the horizontal flat surfaces.

The exponent on (a/g) in Ra' was changed from 1 to 2/5 to reflect the ex-
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perimentally observed decreased sensitivity of (q/A) to changes in (a/g) at

a given ATggt. The disk data were thus expressed in terms of parameters

designated by Nu" and Ra", where

=l
&
e

Nu" = (23)

b
<
Hy

A3
Ra'" = ooy (pg- va (pu> < + 0. 5)('_) (24)
(hye)® vE \CpATggt

The results are shown in Figs. 39, 40, and L1 for the disk in the vertical,
horizontal heating up, and horizontal heating down orientations, respec-
tively. The disk data for all orientations, pressures, and values of

(a/g) =1 ahd 0.16 may be represented with an accuracy of *35% by the rela-

tion ship
2
" = 0.012 (Ra")l/ (25)

Hosler and W'es’cwaterlLB measured heat flux as g function of ATggt for
saturated film boiling on an 8-inch square horizontal, heating up, flat
plate at atmospheric pressure using water and Freon-11 (CClgF) as test
fluids. Representative points from these results are also included in
Figs. 40 and 42. They fall about 40 to 60% below the disk data at the same
value of Ra". If the boiling phenomena were identical (i.e., solely a
function of AC) regardless of plate size, the data might be expected to
agree.

Berenson’ analyzed film boiling from a horizontal flat surface heat-

ing up and developed a correlation for the heat transfer coefficient,
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] L
kvfpvfg(pﬂ'pv)hfg

g0 /2
HyfATsat <}——£L———i>

glpy-0,

E = 0.425 <§) (26)

This correlation, developed for a plate of infinite extent, i1s included in
Figs. 40 and 42, and predicts a behavior considerably different from that
of this study. This may indicate that a size effect, such as the one given
for the spheres in Eq. (19), is also present with flat plates. The dif-
ference in slope between the correlation of Berenson5 (l/h) and the experi-
mental data (1/2) may indicate that laminar conditions do not exist in the
present experimental conditions. This is discussed further in Section VII.
A3 e,

The calculated value of A, at (a/g) = 0,17 is more than twice the di-
ameter of the 1/hk-inch diameter sphere at all pressures, but is less than
the diameter of the l-inch diameter sphere. Breen and Westwateru9 observed
a change 1in hydrodynamic behavior, from a two-dimensional wave pattern to
a one-dimensional wave pattern (Pomerantz5u considered these as three-
dimensional and two-dimensional wave patterns, respectively) when cylinder
dimensions were decreased from greater than Ag to less than A.. Adopting
Pomerantz' terms, a two-dimensional wave pattern is characterized by flow
of the vapor around a cylinder or sphere to the very top, where it is re-
leased from a narrow slit along the top of the cylinder or a narrow tube at
the top of thé sphere. A three-dimensional wave pattern is characterized

by bubbles leaving the entire top half of the cylinder or sphere at many

different circumferential positions. If the three-dimensional wave pattern
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on the l/h—inch diameter sphere at (a/g) = 1 changed to a two-dimensional
wave pattern at (a/g) = 0.17, the characteristic dimension for use in the
correlations might well be Ae rather than the sphere diameter. The test
facility did not permit examination of the wave patterns on a test object
during package drop. If the change from a three-dimensional to a two-
dimensional wave pattern with the l/h-inch diameter sphere results in an
increased heat flux for a given ATgyy, similar to that observed on the
disk, then a reduced effect of (a/g) should also be observed and the ex-
ponent, n, on (a/g)n in (Ra') should be reduced from 1 to 2/3. The results
obtained with the 1/4-inch diameter sphere at (a/g) = 0.17 are plotted in
terms of Nu vs.[Ra'x (D/Dref)-5/8] on Fig. 43 using n = 1 and 2/3. The

points plotted using n = 1 correspond to those shown in Fig. 37. The

]

points plotted using n 2/5 very closely approximate the correlation used
for all of the other sphere results.

Saturated film boiling appears to be governed by a number of factors
in additiqn to the physical properties of the liquid and the temperature
difference. Among these are geometry and orientation of the heater sur-
face, which influence the hydrodynamic behavior of the liquid-vapor inter-
face. Changes in the épplied gravitational field also affect film boiling
and these factors must all be taken into account if a.single correlation
for saturated film boiling is the desired result.

A composite of correlations for boiling under saturated conditions in

the various regimes is presented in Fig. Lk. The reference curve, intro-

duced in Chapter VI as applying to the l-inch diameter sphere at atmos-
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pheric pressure and (a/g) = 1, is shown to provide a basis for comparison.
For saturated film boiling, Eq. (16) is shown, and the correlations for

the other regions will be discussed in the following sections.

2. Subcooled Liquid Bolling Correlations

Subcooled film boiling occurs when the bulk liquid temperature is
maintained below the liquid saturation temperature. This is normally ac-
complished by circulating the liquid, replacing the heated liquid by cooler
liquid. The resultant liquid motion along the heated surface generally
classifies subcooled film boiling as a forced convection problem.(see, e.8.,
Ref. 50). Where film boiling is to take place for relatively short periods
of time only, as is present with the transient technique used here, it is
possible to provide subcooling on a batch basis, without the necessity for
a circulating system, by pressurizing the system Jjust prior to conducting
the test.

E1lion?0 found experimentally that, for a given Alggt, heat flux in
the film bolling region was larger with subcooled liquid than with saturated
liquid. This had also been predicted analytically (e.g., Ref. 51).

Sparrow and Cess52 studied the problem of subcooled laminar film boil-
ing for the case of the isothermal vertical plate. The two-phase flow and
heat transfer problem was formulated within the framework of boundary layer

theory, and a solution developed an expression for the local heat flux as

21 1/h
kyr[0.84 + g—é—] / [gpvf(prpvf)]l/ g \L/b
Q/a = T ATgpt (—) (27)
E(uvf) (X) .
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The distance x is measured from the leading edge of the plate, and B is a
computational parameter defined in Ref. 52 as a function of the thermo-
dynamic and physical properties of the boiling liquid and the degree of
subcooling.

Equation (27) is plotted in Fig. 45 for liquid nitrogen at several
different pressures and levels of subcooling in terms of (q/A) vs. ATggt-
The height above the bottom edge of the plate, x, was taken as 0.125 foot
which corresponds to the distance from the bottom of the vertical disk to
the thermocouple position. The data obtained with the vertical disk at
pressures of 3 and 5 atmospheres with subcooled liquid and at (a/g) = 1 are
also shown in Fig. 45. TFor a given ATgqt, the experimental levels of heat
fluxes are approximately four times larger than that predicted by Eq. (27).

The correlation for saturated boiling on the disk given in Eq. (25)
is included in Fig. 45. To determine if the trend of the effect of sub-
cooling as predicted by Eq. (27) is correct even if the absolute level is
not, the ratio of the subcooled (q/A) (experimental data) to the saturated
(a/A) (correlation) for various values of ATg,4 was calculated and is given
in Table III. This ratio as predicted by Eq. (27) is also given. The ex~-
perimental results show an increase in the ratio (q/A)sc/(q/A)sat with in~-
creasing ATgqgt, While Eq. (27) predicts that this ratio will decrease with

increasing ATgg+¢.
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TABLE III

COMPARISON OF ANALYTICAL PREDICTIONS AND EXPERIMENTAL RESULTS
FOR THE RATIO (q/A).o/(a/A)ggqt FOR A VERTICAL DISK AT 3 AND 5 ATMOSPHERES

P, atm
3 l 5
ATgot, °F 100 200 300 100 200 300
Experimental Results 0.974 1.213% 1.233% 1.13%0 1.260 1.343
(subcooling, °F) (2) (8) (12) (10) (18) (20)
Eq. (27) (Ref. 54) 1.192 1.110 1.067 1.3%02 1.140 1.098
(subcooling, °F) (15) (15) (15) (25) (25) (25)

There are several possible reasons why the correlation of Sparrow and
Cess,52 as given in Eq. (27), does not follows the experimental data ob-
tained. First, the boiling film may have been turbulent, sé a laminar film
analysis does not apply. ©Second, the flow pattern over the disk may be
sufficiently different from the flow over a vertical flat plate so the anal-
ysis does not apply. Examination of the photographic composites of the
vertical disk (Fig. 31) indicates a thickening of the film near the thermo-

couple location, which may be an indicatlon of the onset of turbulent flow.

3, Boiling Film Thickness Analyses

The physical picture of film boiling is a superheated solid surface
separated from a liquid by a vapor film. This may be compared with a pic=-
ture of nucleate boiling where bubbles form on a superheated solid surface,
grow, and leave the surface. An exact mathematical model of the film boil-

ing process probably cannot be formulated to include temporal variations in
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the shape of the vapor liquid interface along with the departure of vapor
bubbles from the film. It should be possible, however, to develop a model
which approaches the actual phenomenon more closely than is possible in
the nucleate boiling region.

The physical appearance of the film was carefully examined in the com-
posites presented in Figs. 30, 31, 32, and 33. The film around the l-inch
diameter sphere at (a/g) = 1 was not easily approximated by a simple model.
The film thickness on the disk in all three positions did not vary appre-
ciably with time, and models were feasible, Models from the literature were
used where available. Mathematical models were developed where required.
Evaluation of the film thickness was the desired result.

a. Film Formation at Zero Gravity

A simple model of the vapor film is one in which there is no mass flux,
which would exist in a true zero-gravity enviromment. If the liquid was in
contact with the solid surface at time t = O, the vapor film would form
and continue to increase in thickness with increasing time. There would
be no convection in the absence of gravity, and if radiation is negligible
the problem is one of pure conduction.

This problem has been formulated by Chang“6

and more recently by

Yang53. The solution presented by Yang takes into account finite wvalues
of thermal capacity and thermal conductivity of the solid surface and is
presented here. This solution was developed for the transient condensa-

tion of a pressurizing gas in a suddenly pressurized cryogenic tank. The

physical system analyzed consisted of a semi-infinite wall in the region
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x < 0 and a semi-infinite body‘df phase 1 in the region x > 0. Initially
the temperature of the system was uniform. At time t = O the témperature
of the wall was changed and immediately phase 2 began to form on the wall.
The temperature of the interface adjusts to the saturation temperature
corresponding to the system pressure, and subsequently remains at that tem-
perature. As applied to the problem of vapor film formation in a zero-
gravity enviromment, the solution for the film thickness may be expressed

as

5 = 2(o )2 (28)

where O, must satisfy the transcendental algebraic equation:

1/2
pchﬂ(Tsat'Ts)' (92) / e'(@c/aﬂ)
172 177
Cpk
T e (2

— 1/2 _ (Pg ¥ Oc
pchﬂ Ty-T sat <O%> (pCEk)V / e- <$; a;

erfe [Zﬂ l/éJ _ﬂpCpk)g

1/2

= oghrg(ay) (29)

L6

O, may be termed ™ the equivalent thermal diffusivity in heat conduction
through a substance with change of phase.

Once O, has been obtained, (q/A) may be expressed as

2k AT gqt,

Cl/A = 172 (50)
(ot ) /2erf[< /J

as in Ref. L6.
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The solution as applied to the problem presented here is a function
of ATggt, pressure, and subcooling. For a given ATggt, pressure, and sub-
cooling,film thickness is proportional to (t)l/2 and heat flux is pro-
portional to (t)'l/g.

b. Film Thickness on a Vertical Plate

Film boiling heat transfer measurements were made using the disk in
three orientations: vertical, horizontal heating up, and horizontal heat-
ing down. Film formation in a gravity field must be treated separately
for each orientation because the action of the buoyant forces in removal
of the vapor generated is different in each case.

The analysis of laminar subcooled film boiling on a vertical plate
performed by Sparrow and Ce5552 and discussed in Section VII.A.2 included

development of an expression for film thickness. This was

2 1/ -1/L
we T an ey (1)
gpvf(ﬁ’g‘pvf)

& = 1y

where x is measured from the leading edge of the plate. The parameter )
which is a dimensionless boundary layer thickness, was evaluated by Sparrow

52

and Cess as a function of the parameter B for Pry = 1.
Hsu and Westwater30 performed an approximate analysis of the flow in
a vapor film on a vertical plate. An expression was obtained for the

height above the leading edge of a vertical plate at which the onset of

turbulence could be anticipated. This distance was
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iy (100 )hg B¥

2kvaTsat

where ©%, the film thickness at the onset of turbulence, is

&% = (3%)

2u2(100) 1/3 @)-1/5
gpvf(plz'pvf) &

The value (100) appearing in Egs. (32) and (33) repfesents the critical
value of the flow Reynolds Number as given in Ref. 30, at which 1t is stated
trahsition between Viscous and turbulent flow may be expected to occur.

c. Film Thickness on a Horizontal Flat Plate, Heating Up

Berenson? obtained an equation for the heat transfer coefficient in
film boiling from a horizontal flat plate heating upward (see Eq. (26)).
An expression was developed for the average vapor film thickness for the

entire surface, given as

5 = 2.35

HyfRyrATsat 800 1/4 ( y5/8 (34)

oo

h%gpvfg(pg'pvf) g(pg'pvf)
The film boiling model used consisted of a thin fiim.of uniform thickness
on which cylindrical bubbles with hemispherical caps were superimposed -at
regular intervals.
Changu6 considered the film thickness to be dependent on the establish-
ment of avstable wave ﬁotion wherein the buoyant and viscous forces are in
an equilibrium condition. He obtained the value of this equilibrium film

thickness to be

~—

/3 so\-1/3
s _ LB__&_@_ (2) (35)
g(pz-pvf)
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where ¢, must be evaluated from Eé. (29).

Comparisons between Egs. (34) and (35) and experimental measurements
are made in Section VII.A.3.e.

d. Film Thickness on a Horizontal Flat Plate, Heating Down

An analysis of the steady-state vapor film thickness below a horizontal
flat plate heating down was made and is included as Appendix B. For the
case of a disk with a parabolic velocity profile in the film, the solution

giving the vapor film thickness is

(a/8)-R]°
SRR LA L (36)
Dfg | 0,08

where y, is the film thickness at the center of the disk, ; is the dif-
ference in film thickness between the center and the edge of the disk, and
R is the radius of the disk, as shown in Fig. B-1l. It is noted that

both y; and &) are unknowns, and an estimate of one is required from other
sources.,

e. Comparison of Vapor Film Thickness Analyses with Experimental Re-
sults

The analysis presented for vapor film formation at zero gravity pre-
dicts that (gq/A) will change with time. The experimental results obtained
using the l-inch diameter sphere and the second test package to obtain
(a/g) < 0.002 at 1 atmosphere saturated conditions exhibited such a tem-
poral variation in heat flux. The drastic reduction in body forces reduced
or removed the Taylor instability, changing the character of the film boil-

ing process from a steady convective one to-a transient conduction one.
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These results were presented in Fig. 19 and are also shown in Fig. 46. Equa-
tions (28) and (30), developed for the flat plate under zero gravity, were
.evaluated for saturated film boiling of ligquid nitrogen at a pressure of 1
atmosphere.

The results obtained for heat flux and vapor film thickness at (a/g) =

0 are shown in Fig. 47 for AT = 200°F. Also shown are the heat flux

sat
measurements from Run 52H at (a/g) = 1 and at (a/g) < 0.002, 0.7 second and
1.3 seconds after the package was released. Although Eq. (30) does not
accurately predict the heat flux as a function of time, the predicted de-
pendence of (q/A) on t-l/z is shown to be fairly good for this run.

The (q/A) éalculatedvusing Eq. (30) at t = 1.4 seconds is shown on
Fig. L6 for a range of ATgyt. Most of the experimental heat fluxes at 1.h4
seconds are higher than those predicted by Eq. (30). The flat plate model
should apply to the sphere in this case since the vapor film thickness pre-
dicted by Eq. (28) is less than 10% of the l-inch diameter sphere radius
even after 1.4 seconds.

Equation (3%0) predicts that (q/A)oC (t)'l/g. The "early" data points
shown in Fig. 46 were all obtained 0.7 second after the package was re-
leased. The "late" points were obtained 1.2 to 1.4 seconds after the pack-
age was released. Using these times for t in Eq. (50), predicted values
of "late" (g/A) were calculated and are shown on Fig. L6. Reasonable com-
parisons are noted.

In this region((q/A)v< 1000 Btu/hr-ft2) the value of dT/dt is less

than 0.5°F per second. The individual temperatures are read to *0.2°F,
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10)‘l
O Experimental Data Obtained Early in Free Fall
L O Experimental Data Obtained Late in Free Fall
— A Predicted Value Late in Free Fall Assuming
— -1/2
L (a/A) o t /
Reference Curve
—  (a/g) =1
- l-inch Diameter Sphere
Saturated Liquid
P=1atm
103—
Eq. (30) at t = 1.4 sec
for a flat plate Ref. 53
10%=_1 1 1 || ] | ] 1 1 111
Lo 100 L0oo
o
ATsat’ F

Fig. 46. Dependence of film boiling heat flux on time.
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and for these runs readings were ﬁade every 0.1 second{ Tangents were it
to the data points over a O;M second range (i.e., a change in temperature

of 0.2°F, which is equal to the reading error). An error of 0.1°F in &I.
(estimated to be the_maximum_error for these runs) over this range is 0.25°F
per second, which is an error of 50% or more in (q/A). The (t)_l/2 power
dependence of (q/A) predicted for zero gravity appears supported by the ex-
perimental results.

The photographic results obtained permit the film thickness to be meas-
ured. The variables covered included test surface geometry, disk
crientation, and AT - All photographs were taken using saturated liquid
nitrogen at 1 atmosphere and at (a/g) = 1, so comparison of the predicted
and observed film thickness is possible only under these conditions. The
effects of (a/g), subcooling, and pressure on film thickness are predicted,
but are not compared with experimental results.

The equation for laminar vapor film thickness on a vertical plate ob-
tained by Sparrow and Cess)? (Eq. (31)) was evaluated fof a value of x =
1.5 inches (the distance from the leading edge of the vertical disk to the
point at which the thermocouple used for the temperature measurements was
located). The results are shown in Fig. 48 as a function of ATggt. Ex-
perimental measurements obtained from Fig. 31 are also shown, and are ap-
proximately one order of magnitude larger than the predicted values. It
should be recalled, however, that owing to the optical configuraﬁion used,
the observed values of film thickness are most likely the maximum values

across the surface.
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The film thickness at which Hsu and Westwater’© (Eq. (33)) predict
transition from laminar to turbulent flow is also shown in Fig. 48. Tt is
seen to be thinner than the thickness predicted by Eq. (51), and the x at
which transition is predicted to occur is less than 1.5 inches. This im-
ples that turbulent flow 1s present near the thermocouple location, and
the analysis of Sparrow and Cess?? for laminar flow does not apply.

Hsu and Westwater’® also predicted the turbulent heat flux on a ver-

tical plate as a function of pressure and ATggt, obtaining

1/2
a/A - kvf[} ) (x-1Lo) +(§;)2] Mgt (57)

SF+1
where
g oo | vt (38)
pV va(lOO)
and
fpv“vf(loo) Kopblggt
Svf
Fo= Y- - (%9)
Kk rATggt,
hfg

Equation (37) is included in Fig. 48 for saturated boiling at 1 and 5 atmos-
pheres. Also shown is the experimental correlation obtained in Section
VIT.A.1. (Eq. (25)). The prediction is lower than the experimental curve
by 25% to 60%, and shows a different slope for (a/A) vs. ATggt than was
obtained experimentally. Although Eq. (37) does not accurately predict

the experimental results, it could be useful in obtaining an order of mag-
nitude approximation to anticipated experimental heat flux.

The agreement of Eq. (37) to within 60% or less of experimental data,
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coupled with the predicted location of the transition point being small,
and the observed vapor film being an order of magnitude greater thén a
laminar flow analysis, all appear to indicate that turbulent flow may exist
over a relatively large portion of the heater surface.

