g g \ \
| 07461-20-T

\

THE UNIVERSITY OF MICHIGAN

COLLEGE OF ENGINEERING
DEPARTMENT OF MECHANICAL ENGINEERING
HEAT TRANSFER LABORATORY

Technical Report No. 2

Boiling of Liquid Nitrogen
in Reduced Gravity Fields with Subcooling

EUGENE W. LEWIS !
JOHN A. CLARK

HERMAN MERTE, JR.

Sy E
N69-16842 S 4
(ACCESSION Ny/ (n-V (r~ )
A"
) (PAGES (
CR G g 4 ok y
(NASA'CR &R TMXOR AD RUMBER) (CATEGORY) : J

Under contract with:

National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Contract No. NAS 8-20228 |
Huntsville, Alabama ‘

Admim‘:md through* . Meay 1967

| *omcz OF RESEARCH ADMINISTRATION <"ANN ARBOR




THE UNIVERSITY OF MICHIGAN

COLLEGE OF ENGINEERING
Department of Mechanical Engineering
Heat Transfer Laboratory

&
I
I

Technical Report No. 2

BOILING OF LIQUID NITROGEN IN REDUCED GRAVITY FIELDS WITH SUBCOOLING

Eugene W. Lewis
John A. Clark
Herman Merte, Jr.

ORA Project OTL6L

urider contract with:
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
GEORGE C. MARSHALL SPACE FLIGHT CENTER

CONTRACT NO. NAS 8-20228
HUNTSVILLE, ALABAMA

administered through:
OFFICE OF RFSEARCH ADMINISTRATION ANN ARBOR

May 1967




-
”
»

t | \] V , I'm

PRECEDING PAGE BLANK NOT FILMED.

TABLE OF CONTENTS

Page
LIST OF TABLES v
LIST OF FIGURES vi
NOMENCIATURE A X
ABSTRACT xiv
CHAPTER
I. INTRODUCTION ! 1
A. Purpose 1
B. Literature Survey 2
TI. EXPERIMENTAL APPARATUS 10
A. Introduction o 10
B. Drop Tower 11
C. Test Packages 18
D. Test Surfaces 23
E. Instrumentation 29
1. Recording Equipment 29
2. Pressure Transducer 30
3. Accelerometer - 30
4, High-Speed Camera 8 32
IIT., TEST CONDITIONS 34
IV. TEST PROCEDURES 39
V. DATA REDUCTION | Ly
A. Time o L
B. Temperature iy
C. Pressure L8
D. ©Seturation Temperature 49
E. Acceleration Lo
F. Heat Flux 51
G. DNusselt Number, Nu ' 59
H. Modified Rayleigh Number, Ra' .- 59
I.

Photographs e 61

iii



TABLE OF CONTENTS (Concluded)

VI. RESULTS

A. General
B. Experimental Results
1. Film Boiling
2. Other Boiling Regimes
3. Photographic Results for Film Bolling
L. Anomalous Results

VII. DISCUSSION AND ANALYSIS

A. Film Boiling
1. Saturated Liquid Boiling Correlations
2. Subcooled Liquid Bolling Correlatlons
3. Boiling Film Thickness Analyses
B. Other Boiling Regimes
1., Minimum Heat Flux Boiling
2. Peak Heat Flux Bolling
3. Nucleate Boiling
L., Free Convection

VIII, SUMMARY AND CONCLUSIONS

APPENDIX

A. REDUCED DATA AND SAMPLE PHOTOGRAPHS

1. Reduced Heat Transfer Data
2. Sample Photographs
3. Reduced Photographic Data

B. ANALYSIS OF THE FIIM THICKNESS ON A FLAT PLATE HEATING DOWN

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

D. EVALUATION OF THE LUMPED ANALYSIS APPROXIMATION

E. ANALYSIS OF THE TEST PACKAGE—STEEL CABLE-—-COUNTERWEIGHT

SYSTEM

BIBLIOGRAPHY

iv

102

102
120
123
140
140

T 1k6

151
155

157

160
160

181
186

191

197

200

214

223

e o ST W .




Table

II.

III.

LIST OF TABLES

Page
Summary of Test Conditions 38
Mean Vapor Film Thicknesses 99
Comparison of Analytical Predictions and Experimental Results
for the Ratio (q/A)gc/(a/A)gqt for a Vertical Disk at 3 and
5 Atmospheres 123




Figure

10.

il.

12.

13.

15.
16.

i7.
18.

19.

LIST OF FIGURES

Drop tower facility.

Buffer assembly.

View of first test package and counterweight.
View of second test package and counterweight.
Second test package.

Pressure cover on second test package.

View of l-inch diameter sphere with stainless steel support rod.

Wiring schemetic of l-inch diameter sphere.
Disk for transient heat transfer measurements.
Sketch of test setup for obtalning high-speed motion pictures.