An accurate determination of the location of the laminar to turbulent
trénsition point along the vertical disk could be made by experimentally
measuring the velocity profile in the film, but this would be a formidable
task and was outside the scope of the project at this time. Examination
of Fig. 31 does show more variation from frame to frame in the observed
film thickness on the upper portion of the disk than on the lower portion.
This could be indicative of turbulent flow, but no obvious transition point
is apparent from examining Fig. 31. The variation in the observed film
thickness from frame to frame is most pronounced at the highest ATgot =
300°F.

The prediction of Berenson” for the vapor film thickness on a hori-
zontal flat plate heating up (Eq. (34)) has been evaluated for saturated
liquid nitrogen at 1 atmosphere and (a/g) = 1. The results are plotted on
Fig. 49. The prediction of Changu6 for film thicknessyunder the same con-
ditions (Eq. (35)) is also shown. Experimental measurements obtained from
Fig. 32 are presented. Berenson's prediction of film thickness is five
times larger than Chang's prediction of film thickness at a given ATggt,
but is an order of magnitude less than the experimental data. The models

proposed by Berenson and Chang thus do not appear to follow the observed

results.
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Fig. 49. Vapor film thickness in saturated film boiling
on a horizontal disk heating up.
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A comparison of Figs. 48 and 49 shows that the experimental vapor film
thickness measurements are similar for the two disk orientations. The pre-
dicted thicknesses, although different from the observed thicknesses, are
also similar. It has been shown on Fig. 16 that the (g/A) vs. ATggt re-
sults from the disk are similar for the two orientations. One might con-
clude then that the heat flux with film boiling can be directly related to
the vapor film thickness.

Chang5u has indicated that there should not be any significant dif-
ference between horizontal heaters and vertical heaters after the onset of
turbulence. The film thickness on a vertical plate, as a consequence of
turbulent mofion, would thus be similar to that on a horizontal surface.
Changl*6 also stated that, for a small plate, the heat transfer coefficient
for a horizontal plate heating down should be the same as that for a ver-
tical plate. Flow along the vertical disk has been tentatively identified
as turbulent over a portion of the disk. If the flow over the horizontal
disk, heating up, is also turbulent, the proposed laminar models for the
vapor film behavior would probably not apply. Chang's conclusion about
similarity in heat transfer behavior between horizontal and vertical plates
with turbulent flow would apply, and appears to be supported by the exper-
imental results observed here with regard both to film thickness and heat
flux. The correlations for laminar flow predict film thicknesses in the
vertical and horizontal heating up positions which are quite similar, and
may indicate that the insensitivity of a flat plate to orientation holds in
laminar flow as well. There is no experimental data available to examine

this contention.
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It has been pointed out (e.g., Ref. 1) that a similar lack of sensitiv-
ity to orientation exists for free convection heat transfer. 1In the tur-

bulent regime, McAdamsl gives, for a horizontal plate heating up,

fu 0.14 (Ra)l/5 (L0)

and for a vertical plate

Nu 0.13 (Ra)L/3 (41)

a difference of approximately 8%. These equations are very similar in form
to Eq. (16) for a sphere with saturated film boiling.
McAdams also found a lack of sensitivity in the laminar regime. He

gives, for a horizontal plate heating up,

Nu 0.54 (Ra)t/* (L2)

and for a vertical plate

Nu

0.59 (Ra)L/" (43)

a difference of approximately 9%.

The predicted film appearance for a horizontal plate heating down may
be obtained by using Eq. (36). The variation of 8, with y, is shown in
Fig. 50 as a function of ATg . ©Op and y; are defined in Fig. B-1. For
each ATggt the measured value of y; obtained from Fig. 33 is indicated.
Predicted values of 8, range from 0.0041 to 0.011 inch. The value of y;

was measured to +0.010 inch. Variations in ©; of the range predicted
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could not be observed in the photographs taken.

Equation (36) predicts that ©; must have a positive value for any
(q/A) different from zero. It also predicts a minimum possible value of
y1 which increases with increasing AT g+. From a physical standpoint,
this implies that the flow of vapor radially from the center of the disk
is accompanied by a reduced thickness of the film as the distance from the
center is increased. It also impliés that there is a minimum film thick-
ness which can exist on the disk for a given (q/A). This minimum thick-
ness is necessary to remove the generated vapor. The minimum possible
thickness increases with increasing ATggt, since the increasing rate of
vapor generation results in a larger flow volume. The numerical values
predicted for the minimum possible y,, and the corresponding 0, are prob-
ably in error in this region because the assumption that 8, << y; is no

longer valid.
B. OTHER BOILING REGIMES

1. Minimum Heat Flux Boiling

Most of the results presented in the minimum heat flux boiling region
were obtained with the l-inch diameter sphere. Insufficient data were ob-
tained with the l/h—inch diameter sphere and the disk to permit any con-
clusions to be reached from comparisons with existing correlations for
(q/A)min‘ The results obtained with the l-inch diameter sphere were com-

pared with the behavior predicted by correlations.
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Berenson3 developed an equation for (q/A)min as

g(pg-0y) 1/2 g0 L/

(q/A)mi = 0.09 (:)thll.g (i) (4L)

n
o ,to, glpy-0,)

Equation (44) is plotted on Figs. L4 and 51 for pressures of 1, 3, and 5
atmospheres. The experimental results for the l-inch diameter sphere are
also shown on Fig. 51. A range of (q/A)min at a particular (a/g) is shown
by the two extreme points connected by a vertical line. A range of
(q/A)min combined with an uncertainty in (a/g) is shown by two points con-
nected by a diagonal line. Some (g/A)‘'s were obtained at AT differing
from that at which (q/A)min was anticipated by -10°F to +35°F. Since no
data were obtained which were identified as (q/A)min for these conditions,
the measured values, shown in Fig. 22, were taken as upper limits on
(q/A)min' They are indicated by a vertical line originating at the data
points and terminating in an arrowhead.

Equation (44) was developed for flat plates, but previous work done
with the l-inch sphere at 1 atmosphere pressure had shown reasonablevagree-
ment with the predicted values for (q/A)min at both standard and fractional
gravity.l9 Equation (44) does not predict the experimental results at
higher‘pressuresa An increase in (q/A)yi, of approximately 120% at 3 atmos-
pheres and 200% at 5 atmospheres is predicted, but the experimental values
increase by'approximafely'EO% and 50%, respectively. The values of
(q/A)min are predicted to follow a 1/4 power dependence on (a/g). The data
shown in Fig. 51 appear to follow this predicted dependence. The power de-

pendence n in (a/g)n is larger than 0.15 at a pressure of 3 atmospheres,
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and larger than 0.22 at a pressure of 5 atmospheres.

L

Other correlations for (q/A) and by Lien-

LT

min Were developed by Zuber

hard and Wong

/% a/u
(a/A)pin = 5\[— Pyheg Eggo pzp (%)/ (45)
(e ptoy)

2 T
is very similar to Berenson's except for the coefficient <%6' &J;:= O.l??).

Zuber's equation,

It also differs in that 1t evaluates properties at saturation conditions
rather than at an average film temperature. Equation (45) is plotted on
Fig. 51 for P = 1 atmosphere. It predicts values of (q/A)min which are ap-
proximately 200% higher than the experimental values.

Lienhard and Wongu7 predicted (q/A)min for a horizontal cylinder.
Their expression accounts for the effect of surface tension in the trans-
verse direction upon the Taylor instability of the interface. They ob-
tained.

-3/4

(L6)

‘ 1/2 g(pl-pv)

. [
2 B p=Pvy Ugo 1
M) = X2 _bE Oyfrg | + +
(a/A)pin 60 "Jg— R ¢ Ogtey (o ytoy )R %o 2R

For cylinders larger than 1/4-inch diameter, this equation indicates that

(q/A)min is inversely proportional to the test object radius within a few

~1/k

percent. It also indicates that (q/A) is proportional to (a/g)

+1/h

min

rather than (a/g) as indicated by Berenson and Zuber and experimentally

verified.®9 Equation (46) is shown on Fig. 51 for P = 1 atmosphere.

A few (q/A) values were obtained for the l-inch diameter sphere

min
with subcooled boiling at 3 and 5 atmospheres (see Fig. 21). They were ap-

proximately 65% higher than the (q/A)min values obtained with saturated
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boiling at 3 and 5 atmospheres.

Berenson’ also developed an equation for (ATggt)pin &S

iy 2/3 1/2 1/3
(AT ) .12 pr‘hfg g(pg'pv) €00 1% / i)‘l/B
sat/min K ¢ P g(pl~pv) 8(Dz'pv) g (L7)

Equation (47) is plotted on Fig. 52 for P = 1 atmosphere. The experimental
results for the l-inch diameter sphere are also shown. A range of
(AT gt )pip 8t & particular value of (a/g) is shown by the two extreme
points connected by a vertical line. An uncertainty in (a/g) is shown by
two extreme points connected by a horizontal line. When an upper limit
was obtained for (ATsat)min’ it 1s indicated by a vertical line origlnating
at the data point and terminating in an arrowhead.

The values predicted for (AT, i).:, Were higher than the experimental
values by a factor of approximately twol? at (a/g) = 1, and the difference

increases with decreasing (a/g). Berenson’ had determined (ATggt Jypin from

the relationship

(a/A)q4,
(ATsat)min = _Eé_JELE (48)

Dpin
where (q/A)min is given in Eq. (44) and h was given in Eq. (26), The re-
lationship for h determined by Frederking and Clark51 for the l-inch diam-
eter sphere is

1/3

- Pye (0 p=pp)g /C h

T = 0.1k kyp| —= i Ve (i)/f( !fg +095> (2—) (49)
Hyf CpATsat

This was substituted for Eq. (26) in Eq. (48) to obtain
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h. 3/8 1/8  -1/8
(ATsat)min = 0.465 f_w_r_i_fg. Hl/2 ___go_c._z_ L (i) / (50)
Kyp VT (o *e,) glp,-0,) g

v_

This reduced the predicted value of (ATsat)min to 50% higher than the ex-

1 atmosphere and (a/g) = 1. Equation (50) is

]

perimental values at P

shown on Fig. 52 for P = 1, 3, and 5 atmospheres., A large increase is pre-

dicted in the value of (AT with increasing pressure. The experi-

sat)min
mental range of (ATggt)pin @t (2/g) = 1 shown in Fig. 52 for 1, 3, and 5
atmospheres does not appear to‘be affected by a change in pressure. The
accuracy of the determination of (ATsat)min is #5°F, so a small effect of
pressure would not be apparent.

Berenson's equation for (ATgat )min, Eq- (47), indicates a dependence

-1/6

Equation (50), which utilizes Frederking and Clark's cor-

-1/8.

on (a/g)
relation for spheres inevaluating;ﬂ, indicates a dependence on (a/g)
As may be seen in Fig. 52, this difference is small. The experimental
data do not show any effect of (a/g): All of the (ATggt)min, regardless
of pressure or (a/g), fell in the range (ATggt )pin = DO°*10°F.

A few (ATsat)min values were obtained for the l-inch diameter sphere
with subcooled boiling at 3 and 5 atmospheres (see Fig. 21). They fell in

the 50°*10°F range found with saturated boiling.

2{ Peak Heat Flux Boiling

Figure 26 shows the peak heat flux is affected by both pressure and

20

(a/g). The correlations of Noyes“" and Zuber (discussion in Ref. 3) for

saturated boiling most nearly predict the observed results. Noyes' cor-
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relation is

J1/2 (04-py)° 1/t 0.245 /a
_ v -0. a
(a/A)pax = 0.14k hp o0 — 88,0 Pr (g) (51)
and Zuber's correlation is
1/k /4

(0/M)pax = Czhfﬁ_,;ml,./2 [g8,0(0 40 )] / (%)l (52)

where
0.120 < Cp < 0.157 (53)

For Pr, ¥ 1 and py >> py, these correlations are identical. They are shown
in Fig. 53 for (a/g) = 1 and pressures from 1 to 5 atmospheres. Equation
(51) is also shown for (a/g) < 1, and is included on Fig. k.

Values of (q/A)maX obtained with the 1-inch diameter sphere at 1, 3,
and 5 atmospheres and with the l/2—inch diameter sphere at 1 atmosphere are
shown in Fig. 53. The agreement between the experimental and the predicted
results over a range of pressures and (a/g) indicates that the correlation
has wide appl;cability.

21

Chang and Snyder®~ also developed a correlation for (q/A)maX identical

to Eq. (52) with Co = 0.145. They also developed an expression for the

"eritical temperature difference," which has been modified by Merte and

Clarkl9 to apply to liquid nitrogen. In this form it appears as

/ 1/ J2/5 1 ll—
(ATsat)cr = (Cgx103 (hfgp ) G[gg i pﬂ i K§> / (54)
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Fig. 53. Comparison of experimental and predicted (q/A)p..
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where

0.26 < Cg < 0.52 (55)

and (ATg gt )op 1S the temperature difference at which (q/A) is obtained.

max
Equation (55) is shown in Fig. 4L for P = 1 atmosphere and a range of values
of (a/g), and also for P = 3 and 5 atmospheres at (a/g) = 1. It may be
noted that Eq. (55) predicts that (ATsat)cr will decrease as (a/g) decreases
and also as the pressure is increased. A decrease of (ATsat)cr with de-
creasing (a/g) was observed on Fig. 26, but the predicted decrease of
(ATsat)cr with increasing pressure is not seen on this figure.

The effect of subcooling on peak heat flux is pronounced, as may be

seen on Fig. 26. One correlation for predicting this effect is that pro-

posed by Zuber,Tribus, and WestwaterD) as quoted by Kreith?, which is

given as
gkz(T t-Tl) 2L|_ 02 1/)+ '5/
(/) sy = (VA {2+ || - o (2)
s¢ (narpre,) ThegPy cg(pl-pv) &
(56)
where

—‘
i
NYE!

_Eofv (57)
g(0,-0,) og(p )-0,)

The correlation of Noyes,zo Eq. (51), which predicted the experimental data
quite accurately, was used for evaluating (?q/A)mag)sat' The <kq/A)ma¥)sc
was evaluated for 3 atmospheres at 15°F subcooling and for 5 atmospheres at
25° i t = 7. ti (

5°F subcooling at (a/g) = 1 and 0.17. The ratios of (q/A)max>sc

<KQ/A)max>sat were formed and are shown in Fig. 54. Also shown are the same
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Fig. 54, Effect of subcooling on (q/A)
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ratios obtained from the experimental results with the l-inch diameter
sphere.

The limited number of data points, particularly at (a/g) = 0.17, re-
-stricts the validity of the comparison of predicted and experimental
values. With this restriction in mind, the prediction seems good at (a/g) =
1, but predicts too high a value at (a/g) = 0.17. The predicted value of
A Qq/A)max>sc//GQ/A)ma%>sat at (a/g) = 0.01 and 5 atmospheres with 25°F
subcooling (not shown on Fig. 54) is 7.72. Although no data were obtained
at this (a/g), the results showﬁ on Fig. 25 for (a/g) < 0.002 do not in-
dicate that a difference of this magnitude is probable. Until more exper-
imental results at (a/g) < 1 are available, it appears Eq. (56) should be

used with caution at (a/g) < 1.

3. Nucleate Boiling

Saturated nucleate pool boiling has been investigated extensively, and
many correlations have been developed which predict (q/A) as a function of
ATgot (see, e.g., Fig. 5 of Ref. Lk). The experimental results ha&e ex-
hibited wide variations of (g/A) with ATgny (see Fig. 35), so it is not
surprising that the correlations exhibit similar variations. A survey was
made to determine which correlations most accurately predicted the results
obtained with the l-inch diameter sphere with saturated nucleate’boiling at
1 atmosphere and (a/g) = 1. The equation of Rohsenowll, given as

Uz[g(pl'pv)]l/g(cpz)j

(012 (hey P e) /2 (r )2

(a/a) = 2.97x10° (a1)° @1/2 - (58)
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and of Michenkol?, given as

/3
(¢/8) = 6.3x10711 ug[g(og-pv)] (go)l/2P
(U)lfz(hfgpv)7/5(go)l/g(Pr£)1°O [Gg(pl-pv)]l/e
(X) (Cpl)10/5(91)7/5(AT)10/5(a/g)'2/3 . (59)

most nearly predicted the experimental results. Rohsenow predicts (Q/A)
is proportional to (ATsat)5, which is virtually the same as that of Mich-
enko, (ATsat)lo/B. The measured slope of the reference curve (as intro-
duced in Chapter VI) in the nucleate boiling region is 3.4. The predic-
tion of Rohsenow incorporates an empirical constant which must be reeval-
uated for each system.

Variations in saturated nucleate boiling heat flux with variations in
pressure have been predicted (see, e.g., Ref. Lh4). The variations pre-
dicted by Eq. (58) and (59) are shown on Fig. 55, evaluated for liquid ni-

trogen with AT = 10°F. Experimental results are shown in Fig. 55. The

sat
point at 1 atmosphere is taken from the reference curve, and the error
limits represent a combination of i20% maximum error in (q/A) and *1°F max-
imum error in ATggp¢; the maximum total error is estimated to be +65%, -L45%.
Equation (58) prédicts a decreasing effect of pressure on (q/A) as pressure
increases; Eq. (59) predicts an increasing effect of pressure on (q/A) as
pressure increases. The data appear to demonstrate an increasing effect
of pressure on (q/A) as pressure increases.

There is no apparent effect of variations in (a/g) on nucleate boiling.

This has been observed by several authors (see, e.g., Refs. 16, 17, 18, 19,
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and 56). It may be noted that Eq. (58) predicts a 1/2 power dependence on
(a/g) and Eq. (59) predicts a -2/3 power, which indicates inadequacies in
the models used in developing these correlations. Equation (58) is plotted
on Fig. 4k to show the predicted effects of (a/g) and pressure.

There are no apparent effects of subcooling on nucleate boiling as may
be seen from Figs. 27 and 55. McAdamst and Krieth? have shown data plotted
as (Q/A) vs. ATgo¢ over a wide range of variables and demonstrated that,
for a given value of (q/A), nucleate boiling data fall within a range of
+25% of the nominal value of ATSat regardless of the degree of subcooling.
Forster and Greiflu examined several proposed nucleate boiling mechanisms
and concluded that the process of liquid~vapor exchange taking place every
time a bubble grows and then collapses on, or detaches from, the heating
surface can account for the heat flux in nucleate boiling. The effect of
subcooling on the maximum bubble radius and the bubble lifetime largely
cancel each other, accounting for the apparent insensitivity of heat flux
to subcooling. When both of these factors were taken into account, Forster
and Greif14 showed that the data of Ellion 0 for water which was subcooled
from 35°F to 150°F would not be expected to show more than 15% variation in
heat flux.

The correlations suggested for use with saturated nucleate boiling
should be equally applicable to subcooled nucleate boiling. - Figure 55 shows
that subcooled nucleate boiling is not sensitive to variations in (a/g)
within the range examined, again in contrast to the dependence predicted

by the correlations.
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4. Free Convection

McAdamsl presents an equation for the correlation of data for single
horizontal cylinders with heat transfer by natural convection. Kreith?
notes that this equation may also be applied to spheres. McAdams recommends
application to cylinders only for 102 < Gr-Pr < 109. Kreith suggests use
for 102 < Gr < 109 and Pr > 0.5 for cylinders, and suggests that for
spheres, using the sphere radius as the characteristic length, Gr should

be greater than 107. The equation 1s given by Kreith as

M = 0.53 (Gr-pr)t/" (60)
which may be rewritten as
L
k3p3es ,C 1/ 1/4
My

Equation (61) is shown on Fig. 56 with the subcooled free convection
data presented in Fig. 29. Agreement is good. Equation (60) was derived
for laminar flow. The calculated values of Gr for these tests were between
lO6 and 107. This normally indicates laminar flow, Jjustifying application
of Eq. (60). The correlation is relatively insensitive to variations in
pressure 1n the reglon investigated because of the incompressibility of the
liquid. The calculated wvalue of (q/A) decreased by less than 4% when the

pressure was increased from 3 to 5 atmospheres.



o
O
w

a/A, Btu/hr—ft2

10

156

= 3 atm sc

=5 atm sc

l-inch Diameter Sphere
(a/g) =1

= 15°F Nu = 0.53 (Gr-Pr)l/h
- (]
=2°F P =3 atm

P=25 atm

Fig. 56.