Typical oscillographic record of temperatures within l-inch
diameter copper sphere with film boiling of liquid nitrogen.

(a/g) = 1.

Typical oscillographic record during free fall with nucleate
and transition boiling. (a/g) =~ O.

Specific heat of copper.

Typical input to computer.

Typical output from computer.

Effects of geometry and orientation on saturated film boiling.
Effect of pressure on saturated film boiling.

Effect of;subcooling on film boiling.

Effect of (a/g) on saturated film boiling on spheres.

vi

Page
12
13
15
16
20

22

53
56
6€
67
69

70

L

o
"

——— .

i



LIST OF FIGURES (Continued)

Figure Page
20. Effect of (a/g) on saturated film boiling on disks. 73
2l. Effects of pressure and subcooling on (q/A)min and transition

boiling. (]
22. Effect of (a/g) on (a/A)pip,. 7
23, Effect of (a/g) on transition builing at one atmosphere. 79
2h. Effect of (a/g) on transition boiling at three atmospheres. 80
25. Effeect of (a/s) on transition boiling at five atmospheres. 81
26. Effects of pressure, subcooling, and (a/g) on (q/A)gqy- 8L
27. Effects of pressure and subcooling on nucleate boiling. 86
28. Effect of (a/g) on saturated nucleate boiling. 87
29. Effect of pressure on free convection. ) 88
30. Composite tracings of photographs of film boiiing on a sphere. 90

31. Composite tracings of rhotographs of film boiling on a
vertical disk. 91

2. Composite tracings of photographs of film boiling on a
horizontal disk heating up. 92

33, Composite +tracings of photographs of film boiling on a

horizontal disk heating down. 93
34. Anomalous film boiling,. | 100
35. Experimental pool boiling data for nitrogen. 103
»6. Correlation of saturated fiim boiling on spheres. 105

37. Correlation of saturated film %oiling on spheres and
cylinders. - 107

%8, Correlation of saturated film boiling on a disk. 109

vii



Figure

39.
Lo.

L1.

Lo,
L3,
LL.,
L5,
L6,

L1.
L8,

49.
50.

51.
52.
53.
Sl

55.

56.

LIST OF FIGURES (Continued)

Saturated film boiling correlation for a vertical disk.

Saturated film boiling correlation for a horizontal disk
heating up.

Saturated film boiling correlation for a horizontal disk
heating down.

Saturated film boiling correlation for flat plates.

Effect of the exponent on (a/g) on a saturated film boiling
correlation.

Saturated boiling correlations.

Subccoled film boiling correlation.

Dependence of film boiling heat flux on time.

Variation of heat flux and vapor film thickness with time.

Film thickness and heat flux in saturated film boiling on a
vertical disk.

Vapor film thickness in saturated film boiling on a horizontal
disk heating up.

Vapor film thickness variation in saturated film boiling on a
horizontal disk heating down.

(q/A)min in saturated boiling.
(ATggt)min in saturated boiling.
Comparison of experimental and predicted (q/A)max.

Effect of subcooling on (q/A)pgy-

Effects of pressure and subcooling on nucleate boiling heat
flux. |

Heat flux with free convection.

viii

L

Page

112

113

11k

115

118
119
122
150

131

155

136

139
12
145
148

150

153

156

o ——
H

B e




Figure
A'lo

A-2,

E-3.

LIST OF FIGURES (Concluded)

Photographs of film boiling on a sphere.
Photographs of film boiling on a vertical disk.

Photographs of film boiling on a horizontal disk heating up.

Photographs of film boiling on a horizontal disk heating down.

Plate and disk configurations.

Flow sheet for digital computér progran.

Digital computer program listing.

Computational procedure for digital computer program.

Sketch and free-body diagram of test package=—steel cable—
counterweight system.

The test package;-steel cable=counterweight system as an
idealized mass-spring-mass system.

Accelerometer records of (ap/g).

ix

Page
182
183
184

185

205
208

213

215

218

221



¥

Fy,ete.

NOMENCLATURE

(Other nomenclature is defined as necessary)

Local acceleration

Area

Computational parameter—see Eq. (27)
Biot Number

Specific “eat

Constan%s‘h

Jiameter

Parameter defined in Eq. (38)
Friction factor

Parameter defined in Eq. (39)

Vector force

Force component

Acceleration due to standard (Eerrestrial) gravity
Mass-force conversion constant

Grashof Number

Enthalpy

Heat transfer coefficient

Latent heat of vaporization

Average enthalpy difference between vapor and liquid
Mechanical equivalent of heat

Thermal conductivity

)




[l

s & &

=

Fa 18

Nu

Nu 1]

Q

=

R&'

Ra"

<4

NOMENCLATURE (Continued)

Average calculated drop thickness

Length measured along z-coorindate

Length measured along x-coordinate

Equivalent éébmetrical factor

Distance from leading edge to onse% of turbulence
Mass flow rate

Mass

Exponent

Outward-drawn normal to dA

Nusselt Number

Doubly modified Nusselt Number-—see Eq. (23)
Pressure, psia

Pressure, atm

Prandtl Number

Heat transfer rate

Radial coordinate

Rayleigh Number

Modified Rayleigh Number--see Eq. (14)
kDoubly modified Rayleigh Number—see Eq. (24)
Time
Temperature
Volume
Vector velocity

xi



Vysete.

X,¥,2
Yis,V2

Ap

ATsat

NOMENCIATURE (Continued)

Velocity component

Cartesian coordinates

Local film thickness

Saturation pressure difference corresponding to heater surface
superheat

Heater surface superhest (T -Tgq¢)

Thermal diffusivity

Equivalent thermal diffusivity in heat conduction through a
substance with change of phase

Thermal expansion coefficient

Vapor film tﬁickness

Variation in filﬁ‘thickness

Vapor film thickness at onset of turbulence--see Eq:. (33)
Dimensionless boundary layer thickness—see Eq. (31)
Critical wavelength

Most dangerous wavelength

Viscosity

Density

Surface tension

Cylindrical coordinate

xii




G o o0 SES 0N N aun 0N OGN0 AN O e AN Ay BEN Ee Y

Subscripts

f

min

max

sat

- sc

sd

NOMENCIATURE (Concluded)

Evaluaﬁeq at film temperature

)

Liqu;d' 
Minimum

Maximum

Test object surface

Evaluated at saturation conditions
Subcooled

Solid

vapor

xiil



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 orientationsof the boiling surface; subcooling
from O°F to 30°F; pressures from 1 to 5 atmospheres; and boiling regimes from
fiim to nucleate, plus free convection. Gravity was varied by using a drop
tower and & counterweighted test package. 1In free fall, the test package
achieved a level of less than 0.002 times standard gravity. Heat transfer
surfaces included l/h-, 1/2-, and l-inch diameter spheres and a 3-isch diam=-
eter by 13/16-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 thicknesszs 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 fiux on the 1/2-inch and l-inch spheres varied as the 1/3 power of
acceleration. The heat flux on the l/h-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. DNucleate boil-
ing, within the uncertainty of the measurements, was not affected by varia-
tions in acceleration, pressure, or subcooling.

xiv
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CHAPTER I

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. 1In
the past, this dependence was not usually significant. Within the last ten
years, however, questions which previously had been primarily"académic in
nature began to have many practical applications in the new field of svace
technology. The possibility of vehircles 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 woul@ be modified under a varying force field.

Becau;e 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 proposed 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. Most
of the correlations include a dependence on tne local gravitational field.
While variations in the indicated dependence on (a/g) between different boil-
ing regimes is not 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 c¢nly after comparison with date which have been published
on heat transfer with nonstandard force fields,

The purpcse of this investigation was to attempt to ciarify some of the
apbarent discrepancies in the predicted dependence -f heat flux on the grav-
itational fiéld in the various bolling regimes. It was recognized that the
size, shapg) and o;ientation of the surfgce fiom which bolling was taking
place could affect the results, so several different surfaces were used to
obtain heat transfer date 1in 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 measurement tecknique was used,ﬁo
study “he range of effective gravity from standard earth gravity to near-zero
(free fall). Liquid nitrogen waes 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
solid-iiquid interface due to heat transport from the solid 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 lesé than'the
| liquid saturation temperature. The vapor may appear as individual bubbles,
as a continuous filﬁ, or as & ccmbination‘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,

*Supersceripts refer to References in the Bibliography.
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the bubbles may collapse, coalesce with other bubbles, or move indeperidently.
Detalled examinations of the conditions under which these various behaviors
are observed and descriptions of the various bolling regimes are presente@
in standard texts such as those of McAdsms! and Kreith.

The level of boiling heat flux 1s 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 reduétion
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 presentvwork.

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 al.,! evaluated
the bubble Froude number (ratio of inertia to buoyant forces) in nucleate
boiling for éeveral liquids at 1 atmosphere pressure, (a/g) = 1, ATggt = 16°F,
and a bubble radius of 0.005 inch. Their evaluation indicated inertia forces
were dominant for all liquids considered; for nitrogen, the bubble Froude num-

”

ber was 452.



Keshock, gz‘gi.,g evaluated the forces on bubbles in nucleate boiling
and found thgt 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 gl.,9 evaluated the furces acting on
‘a 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:sure and dynamic
forces, at low subcooling the principal removael forces were the pressure and
buoyant forces, and at zero gravity the pressure and dynamic forces removed
the bubbles at all subcoolings.