(TS—TQ), OF

Heat flux with free convection.




CHAPTER VITI

SUMMARY AND CONCLUSIONS

The purpose of this study was to investigate the effect of variations
in the gravitational field on the boiling phenomena. In order to make the
results as general as possible, several different physical configurations
were investigated at varilous pressures and degrees of subcooling.. -

The resulfs obtained, in addition to providing quantitative data, also
permitted more complete comparisons between these data and various cor-
relations which have been éuggested for various boiling regimes. These com-
parisons in turn aid in determiﬁing the significance of various parameters
in the effect they have on the boiling phenomena.

The conflgurations investigated were a l-inch diameter sphere, a i/h-
inch diameter sphere, and a 3-inch diameter disk with the heating surface
in a vertical, a horizontal heating up, and a horizontal heating down
orientation. All of these configurations were investigated in the film-
boiling region, but only the l-inch diameter sphére results are presented
in the other boiling regimes (minimum heat flux, transition, maximum heat
flux, nucleate, and free-convection regions). Pressures used were 1, 3,
and 5 atmospheres. Nominal subcooling levels of 15°F at 3 atmospheres
and 25°F at 5 atmospheres were use@ as well as_saturated conditions at all
three pressures. The nonfilm boiling regions were not covered as compre-
hensively as the film boiling region, and in general only one or at most

a few points were taken at any particular set of conditions. The reason

157
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for this was the desire to examine a very wide range of new situations,

rather than to cover a single combination in great depth.

Over the range of accelerations, pressures, subcoolings, and config-

urations covered in this study, the following conclusions can be drawn:

For a sphere for which the diameter is larger than the calculated value of

N s

In the film-boiling region, (q/A) is proportional to (a/g)l/3 and
decreases with increasing sphere diameter.

In the minimum heat flux region, (Q/A)min is proportional to
(a/g)l/u, but (ATgqt)pin 1S not affected by variations in (a/g),
pressure, or subcooling.

For values of ATsat between (ATsat)min and (ATsat)max: a sudden
decrease in (a/g) causes a sudden decrease in (g/A) followed by an
increasing (q/A) with decreasing AT .+ Which has the appearance of
transition boiling. The transient technique used here thus makes
the relationship between (q/A) and AT .+ a many-valued, rather
than a single-valued, function in the transition boiling region
with (a/g) less than 1. At (a/g) = 1, the (g/A) vs. ATggt re-
lationship in the transition boiling regime was not affected by
pressure or subcooling.

The values of the peak heat flux and of (ATggt)ygy 8r€ Propor-
tional to (a/g)l/u.

Nucleate boiling is not affected by variations in (a/g), pressure,
)E.M.

or subcooling; (g/A) is proportional to (AT 4



159

For a disk or for a sphere for which the diameter is smaller than the cal-

culated value of A,, in the film-boiling region,

6.

T.

/9.

The heat flux is proportional to (a/g)2
The appearance of the vapor film on the disk changes signifiCéntiy
with a change in orientation.

For a flat plate or disk of sufficiently small dimensions (i.e.,
largest dimension 3 to 6 inches) there does not appear to be any
effect of orientation on heat flux.

A change in the shape of the test surface (as from a sphere to a

disk) may be accompanied by a change in (q/A) at a given AT ¢



APPENDIX A

REDUCED DATA AND SAMPLE PHOTOGRAPHS

1. REDUCED HEAT TRANSFER DATA
Column Headings:
Run Number: for identification purposes
Boiling Region: F, film; Min, (q/A)_;,; T, transition;

Max, (q/A)maX; N, nucleate; FC, free

convection
Pressure: in psia
Subcooling: in °F
a/g: measured
. 2
Q/A: in Btu/hr-ft
. 1 o
T-T gt ATsat in °F
Configuration: test object shape, size, or orientation

Pressurizing Medlum: for pressures of approximately 14 psia,
medium is understood to be atmospheric
air; at higher pressures, compressed gas

of indicated constitution was used

160



161

Run Boiling . . Pressurizin,
Number  Region Pressure  Subcooling a/g q/A T-Tgat Confiiguration Medium g
Run 27
27-B F k.7 0 1 7,400 %25 1/2-inch sphere
27-B F 1h.7 0 1 6,900 298 1/2-inch sphere
27-B F 14,7 0 1 6,300 268 1/2-inch sphere
27-B F 1.7 0 1 4,480 180 1/2-inch sphere
27-B F 1.7 0 1 3,6k0 k2 1/2-inch sphere
27-B F 14.7 0 1 3,250 111 1/2-inch sphere
27-B F 1.7 0 1 2,980 98 1/2-inch sphere
27-D F k.7 0 1 2,210 60 1/2-inch sphere
27-D F 1.7 0 1 2,150 155 1/2-inch sphere
27-D Min 4.7 0 1 2,110 51 1/2-inch sphere
27-D T 14,7 0 1 2,350 L5 1/2-inch sphere
27-D T .7 0 1 6,200 L2 1/2-inch sphere
27-D T 1.7 0 1 10, 300 I 1/2-inch sphere
27-D T W7 0 1 10,650 35 1/2-inch sphere
27-D T 1k.7 0 1 35,000 30.5 1/2-inch sphere
27-D T 1.7 0 1 k1,500 25 1/2-inch sphere
27-D Max 14.7 0 1 k2,000 20.5 1/2-inch sphere
27-D N 4.7 0 1 32,000 15.5 1/2-inch sphere
27-D N 14,7 0 1 15,200 12.4  1/2-inch sphere
27-D N 14.7 0 1 7,580 10.4  1/2-inch sphere
27-D N 14,7 0 1 2,200 7.4 1/2-inch sphere
27-E F 1.7 0 1 7,980 310 l/2-inch sphere-
27-E F 4.7 0 0 3,120 308 1/2-inch sphere
27-F F 1.7 0 1 6,100 258 1/2-inch sphere
27-F F .7 0 0 2,310 254 l/2-inch sphere
27-G F 14,7 0 1 4,740 200 1/2-inch sphere
27-G F k.7 0 0 1,850 194 1/2-inch sphere
27-H F 4.7 0 1 3,520 135 l/2-inch sphere
27-H F 1.7 0 0 1,400 130 1/2-inch sphere
Run 28
28-A F 1.7 0 1 2,040 61 1/2-inch sphere
28-a F 1k.7 0 0 880 51.2 1/2-inch sphere
28-B F 4.7 0 1 2,050 60 1/2-inch sphere
28-B Min 1.7 0 1 2,000 50 1/2-inch sphere
28-B T 1.7 0 1 2,420 Ly 1/2-inch sphere
28-B T 1h.7 0 0 1,450 43 1/2-inch sphere
28-B T 1h.7 0 0 1,850 L1 1/2-inch sphere
28-¢ F 14,7 0 1 1,800 e 1/2-inch sphere
28-C Min 4.7 0 1 1,770 Lo 1/2-inch sphere
28-¢ T 1h.7 0 1 2,550 Lo 1/2-inch sphere
28-c T 1h.7 0 0 920 39 1/2-inch sphere
28-C T 1h.7 0 0 1,700 %9 1/2-inch sphere
28-D T 1.7 0 1 2,100 43,5 1/2-inch sphere
28-D T 14,7 0 1 2,250 L3 1/2-inch sphere
28-D T k.7 0 1 2,650 b2,5 1/2-inch sphere
28-D T 14,7 0 1 3,050 41.5 1/2-inch sphere
28-D T 14,7 0 1 L, 700 Lo 1/2-inch sphere
28-p T k.7 0 1 7,300 38 1/2-inch sphere
28-p T 14,7 0 1 1k, 600 %2 1/2-inch sphere
28-D T 1.7 0 1 19,500 31 1/2-inch sphere
28-D T 1.7 0 1 25,500 27.5 1/2-inch sphere
28-D T 7 0 1 39,500 23.5 1/2-inch sphere
28-D Max w7 0 1 45,000 20.5 1/2-inch sphere
28-p N .7 0 1 43,800 18 1/2-inch sphere




162

Run Boiling . . R Pressurizin
Womber  Reglon Pressure Subcooling a/g a/A T-Tgat Configuration Mediun 8
28-D N 7 0 1 43,000 15 1/2-inch sphere
28-D N 1.7 0 1 27,500 12.3 1/2-inch sphere
28-D N 1.7 0 1 17,700 10.7 1/2-inch sphere
28-p N 1h.7 0 0 7,700 8.4  1/2-inch sphere
28-D N 1k.7 0 0 3,300 7 1/2-inch sphere
28-D N k.7 0 0 1,950 6.2  1/2-inch sphere
28-p N .7 0 0 1,580 4,8 1/2-inch sphere
28-E T 1h.7 0 1 2,000 L8 1/2-inch sphere
28-F T 1.7 0 1 2,600 47 1/2-inch sphere
28-E T 14,7 0 1 4,100 Ll 1/2-inch sphere
28-E T 147 0 1 5,100 k2 1/2-inch sphere
28-E T 1.7 0 1 7,380 L0.2  1/2-inch sphere
28-E T 1h.7 0 1 12,000 37 1/2-inch sphere
28-E T 1.7 0 1 15,100 34.5 1/2-inch sphere
28-E T 1h,7 0 0 14,800 32 1/2-inch sphere
28-E T k.7 0 0 6,800 30.5 1/2-inch sphere
28-E T k.7 0 0 10,600 27.5 1/2~inch sphere
28-E T 1k.7 0 0 20,400 2k.5 1/2-inch sphere
28-E T 14.7 0 0 15,200 22.5 1/2-inch sphere
28-F T 1k.7 0 0 13,300 21 1/2-inch sphere
28-E T 1.7 0 0 25,400 18 1/2-inch sphere
28-F Min 1.7 0 1 1,850 L9 1/2-inch sphere
28-F T 14,7 0 1 2,150 L6 1/2-inch sphere
28-F T 1h.7 0 1 3,850 L2 1/2-inch sphere
28-F T 1,7 0 1 6,700 39 1/2-inch sphere
28-r T 14,7 0 1 10, 300 36 1/2-inch sphere
28-F T 14,7 0 1 16,700 33 1/2-inch sphere
28-F T 1.7 0 0 6,900 29 1/2-inch sphere
28-F T 1h.7 0 0 15,400 26 1/2-inch sphere
28-F T 1k.7 0 0 15,000 22.5 1/2-inch sphere
28-F T 1.7 0 c 13,300 20.2 1/2-inch sphere
28-F Mex 1h,7 0 0 21,000 17.2 1/2-inch sphere
28-F N 1,7 0 0 17,300 11.4  1/2-inch sphere
28-F N 1k.7 0 0 11,500 9.8 1/2-inch sphere
28-F N 1.7 0 0 9,400 8.5 1/2-inch sphere
Run 52
52-A Min 14.3 0 1 1,900 46 1-inch sphere
52-A T 14.3 0 1 2,1h0 ) 1l-inch sphere
5e2-A T 14.3 0 1 2,300 Ly 1-inch sphere
52-A T 1k.3 o} 0 1,005 L3 l-inch sphere
52-B T 14,3 0 1 3,610 37 l-inch sphere
52-B T 4.3 0 1 3,800 36 l-inch sphere
52-B T 14,3 0 0 1,900 3h l-inch sphere
52-B T 4.3 0 0 1,550 3l 1-inch sphere
52-C T 14,3 0 1 9,150 33 1-inch sphere
52-C T 4.3 0 1 18,560 30 1-inch sphere
52-C T 1.3 0 1 3k, k00 27 l-inch sphere
52-C T 1k.3 0 1 58,900 2L l-inch sphere
52-C T k.3 0 0 10,500 22 1-inch sphere
52-C T 1.3 0 0 7,200 21 l-inch sphere
52-C T 14,3 0 0 8,750 20 1-inch sphere
52-C T 1.3 0 0 10,780 19 l1-inch sphere
52-C T 1k.3 0 0 12,620 18 1-inch. sphere
52-C T k4.3 0 0 12,730 17 l-inch sphere
52-C Max 1.3 0 0 14,470 16 l-inch sphere
52-C N 14,3 0 0 14,030 15 l-inch sphere
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Run Boiling . . . Pressurizing
Nomber Reglon Pressure Subcooling  a/g a/A T-Tgat  Configuration Modiom
52-C N 1.3 0 0 14,180 1L l-inch sphere
52-C N 1.3 0 0 13,820 13 l-inch sphere
52-D T 14,3 0 0 18,800 32 1-inch sphere
52-D T 14,3 0 0 34,500 29 1-inch sphere
52-D T 14,3 0 0 37,100 23 l-inch sphere
52-D Max 1.3 0 0 41,900 20.5 l-inch sphere
‘52-D N 4.3 0 0 8,820 13.5 1-inch sphere
52-D N 1.3 0 0 6,810 10.5 l-inch sphere
52-E F 14,3 0 1 2,338 76 l-inch sphere
52-E F 14,3 0 0 L2 Th l-inch sphere
52-E F 14,3 0 0 0 Th l-inch sphere
52-F F 14.3 0 1 3,035 115 l-inch sphere
52-F F 14.3 0 0 T1h 113 l-inch sphere
52-F F 1k4.3 0 0 Lol 113 l-inch sphere
52-G F 14.3 0 1 3,625 150 1-inch sphere
52-G F 14,3 0 0 986 148 l-inch sphere
52-G F 14,3 0 o} 380 148 1-inch sphere
52-H F 14,3 0 1 4,180 192 l-inch sphere
52-H F 14,3 0 0 900 190 l-inch sphere
52-H F 14,3 0 0 600 190 l-inch sphere
50-1 F 4.3 0 1 4,405 213 l-inch sphere
52-1 F 4.3 0 0 1,056 210 1-inch sphere
52-1 F 4.3 0 0 808 210 l-inch sphere
52-J F 4.3 0 1 2,220 51 l-inch sphere
52-J F 1.3 0 1 1,800 50 1-inch sphere
52-J F 4.3 0 1 1,760 kg l-inch sphere
52-J F 1.3 0 0 178 48 1-inch sphere
52-J F 14,3 0 0 0 L8 l-inch sphere
52-K T 14.3 0 1 2,01k L3 l-inch sphere
52-K T 4.3 0 1 2,566 Lo l-inch sphere
52-K T 4.3 0 1 3,034 Ly l-inch sphere
52-K T 14,3 0 1 3,908 Lo l-inch sphere
52-K T 4.3 0 0 588 Lo l-inch sphere
52-K T 1.3 0 0 859 39 1l-inch sphere
52-1 T 4.3 0 1 30,800 31 l-inch sphere
52-L T 14,3 0 1 3k, 260 28 l-inch sphere
52-L Max 14.3 0 1 41,300 2k l-inch sphere
50-L N 4.3 0 1 34,600 21 l-inch sphere
52-1L N 14,3 0 1 29,000 18 1-inch sphere
52-L N 4.3 0 0 2k, 700 16 l-inch sphere
52-1, N 14.3 0 0 20,360 15 l-inch sphere
50-1L N 4.3 0 0 14,970 1k l-inch sphere
52-1, N 14,3 0 0 10,970 1% l-inch sphere
52-L N 1.3 0 0 8,080 12 l-inch sphere
52-L N 1k.3 0 0 5,910 11 l-inch sphere
52-1 N 14,3 0 0 L, 600 10 l-inch sphere
52-1, N 14.3 0 0 3,870 9 1l-inch sphere
52-M F 14.3 0 1 2,06l 65 l-inch sphere
52-M F 14,3 o] 1 2,058 an l-inch sphere
52-M F 1.3 0 1 2,052 63 1-inch sphere
52-M F 14,3 0 0 545 62 1-inch sphere
52-M F 14.3 0 0 Lo5 62 l-inch sphere
52-N F 4.3 0 1 2,226 56 l-inch sphere
52-N F 1k4.3 0 1 1,774 55 1-inch sphere
52-N F 14.3 0 1 1,770 54 l-inch sphere
52-N F 1.3 0 0 755 53 l-inch sphere
52-N F 14,3 0 0 389 53 1-inch sphere
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le;:er E’Z;i‘;ﬁg Pressure  Subcooling a/ g q/ A T-Tgat Configuration Pre;:t;ﬁ;lng
Run 55
55-A F 36.2 3-7 1 8,360 292 l-inch sphere Air
55=-A F 36.2 37 1 7,310 246 1l-inch sphere Air
55«4 F 36.2 3-7 1 5,970 205 l-inch sphere Air
55<A F 36.2 3-7 1 4,850 152 1-inch sphere Air
55-A F 36.2 3-7 1 3,840 118 l-inch sphere Alr
55-A 7 36.2 3-7 1 3,170 8l l-inch sphere Air
55-A F 36.2 37 1 2,660 63 l-inch sphere Air
55-B F 37.3 8 1 6,600 192 1-inch sphere Air
55=C F 37.2 8 1 6,770 192 l-inch sphere Air
55-D F 37.2 6 1 3,860 10k l-inch sphere Air
55-D F 37.2 6 1 3,590 9k 1-inch sphere Air
55-D F 37.2 6 1 3,340 8L 1-inch sphere Air
55-E F 39.8 7 1 3,280 57 l-inch sphere Air
55-E Min 39.8 7 1 4,200 51 1l-inch sphere Air
55-E T 39.8 1 1 12,340 Lo l-inch sphere Air
55-E T 39.8 1 1 23,570 31 l-inch sphere Air
55-E T 39.8 1 1 53,130 25 l-inch sphere Air
55-E Max 39.8 1 1 76,020 21 l-inch sphere Air
55-E N 39.8 1 1 38,090 16 l-inch sphere Air
55-E N 39.8 1 1 10,560 12 1-inch sphere Air
55-E N 39.8 1 1 7,940 11.3 l-inch sphere Air
55-F F 37.5 10 1 9,060 285 l-inch sphere Air
55-F F 37.5 10 1 8,450 270 l-inch sphere Air
Run 56

56-A F 65.3 6-11 1 12,070 315 l-inch sphere Air
56-A F 65.3 6-11 1 9,630 252 l-inch sphere Air
56-A F 65.3 6-11 1 8,340 206 1-inch sphere Air
56-A F 65.3 6-11 1 7,410 156 1-inch sphere Air
56-A F 65.3 6-11 1 5,140 108 l-inch sphere Air
56-A Min 65.3 6-11 1 3,980 65 l-inch sphere Air
56-A T 65.3 6-11 1 4,530 45 1-inch sphere Air
56-B F 66.4 11 1 14,650 312.5 l-inch sphere Air
56~C F 66.0 13 1 10,630 268 l-inch sphere Air
56-C F 66.0 13 1 9,830 256 l-inch sphere Air
56-D F 67.0 17 1 9,600 182 l-inch sphere Alr
56-E F 66.6 . 13 1 6,040 96 l-inch sphere Air
56-E F 66.6 13 1 5,740 85 l-inch sphere Air
56-E F 66.6 13 1 5,340 Th l-inch sphere Air
56-F F 69.0 14 1 5,620 66 l-inch sphere Air
56-F F 69.0 14 1 L,890 56 1-inch sphere Air
56-F Min 69.0 1h 1 4,690 48 1-inch sphere Air
56-F T 69.0 14 1 5,860 39 l-inch sphere Air
56-F T 69.0 14 1 10,960 38 l-inch sphere Air
56-F T 69.0 4 1 35,600 %2 1-inch sphere Air
56-G Min 66.2 10 1 4,500 L7 l-inch sphere Air
56<G T 66.2 10 1 8,350 Lo l-inch sphere Air
56~G T 66.2 10 1 25,260 39 1-inch sphere Air
56-G T 66.2 10 1 53,110 28 l-inch sphere Air
56-G Max 66.2 10 1 90,9%0 22 l-inch sphere Air
56-G N 66.2 10 1 47,960 18 l-inch sphere Air
56-G N 66.2 10 1 16,460 1k l-inch sphere Adr
56-G N 66.2 10 1 7,700 11 l-inch sphere Alr
56-G N 66.2 10 1 1,320 7.2 l-inch sphere Air
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NSE:er i:;iizg Pressure = Subcooling a/g; a/A T-Tgat Configuration Pre;:gzizing
56-H T 69.6 25 1 7,580 Ll l-inch sphere Helium
56-H T 69.6 25 1 19,010 37 l-inch sphere Helium
56-H T 69.6 25 1 61,340 32 l-inch sphere Helium
56-H Max 69.6 25 1 117,850 25 l-inch sphere Helium
56-H N 69.6 25 1 59,270 17 l-inch sphere Helium
56-H N 69.6 25 1 20,710 1k 1-inch sphere Helium
56-H N 69.6 25 1 5,030 8.4 1-inch sphere Helium
56-1 F 69.2 24 1 15,400 310 l-inch sphere Helium