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

The correlation proposed by Rohsenowll for nucleate pool boiling, Eg.
(58), predicts that (q/A) is propoftional to: (a/g)l/ 2 (provided that the
empirical constant, given as 2.97x10°, is not a furmction of (a/g)). The equa-
tion developed by Michenko12 for nucleate boiling, Eq. (59), predicts that
(q/A) is proportional to (a/g)'2/3. Forster and Z‘u’bérl5 and Forster and
Greiflh predicted. that (q/A) would be independent of (a/g).

Frederkingls 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 tﬁat the heat flux at a single site was propor-

1/h

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

bubble sites.
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Nucleate pool boiling experimental data have been reported for a wide
range of (a/s). Merte and Cla.rk16 using saturated water and (a/s) 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 ATgat, (q/A) decreased with
increasing (a/g). Costello and TuthilllT observed a decreassing {q/A) with
(a/s) increasing from 1 to 38 at a given ATggt, but did not present data at
the low ATggt whe ' Merte and Clarkl6 had observed a reversal of this trend.
Sherley18 reported a statistical increase of approximately 20% in (q/A) at
a given ATgg¢ when comparing (q/A) vs. ATggy data at (a/s) = 0 with similar
date at (a/g) = 1. However, the variation of (q/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 Sherley18 in that no significant effect of (a/s) was observed in the
nucleate boiling region.

Numerous‘correlations have been proposed for predicting the maximum
heat flux, (q/A) .y (e.g., Refs. 2¢,21,22,23, and discussion of 3). They
all predict (q/A) ., is proportional to (a/g)l/h. Siegel2h suggests that
this may be because they all use a horizontal infinite flat plate model.
Costello and TuthilllT observed an (a/g)l/h dependence of (q/A)max for
1 <@/g)< 38 on a flat plate. Merte and Clarkl® found an (a./g)l/ b depend-
ence for (q/A) ., With a l-inch diameter sphere in the range 0 <(a/g) < 1.
Usiskin and Siegel.z5 uced a platinum wire 0.0453 ;nch in diameter to obtain

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



(a./g)l/)+ variation appeared to provide a reasonable lower limit for thei:
data.

k26 with nucleate boiling of Freon 114 from a horizontal

In an early wor
platinum wire, it was observed that upon changing from (a/s) = 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 ATgat over which (Q/A)max would be expected to exist was
predicted by Chang and Snyder.21 Merte and Clarkl9 observed an empirical
constant in this equation had been derived for water. They modified the
constant to apply to nitrogeh and presented experimental results which fell-
within the predicted range. This prediction also included a dependence on
(a/e)/".

. Results for transition voiling with variations in (a/g) appear to be
limited to those of Merte and Clarkl® for 0 <(a/g < 1. As discussed by
Siegel2h these data suggest 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 f£ilm boiling,
<Q/A)min’ on a horizontal flat plate was proportional to (a/g)l/u‘ He also
obtained an expression for ATggt &t which (@/A)pin would occur. This ATgat
was proportional to (a/g)°1/6. The measurements of Mertevand Clarkl9 for

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

the value of ATgg4 at this condition d4id not.

-
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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
given as Eq. (20) and predicts (q/A) varies as (a/g)l/u. Adelberg6 per-
formed a similar analysis for a horizontal tube and also predicted that
(a/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 obtaired an optimum cell diameter (wavelength) which
was intermediate between A. and A3 (see Egs. (21) and (22)). The expres-

sion they obtained for film boiling was

N 1/4
3 -
F = 0.410 kvfhfgpvfg(pz Pye) QB/8 (1)
s 1/2 g
slpg=p
L £ vf _J

where

* 19 CEATsat

h = 1l + 2

which they observed agrees with the equation of Berenson (Eq. (26)) within
4%. Equation (1) predicts (q/A) is proportional to (a/g)B/a. 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



8
1/4
- ksfhfggplpvéj / a 1/k
h = 0.68 (—) (3)
ATgqthvele €
where
242

Equation (3) predicts that (q/A) is proportional to (a/g)l/ ”.

The model
used to obtain Eq. (3) assumes that the generated vapor moves parallel to
the flat plate, rather than normal to it as with the other flat plate models.

’rAn.analysis of film boiling on a vertical surface was performed by Hsu
and Westwater.jo They predicted that in the laminar film regicn {Q/A) would
be proportional to (a/g)l/h, but in the turbulent film region the exponent
on (a/g) would be between 1/3 and 1/2. Frederking and Clark ' analyzed film
boiling on a sphere at(a/g)= 1 and‘predicted that (q/A) would be proportional
to (a/g)l/z. Siegel2h 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 (q/A) to be
proportional to (a/g)l/E. Pom.ere.n.tz.'i)+ obtained film boiling results on &
0.188-inch diameter horizontal cylinder at 1 <(a/g)< 10, and found (qg/A) was
proportional to (a/g)o'356. Heath and Costello’? obtained results for film
boiling of ethanol, pentane, and Freon 113 on horizontal and vertical flat
plates, for 1 < @/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

o —
vt

oy Wi !
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Berenson's correlation (Eq. (26)—(a/A) proportional to (a/g)l/ h) 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 verticel plate orientation, although Class,
et al. ,-36 using & 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.
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CHAPTER II

EXPERIMENTAL APPARATUS

A. INTRODUCTION

The primary object of this investigation was to determine the effects
on boiling,heat transfer of varying the gravitational field in the range
0 <(a/g)5 1, with additional variables of test surface geometry, bulk liquid
subcooling, and pressure.

The most simple way of approaching (a/g) = 0 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, is pre-
sented in Appendix E.) The use of & 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 oraer 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 cf various test surfaces permitted the e%fects 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 just 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 liquid. A subsequent need for photographic in-
formation on the boiling phenomena with different test surface geometries in
the film-boiling regime at (a/g) = 1 necessitated the acquisition of a high-

speed motion pictuvre camera.

B. DROP TOWER

The drop tower location in the Heat Transfer Laboratory 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 basicaily 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
cf the piston while decreasing the initial deceleration of the test pack-
age.

Two different test packages, described in more detail in Section II.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 weighed approximately 135 pounds.

The counte.weight 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 igches
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 1l pounds, 5 ounces, which permitted minimum ex-
perimentaily 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
counterweight was decelerated at the end of the drop by two Firestone Rubber
Company automotive-type air springs and was guided by two vertical wives
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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View of second test package and counterweight.



17

counterweight in combination with the cable connecting them behaved as a
spring-mass system with a resultant sinusoidal variation 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 carriec 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).

The first test package was supported by a short length of 17-gauge re-
sistance wire prior to a test. The package was releesed 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 release. 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 solenoild 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 firsﬁ’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 wasg 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 .0%. Part of this 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

air drag, which is analyzed in more detail in Appendix C.
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The second test package provided a capability for rapidly pressu?izing
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 sﬁbcooling 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: an outer
package which serves as a pressure vessel, windshield, and mounting s cructure
for fastenings and some instrumentation; and an inner package which contains
the test fluid test surface, 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 fiverglass 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 package 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 lh-inch diameter cylinder 36 inches long, blunted
va the lower end and flat on the upper end. It provided a minimum of 1l-inch
radial clearance between the inner and outer packages and also between the
outer package and the sides of the drop tower, and a 6-inch vertical clear-

ence 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 suftficient 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
the quick-disconnect fitting is shown in Fig. 6.

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 impact 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 vhich
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 retrects the catch. This allows the inner package to float freely

within the outer package.
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The position of the inner package relative to the outer package was
monitored during several drops, and it was observed that the inuer 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 overcome 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/S).

D. TEST SURFACES

Previous work by Merte, gg_g;.,l9 had established the feasibility of
using & 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, 1/2-inch and l/h-inch diameter copper
spheres were also tested. Although a limited amount of testing at one
atuosphere was performed with the 1/2-inch diameter sphere, most of the
sphere tests were performea with the l-inch and 1/h-inch diameter spheres.

The l-inch and l/E-inch diameter spheres were supported on 1/1€-inch
dismeter stainless steel rods (see Fig. T7), and the 1/h-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 4dif-
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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 & 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 wher a distributed analysis was necessary. The
wiring schematic for the l-inck diameter sphere is shown in Fig. 8. The
1/2-inch and 1/4-inch diameter spheres were provided with single direct meas-
uring Jjunctions 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 t. the bottoms ol 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 Jjunctions

to the liquid nitrogen through the wire itself, and to provide extra strength
in the region where thermoéouple wire breakage was most probable.

Much of the experimental data and analyses presented 1n 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 cleararce 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, it 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
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thermocouple Jjunctions directly. A c¢mall gap at the center plane further

isolates the two disks. Five thermocouple locations were provided as indi-

cated. One was a direct-measuring Junction 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 =oft 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 uv/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 eve. y test.

The four channels were normally used for recording test surface tem-
perature, pressure in the outer test package, and two test fluid 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 is G-100 psig.

3. Accelerometer
A Kistler Model 303 Servo-Accelerometer was used to monlitor 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 temperature records. The accelerometer was not
used on every test but only on a series of acceleretion 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 repeatable positioning of the accele-
rometer over all relative positions cf the measuring axis of the accelerom-
eter and the nocrmal 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 rnot overload the galvanometer. It was possible 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 boiling phenomenon, but
most of these are studies of boiling from horizontal or vertical plates or
wires. In order to aid in tne 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 326) 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 ard was used for all the data presented here. A maximum of 224 frames
could be obtained on one film strip.

A sketch of the test setnip 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 3 mm film. After developing, the film was slit
and spliced to provide one strip of film suitable for use in a standard 16
mm proJjector. 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 III

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 (-321.2°F at 1L4.7 psia).