Run 57
57-A F bl .5 18 1 11,200 305 l-inch sphere Helium
57-A F L4.5 18 1 10,750 292 l-inch sphere Helium
57=-B-1 F 45.1 11 1 9,000 186 1-inch sphere Helium
5T7-B-1 F 5.1 11 1 8,600 179 1l-inch sphere Helium

57-B-2 F Lk 5 17 1 8,900 200 1-inch sphere Helium

57-B=-2 F 4,5 17 1 8,600 190 1-inch sphere Helium

57-B-2 F Lh.5 17 1 8,150 179 1-inch sphere Helium
57-C F Lh 4 16 1 6,300 101 1l-inch sphere Helium
57-C F Ll y 16 1 6,200 96 1-inch sphere Helium
57-C F Lh 16 1 5,900 86 l-inch sphere Helium
57-D Min Li.9 16 1 4,270 53 l-inch sphere Helium
57-D T Lk .9 16 1 13,200 i 1-inch sphere Helium
57-D T 4,9 16 1 38,100 34,5 l-inch sphere Helium
57-D Max 4l .9 16 1 80,240 22.6 l-inch sphere Helium
57-D N Lh.9 16 1. 45,660 15.5 l-inch sphere Helium
57-D N k.9 16 1 19,920 11 l-inch sphere Helium
57-E Max 45,3 15 <1 88,900 20.8 l-inch sphere Helium
57-E N 45,3 15 1 29,580 11.1 1-inch sphere Helium
57-E N 45,3 15 1 ‘8,300 7.2 l-inch sphere Helium
57-F F 73.3 28 1 14,800 290 l-inch sphere Helium
57-G F 73.3 27 1 10,800 175 l-inch sphere Helium
57-H F 73.3 26 1 7,010 oL l-inch sphere Helium
57-H F 73.3 26 1 6,250 82 l-inch sphere Helium
57-H F 73.3 26 1 5,960 71 l-inch sphere Helium
57-1 T 4.9 27 1 7,400 39 1-inch sphere Helium
57-1 T 4.9 27 1 18,130 37 l-inch sphere  Helium
57-1 T 4.9 27 1 64,450 3L l-inch sphere Helium
57-1 Max .9 27 1 104,710 20.3 l-inch sphere Helium
57-I N 4.9 27 1 56,840 13.2 l-inch sphere Helium
57-1 N 4.9 27 1 22,130 8.1 l-inch sphere Helium
57-J FC Th b 25 1 2,530 1.1 l-inch sphere Helium
57-K F 73.3 - 1.3 1 7,680 212 l-inch sphere Helium
57-1L F 4.3 - 1.0 1 9,150 260 1-inch sphere Helium
57-M F k5.9 0 1 8,110 271 l-inch sphere Helium
57-N - F 46.8 0 1 6,120 190 l-inch sphere Helium

Run 58
58-A F 43.3 16 1 14,120 2712 1/4-inch sphere Helium
58-B F 43.8 14 1 14,370 269 1/k-inch sphere Helium
58-C Min ho.5 13 1 9,960 69 1/L4-inch sphere Helium
58-C T ko .5 13 1 25,420 L5 1/k-inch sphere Helium
58-C T k2.5 13 1 47,120 35 1/4-inch sphere Helium
58-C Max ho.5 13 1 67,730 ol 1/4-inch sphere Helium
58-C N ko 5 13 1 37,070 12 1/4-inch sphere Helium
58-C N k2.5 13 1 8,470 5 1/k-inch sphere Helium
58-D T 73.1 25 1 11,060 60 1/4-inch sphere Helium
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Run Boiling R . . Pressurizing
Number  Reglon Pressure Subcooling a/ g q/ A T-Tgat Configuration Medium
58-D T 73.1 25 1 19,420 51 1/4-inch sphere Helium
58-D T 73.1 25 1 41,480 36 1/b-inch sphere Helium
58-D T 73.1 25 1 63,100 32 1/lb-inch sphere Helium
58-D T T3.1 25 1 87,210 25 1/4-inch sphere Helium
58-D Max 73.1 25 1 134,990 20 1/b-inch sphere Helium
58-D N 73.1 25 1 83,620 18.4  1/h-inch sphere Helium
58-D N 73.1 25 1 55,750 11.7  1/b-inch sphere Helium
58-D N 73.1 25 1 k4,270 9.5 1/L-inch sphere Helium
58-D N 73.1 25 1 19,890 7.6 1/h-inch sphere Helium
58-D N 73.1 25 1 15,180 6.4  1/h-inch sphere Helium
58-E F 4.6 23 1 18,9%0 311 1/4-inch sphere Helium
58-E F T4.6 23 1 17,870 282 1/b4-inch sphere Helium
58-E F .6 23 1 17,320 253 1/4-inch sphere Helium
58-E F 4.6 23 1 16,150 210 1/4-inch sphere Helium
58-E F 4.6 23 1 14,000 171 1/k-inch sphere Helium
58-E F 4.6 23 1 13,050 135 1/4-inch sphere Helium
58-E T T4.6 23 1 11,570 100 1/b-inch sphere Helium
58-E Min 4.6 23 1 11,400 T2 1/4-inch sphere Helium
58-E T h.6 23 1 13,570 Ly 1/4-inch sphere Helium
Run 59
59-A F L4h.0 14 1 9,400 231 l-inch sphere Helium
59-A F ) 1k 0 3,600 229 1-inch sphere Helium
59-A F 4.0 14 0 1,885 228 l-inch sphere Helium
59-B F 44,0 15 1 7,210 166 l-inch sphere Helium
59-B F 4.0 15 0 3,800 162 1-inch sphere Helium
59-B F Lk .0 15 0 1,747 161 l-inch sphere Helium
59-C F 45.0 14 1 6,190 105 1-inch sphere Helium
59-C F 45.0 14 0 3,060 101 1-inch sphere Helium
59-C F 45,0 1k 0 1,905 100 l-inch sphere Helium
59-D F Lk.0 15 1 4,960 66 l-inch sphere Helium
59-D F Lk.0 15 0 3,260 62.6 1-inch sphere Helium
59-D F Lh .0 15 0 1,352 61.5 1-inch sphere Helium

Run 60

60-A T hi 1 14 1 5,030 L l-inch sphere Helium
60-A T bh,1 1L 1 6,800 ko l-inch sphere Helium
60-A T Ll 1 1L 0 8,790 35 l-inch sphere Helium
60-A T b1 1k 0 5,310 3h.2 1-inch sphere Helium
60-A T b1 14 0 2,590 33.8 1-inch sphere Helium
60-A T b1 14 0 6,130 33 l-inch sphere Helium
60-B No Data

60-C T hh .2 16 1 42,220 30.5 l-inch sphere Helium
60-C T Ly 2 16 1 95,750 25,4 l-inch sphere Helium
60-C Max L2 16 0 104,270 22,4 l-inch sphere Helium
60-C N L2 16 0 78,670 19.7 1-inch sphere Helium
60-C N hh.2 16 0 38,750 16.2 l-inch sphere Helium
60-C N Ll 2 16 0 16,470 12.5 l-inch sphere Helium
60-C N Lk 2 16 0 5,010 8.8 l1-inch sphere Helium
60~D T bl 2 15 1 16,060 b1 l-inch sphere Helium
60-D T Ll 2 15 0 13,140 33 l-inch sphere Helium
60-D T Ll 2 15 0 8,100 32.2 1-inch sphere Helium
60-D T Lk 2 15 0 20,580 28 l-inch sphere Helium
60-D T Ll .2 15 0 22,290 23,4 l-inch sphere Helium
60-E T bk .0 15 1 4,920 L7 l-inch sphere Helium
60-E T k.0 15 1 7,080 4z l-inch sphere Helium
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Nﬁiﬁer 1]2:3:228 Pressure Subcooling  a/g o/A T-Tgat  Configuration Pre;:ziifﬂmg
60-E T Lk .0 15 0 7,810 Lo, 7 l-inch sphere Helium
60-E T k.o 15 0 6,080 39.3 l-inch sphere Helium
60-F N Lh.5 17 1 2,750 7 l-inch sphere Helium
60-F N Ll 5 17 1 2,520 6.1 l-inch sphere Helium
60-F N L5 17 0 2,420 5.7 l-inch sphere Helium
60-F N Ll 5 17 0 1,830 5 l-inch sphere Helium
60-F N Ll 5 17 0 1,270 b7 l-inch sphere Helium
60-G T hh 5 17 1 38,580 Lo 1-inch sphere Helium
60-G T Ll 5 17 1 72,240 30.6 l-inch sphere Helium
60-G T Ly .5 17 0 80,890 26.3 l-inch sphere Helium
60-G T 4,5 17 0 63,720 23,8 l-inch sphere Helium
60-G T Ll .5 17 0 27,470 22.8 l-inch sphere Helium
60-G T Ly .5 17 o} 13,990 19.9 l-inch sphere Helium
60-G T Li 5 17 0 20,000 18 1l-inch sphere Helium
60-G Max Ll .5 17 0 23,710 16 1-inch sphere Helium
60-G N 4.5 17 0 20,550 141 l-inch sphere Helium
60-G N Ly, 5 17 0 10,210 10.9 l-inch sphere Helium

Run 61
61-A F T3.7 27 1 11,800 215 l-inch sphere Helium
61-A F 73.7 27 0 2,990 209 l-inch sphere Helium
61-B F 3.0 25 1 9,790 158 l-inch sphere Helium
61-B F 73.0 25 0 2,9%0 153 l-inch sphere Helium
61-C F 2.4 29 1 6,770 89 l-inch sphere Helium
61-C F 2.4 29 0 1,986 8L l-inch sphere Helium
61-D F 4.0 30 1 6,080 52 1-inch sphere Helium
61-D F 4.0 30 0 3,440 L6 l-inch sphere Helium
61-E T 4.0 3% 1 5,111 Lh2.6 l-inch sphere Helium
61-E T 4.0 33 1 23,633 38.6 l-inch sphere Helium
61-E T 4.0 33 1 49,488 37.3 1l-inch sphere Helium
61-E T 4.0 33 1 62,739 35.3 1-inch sphere Helium
61-E T 4.0 33 1 58, 34k 29.6 l-inch sphere Helium
61-E N ™™.0 33 0 51,575 29 l-inch sphere Helium
61-E N Th.0 33 0 31,139 20.8 1-inch sphere Helium
61-E N 4.0 33 0 26,211 13.7 l-inch sphere Helium
61-E N 4.0 33 0 16,187 10.6 1-inch sphere Helium
61-F T Th. b 27 1 8,059 L. 8 1-inch sphere Helium
61-F T Th. 4 27 1 11,733 h1.9 1l-inch sphere Helium
61-F T Th.k 27 0 21,573 36.3 l-inch sphere Helium
61-F T Thk4 27 0 28,540 27.9 l-inch sphere Helium
61-F T Th X 27 0 Lo, 570 21.4 l-inch sphere Helium
61-G T 4.0 28 1 8,450 ho.2 1-inch sphere Helium
61-G T .0 28 1 1,245 37.2 l-inch sphere Helium
61-G T 4.0 28 1 51,580 32.5 l-inch sphere Helium
61-G N 4.0 28 0 90,473 23,2 l-inch sphere Helium
61-G N Th.0 28 0 59,886 18.9 l-inch sphere Helium
61-G N 4.0 28 0 16,558 9.2 l-inch sphere Helium
61-G N T4.0 28 0 7,054 7.0 l-inch sphere Helium
61-H T 75.0 30 1 5,771 43,3 1-inch sphere Helium
61-H T 75.0 30 1 30,231 33.5 l-inch sphere Helium
61-H T 5.0 30 1 71,408 28.9 l-inch sphere Helium
61-H N 75.0 30 0 98,431 19.7 l-inch sphere Helium
61-E N 75.0 30 0 60,958 17.1 l-inch sphere Helium
61-H N 75.0 30 0 17,9%5 9.0 1-inch sphere Helium
61-H N 75.0 30 0 3,064 5.9 l-inch sphere Helium
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Ni:rlx‘:er i:;i;;lg Pressure Subcooling  a/g a/A T-Tgat  Configuration Pre;:l;z;ilng
Run 62
62-A F Th.2 28 0 5,810 185 1/4-inch sphere Helium
62-B F 75.6 28 1 9,010 62 1/L4-inch sphere Helium
62-B F 75.6 28 1 8,070 L5 1/4-inch sphere Helium
62-B Min 75.6 28 0 7,940 33 1/4-inch sphere Helium
62-B T 75.6 28 1 9,510 30 1/k-inch sphere Helium
62-B T 75.6 28 o 16,360 26 1/4-inch sphere Helium
62-B T 75.6 28 1 34,870 23 1/h-inch sphere Helium
62-B T 75.6 28 1 k2,150 21 1/4-inch sphere Helium
62-B T 75.6 28 1 Lk, 300 16.8  1/k-inch sphere Helium
62-B T 75.6 28 0 54,380 13.8 1/b-inch sphere Helium
62-B Max 75.6 28 0 63,050 10.8 1/4-inch sphere Helium
62-B N 75.6 28 0 61,540 7.6 1/b-inch sphere Helium
62-C Min 4.8 28 1 7,160 61 1/4-inch sphere Helium
62-C T 74.8 28 1 7,700 45 1/4-inch sphere Helium
62-C T 4.8 28 0 8,380 3k 1/4-inch sphere Helium
62-C T 4.8 28 0 14,370 26 1/4-inch sphere Helium
62-C T T4.8 28 0 27,890 19 1/4-inch sphere Helium
62-C T 4.8 28 0 31,360 1k 1/4-inch sphere Helium
62-C T 4.8 28 0 35,860 8.3 1/k-inch sphere Helium
62-C T 4.8 28 0 36,080 5.6 1/4-inch sphere Helium
62-D F 75.2 29 1 9,kko 157 1/4-inch sphere Helium
62-D F 75.2 29 1 8,390 147 1/4-inch sphere Helium
62-D F 75.2 29 0 7,630 136 1/4-inch sphere Helium
62-D F 75.2 29 0 6,470 126 1/4-inch sphere Helium
62-E F 73.2 28 1 7,550 i 1/4-inch sphere Helium
62-F F 73.2 28 0 7,130 57 1/4-inch sphere Helium
Run 63

63-A F 14.6 -2 1 6,720 2l2 1/4-inch sphere

63-A F 14,6 -2 0.17 k4,360 229 1/k-inch sphere

63-B F 1k.6 0 1 4,360 184 1/4-inch sphere

63-B F 14.6 0 0.17 3,370 168 1/h-inch sphere

63-C F Lk, 0 16 1 7,400 221 1/k-inch sphere Helium
63-C F 4.0 16 0.17 3,550 202 1/b-inch sphere Helium
63-D F 73.9 26 1 12,000 203 1/b-inch sphere Helium
63-D F 73.9 26 0.17 7,050 178 1/b-inch sphere Helium
63-E F 76.9 0 1 8,800 177 1/4-inch sphere Helium
63-F F 7.1 -1 1 9,400 20k 1/4-inch sphere Helium
63-F F 7.1 -1 0.17  5,ko0 175 1/L4-inch sphere Helium
63-G F k6.0 0 1 8,850 218 1/4-inch sphere Helium
63-G F 46.0 0 0.17 6,000 200 1/4-inch sphere Helium
63-H F b7 1k 1 9,560 166 1/4-inch sphere Helium
63-H F b7 1k 1 8,370 156 1/4-inch sphere Helium
63-H F Lh 7 14 0.17 5,770 136 1/lb-inch sphere Helium
63-1 F ™. T 26 1 10,550 150 1/k-inch sphere Helium
63-1 F .7 26 0.17 6,060 120 1/l4-inch sphere Helium
63- F 14.0 o 1 5,140 180 1/k-inch sphere

63-J F 14.0 0 0.17 3,400 165 1/4-inch sphere

63-K F 14.0 0 1 3,670 110 1/k-inch sphere

63-X F 14,0 0 0.17 2,360 98 1/b-inch sphere

63-L F L5,5 18 1 7,300 100 1/h-inch sphere Helium
63-L F 45.5 18 0.17 5,770 70 1/l4-inch sphere Helium
63-M F 73.8 27 1 9,070 85 1/4-inch sphere Helium
63-M F 73.8 27 0.17 7,800 50 1/4-inch sphere Helium
63-N F 1k.0 0 1 3,120 57 1/4-inch sphere Helium
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Run Boilin, . . . Pressurizing
Number Regiong Pressure Subcooling a/g a/A T-Teat Configuration Medim
63-N F ik.0 0 0.17 2,050 L9 1/4-inch sphere Helium
63-0 F 4.3 17 1 7,470 72 1/k4-inch sphere Helium
63-0 Min 4.3 17 1 6,570 56 1/4-inch sphere Helium
63-0 T bl 3 17 1 6,940 ho 1/4-inch sphere Helium
63-0 T 4y 3 17 1 9,700 4o 1/4-inch sphere Helium
63-0 T Ly 3 17 0.17 19,770 37 1/4-inch sphere Helium
63-0 T Lh.3 17 0.17 35,020 32 1/4-inch sphere Helium
63-0 Max L ,3 17 0.17 57,060 21 1/k-inch sphere Helium
63-0 N Lh.3 17 0.17 148,560 14.2  1/b-inch sphere Helium
63-0 N Lh.3 17 0.17 35,530 10.9  1/b-inch sphere Helium
63-0 N Ly .3 17 0.17 21,010 8.2 1/4-inch sphere Helium
63-0 N Ll .3 17 0.17 9,570 5.4 1/L-inch sphere Helium
63-P T 76.0 29 1 9,330 57 1/4-inch sphere Helium
63-P T 76.0 29 1 10,190 50 1/l-inch sphere Helium
63-P T 76.0 29 0.17 13,700 b 1/l4-inch sphere Helium
63-P T 76.0 29 0.17 41,640 33 1/4-inch sphere Helium
63-P Max 76.0 29 0.17 79,230 18.4  1/4-inch sphere Helium
63-P N 76.0 29 0.17 = 55,370 10.2  1/4-inch sphere Helium
63%-p N 76.0 29 0.17 26,240 5.3  1/hk-inch sphere Helium
63-qQ F 74.8 28 0.17 9,59 60 1/4-inch sphere Helium
63-q Min 74.8 28 0.17 9,580 Lo 1/4-inch sphere Helium
63-q T .8 28 0.17 30.560 3k 1/h-inch sphere Helium
63-Q T 4.8 28 0.17 49,480 31 1/4-inch sphere Helium
63-Q Max 4.8 28 0.17 73,550 oL 1/b-inch sphere Helium
63-Q N .8 28 0.17 172,270 16 1/4-inch sphere Helium
63-Q N 4.8 28 0.17 58,680 12 1/4-inch sphere Helium
63-Q N 4.8 28 0.17 22,050 7 1/k-inch sphere Helium