The effects on boiling heat transfer of varying (a/g) between O and 1
have been reported by Merte, et gl.,lg 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 corresponded to 0.0l S(a./g)g 0.03) were used. A predictable
change in heat transfer rates at a given AT 5y was observed to occur for
(a/g) between 0.2 and 1.0. Therefore, only one value of (a/g) between O
and 1 was chosen for the present investigation. The value 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 ard a spherical test surface, (a/g) =
0.20; with the second test package ard 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%0.00L1.

3h
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In order to perform tests using subcooled 1liquid, 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 nitrsen, the vapor
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 l/h—inch diameter sphere, the liquid was within a few
degrees of the nominal maximum possible subccoling. 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 t n with the exception of the full temperature range
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(a/g) = 1 date 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 atnospheres and 25°F at 5 atmospheres were observed for most
tests.
To determine which ob:searved changes in boiling characteristics were due
solely to subcooling effects and wni~h were due tn 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 1/4-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 conditicns 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 anotier geometry for com-
parison purposes. Separate sequences were obtained for each test surface

at values of ATggy of 100°F, 200°F, and 300°F.

4



TABLE I

SUMMARY OF TEST CONDITIONS

Test P, atm: 1, Saturated 3, Saturated 3, Subcooled 5, Saturated 5, Subcooled
Object a/g: 1.0 0.6 0.33 0.2¢ 0 1.0 0.2* O 1.0 0.2*% O 1.0 0.2*% 0 1.0 0.2* O
l-inch
sphere x° L x* x x° X X b b’e X X X X X X X X
1/2-inch 1
sphere X xl
1/4-inch
sphere X X X X X X X X X X X X X X X
Disk,
heating up y y y y y y y y y
Disk,
heating down y y Yy y y y y y y
Disk
vertical y y y y y y y y y y y y y y y

Note: Data obtained using second test package except as indicated:
x = includes some data in tL- transition, peak and/or nucleate boiling region as well as film boiling
data
Y - film boiling data only
*a/g value of 0.2 includes daia at 0.16 and 0.17 as well.
Data taken with first test package.
Data taken with both first test package and second test package.
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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 surfece,
instrumentation calibration, and test surface immersion. Tests under frac-
tional gravity required the use of the counterweight system with the inner
test package attached tc the outer vessel. 1In the free-fall tests the inner
test package is suspended within the outer vessel ﬁrior to being dropped.
Pressurized tects required flushing and pressurizing of the outer vessel.

At the beginning ol ecach 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 esch 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
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voltage source for calibration of the instrumentation. A resistor in each
circuit used for thermocouple calibrations was adjusted 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 ever& thermocouple being used. Normally the calibrations were consistent;
when they were not, the average of the two calibrations at each increment of
voltage was us<d if the changes were minoy, 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/s) = 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 cthe voltage-limitiang circuit.

The accelerometer was used only on dummy runs (no otzer instrumentation
functioning, although physical similitude was maintained) to establish the
value of (a/s) 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 constant 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 25-1liter 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 paciage was suspended from
the spring-loaded pawl attached to the outer test package. For a fractional
gravity test, the ini ' 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 tolted 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
wes ready for either pressurization or immersion of the test ovject.

The liquid nitrogen was initielly 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 liguid temperature (also

monitored) stabilized at saturation. Saturation conditions were verified
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by comparing the actual and tabulated 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 wes ready
for immersion of the test cbject.

The test object was then immersed in the liquid niirogen. 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 boiling at (a/g) = 1 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
teen 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 tc 80 frames of film boiling.
The remainder of the unexposed frames were used tc photograph the nonboiling

statz, immediately 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 iavolved.

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 reference 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) = ] 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. 1l 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 ?i

to #0.002 second. It was necessary to interpo’ate between the l-second
marks to obtain the times at which the temperatures were read. T >se inter-
vals varied from 0.2 second in the film-boiling region to less tha: ¢ 05

second in the peak heat flux region. The intervals used were chosen so that
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for each interval the value of AT .4 (ses Section V.F) was approximately
constant, btut with no interval longer than 0.2 second. These interval marks
could be read to within #0.2 mm, or *0.002 second; The maximum error pos-
sible in time determination is *0.005 second, but probably will not exceed

+0.003 second.

B. TEMPERATURE

The output from the various 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 eafter 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 correspond-
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 derived 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 vepor pressure cryostat, at
the CO2, and mercury freezing points, and the steam point. The calibration
for these particular wires, 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 erior in
absolute temperature measurement, liquid Aitrogen temperature mcasurements
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 from tables57 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 30 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 valucs of this increase were as much as 1
psi at 3C 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 (44.1 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 it was necessary cto 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-Tgat, Or ATggt, is subject to #0.5°F errors in the
determiration of both Tg; and Tggzt, so that the maximum error in ATggt is

+1°F.

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

tween the normal gravity vector and the sensitive axis of the accelerometer.




The angular position was known to within #0.0005 radian (position locations
were accurate to within #0.002 inch on the periphery of the calibration
disk, which is 10 inches in diameter) and the direction of the normal grav-
ity vector was determined to within *0.0005 radian (checked against spirit
levels and the accelerometer itself, which has meximum 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 maxXimum
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 Ka/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*C.001, i.e., liess

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 averaye 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 spriné. This protlem
is discussed in more detail in Appendix E. Reading und calibration errors
were neéligible compared with these oscillations, which limited the accuracy
of the determination of (a/g) to approximately *0.01 in the range of (a/g)

of 0.17.

F. HEAT FLUX

Heat flux,or (q/A), 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

L]

Q@ = mdh _ oV ar |
A rac - & %D % (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 zopper
were plotted as Cp vs. T. A curve was fitted to thess data (Fig. 1i3) and
Cp was read directly as a function of T. The meximum 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 sysiem usually may be treated as & lumped system when the Biot Number
is very small (see Appendix D). In the film-bciling region, the Biot Number
corresponding to the test objects used her: 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 long: 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

3 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 considered 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 d2T/dt2 was also large. A much higher data
sampling frequerncy 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 (q/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

t of the entire system, using the measurements as input at the outer shell.
[
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The =zalculated difference in the tempeveture of ‘the sphere at the centerr 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 (g/A) vs. AT+ (including a typical plot for the
l-inch diameter sphere at (a/s) = 1 for comparison purposes), and a plot of
(q/A) vs. time. Samples of the input to the computer are shown in Fig. 1k,
and samples c¢f the output from the computer are shown in Fig. 15. T0S-8

is the identification i1or the l-inch diameter sphere. '"R" indicates when
the package was released. A flow diagram and listing of the program are ir-
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-tempersture 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 1/h-inch diameter sphere
under the same conditions was approximately six times higher than it 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 boiling region, produced a maximum error due to reading inaccuracies
of #20%. The (q/A) vs. AT,y data were repeated within this range for most

of the tests. Repeatability varied with the test object and boiling region.
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RUN NO. 60Gy 1710764y TOS-8, U Gy, HE PR. 45 PSIA, SUBCOGLING=1T7F
CALCULATION N4 = %5, N = s, RO = 358.000020, VOA = «013889
PARNETERS
DR = 4,167000L-03, 7C = 290,000000, DS = 10.0)0000E~04, SN = 11
R? = «041670, TSAY = ~301.000000
TIME,SEC TIMEL) oo TINI4S) RELEASE AT 0.51 SEC
«000000E+DY 5.000000t-02 1.000000€-01 1.500000E-01 2.000000E-01 2.500000E~01 3.00UD0CE-08 3.250000E-01
34500000F-21 3. 750000€-01 4.0)0003k-01 %+250000E-01 4.500000€~-01 &, T50000€-01 5.000000F-01 5.250000€~01
5.500000E~01} Se 750000¢~01 600300000€~01 6.250000E-01 6.50000CE-01 7.500000£~01 8.GU0000F~01 8.500000E-01
9, 30C000E-01 9.500000£~01 1. 090209E + G2 1.9050000E+00 1+100300€ +00 1150000t +CO 1. 200000F+00 1.250000E+00
1300000E+00 1.350C006+0) 1.430000€+CO L+450000€+00 1+500000€ +00 1.55000UE+ 00 1.600000£+00 1.650000E+00
1« T00000E+00 1. 7500006+ 00 1. 230u0JIE 400 1. 85000C¢E+00 1.900000F +00
TEMPERATURE, °F TEF( 1) oo s TENLSS)
~2.584400E4002  <=2,552500L002 <2,0u2UJFeD2  ~2.511H00E402  =2,6277055 02 <2.634BCUED2 -2.64Y000E¢02  =2.651000E+02
~2.6€6000E+I2 “LenT4N0Ee02 ~2.084R0 2003 =2.,0%4000E¢02 «2a T4 3500 ~02 =24 116000t 40 ~2eTc4h00F¢02 -2+ 7355002+02
=24 T465C0ESU2 =2+ 753000 +02 ~ 2. TTONGIE G ~2.T775000€¢02 =2 7€ MONEAg ~24 T95802¢ ¢ 02 =2.51'lrUCL+02 ~2.806500E+02
~2,310800€+02 ~2.014800E+02 ~Z2e4i05022002 -2+824000E+02 «2e82.60%: .02 ~2e 835aCNL*02 =2.842200E402 ~2.849800£+02
~2e856500E402  ~2.HE3000E402  -2,0t9+30800¢ ~2.875600£402 -2.8B0500€+02 ~2.886U00L#0:  ~2.b05200CE+02  -2.694200E402
~2.89T800€492  =2.9008I0E+02  ~2.9uaN00E*02  =2.9062006+02 ~-2.908600E+02
{a) Tabular input.
L e T it dated * - e ef et — e —— ————— it 3
I 1 | ] i
1 H t 1 1
T i 1 1 1 I
€ i 1 1 1 1 \n
H 1 1 1 1 1 \n
P H 1 ' 1 i
3 ! I s I 1
R I ] | i 1
A I i 1 H 1
¥ i 1 1 i i
1] I H i 1 1
R 1 ! 1 I 1
E I 1 1 I I
. * H ] 1 I
~250.000 ¢=¢-=-3-3 ¢ ———— toemmooe + sttt bttt +
1] I * 18 | 1 1
E 1 s 1 1 1 1
[ H *" I i 1] i
1 *s &1 1 1 1
[3 1 e ] 1 1
1 [] 8 1] 1 1
t 1 *e s [} 1 1
f 1 ¢ s s ¢ s 1 1
I 1 | 3 L * 1 ]
1 1 1 s o | 1 R
1 1 1 ] *ts 5 & - i
1 1 1 1 . 1
i H 1 I I
i 1 I 1 1
=-300.000 + + + -— ceme—eost -t