63-R N 14.0 -1 1 19,600 10.9  1/4-inch sphere
63-R N 14.0 -1 1 14,050 9.9 1/4-inch sphere
63-R N 14.0 -1 1 10,120 9.2  1/h-inch sphere
63-R N 14.0 -1 1 6,940 8.8 1/b-inch sphere
63-R N 14.0 -1 1 4,050 7.8  1/h-inch sphere
63-R N 1k.0 -1 0.17 3,450 7.2 1/b-inch sphere
63-R N 14.0 -1 0.17 2,380 6.0 1/b-inch sphere
63-R N 14.0 -1 0.17 1,620 4.6 1/4-inch sphere
63-R N 1k.0 -1 0.17 1,080 4.0  1/4-inch sphere
63-3 N b5 16 1 49,240 10.6  1/Lk-inch sphere Helium
63-8 N Lh.5 16 1 23,920 8.0 1/h-inch sphere Helium
63-S N 4.5 16 1 13,830 6.1  1/b-inch sphere Helium
63-5 N L4.5 16 1 8,200 5.0  1/l-inch sphere Helium
63T FC 75.8 28 1 2,610 -9 1/b4-inch sphere Helium
63-T FC 75.8 28 0.17 957 =15 1/4-inch sphere Helium
63-U FC L 4 16 1 659 -9 1/4-inch sphere Helium
63-U FC Ly L 16 0.17 Lok -12 1/b-inch sphere Helium
63-V N 75.8 o7 1 107,260 13.3 1/l-inch sphere Helium
63-V N 75.8 27 1 59,100 9.3 1/k-inch sphere Helium
63-V N 5.8 27 1 27,980 6.3 1/h-inch sphere Helium
Run 64
6l4-A F Thoh 23 1 11,600 202 l-inch sphere Helium
6h-A F .k 23 1 10,350 198 l-inch sphere Helium
Y F h.b 2% 0.17 6,000 193 1-inch sphere Helium
64-B F k5.1 10 1 8,550 213 l-inch sphere Helium
6L-C F .8 26 1 14,680 299 l-inch sphere Helium
6L-C F 4.8 26 0.17 8,530 295 1-inch sphere Helium
64-D F 45.1 15 1 12,450 316 1l-inch sphere Helium
64-D F b5,1 15 1 10,940 312 l-inch sphere Helium
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Run Boiling \ . Pressurizing
Number  Reglon Pressure  Subcooling a/g q/A T-Tgat Configuration Medium
64-D F L5, 1 15 0.17 5,750 306 l-inch sphere Helium
64-w F k5.1 12 0.17 5,100 83 l-inch sphere Helium
64-E F 45,1 12 0.17 3,450 T8 l-inch sphere Helium
64-F F h.2 22 1 5,850 T2 1-inch sphere Helium,
64-r F h.2 22 0.17 4,340 67 l-inch sphere Helium
64-G Min Lh,2 15 1 4, koo Ll 1l-inch sphere Helium
64-G T Ll 2 15 1 6,690 L1 l-inch sphere Helium
64-G T L 2 15 0.17 21,120 3k l-inch sphere Helium
64-G T Ll 2 15 0.17 30,400 29 l-inch sphere Helium
64-a Max Ll 2 15 0.17 60,880 22 1-inch sphere Helium
64-G N Ll 2 15 0.17 33,460 1h.7 1-inch sphere Helium
6L4-G N Ly 2 15 0.17 15,450 11.6 1-inch sphere Helium
64-H Min 75.2 23 1 5,350 46 l-inch sphere Helium
64-H T 75.2 23 0.17 3,800 b1 l-inch sphere Helium
6h-H T 73.8 22 1 9,910 38.7 l-inch sphere Helium
64-H T 73.8 22 1 14,560 38. 1-inch sphere Helium
6h-1 T 7%.8 22 0.17 25,990 3%.8 l-inch sphere Helium
64-1 T 73.8 22 0.17 173,200 22.3 1-inch sphere Helium
6h-1 T 73.8 22 0.17 87,890 19.9 1-inch ‘sphere Helium
64-1 Max 73.8 22 0.17 97,250 18.9 l-inch sphere Helium
6L-1 N 73.8 22 0.17 60,220 15.5 l-inch sphere Helium
641 N 73.8 22 0.17 14,850 9.5 l-inch sphere Helium
6h-J T hh 2 12 1 36,900 33 1-inch sphere Helium
6l4-T Max Ly 2 12 0.17 94,1% 22,4 l-inch sphere Helium
6h-J N bl 2 12 0.17 53,220 18 l-inch sphere Helium
64-J N bl 2 12 0.17 12,050 10.2 l-inch sphere Helium
614-—K> Max T3.7 22 1 114,290 19 l-inch sphere Helium
6L-K N 73.7 22 1 28,560 10.8 1-inch sphere Helium
64-K N T3.7 22 1 6,890 6 1-inch sphere Helium
64-K N 3.7 22 0.17 4,430 b 1l-inch sphere Helium
6L-K N T3.7 22 0.17 1,710 2.3 1l-inch sphere Helium
6h-1, F 79.2 1 1 7,370 199 l-inch sphere Helium
6L-1, F 79.2 1 0.17 3,940 194 l-inch sphere Helium
64-M F 45,0 1 1 6,350 211 1-inch sphere Helium
6h4-M F 45.0 1 0.17 3,130 205 l-inch sphere Helium
6L4-N P 72.8 1 1 3,200 69 l-inch sphere Helium
64-N F 72.8 1 0.17 1,700 67 l-inch sphere Helium
6h-N F 72.8 1 0.17 2,040 66 l-inch sphere Helium
64-0 F Ly, 7 0 1 2,820 80 1-inch sphere Helium
64-0 F Wy 7 0 0.17 2,050 8 l-inch sphere Helium

Run 65
65-A F 4.3 0 1 12,800 301 Vertical disk
65-A F 1.3 0 1 10,710 231 Vertical disk
65-A F 14.3 0 1 8,150 161 Vertical disk
65-A F 14.3 0 1 5,780 101 Vertical disk
65-A F 4.3 0 1 4,110 61 Vertical disk
65-B F Ll 3 0-12 1 19,930 281 Vertical disk Helium
65-B F Lh.3 0-12 1 16,300 201 Vertical disk Helium
65-B F Lh 3 0-12 1 12,920 141 Vertical disk Helium
65-B F Ll % 0-12 1 9,440 101 Vertical disk Helium
65-B T Lh,3 0-12 1 6,860 61 Vertical disk Helium
65-C F Th.3 2-18 1 21,990 260 Vertical disk Helium
65-C F .3 2-18 1 18,560 190 Vertical disk Helium
65-C F Th.3 2-18 1 13,050 130 Vertical disk Helium
65-C F Th.3 2-18 1 9,080 90 Vertical disk Helium
65-C F Th.3 2-18 1 8,080 70 Vertical disk Helium




Run Boiling . . . Pressurizin,
Namber  Reglon Pressure Subcooling  a/g a/A T-Tgat  Configuration Modiom g
65-C F .3 2-18 1 7,540 60 Vertical disk Helium
65-D Min 14.3 0 1 5,190 Lo Vertical disk
65-D T 4.3 0 1 15,300 L6 Vertical disk
65-D T 4.3 0 1 54,020 Lo Vertical disk
65-D Max 4.3 0 1 71,560 31 Vertical disk
65-D N 4.3 0 1 60,620 22 Vertical disk
65-D N 4.3 0 1 20,650 13 Vertical disk
65-D N 4.3 0 1 10,070 10 Vertical disk
65-D N 4.3 0 1 2,530 3.7 Vertical disk
Run 66
66-A F 1k.0 1.5 1 12,250 309 Vertical disk
66-A F 1k.0 1.5 0.16 7,500 305 Vertical disk
66-B F k4.0 - 1.5 1 10,420 229 Vertical disk
66-B F k.0 - 1.5 0.16 7,200 225 Vertical disk
66-C F 14,0 1 1 7,330 117 Vertical disk
66-C P 14,0 1 0.16 5,570 114 Vertical disk
66-D F k2.9 11 1 19,270 292 Vertical disk Helium
66-D F k2.9 11 0.16 13,300 286 Vertical disk Helium
66-E F Lh. 3 6 1 16,760 211 Vertical disk Helium
66-E F Ll .3 6 0.16 11,0k0 205 Vertical disk Helium
66-F F 70.9 19 1 29,000 201 Vertical disk Helium
66-F F 70.9 19 0.16 20,960 193 Vertical disk Helium
66-G F 734 20 1 22,800 279 Vertical disk Helium
66-G F T3.4 20 0.16 16,000 274 Vertical disk Helium
66-H F Th.b 11 1 13,040 91 Vertical disk Helium
66-H F Th .k 11 0.16 8,610 88 Vertical disk Helium
66-H F Th. b 11 0.16 6,210 86 Vertical disk Helium
66-T F 45.7 3 1 9,480 88 Vertical disk Helium
66-1 F L5.7 3 0.16 7,150 8l Vertical disk Helium
Run 67
67-A F 14.3 -1 1 7,130 119 Vertical disk
67-A F 4.3 -1 0 3,600 117 Vertical disk
67-B F 1.3 0 1 12,500 307 Vertical disk
67-B F 1.3 0 0 6,360 303 Vertical disk
67-C F 1.3 0 1 10,630 228 Vertical disk
67-C F 14.3 0 0 5,900 20 Vertical disk
67-D F 75.3 20 1 2k, 200 279 Vertical disk Helium
67-D F 75.3 20 0 12,150 273 Vertical disk Helium
67-E F T5.3 9 1 11,930 89 Vertical disk Helium
67-E F 75.3 9 0 5,520 85 Vertical disk Helium
67-F F 79.3 17 1 20,550 200 Vertical disk Helium
67-F F 79.3 17 0 8,800 19k Vertical disk Helium
67-G F 4o.8 9 1 17,100 211 Vertical disk Helium
67-G F 42.8 9 0 8,820 206 Vertical disk Helium
67-H F hh,3 1 1 8,710 99 Vertical disk Helium
67-H F bh.3 1 0 5,460 96 Vertical disk Helium
67-1 F 46.3 12 1 19,500 290 Vertical disk Helium
67-1 F 46.3 12 0 8,900 285 Vertical disk Helium
Run 68
68-A F 50.8 2 1 15,160 287 Vertical disk Nitrogen
68-4 F 50.8 2 0 8,325 283 Vertical disk Nitrogen
68-B F 7.8 0 1 1k, k20 199 Vertical disk Nitrogen
68-B F 47.8 0 0 6,340 196 Vertical disk Nitrogen
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Run Boiling . . Pressurizing
Number  Region Pressure  Subcooling a/g q/A T-Tgat Configuration Meddum
68-C F 45,5 1 1. 8,670 99 Vertical disk Nitrogen
68-C F 45,5 1 0 5,990 96 Vertical disk Nitrogen
68-D F T7.3 2 1 11,350 23h Vertical disk Nitrogen
68-D F 7.3 2 0 5,580 231 Vertical disk Nitrogen
68-E F 76.3 1 1 16,000 183 Vertical disk Nitrogeh
68-E F 76.3 1 0 11,160 179 Vertical disk Nitrogen
68-E F 76.3 1 0 10,180 177 Vertical disk Nitrogen
68-F F .5 0 1 12,610 11k Vertical disk Nitrogen
68-F F T".5 0 0 9,150 110 Vertical disk Nitrogen
68-G F Ll .6 -5 1 13,710 207 Vertical disk Nitrogen
68-G F L. 6 -5 0.16 11,080 203 Vertical disk Nitrogen
68-H F L6.1 -3 1 14,960 288 Vertical disk Nitrogen
68-H T L6.1 -3 0.16 10,590 28L Vertical disk Nitrogen
68-1 F 45,4 0 1 47,800 ol Vertical disk Nitrogen
68-1 F Ls L 0 0.16 141,200 80 Vertical disk Nitrogen
68-J ¥ 7.1 0 1 16,800 275 Vertical disk Nitrogen
68-J F 7.1 0 0.16 12,230 270 Vertical disk Nitrogen
68-K F 73.1 -6 1 14,150 196 Vertical disk Nitrogen
68-K F 73.1 -6 0.16 12,170 191 Vertical disk Nitrogen
68-L F 78.3 - L 1 11,080 110 Vertical disk Nitrogen
68-1, F 78.3 -k 0.16 8,590 107 Vertical disk Nitrogen
68-M F h.3 0 1 18,420 260 Vertical disk Nitrogen
68-M F Th.3 -2 1 15,650 190 Vertical disk Nitrogen
68-M F 4.3 - 1.9 1 12,880 140 Vertical disk Nitrogen
68-M F 4.3 - 1.7 1 10,080 90 Vertical disk Nitrogen
68-M F .3 - 1.3 1 9,400 70 Vertical disk Nitrogen
68-M F 4.3 - 1.3 1 7,810 50 Vertical disk Nitrogen
68-N F u3.7 1.6 1 16,320 281 Vertical disk Nitrogen
68-N F 43 7 - 1.9 1 13,200 201 Vertical disk Nitrogen
68-N F h3,7 - 0.7 1 10,410 141 Vertical disk Nitrogen
68-N F 43,7 0.1 1 8,500 101 Vertical disk Nitrogen
68-N F 43,7 0.5 1 7,567 65 Vertical disk Nitrogen
68-N F 43,7 0.8 1 6,865 41 Vertical disk Nitrogen
Run 69

69-A F 14k - 6= -13 1 9,570 308 Disk heating up

69-A F 1h.4 - 6— -13 1 10,990 2kl Disk heating up

69-A F 1.k - 6= -13 1 8,900 202 Disk heating up

69-A ¥ 1k - 6— -13 1 7,010 155 Disk heating up

69-A F 144 - 6— -13 1 6,540 117 Disk heating up

69-A F 1.k - 6— -13 1 6,250 95 Disk heating up

69-A Min 4.4 - 6~ -13 1 5,340 5 Disk heating up

69-A T .4 - 6= -13 1 5,920 60 Disk heating up

69-A T 14 - 6~ -13 1 8,650 56 Disk heating up

69-A T 1h.b - 6— =13 1 18,610 49 Disk heating up

69-B F 69.6-80.8 1-4 1 16,510 271 Disk heating up Nitrogen
69-B F 69.6-80.8  1-k 1 13,980 202 Disk heating up Nitrogen
69-B F 69.6-80.8 1-4 1 12,250 160 Disk heating up Nitrogen
69-B F 69.6-80.8  1-4 1 11,550 119 Disk heating up Nitrogen
69-B F 69+6-80.8 1-k4 1 10,500 90 Disk heating up Nitrogen
69-B F 69.6-80.8 1-k 1 9,840 69 Disk heating up Nitrogen
69-B Min 69.6-80.8 1-4 1 8,810 58 Disk heating up Nitrogen
69-B T 69.6-80.8 1-4 1 15,000 48 Disk heating up Nitrogen
69-C F 76.6 -5 1 16,770 275 Disk heating up Nitrogen
69-C F 76.6 -5 0.16 13,500 270 Disk heating up Nitrogen
69-D F 2.9 -k 1 13,920 196 Disk heating up Nitrogen
69~D F 72.9 -4 0.16 11,100 192 Disk heating up Nitrogen




Nﬁ:‘ﬁer gzzi‘igg Pressure  Subcooling a/g a/A T-Tgat Configuration Pre;:gﬁ;ing
69-E F 80.3 -2 1 11,k10 110 Disk heating up Nitrogen
69-E F 80.3 -2 0.16 8,970 106 Disk heating up Nitrogen
69-F F 73.1-78.3  0-18 1 31,170 265 Disk heating up Helium
69-F F 73.1-78.3 0-18 1 17,300 207 Disk heating up Helium
69-F F 73.1-78.3  0-18 1 13,330 163 Disk heating up Helium
69-F F 73.1-78.3  0-18 1 11,160 122 Disk heating up Helium
69-F F 73.1-78.3  0-18 1 9,880 87 Disk heating up Helium
69-F F 73.1-78.3  0-18 1 8,120 68 Disk heating up Helium
69-F Min 73.1-78.3 0-18 1 7,300 51 Disk heating up Helium
69-F T 73.1-78.3 0-18 1 10,140 L6 Disk heating up Helium
69-F T 73.1-78.3 0-18 1 13,120 39 Disk heating up Helium
69-G F 4.3 0 1 13,160 306 Disk heating up
69-G F 1.3 0 0.16 10,200 303 Disk heating up
69-H F 1k.3 -15 1 9,750 225 Disk heating up
69-H F 14.3 -15 0.16 7,680 222 Disk heating up
69-1 F 4.3 -13 1 6,400 112 Disk heating up
69-I F 4.3 -13 0.16 5,070 110 Disk heating up
69-J F Th.2 10 1 21,750 277 Disk heating up Helium
69-J F Th.2 10 0.16 17,500 en Disk heating up Helium
69-K F Th.2 2 1 16,340 196 Disk heating up Helium
69-K F Th.2 2 0.16 13,250 191 Disk heating up Helium
69-1, F 7.7 2 1 12,370 110 Disk heating up Helium
69-L F 7.7 2 0.16 9,380 106 Disk heating up Helium

Run 70

TO-A F 14,1 -9 11,270 320 Disk heating dn

T0-A F W1 -9 1 10,200 254 Disk heating dn

T0-A F 1.1 -9 1 9,410 209 Disk heating dn

TO-A F 14,1 -9 1 7,700 164 Disk heating dn

T0-A F 1h.1 -9 1 7,200 130 Disk heating dn

70-A F L1 -9 1 6,990 100 Disk heating dn

T0-A F 14,1 -9 1 6,510 7 Disk heating dn

TO-A Min .1 -9 1 4,400 60 Disk heating dn

TO-A T .1 -9 1 9,820 60 Disk heating dn

70-A T .1 -9 1 15,890 43 Disk heating dn

T0-B F T72.7-81.4 = 1=~ -4 1 16,580 288 Disk heating dn Nitrogen
70-B F 72.7=81l = 1= =L 1 1L,k70 231 Disk heating dn Nitrogen
T0-B F T2.7-81. = 1=~ -4 1 14,000 185 Disk heating dn Nitrogen
T0-B F 72.7-81.4 - 1= =L 1 13,600 153 Disk heating dn Nitrogen
T0-B F T2.7-8l.4 - 1— -4 1 12,980 120 Disk heating dn Nitrogen
T0-B F T2.7-8L.4 = 1—~ -4 1 10,900 95 Disk heating dn Nitrogen
70-B F 72.7-8L.4 - 1—~ -4 1 8,840 h Disk heating dn Nitrogen
T0-B Min T2.7-81.4 = 1— -4 1 8,280 56 Disk heating dn Nitrogen
T0-B T 72.7-8L.4 - 1=~ -4 1 15,390 Ll Disk heating dn Nitrogen
T70-C F 76.3 -k 1 17,620 275 Disk heating dn Nitrogen
T0-C F 6.3 -4 0.16 14,710 269 Disk heating dn Nitrogen
T0-D F 8.6 -2 1 14,270 194 Disk heating dn Nitrogen
T0-D F 78.6 -2 0.16 12,600 189 Disk heating dn Nitrogen
TO-E F 7.7 -3 1 12,810 112 Disk heating dn Nitrogen
TO-E F TT.7 -3 0.16 11,290 107 Disk heating dn Nitrogen
70-F F Th.1 0-19 1 23,570 272 Disk heating dn Helium
TO-F F Th.1 0-19 1 19,890 225 Disk heating dn Helium
T0-F F Th.1 0-19 1 16,680 17h Disk heating dn Helium
T0-F F Th.1 0-19 1 14,630 1%6 Disk heating dn Helium
T0-F F Th.1 0-19 1 12,190 102 Disk heating dn Helium
T0-F F Th.1 0-19 1 9,780 80 Disk heating dn Helium
T0-F F Th.1 0-19 1 8,860 63 Disk heating dn Helium




Run Boiling . Pressurizing
Number  Region Pressure  Subcooling a/g o/a T-Tgat Configuration Medium
T0-G F % -10 1 12,730 305 Disk heating dn

T0-G F .1 -10 0.16 10,700 301 Disk heating dn

70-H F W1 -9 1 10,210 226 Disk heating dn

T0-H F 1.1 -9 0.16 8,720 222 Disk heating dn

70-I F 1,1 -6 1 7,800 116 Disk heating dn

T0-I F W1 -6 0.16 6,850 113 Disk heating dn

T0-3 F 78.6 15 1 2l,0k40 275 Disk heating dn Helium
T0-J F 78.6 15 0.16 18,380 268 Disk heating dn Helium
T0-K F 2.2 3 1 16,040 195 Disk heating dn Helium
TO-K F 2.2 3 0.16 14,200 190 Disk heating dn Helium
T0-L F 75.2 2 1 13,780 113 Disk heating dn Helium
T0-L F 75.2 2 0.16 11,430 108 Disk heating dn Helium

Run T1

TL-A F 1.3 -8 1 12,960 305 Disk heating dn

T1-A F 14,3 -8 0 8,780 301 Disk heating dn

T1-B F 14,3 -9 1 9,860 226 Disk heating dn

T1-B F 14,3 -9 0 7,750 223 Disk heating dn

71-0 F k.3 -8 1 7,630 11k Disk heating dn

T1-C F 1.3 -8 0 5,550 112 Disk heating dn

T1-D F 4.3 -7 1 12,960 308 Disk heating dn

T1-D F 1k4.3 -7 0 8,200 30k4 Disk heating dn

T1-E F 14,3 0 1 10,050 226 Disk heating dn

T1-E F 1Lk.3 0 0 7,710 223% Disk heating dn

T1-F F 14.3 1 1 7,240 116 Disk heating dn

71-F F 1.3 1 0 5,480 11k Disk heating dn

T1-G F Th.3 0 1 16,900 276 Disk heating dn Nitrogen
T71-G F Th.3 0 0 9,920 272 Dish heating dn Nitrogen
T1-H F 4.3 2 1 14,580 197 Disk heating dn Nitrogen
T1-H F h.3 2 0 9,700 194 Disk heating dn Nitrogen
T1-I F 76.3 L 1 27,900 112 Disk heating dn Nitrogen
T1-I F 76.3 L 0 15,410 103 Disk heating dn Nitrogen
71-J F 73.9 19 1 20,850 275 Disk heating dn Helium
T1-J F T3.9 19 0 10,590 269 Disk heating dn Helium
T1-K F 73.3 7 1 16,750 195 Disk heating dn Helium
T1-K F 73.3 7 0 11,590 190 Disk heating dn Helium
T1-L F 6.3 8 1 17,900 111 Disk heating dn Helium
T1-L F T76.3 8 0 15,380 105 Disk heating dn Helium
T1-M F 73.8 17 1 21,900 277 Disk heating dn Helium
T1-M F 73.8 17 0 15,420 270 Disk heating dn Helium
T1-N F 73.6 13 1 19,440 199 Disk heating dn Helium
TL-N F 73.6 13 0 13,300 19% Disk heating dn Helium
TL-0 F 81.3 5 1 13,560 110 Disk heating dn Helium
T1-0 F 81.3 5 0 10,220 106 Disk heating dn Helium

Run 72

T2-A F 4.3 -1 1 6,820 2ko 1/4-inch sphere

T2-A F 4.3 -1 1 6,100 220 1/b-inch sphere

T2-A F h.3 -1 1 5,650 205 1/4-inch sphere

T2-B F 1L.3 0 (®EsT) 1 5,000 180 1/4-inch sphere

72-B F 14.3 0 (EST) 1 4,560 160 1/4-inch sphere

T2-B F 14,3 0 (EST) 1 4,280 150 1/4-inch sphere

72-B F 14.3 0 (EST) 1 3,820 140 1/b4-inch sphere

T2-C F 4.3 -1 1 3,110 86 1/4-inch sphere

T2-C F 4.3 -1 1 2,960 76 1/k-inch sphere

T2-C F 14,3 -1 1 2,760 66 1/4=inch sphere
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Run Boiling ) . Pressurizing
Number  Reglon Pressure Subcooling a / g q/ A T-T sat Configuration Med4um
T2-C F 14.3 -1 1 2,596 56 1/4-inch sphere
T2-C Min 14.3 -1 1 2,560 46 1/4-inch sphere
T2-C T 1.3 -1 1 2,800 36 1-hk-inch sphere
T2-C T .3 -1 1 6,990 31 1/4-1inch sphere
T2-C T 14.3 -1 1 18,010 27 1/4-inch sphere
T2=C Max 4.3 -1 1 39,150 17 1/4-inch sphere
T2-C N 4.3 -1 1 oh,820 12 1/4-1nch sphere
T2-C N 4.3 -1 1 10,750 9 1/4-inch sphere
T2-D F 46.8 0 1 L,030 70 1/4-1inch sphere Nitrogen
72-D Min 46.8 0 1 3,720 55 1/4-inch sphere Nitrogen
T2-D T 46.8 0 1 8,310 36.5 1/4-inch sphere Nitrogen
T2-D T 46.8 0 1 10,610 3.k 1/4~inch sphere Nitrogen
72-D T 46.8 0 1 16,230 30.6 1/4=inch sphere Nitrogen
72-D T 46.8 0 1 25,310  27.0 1/4-inch sphere Nitrogen
T2-D T 46.8 0 1 36.480 23.5 1/b-inch sphere Nitrogen
T2-D T 46.8 o} 1 148,880 18.4 1/4-inch sphere Nitrogen
72-D T L6.8 0 1 55,960 15.8 1/4-inch sphere Nitrogen
72~D Max 46.8 0 1 59,460  12.8 1/h-inch sphere Nitrogen
T72-D N 46.8 0 1 5,710 11.2 1/k=inch sphere Nitrogen
72-D N 46.8 0 1 46,060 9.8 1/4-inch sphere Nitrogen
T2-D N 46.8 0 1 37,270 8.7 1/%-inch sphere Nitrogen
72-D N 46.8 0 1 26,960 7.8 1/4-inch sphere Nitrogen
72-D N 46.8 0 1 18,860 7.5 1/4-inch sphere Nitrogen
72-D N L6.8 0 1 14,320 7.2 1/4-inch sphere Nitrogen
T72-D N 46.8 0 1 10,140 6.5 1/4-inch sphere Nitrogen
T2-E F k6.1 0 1 8,480 225 1/4-inch sphere Nitrogen
72-E F 46.1 0 1 7,980 210 1/4-1inch sphere Nitrogen
T2-E F 46.1 0 1 7,140 185 1/4-inch sphere Nitrogen
T2-F F b5.1 0 1 6,900 165 1/4-inch sphere Nitrogen
T2-F F k5.1 0 1 6,060 1k5 1/4-inch sphere Nitrogen
T2-F F bs.1 0 1 5,390 120 1/4-inch sphere Nitrogen
72-G F 75.5 0 1 8,150 160 1/4-inch sphere Nitrogen
T2=-G F 75.5 0 1 7,120 140 1/4-inch sphere Nitrogen
T2-G F 5.5 0 1 6,350 125 1/1+-inch sphere Nitrogen
72-G F 75.5 0 1 5,980 110 1/4-1inch sphere Nitrogen
T2-H F h.7 0 1 4,560 70 1/4-1inch sphere Nitrogen
72-H F ™. 7 0 1 L,ako 55 1/4-inch sphere Nitrogen
T2-H Min .7 o} 1 3,950 ko 1/4-inch sphere Nitrogen
72-1 F 14.3 0 1 6,990 250 1/4-inch sphere
T2-1 F 14,3 0 1 6,550 243 1/4-inch sphere
T72-1 F 14.3 0 1 6,510 233 1/4-inch sphere
T2~I F 14.3 0 0 3,000 227 1/4-inch sphere
72-1 F 1%.3 0 0 3,130 223 1/4-inch sphere
T2-J F 14.3 0 1 5,230 179 1/4~inch sphere
72-J F 14.3 0 1 k720 167 1/4-inch sphere
2~ F 14.3 0 0 2,480 158 1/4-inch sphere
T2-K F 4.3 0 1 2,850 71 1/4~inch sphere
72-K Min 14.3 0 1 2,l00 51 1/4-inch sphere
T2~K T 14.3 0 1 L4, koo 43 1/4-inch sphere
T2~K T 1%.3 0 0 5,000 k1 1/4-inch sphere
“T2-K T 14,3 0 0 1,390  38.5 1/4-inch sphere
T2-K T 14.3 0 0 3,390  36.8 1/4-inch sphere
T2-K T 4.3 0 0 9,750 32,1 1/k-inch sphere
T2-K T 14,3 0 0 21,220  27.5 1/4-inch sphere
T2-L F 14.3 1 1 3,10 72 1/%-inch sphere
T2~L Min 11#.3 1 1 2,720 55 l/ll--inch sphere
72-L T 1%.3 1 1 3,030 38 1/4=inch sphere
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Run Boiling R Pressurizing
Vumber  Regdon Pressure Subcooling  a/g o/A T-Tgat  Configuration e ion
T2-L T 1.3 1 0 1,800 35 1/4-inch sphere
72-L T 1.3 1 0 1,290 31 1/4-inch sphere
T2-M F 4.3 -1 1 2,900 78 1/4~1inch- sphere
T2-M F 4.3 -1 1 2,500 61 1/h-inch sphere
T2-M Min k.3 -1 1 2,360 Lz 1/4-inch sphere
72-M T 14.3 -1 0 T35 %5 1/4-inch sphere
T72-M T W3 -1 0 1,650 23 1/4-inch sphere
T2-N F by 3 12 1 10,780 223 1/b-inch sphere Helium
T2-N F Ly, 3 12 1 10,270 209 1/4-inch sphere Helium
T2=N F Ly 3 12 1 9,760 203 1/4-inch sphere Helium
72-N F Ly 3 12 0 3,410 191 1/4=inch sphere Helium
72-0 F Lk, 3 14 (EST) 1 8,340 161 1/h-inch sphere Helium
T2-0 F Ll 3 14 (EST) 1 7,770 151 1/4=inch sphere Helium
T2-0 F Ly, 3 1% (EST) 0 k290 136 1/4~inch sphere Helium
T72-0 F Lk 3 14 (EsT) 0 3,350 133 1/4-inch sphere Helium
T2-P Min 4h.3 1k 1 5,990 66 1/4-inch sphere Helium
T2~-P T Lk 3 1k 1 7,010 37 1/4-inch sphere Helium
T2-P T 4.3 1k 1 20,890 31 1/4=1inch sphere Helium
T2-P T Lh. 3 14 1 48,300 19.9 1/k-inch sphere Helium
T2-P Max IV 1L 0 61,330 14.1 - 1/b-inch sphere Helium
72-P N 4h 3 14 0 39,300 8.9 1/4-inch sphere Helium
T2-P N 44,3 1k 0 17,560 4.7  1/4-inch sphere Helium
T2-q Min 44,6 12 1 7,080 70 1/4-inch sphere Helium
72-q T Lh.6 12 1 10, 760 L6 1/4-inch sphere Helium
T2=Q T 4.6 12 1 36,890 31 1/4~inch sphere Helium
T2~Q Max k4.6 12 o} 61,730 21 1/4-inch sphere Helium
T2-Q N Iy 6 12 0 ko, 630 12.3 1/4-inch sphere Helium
72-Q N bh .6 12 0 13,470 7.0 1/4=inch sphere Helium
T2-R Min 43,7 12 (EST) 1 7,120 1 1/4-1nch sphere Helium
72-R T b3, 7 12 (EST) 1 14,760 b 1/k-inch sphere Helium
72-R T bz, 7 12 (EST) O 32,360 29 1/b-inch sphere Helium
T2-R T k3 7 12 (EST) 0 33,810 22 1/4~1inch sphere Helium
T2-R Max hz 7 12 (EST) 0 37,430 12.8 1/4-inch sphere Helium
72~R N 43,7 12 (EST) 0 2k,350 8.9 1/4=inch sphere Hellum
T2~R N 43,7 12 (EST) 0 17,370 7.5 1/4-inch sphere Helium
72-8 F 4%.8 11 1 6,200 76 1/4-1inch sphere Helium
T2-3 Min 43.8 11 1 5,540 58 1/4=inch sphere Helium
T72-8 T 43.8 11 0 5,520 51 1/4-1nch sphere Helium
T2-5 T 43.8 11 0 8,920 41 1/4-inch sphere Helium
72~ T 43.8 11 o} 14,190 39 1/4=1inch sphere Helium
T2-3 T 43.8 11 0 22,470 36 1/k-inch sphere Helium
T2~T Min .3 -1 1 2,910 70 1/4~inch sphere
T2-T T h.3 -1 1 2,920 50 1/4-inch sphere
T2~T T 14,3 -1 1 3,240 Lo 1/4=inch sphere
T2-T T 14.3 -1 1 4,020 37 1/4-inch sphere
T2-T T W3 -1 1 11,060 31 1/4-inch sphere
T2-T T k.3 -1 0 19,510 21 1/4=inch sphere
T2~T Mex 1.3 -1 0 22,660 12.3 1/4-inch sphere
T2-T N 1.3 -1 0 8,920 8.5 1/4~inch sphere
Run T3
T3-A T 6.0 -2 1 12,500 35 1-inch sphere Nitrogen
T3=A T 76.0 -2 1 hh k=0 28 l-inch sphere Nitrogen
T3-A Max 76.0 -2 1 76,590 19.5 1-inch sphere Nitrogen
T3=4 N 76.0 -2 1 46,740 k.2 1-inch sphere Nitrogen
T3=A N 76.0 -2 1 6,480 7.5 1-inch sphere Nitrogen
T3~A N 76.0 -2 1 1,130 3.7 1~Inch sphere Nitrogen
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Run Boiling X . Pressurizing
Number  Reglon Pressure  Subcooling a/g a/a T-Tgat Configuration Medium
T3-B T 5.0 -3 1 3,000 4o 1-inch sphere Nitrogen
73-B T 75.0 -3 1 13,240 37.5 1-inch sphere M trogen
73~B T 7.0 -3 1 39,110 30.4 1-inch sphere Nitrogen
73-B Ma.x 75.0 -3 1 77,530 20.8 1-inch sphere Nitrogen
T3~B N 5.0 -3 1 51,&50 15.1 1-inch sphere Nitrogen
T3~-B N .0 -3 1 6,570 T.1 l-inch sphere Nitrogen
T3=B N 75.0 -3 1 1,200 3.9 1-inch sphere Nitrogen
73-C T k5.0 -4 1 6,880 ko 1-inch sphere Nitrogen
T3=C T 45.0 - L 1 13,920 39 1-inch sphere Nitrogen
T%~C T 5.0 -1k 1 23,380 26 1-inch sphere Nitrogen
T3=C T 45.0 -4 1 39,660 30 1-inch sphere Nitrogen
73~C T 45.0 -4 1 56,630 26 1-inch sphere Nitrogen
73=C Max k5.0 -k 1 66,500 2% l-inch sphere Nitrogen
T3-C N k5.0 -4 1 56,090 19 1-inch sphere Nitrogen
73-C N 45.0 - L 1 kL, 750 17.7 1-inch sphere Nitrogen
T3~C N 45.0 -4 1 2k, 930 1h.7 1-inch sphere Nitrogen
T3=C N 45.0 - L 1 12,830 12.5 1-inch sphere Nitrogen
73-C N k5.0 -4 1 6,030 10.2 1-inch sphere Nitrogen
T3=C N 45.0 - b 1 3,190 8.1 1-inch sphere Nitrogen
73~-C N k5.0 -1 1 1,180 5.7 1-inch sphere Nitrogen
73~D F 79.0 -2 1 5,900 153 1-inch sphere Nitrogen
73~D F 79.0 -2 1 5,630 140 1-inch sphere Nitrogen
73~D F 9.0 -2 1 5,350 127 1~inch sphere Nitrogen
T73~D F 79.0 -2 1 L, 730 115 l-inch sphere Nitrogen
Run 75
75=-A F kh 3 0 1 18,600 331 Vertical disk Helium
T5=-A F Ll 3 0 1 16,400 291 Vertical disk Helium
75-A F bk, 3 0 1 13,820 251 Vertical disk Helium
75=A F Ik, 3 0 1 12,060 211 Vertical disk Helium
T5=A F Ll 3 0 1 10,680 171 Vertical disk Helium
T5~A F bl 3 0 1 8,630 131 Vertical disk Helium
T5-A F 4.3 0 1 7,480 91 Vertical disk Helium
75-A F bl 3 0 1 6,530 71 Vertical disk Helium
75-A F Lk, 3 0 1 5,080 51 Vertical disk Helium
75-B F Lh.3 0 1 16,220 301 Vertical disk Nitrogen
75-B F bh.3 0 1 14,420 261 “Vertical disk Nitrogen
75-B F 4l 3 0 1 12,420 221 Vertical disk Nitrogen
75-B F 4h 3 0 1 10,810 181 Vertical disk Nitrogen
75~B ¥ Lk, 3 0 1 10,000 1k Vertical disk Nitrogen
75-B F bk 3 0 1 7,280 101 Vertical disk Nitrogen
T5-B F h 3 0 1 6,295 81 Vertical disk Nitrogen
75~B F LY. 3 0 1 5,850 61 Vertical disk Nitrogen
T5=C ¥ .3 0 1 17,950 310 Vertical disk Nitrogen
5~C F .3 0 1 17,200 270 Vertical disk Nitrogen
5~C F .3 0 1 13,020 210 Vertical disk Nitrogen
75-C F Th.3 0 1 11,620 170 Vertical disk Nitrogen
T5=C F 4.3 0 1 9,880 130 Vertical disk Nitrogen
75-C F .3 0 1 8,930 110 Vertical disk Nitrogen
5~C F 7&.3 0 1 7,750 90 Vertical disk Nitrogen
5~-C F Th.3 o} 1 7,235 70 Vertical disk Nitrogen
75~C F .3 0 1 6,200 50 Vertical disk Nitrogen
75-D ¥ 73.9 0 1 17,570 310 Vertical disk Helium
75~D F 73.9 0 1 16,570 270 Vertical disk Helium
75-D 7 73.9 0 1 14,800 230 Vertical disk Helium
75~D F 73.9 0 1 12,800 190 Vertical disk Hellum




Run Boiling . . Pressurizing
Number  Region Pressure Subcooling a/g q/A T-Tgat Configuration Med1an
75-D F 73.9 0 1 10,720 150 Vertical disk Helium
75-D F 73.9 0 1 9,100 110 Vertical disk Helium
75-D F 73.9 0 1 7,610 T0 Vertical disk Helium
75-D F 7%.9 0 1 6,630 50 Vertical disk Helium
T5-E F T7.0 -1 1 T,T790 125 Disk heating up Nitrogen
~-E F T7.0 -1 1 6,750 112 Disk heating up Nitrogen
5=E F 77.0 -1 0 6,180 109 Disk heatling up Nitrogen
5-E F T7.0 -1 0 2,285 108.5 Disk heating up Nitrogen
=F F 78.3 0 1 11,710 27h Disk heating dn Nitrogen
T5-F F 78.3 0 0 10,680 269 Disk heating dn Nitrogen
75-G F 3.7 0 1 10,500 198 Disk heating dn Nitrogen
5=G F 73,7 0 0 9,680 193 Disk heating dn Nitrogen
75-H F oy -1 1 8,100 124 Disk heating dn Nitrogen
75-H F 4.3 -1 1 7,400 119 Disk heating dn Nitrogen
T5-H F 4.3 -1 1 7,420 115 Disk heating dn Nitrogen
5~-H F 74.3 -1 0 7,500 111.5 Disk heating dn Nitrogen
75-H F Th.3 -1 0 6,635 110.5 Disk heating dn Nitrogen
75-1 F 73.9 -2 1 16,400 238 Vertical disk Nitrogen
5-I F 73.9 -2 0 10,800 23k Vertical disk Nitrogen
5~J F 52 2 1 48,220 98 Vertical disk Nitrogen
T5=J F 52 2 0.16 39,900 82 Vertical disk Nitrogen
5=K Min hh.j 1 1 15,200 70 Vertical disk Nitrogen
75-K T Lh 3 1 1 15,900 60 Vertical disk Nitrogen
75-K T Lk 3 1 1 16,600 50 Vertical disk Nitrogen
T5-K T bl 3 1 1 16,940 4 Vertical disk Nitrogen
75-K T 4l 3 1 1 33,710 31 Vertical disk Nitrogen
75-K T Ly 3 1 1 62,520 21 Verticael disk Nitrogen
T5-K Max bk 3 1 1 8k,290 16.2 Vertical disk Nitrogen
75-K N Ly 3 1 1 54,520 13 Vertical disk Nitrogen
T5-K N Il 3 1 1 28,890 10 Vertical disk Nitrogen
S5=K N hh.E 1 1 10,750 7 Vertical disk Nitrogen
5-K N b 3 1 1 3,170 3.7 Vertical disk Nitrogen
75-K N I 3 1 1 889 1.4 Vertical disk Nitrogen
75-L F by, 3 -1 1 15,650 270 Vertical disk Nitrogen
T75-L F khy 3 -1 1 14,000 200 Vertical disk Nitrogen
B-L F bl 3 -1 1 11,560 150 Vertical disk Nitrogen
H5~-L F Lk, 3 -1 1 9,190 100 Vertical disk Nitrogen
75-L F 4y 3 -1 1 6,840 60 Vertical disk Nitrogen
Run 76
T6-A F 76.6 -1 1 5,470 63 1/4~inch sphere Nitrogen’
T6~A Min 76.6 -1 1 4,950 L7 1/4~inch sphere Nitrogen
T6-A T 76.6 -1 1 5,070 3l 1/4-1inch sphere Nitrogen
T6~A T 76.6 -1 0.17 9,330 30 - 1/h-inch sphere Nitrogen
T6~A T 76.6 -1 0.17 21,140 ok 1/h-inch sphere Nitrogen
T6~A T 76.6 -1 0.17 Lk,690 16.4 1/4-inch sphere Nitrogen
T6=A Max 6.6 -1 0.17 Thk,460 13.6  1/h-inch sphere Witrogen
T6-A N 76.6 -1 0.17 34,470 10.6 1/4~1inch sphere Nitrogen
T6-A N 76.6 -1 0.17 9,010 6.3 1/k-inch sphere Nitrogen
76-B F 4.6 -2 1 5,030 76 1/b~inch sphere Nitrogen
76~B F 4.6 -2 1 4,380 66 1/4~1inch sphere Nitrogen
T76~B F k.6 -2 1 3,640 56 1/4~inch sphere Nitrogen
T6~B F 4.6 -2 1 3,890 L6 1/4=inch sphere Nitrogen
T6~B Min e -2 1 3,020 ko 1/4~inch sphere Nitrogen
T76~B T 44,6 -2 0.17 4,830 37 1/4-inch sphere Nitrogen
76-B T e -2 0.17 9,100 30 1/4-inch sphere Nitrogen
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Run Boiling . i . . Pressurizing
Number  Reglon Pressure  Subcooling a/g a/a T-Tgat Configuration Medium
76-B T Lk 6 -2 0.17 33,190 22 1/4-inch sphere Nitrogen
76~B T L. 6 -2 0.17 k2,140 15.5 1/4-inch sphere Nitrogen
76~B Max L. 6 -2 0.17 b3,150 12.7  1/4-inch sphere Nitrogen
76-B N e -2 0.17 23,410 10.0  1/4-inch sphere Nitrogen
76-B N L. 6 -2 0.17 4,390 6.5 1/4-inch sphere Nitrogen
76~B N Lk .6 -2 0.17 3,060 5.1 1/4-inch sphere Nitrogen
76~C F 73.9 -2 1 5,080 65 1/4~inch sphere Nitrogen
76~C F 73.9 -2 1 4,610 50 1/4-inch sphere Nitrogen
T76~C Min 73.9 -2 1 L, 460 Lo 1/k~inch sphere Nitrogen
76-C T 73.9 -2 1 15,940 30 1/4=inch sphere Nitrogen
76-C T 73.9 -2 1 41,830 20 1/4-inch sphere Nitrogen
76-C Max 73.9 -2 1 99,730 15.7 1/4=inch sphere Nitrogen
T6-C N 73.9 -2 1 43,980 11.7 1/h-1inch sphere Nitrogen
76~C N 73.9 -2 1 10,680 5.9 1/k~inch sphere Nitrogen
76-D F 76.1 -1 1 5,090 6l 1/4-inch sphere Nitrogen
76-D Min 76.1 -1 1 k,010 kg 1/h-inch sphere Nitrogen
76~D T 76.1 -1 1 6,010 36 1/4~1inch sphere Nitrogen
76=D T 76.1 -1 0 10,150 31 1/4~inch sphere Nitrogen
T76~D T 76.1 -1 0 24,910 26 1/4-inch sphere Nitrogen
T6~D Max 76.1 -1 0 46,420 16.3 1/k-inch sphere Nitrogen
76=D N 76.1 -1 0 32,140 12.% 1/4=inch sphere Nitrogen
76~D N 76.1 -1 0 12,550 8.5 1/k-inch sphere Nitrogen
T6-E F L6.3 -1 1 4,300 71 1/4=inch sphere Nitrogen
T6~E Min 46.3 -1 1 4,090 51 1/4-inch sphere Nitrogen
T6-E T L6.3 -1 1 7,140 37 1/4-inch sphere Nitrogen
76-E T 46.3 -1 0 3,180 3l 1/4-1nch sphere Nitrogen
T6~E T 46.3 -1 0 10,320 31 1/4-inch sphere Nitrogen
76~E T 46.3 -1 0 19,340 22 1/4-inch sphere Nitrogen
T6~E Max 46.3 -1 0 20,550 11.3 1/k-inch sphere Nitrogen
Run 77

T7-A F 2.3 0 1 3,540 65 1-inch sphere Nitrogen
TT=A F T2.3 0 1 3,180 50 1-inch sphere Nitrogen
T7-A T 72.% 0 0 8,520 28 l~inch sphere Nitrogen
T77-B F 77.1 0 1 2,960 L7 1-inch sphere Nitrogen
77~-B Min 77.1 0 1 2,840 4z 1-inch sphere Nitrogen
T7-B T T7.1 0 0 12,500 30 1-inch sphere Nitrogen
T7-C Min 77.8 0 1 3,190 L7 1-inch sphere Nitrogen
T7~C T 77.8 0 1 3,370 Lo l-inch sphere Nitrogen
T7-C T 77.8 0 1 15,740 38 1-inch sphere Nitrogen
T7~C T 77.8 0 1 k2,980 27 1l-inch sphere Nitrogen
T7=C Max 77.8 0 1 76,560 21 l-inch sphere Nitrogen
T7=C N 77.8 0 1 kg,070 k.7 1-inch sphere Nitrogen
T7=C N 77.8 0 1 2#,990 11.7 1~inch sphere Nitrogen
T77=D Min 3.7 0 1 3,060 48 l~inch sphere Nitrogen
77-D T 73.7 0 1 3,380 ko 1-inch sphere Nitrogen
T7-D T 3.7 0 1 12,400 36 l-inch sphere Nitrogen
T7-D T 3.7 0 0 1,450 30 1~inch sphere Nitrogen
T7~D T 3.7 0 o] 8,990 28 1~-inch sphere Nitrogen
T7-D T T3.7 0 0 6,5M0 27 1~-inch sphere Nitrogen
T7-D T 73.7 0 0 L, 770 26 1~inch sphere Nitrogen
T7-E Min h.2 o} 1 3,000 Ll 1-inch sphere Nitrogen
T7-E T h.2 0 1 9,820 35 1~-inch sphere Nitrogen
T7~E T h.2 o} 1 k7,520 27 1-inch sphere Nitrogen
T77-E T h.2 0 0 k9,980 26 1-inch sphere Nitrogen
T77~E T Th.2 0 0 30,760 234 1~inch sphere Nitrogen
TT=E T Th.2 0 0 15,920 21.4 1~inch sphere Nitrogen
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Nii:er i:;iiﬁg Pressure  Subeooling a/g /A T-Tgat Configuration Pre;::ii:ing
T7-E T 4.2 0 0 22,430 19.4 l-inch sphere Nitrogen
T7-E Max Th.2 0 0 25,550 17.9 l~inch sphere Nitrogen
T7-E N Th.2 0 0 22,480 13.4 1-inch sphere Nitrogen
TT=E N h.2 0 0 17,030 9.9 1~inch sphere Nitrogen
TT-F Min by 0 1 2,580 Te] 1-inch sphere Witrogen
T7~F T Ll 1 0 1 5,270 . 39 1-inch sphere Nitrogen
TT-F T VN 0 1 12,830 36 l-inch sphere Nitrogen
T7-F T iV | 0 1 19,090 32 1~inch sphere Nitrogen
T7=F T o1 0 o] 29,140 29 l-inch sphere Nitrogen
T7-F T b1 0 0 23,200 27.4 1-inch sphere Nitrogen
TT-F T b1 0 0 17,500 26.2 1-inch sphere Nitrogen
TT~F T Y | 0 0 5,930 2h.6 1l-inch sphere M trogen
77-G T 434 0 1 3,680 43 1l-inch sphere Nitrogen
77-G T b3 L 0 1 9,610 39 1-inch sphere Nitrogen
T7=C T 4z L o] 1 21,820 34.5 1~inch sphere Nitrogen
T77-G T b3k 0 1 58,000 25.4 1-inch sphere Nitrogen
T7-G T 43,4 0 0 45,570 21.1 1~inch sphere Nitrogen
T7~G T 4z 4 0 0 10,170 19.7 1-inch sphere Nitrogen
T7-G iy bzl 0 0 1,230 19.2 1-inch sphere Nitrogen
77-G T 4z 4 0 0 17,980 18.4 l-inch sphere Nitrogen
T7-G Max 43k 0 (o] 18,990 15.5 1-inch sphere Nitrogen
T7-G N 4z L 0 0 18,710 12.1 1-inch sphere Nitrogen
T77-G N 43,4 0 0 13,450 10.5 1-inch sphere Nitrogen
77-G N k3.4 0 0 9,440 9.9 1-inch sphere Nitrogen
77-H F Th.2 o} 1 3,150 48 1-inch sphere Nitrogen
T7-H Min 4.2 0 1 2,580 Lo l-inch sphere Nitrogen
77~H T Th.2 0 1 22,790 31.4 1-inch sphere Nitrogen
T7~-H T 4.2 0 0.17 13,570 29.6 1l-inch sphere Mtrogen
T7-H T Th.2 0 0.17 6,910 29 1-inch sphere Nitrogen
T77-H T Th.2 0 0.17 17,460 27 1-inch sphere Nitrogen
T7-H T Th.2 0 0.17 39,160 21.4 1-inch sphere Nitrogen
77-H Max h.2 0 0.17 53,380 18 1-inch sphere Nitrogen
77-H N 7h.2 0 0.17 38,060 13.9 1-inch sphere Nitrogen
T7-1 T 4.0 0 1 2,660 L6.5 l-inch sphere Nitrogen
T77-I T L o 0 1 7,850 37.8 1-inch sphere Nitrogen
77-1 T bk o 0 1 15,790 34,2 1-inch sphere Nitrogen
77-1 T k.0 0 1 26,540 31.1 1~inch sphere Nitrogen
77-I T k.0 0 0.17 Ls,kho 25.6 1~inch sphere Nitrogen
T7~I T bl .o 0 0.17 40,350 23,7 1~-inch sphere Nitrogen
77-1 T kh.o 0 0.17 19,970 22.7 1-inch sphere Nitrogen
T7-I T 4y .o 0 0.17 33,700 21.15 1-inch sphere Nitrogen
T7-I T 4.0 0 0.17 56,160 21.05 l-inch sphere Nitrogen
T7-1 Max k.0 0 0.17 76,390 19.2 l-inch sphere Nitrogen
T7-I N k4.0 0 0.17 50,730 17.1 1-inch sphere Nitrogen
T7-I N 44,0 0 0.17 30,880 1.2 1-inch sphere Nitrogen
T7-I N Ll 0 0 0.17 13,290 11.5 1-inch sphere Nitrogen
77-I N 4h. o 0 0.17 8,190 10.6 1-inch sphere Nitrogen
77-I N 4.0 0 0.17 3,901 9.2 1-inch sphere Nitrogen
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2. SAMPLE PHOTOGRAPHS

One representative frame print is presented for each test surface and
level of ATggt for which photographs were obtained. Irregularly shaped dark
object at right center of photographs in Figs. A-1 through A-L4 is spacer be-
tween inner and outer walls of transparent dewar. Wire frameworks beside

test surfaces provided absolute measurement reference.
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Measurement Reference AT

-2
AT - o°F sat 100°F

sat

AT

= 200°F AT i = 300°F

l-inch diameter sphere
Saturated liquid
P=1atm

(a/g) = 1

1.000 g

Fig, A~-1l. Photographs of film boiling on a sphere.
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ATsat = lOO°F
ATsat = 200°F ATSat = 300°F
3-inch Diameter Vertical Disk
Saturated Liquid
0.500
_"I f‘ ? g P =1 atn

(a/g) = 1

Fig. A-2, Photographs of film boiling on a vertical disk.
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Measurement Reference AT ¢ = 100°F
Mgt = O°F

ATgqt = 200°F AT . = 300°F

3-inch diameter horizontal disk
Heating up

0.500 g Saturated liquid
P=1atm

(a/g) = 1

Fig. A-3. Photographs of film boiling on a horizontal disk heating up.
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AT o+ = 100°F

AT .t = 200°F AT ¢ = 300°F
3-inch diameter horizontal disk
Heating down
-" |< 0.500 g Saturated liquid
P=1atm
(a/g) =1

Fig. A-4, Photographs of film boiling on a horizontal disk heating down.
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5. REDUCED PHOTOGRAPHIC DATA

Column Headings:

AT ¢t in °F

Frame Number: for identification purposes

Separation Point—R: angular location above which vapor no
longer flows along the sphere surface,
right side

Separation Polnt—L: angular location above which vapor no

longer flows along the sphere surface,
left side

Film Thickness at Angular ILocation: film thickness in inches,
angular location in degrees clockwise from
top of sphere

Position: distance in inches from bottom of vertical
plate or left side of horizontal plate

Film Thickness: in inches
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VERTICAL DISK

AT Frame Experimental Measurements
sat o, 1 2 3 n 5 6
100° 1 Position .12 .63 1.12 1.85 2.37
100° Film Thickness .029 .048 .058 .096 077
100° 5 Position .96 1.05 1.31 2.46 2.78
100° Film Thickness .058 .067 .087 .096 .087
100° Position .30 1.47 1.58 2.31
100° 5 Film Thickness .058 .067 077 .087
100° L Position .50 LT 2.21 2.56
100° Film Thickness .058 .058 .087 .106
200° 1 Position .15 .76 1.42 2.13 2.5k
200° Film Thickness .0%5 .069 .086 173 .155
200° 5 Position .22 .62 .93 1.55 2.70
200° Film Thickness .052 .052 .069 .086 L1k
200° 5 Position 43 1.22 1.75 1.89 2.46
200° Film Thickness .0k3 1078 .095 121 J112
200° " Position .51 .84 2.05 2.7 2.84
200° Film Thickness .061 .086 .130 .138 .156
200° 5 Position 2k 1.10 1.28 1.36 2.63 .
200° Film Thickness .03 .078 .078 112 .155
300° 1 Position L1k .52 1.08 1.38 2.35
300° Film Thickness .102 .092 .092 .133% .153
300° 5 Position .89 1.27 1.55 1.97 2.29
300° Film Thickness .072 .082 .102 .112 .112
300° 3 Position 37 4o LT3 1.16 1.69 2.16
300° Film Thickness .051 .061 .051 .082 .072 .143
300° L Position 1.46 1.83 2.42 2.68 2.83
300° Film Thickness .061 .133 173 173 .163
300° Position .81 1.01 1.76 2.10 2.71
300° Film Thickness .061 .061 .061 .092 .102
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HORIZONTAL DISK HEATING UP

AT Frame Experimental Measurements

sat o, 1 2 3 u 5 6
100° 1 Position 11 .08 2.11 2.66

100° Film Thickness .033 .022 .028 .028

100° 5 Position an .68 1.94 2.59 2.83
100° Film Thickness .ol .039 .039 .033 .039
100° Position .19 .28 1.58 1.99

100° 5 Film Thickness .033 .028 .Olly .028

100° L Position A2 .98 1.79 2.15

100° Film Thickness .022 .033% .Olk .033%

100° 5 Position .86 .15 1.72 2.06 2.40
100° Film Thickness .okL .022 .033 .0%3 .056
200° 1 Position L1k .96 1.29 1.88 2.78
200° Film Thickness 122 .089 111 .133 167
200° Position L5 .88 1.5k 2.20 2.69
200° 2 Film Thickness .14k  .167  .167 .18  .178
200° Position .53 .03 1.85 2.73 2.97
200° 5 Film Thickness J111 .156 .178 L1hh 122
200° L Position 45 91 1.16 1.7k 2.12  2.86
200° Film Thickness .100 .100 .089 122 122 .100
200° 5 Position .35 .84 1.18 2.03 2.90
200° Film Thickness .056 .122 .089 .056 .078
300° 1 Position .95 .25 1.62 2.2k4 2.9%
300° Film Thickness .066 .082 .082 .106 .066
300° 5 Position .32 .01 1.40 1.5k 2.h9g
300° Film Thickness .090 LOTh .098 .066 .082
300° Position .89 .05 1.69 2.35 2.65
300° 5 Film Thickness  .098 .0kl  .066  .057  .098
300° ) Position .20 .85 1.46 2.4 2.70
300° Film Thickness 057 057 .098 .082 .0k9g
300° 5 Position 45 .80 1.4k 2.15 2.56
300° Film Thickness .090 .090 .082 .106 .115
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HORIZONTAL DISK HEATING DOWN

Frame , Experimental Measurements

Msat No. 1 2 3 L 5
100° 1 Position .67 1.26 1.79 2.3% 2.89
100° Film Thickness .04l .04l . 0kg .0kg .057
100° 5 Position .52 1.11 1.67 2.18 2.7
100° Film Thickness .okl .033 - .0k1 .0k1 .041
100° Position .38 .99 1.56 2.08 2.65
100° 5 Film Thickness = .0kl .0k1 o/ .0kl .0k1
100° L Position .25 .88 1.h7 1.99 2.54
100° Film Thickness .062 .029 .0kl .04l JIAS
100° 5 Position .07 17 1.36 2. bk 2.82
100° Film Thickness .066 .0kl .037 .045 .0kg
200° 1 Position .29 1.02 1.65 2.29 2.88
200° Film Thickness .029 .0kl .0k9 .0kl .033
200° > Position .15 .92 1.52 1.97 2.76
200° Film Thickness .029 .037 0Ll .037 .029
200° 3 Position .bo 1.11 1.75 2.35 2.95
200° Film Thickness .okl .053 .053 .0k9 .ok1
200° I Position .48 1.20 1.8k 2.40 2.68
200° Film Thickness .037 .057 .057 .0kl .01
200° 5 Position .61 TT 1.3% 1.96 2.52
200° Film Thickness .033 .0lb1 .053% .0kg .ok1
300° 1 Position .61 1.17 1.92 2.40 2.91
300° Film Thickness .058 .053 .058 .05% .05%
300° 5 Position L7 1.07 1.76 2.28 2.80
300° Film Thickness .053 .058 .069 .062 077
300° 3 Position .39 .96 1.6k 2.18 2.70
300° Film Thickness .062 .062 .069 .062 053
300° A Position .28 .83 1.51 2.10 2.61
300° Film Thickness . 062 .058 .053 058 .053
300° 5 Position .10 an 1.39 2.02 2.54
300° Film Thickness .05% .058 .053 .065 062
300° 6 Position 21 .68 1.28 1.84 2.47

300° Film Thickness .058 .062 .062 .065 .062




APPENDIX B

ANALYSIS OF THE FIIM THICKNESS ON A FIAT PIATE HEATING DOWN

The physical model used to analyze film thickness on a flat plate heat-
ing down assumes a finite dimension for the flat plate. Infinite hori-
zontal dimensions for the flat plate reduce the problem to that presented
in Section VII.A.3.a, i.e., film formation at zero gravity. Finite dimen-
sions result in flow of the vapor parallel as well as normal to the plate.
If the plate is finite in one direction only, the flow is two-dimensional;
if it is finite in two directions, the flow is three-dimensional, The gen-
eral analysils of the problem requires the simultaneous solution of both the
energy and the momentum equations. This would give the temperature and
velocity distributions, along with the vapor film thickness. An estima-
tion of the deviation of the liquid~vapor interface from a true horizontal
is possible by considering the momentum equation alone, using an assumed
velocity profile in the vapor film. Several different models are possible.

The simplest model, Model I, utilizes a plate which is finite in one
direction and has a uniform velocity profile in the film. This model is
shown in Fig. B~l. A parabolic velocity profile in the film is probably
a better approximation to the actual profile. This provides a second
model, Model II. The physical surface used for obtaining the experimental
data was a disk, so a disk is used for a flat plate in Models III and IV.
Flow around the disk would be axisymmetrical. Models III and IV utilize a

disk with uniform and parabolic velocity profiles in the film, respectively.,

191



192

Solid-Vapor Interface

\\\ Liquid-Vapor Interface

Flat Plate - Model I

Solid-Vapor Interface

B ) =

\\ Liquid-Vapor Interface

Disk - Model IV

Fig., B-1. Plate and disk configurations.
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The disk with the parabolié velocity profile in the film, Model IV, should
most nearly approach the actual situation. This model is shown in Fig.
B-1.

It was assumed that the process was one which could be treated as a
steady~-state phenomenon. The vapor was considered to be an inviscid fluid.
It was assumed there was no flow in the z-direction (plate) or 6-direction
(disk), that dp/dy = O in the vapor, that dp/dx = constant, and that
y1 >> 81,

The assumption of no flow in one direction limits the number of dimen-
sions which must be treated in the problem,: The assumption dp/dy =0 in
the vapor eliminates consideration of flow in the vapor normal to the plate.
The assumption dp/dx = constant amounts to assuming that the vapor film
thickness varies linearly with x. The assumption y; >> 8, permits the
film to be approximated by a film of uniform thickness in certain aspects

of the calculations. With these assumptions, the momentum equation is

TE = ipv(M)dA (B-1)
where
TF = -2pﬁ% (B-2)

For the plate, the significant direction of the motion is along the x-~axis.
Writing the momentum equation for this component
> A
XFy = § oVy(Ven)da (B-3)
A

and noting that p; and ps may be expressed in the form p,y §~ , 1t may be
0
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shown that

p
Wy = £ 0,(A8) (B-1)
2 g,

¢ pVX(ﬁ-ﬁ
A

1
- 2 = -
JAA = oyyeVi A o (B-5)
For a steady-state system, conservation of mass requires that the mass flow-
ing into the system be equal to the mass flowing out. For this systen,
where the mass flow of vapor in is the result of evaporation of the liquid,
the mass flow in is a function of the heat transfer rate, the average
enthalpy difference between liquid and vapor, and the heat transfer area.
Equating the mass flow in and the mass flow out we may write
(a/A)-Lety]
= | ———] = I B-6
[. hrg PyYyar1Vy, ( )
from which it may be seen that

(a/A)-L

: (B-7)
hfgpvyE

Vx,

Expressing the term (y5-y8) as (y1-ye2)(yi+y2) and noting that (yi-ye) = 04

o~

and, since y; >> 81, y1 ¥ yo, and (y;+y2) = 2y;, we may rewrite (y5-y3) as

2y.19,. Substituting into Egs. (B-3) through (B-7), the expression

2
8y2 = [%Q/A)°f] L1 (B-8)
p

§
heg Jm:
is obtained which expresses the film thickness and thickness variation in

terms of measurable parameters for Model I.
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If a parabolic velocity profile is assumed, Model II, in the form
Vxy = Vmax e (y2-y) (B-9)
NE

Egs. (B-5) through (B-8) become, respectively

> A B > 1 )
i pVy(Ven)da = 75 PVt . (B-10)
. Te ) 2
m = —————(Q/A,) - z:] = 3 pyyaliVpax (B-11)
hfg
% (a/A)L
Vpax = —/— (B-12)
heghyy2
6 : 1
8158 = EEW'L} (B-13)

For the axisymmetric case with a uniform velocity profile, Model TIIT,

Egs. (B-4) through (B-8) become, respectively

Dy = p, %;RE?-yz - £ (rmye)® - R(yl'yz)(y“zk)] (B-14)

1
N

A+A . l
g ovy(V-nlaa - py¥2Vx,R 5= (B-15)
(q/A).£°R2
ho= || = o Ve, LRy (B-16)
hfg
v, - {9/A)-R (B-17)
Viy = Vr, cos @ (B-18)
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2 2 .2
§1Y1 - g 81y

1l

5
(Q/é)'R . 1 (B-l9)
hfg P pPve

When Eq. (B-9) is used for the velocity profile, Model IV, the axisym-

metric Egs. (B-15), (B-16), (B-17), and (B-19) become

> A 1
§ oVx(V'n)dA = 22 o Vo  Rys + — (B-20)
15 g
A
7T B
(a/A) B 7 |
h o= | ————| = oV, = Rye (B-21)
heg 5
2 (a/M)R
Vpex = ———— (B-22)
hfngyE
2 (q/A) 1% 5 1
8155 - 35%’1 = %o" o (B-23%)
g pzpvg

Solutions of Egs. (B-8), (B-13), (B-19), and (B-23) using measured or
estimated physical parameters permits a détermination of the relationship
between y, and 6,. If y; is measured, an estimate for 0, may be made. The
explicit determimation of y;, and hence 8,, would result from the simul-

taneous solution with the energy equation.



APPENDIX C

THE EFFECT OF AIR DRAG ON MEASURED (a/g) DURING FREE FALL

The drag force acting on a body moving through the air is given as57

F, = = oV2 CpA (c-1)
2
where
o = density of ailr
V = velocity of body relative to the air
Cp = drag coefficient
A = area of body normal to alr flow

The velocity of the test packages at the instant of impact is 45 feet
per second. Using a reference length of 1 foot, the Reynold's Number
varies from about th soon after the package is released to 3 x lO5 at im-
pact. In this range, the Cp of the first test package should be approx-
imately that of a flat plate in three-dimensional flow, 1.e., lal7n58 The
Cp of the second test package should be approximately that of a rounded
head cylinder in three-dimensional flow, i.e., 0.2.58

The free fall (q/A) vs. Alggt data are evaluated during the period
from 047 to 1.4 seconds after release. The transitory effects caused by
the release have diappeared by 0.7 second, and impact occurs at 1.4 seconds.

2

Using the measured frontal areas of the packages (1.55 feet™ for the first

package and 1.07 feet® for the second package ) and the velocities cor-

197
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responding to the above times (22.5 feet per second at 0.7 second, 45.0
feet per second at 1.4 seconds) the forces acting on the packages may be
calculated using Eq. (C-1). They are

1.07 1bf

Fp(first package, 0.7 second)

4 .28 1bf

Fp(first package, 1.4 seconds)
Fp(second package, 0.7 second) = 0.124 1bf
Fp(second package, 1.1k seconds) = 0.465 1bf
The force due to air drag on the second test package is approximately 10%
of the force due to air drag on the first test package.

Using the relationship

F
_ _Dfree fall (c-2)

F(a/g)=l

and the above values of Fp, noting that the weight of the first package

(%)
g free fall

is 120 pounds and the weight of the second package 1s 135 pounds,

(a/g) (free fall, first package, 0.7 second) = 0.0090

(a/g) (free fall, first package. 1.4 seconds) = 0.0357

(a/g) (free fall, second package, 0.7 second) = 0.00093

(a/g) (free fall, second package, 1.4 seconds) = 0.00374

For the first test package, the effective (a/g) during free fall will
range from 0.01 to 0.035 because of variation in air drag. Any effects
due to gulde wire drag would further increase the value of (a/g)° Because
(q/A) and AT,y are evaluated prior to package impact, (a/g) increases due

to air drag should be in the range 0.0l < (a/g) < 0.03.
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For the second test package, the effective (a/g) during free fall for
the outer package will range from 0.001 to 0.0037. The inner package
should not feel any effect of the air drag on the outer package, and so

should experience a lower (a/g) than the outer package.



APPENDIX D

EVALUATION OF THE LUMPED ANALYSIS APPROXIMATION

When a spherical solid at a high temperature is immersed in a liquid
at a lower temperature, unsteady conduction takes place in the sphere. The
reference parameter describing the internal differences in temperature for

~ this problem is the Biot Number,

_ Rk (D-1)

Bi =
1/n

& |&

which can be interpreted as the ratio of internal to external thermal re-
sistances. When the Biot Number is less than approximately 0.1, the solid
may be treated as a lumped system with a falir degree of precision. When
the Biot Number is greater than 0.1, the solid must be treated as a dis-
tributed system, and analytical solutions are generally available only for
limited types of boundary conditions. The use of numerical solutions is
required for general cases.

A calculation of the Biot Number for the l-inch diameter sphere in the
film-boiling region, using values of h from measurements assuming lumped
conditions, gives values of less than 0.02 for all combinations of pressure
and subcooling investigated. Carslaw and Jaeger59 have presented a solu-
tion to evaluate the temperature at any point in a sphere as a function of

time after a heat flux, (q/A), has suddenly been imposed. They give

200
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3(q/A)t  (q/A)(5r2-3R?)

rir) o = PsaCp. R ' 10kg 4R
2(q/A)R? gfsinérkn/R) Ol N2 /R (p-2)
kogr n=1 Apsini,
where
T(t,r) = temperature at time t and radius r
TO = temperature at time zero
R = radius of sphere
0<r<R
¢ = thermal diffusivity

Apsn = 1,2,..., are the positive roots of tan A = A

Equation (D-2) was evaluated for r=0 and r = R = 1/2 inch with (q/A) =
104 Btu/hr-ft°, Cpeq = 0.08 Btu/lbm-°F, p_4 = 558 Tom/£62, keg = 224 Btu/
hr-ft-°F, and t = 1 second. The heat flux used might be considered an upper
limit for film boiling under the conditions present. A difference of 0.93°F
was predicted between the temperature at the center and the temperature at
the surface of the sphere. In view of the small Biot Number with film
boiling, it appears reasonable to expect fhat the rates of change of center
and surface temperature will not differ significantly. The error in cal-
culating (q/A) due to assuming a uniform temperature in the sphere would be
due to this difference, and to variations in Cp with T within the sphere.
This is less than 0.05%, which may be neglected.

In the nucleate and transition boiling regions, values of the Blot

Number are of the order of magnitude of one, indicating that computation of
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the surface heat flux will require evaluation of the distributed nature of
temperatures in the sphere. This i1s accomplished using finite difference
procedures, with the measured surface temperatures as inputs.

The flow sheet for the computer program is shown in Fig. D-1, and the
program listing is shown in Fig. D-2. The computer language used is MAD.

The program takes the raw time vs. surface temperature data and fits
a fifth order polynomial to the first five points using the method of
least mean squares. It divides the sphere into ten concentric shells about
a spherical core and calculates the heat flux into the sphere in terms of
the enthalpy change of each shell evaluated at intervals of 0.00010 sec-
ond between the second and fourth points (see Fig. D-3). The heat flux,
surface shell temperature, next shell temperature, and spherical core tem-
perature, as well as AT ¢ and some other computational information, are
printed out for the third point. The first data point is then dropped,
the sixth data point is added to become the new fifth point, a new poly-
nomial i1s fit to the data points, and the process is repeated. After all
of the data points have been handled in this way the results are printed

and plotted as shown in Chapter V.
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Read Print
Start Identification | dentification
Read Data Print Data | N <5 ¥

——® JC = (N+l) 2 [——™

11 « JC

I1 > (N4-(N/2)-2)

T
DD « 1
—_— F Y(DD) =
X(Dp) =
DD «DD+1
I<«1
8X = ...
4TP =0 = — I>N 5%
- [ I
@ I« I+l

Fig. D-1. Flow sheet for digital computer program.
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DE <« 1 T

" DE > N + 1

DE « DE+1

[}

Gl « Il-2

C3 = ... K1(G1)=...
et Gl > Il + 2 -

¥1(Gl)=..

Gl «Gl+1

T

K « I1-1

—> K >I1+2

I2 « K

_FT I2 >I1 + 2 ely1( ) =

[2 « I2+1

t

K «K+ 1

Print
Intermediate
Calculations

JF « 1
T ®

JF « JF+1

Fig. D-1 (Continued)
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L«l _T.@
ACP =...
. L > PK
. " . T

L« L+l

S« 1 T + <
— i TIME = .. S
S > SM (1) = . f—o S > SM -T——@
F -
S « S+l T(s)=. .. S « S+1

T™()=...

TN()=. . =t

S < SM DRR=... [~

Fig. D-1 (Continued)
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S «1 T
Time...|<0.00010
(:::>_. S > SM
Fa
(s)=...
S«S +1
T
R«1
> R > 5 . S«2 T TA()=...
_>SUM: . S = SM .
R«R+1 el =
S+« S +1

T
JZ « 1 TP=1

X(Jz)=
JZ > 5 -
Y(J2)=
lJZ « JZ+1
)

@-—> TG= ... rint Results [—®=1Q = ... w=Print Results

i

F QAB() = ...
Q > 100,000 ) ___@

T

Fig. D-1 (Continued)
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Print
Plot of

Log (q/A) vs.

A
Log Tsat

Print
Plot of

(q/a) vs.
Time

IX

Print Results
AT

Time

sat’ (Q/A)s —.@

Print

Intermediate [—®™

Calculations

Fig. D-1 (Concluded)
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APPENDIX E

ANALYSIS OF THE TEST PACKAGE—STEEL CABLE—COUNTERWEIGHT SYSTEM

A sketch of the test package—steel cable—counterweight (p-c-c) sys-

tem is shown in Fig. E-1. The cable is assumed to pass over two friction-

less pulleys and to be weightless and inextensible.

of motion for the test package and the counterweight.

P, = may
or
Fo - meg = meag
myg - Fo = My
for which the solution is
ag _ mp'mc
g Mp+Tc
F (LL 28
= m.g —_—
c C 2
where
ZFy = sum of the forces in the y-direction
m = mass
m, = mass of counterweight
my = mass of test package
ay = acceleration in y-direction

21h

Writing the equations

(E-3)
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EX -inch Diameter Steel Cable
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Counterweight /

Fig. E-1. Sketch and free-body diagram of test package—steel

Pulleys

cable—counterweight system.

Test Package /
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acceleration of p-c-c system

ag =
g = acceleration due to gravity
F. = tension in cable

The effective body force acting on a body which is moving with the

test package is

Fg = mpap (E-6)

where
FB = effective body force acting on body moving with test package
mp = mass of body moving with test package
aR = net acceleration of body moving with test package

The net acceleration

or

= 1-2= (E-7)

When m, = 0, i.e., the test package is in free fall, (as/g) =1,
F. =0, and (aB/g) = 0. This indicates that a body moving with the test
package in free fall is subjected to the same forces which it would be sub-
Jected to in a zero-gravity environment.

When meg = 11 pounds and mpg = 120 pounds, (ag/g) = 0.83, Fo = 20.2 1bf,
and (aB/g) =0.17., This indicates that a body moving with the test package
in counterweighted drop, assuming the weights given dbove, is subjected to

the same forces which it would be subjected to in an environment possessing
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a gravitationai field 17% as strong as that on the earth.

The actual p-c-c system differs from the idealized system described
above. The values of (aB/g) were measured using an accelerometer mounted
on the test package. The measured values of (ap/g) were approximately 15%
higher than those calculated using Eq. (E-7) for counterweighted drop. This
difference is attributed primarily to friction losses in the pulleys and
bending losses in the cable, with a small effect due to gulde wire drag,
which increase the effective mass of the counterweight, and thus (aB/g)o

The assumption that the steel cable is inextensible is not a good as-
sumption for this system. The measured spring constant was 308 1bf/in. The
dynamic system may be represented as shown in Fig. E-2, with m. and mp each
resting on a frictionless surface and connected by a spring with spring
constant ke and FBp and FBC representing the gravity forces acting on the
test package and counterweight, respectively. An initial deflection of the
spring is considered, depending on whether the system is initially restrained
at the counterweight or test package, A or B in Fig. E-2., The equations of

motion may be written as

e k. ( ) + F 0 (E-8)
Mo T K \XptXe) + fpe = B
at? P
2x
mp — + ko (xpoxe) - Fpp = O (E-9)

When the system 1s initially restrained at the counterweight, A in Fig.

E-2, the test package acceleration is
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N

N

N k

N Fre N

y —1= PVWWVWWWA—/ » —m

N

J 55 553

N *c

N \

~N A X B
P -

N

N

0

Fig. E-2. The test package—~steel——cable counterweight system
as an idealized mass-spring-mass system.
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a®x Myy=1, ’
P - 2 S (1-cos at)g (E-10)
dt® My

where ® is the natural frequency of the systém. The solutions for w are

w = M&iﬂc_)_ 0 (E-11)

mne

Using values of k., = 308 lbf/inch, meg = 11 1bf, and nng = 120 1bf in qu-
(B-11), w = 108.8 radians/sec, and the predicted oscillation frequency, T,
for the system is 17.3% Hertz. This solution assumes no damping in the sys-
tem, and therefore gives an upper limit for f. The general solution of Egs.
(E-8) and (E-9) with the appropriate initial conditions, given as Eq. (E-10),
shows that the effective body force present on the test package will oscillate
about the steady value. Evaluating Eq. (E-10) using the values given above,

the test package acceleration is given as

d2
——SE = 0.83(1-cos 108.8t)g (E-12)
at :

which predicts that an accelerometer mounted on the test package would show
an average value of (1-0.8%)g = 0.17g, but with a superimposed oscillation
of amplitude 0.83g.

When the system is initially restrained at the package, B in Fig. E-2,

the test package acceleration is

2
d M., ~1m m
) = 22 (1 + = cos wt)g (E-13)
at2 + My
fip e

Using the values given previously, the test package acceleration is given

as
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a2 '
_’;‘a = 0.8%(1+0.09 cos 108.8t)g (E-14)
dt

which predicts that an accelerometer mounted on the test package would show
an average value of (1-0.83)g = 0.17g, but with a superimposed oscillation
of amplitude 0.076g.

Measurements of (aB/g) as a function of time using the values of ke,
m.g, and myg given previously were obtained and are shown in Fig. E-3. The
chart labeled "counterweight released in basement" was obtained using the
cable to support the test package (A in Fig. E-2). The chart labeled "pack-
age released by burning wire' was obtained using the cable to support the
counterweight (B in Fig. E-2). The initial amplitude of the oscillations
in (aB/g) are much larger for the case where the largest mass (the test
package ) was being supported. This amplitude decreases over the first sev-
eral cycles, indicating that damping is taking place. The oscillation fre-
quency is the same for both measurements, approximately 13 Hertz. If viscous
damping is assumed, a value of the damping factor of 0.66 is indicated. The
damping is probably not wviscous, because a damping factor of 0.66 indicates
large damping, but relatively little damping is indicated on the traces.

The appearance of the traces on Fig. E-3 indicates that several factors
probably influence the oscillation behavior of the p-c-c system. The pulleys
over which the cable passes, internal damping in the cable, the fact that
the cable cannot sustain compressive forces and the possibility of some in-
ternal oscillation within the test package itself, are probably among the

most significant.
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With these limitations in mind, it is interesting to compare the traces
of Fig. E-3 with the predictions of Egs. (E-12) and (E-14). When the counter-
weight is released, the initial large irregular oscillations are probably
caused by the counterweight trying to compress the cable (with resultant
cable buckling) then dropping back down to again put the cable in tension.
The #0.83g oscillation predicted is not sustained, although it may be pres-
ent in the first cycle.

When the package is released, a more regular trace is obtained. Cable
buckling 1s probably not a problem for this case. The maximum amplitude
of the acceleration variation is less than #0.1g, which is approximately as
predicted by Eq. (E-14). A Dbeat in the oscillation amplitude may be seen,

but there is no obvious cause for this.
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