c.o00 0.500 1.000 1.500 2.000
RELATIVE TVIME, SECONDS
RUN M, 60Ge P/X3/66y TCS-8¢ 0 Gy HE PR. 45 PSIA, SUBCOOL ING=1TF

(b) Computer plot of input.

Fig. 14. Typical input to computer.




ATSAT»°F

3.980273E+01
3.161106E+01
2.320514E+01
1.860385€+01
1.348287E+01

(q/A) ,BTU/HR-FTZ

254551 6E+0«
4e514T705E+04
3.387158E+04
1.201851E+04
1. 350948E+04

ATeprs°F

3.980273E+01
3.161106E+01
2.320514€+01
1.860385E+01
1.348287E+01

TIME, SEC

«000000E +00
3.500000€--01
5.500000€-01
9.000000E-01

OTT(1)eeoDTT{39)

3.870377€+01
3.060602€E+01
2.275236E+01
1.804663E+01
1.290273€+C1

QAB(1)...QAR(39)

2.792063E+04
4.588960c+04
2.446783E+04
1.350115E+04
1.329963E+04

3.748254€+01
2.957911E+01
2.150197€+01
le 742474E+01
1.237276E+01

3.128983E+04
4.698259E+04
1.723067E+04
1.495908E+04
1.252756E+04

DATAX(1).. .DATAX(39)

3.870377€+01
3.060602E+01
2.275236E+01
1.804663E+01
1.290273E+01

TIM{1).a T IN(4S)

5.000000€-02
3.750000£-01
5.750000€-01
9.500000E-01

1.300000E+00 1.350000€+00
1.700000E+50 1. 750000E +00
a— oy e oy - 3
erv—— b

3.748254E+01
249579112401
2.150197€+01
1.742474E+01
1.237276E+01

1.000000E-01
4.000000E-01
6.000000€-01
1. 000000E+00
1.400000E+C0
1.820000E+00

Fig. 15.

RUN MO. 60G, 1/10/64, TOS-8y O Gy HE PR. 45 PSIA, SUBCOOLING=17F

3.606267E+01
2.853042E+01
2.080997E+01
1.674701E+01
1.192025€E+01

3.763239E+04
4.803795€E+04
1.521606E+04
1.625311€E¢04
1.046292E+04

3.606267E+01
2.853042E+01
2.080997€+01
1.674701€E+01
1.192025€+01

1.500000€~01
4.250000€E-01
6.250000E-01
1.050000E+00
1.450000€+00
1.850000E+00

3.526641E+01
2.744999€ +01
2.031088€+01
1.604855E+01
1.152394E+01

3.714034E+04
4.904361E+04
1.208865E+04
1.653247E+04
8.420788E+03

3.526641E+01
2.744999E+01
2.031088E+01
1.604855E+01
1.152394E+01

2.000000€E-01
4.500000€E-01
6.500000E-01
1.100000E +00
1.500000E+00
1.900000E+00

(a) Tabuiar output.

3.443182E+01
2.630710E+01
1.992554E+01
1.535707€+01
1.121276E+01

3.876963E+04
5.183785E+04
1.005197E+04
1.607383E+04
7.528122E+03

2e443162E+01
2.630710€+01
1.992554E+01
1.535707€E+01
1.121276E+01

2.500000€-01
4.750000E-01
7.500000E-01
1.150000E+00
1.550000€+900

Typical output from computer.

3.352295E401
1.952208€+01
1.468774€+01
1.091942E+01

4.088780E+04
5.246566E+04
9.852527€+03
1.561982€+04
7.2011002+403

3.352295€+01
2.515055€+01
1.952208E+01
1.468774E+01
1.091942E+01

3.000000E-01
5.000000€-01
8.000000€-01
1.200000€+30
1.600000&£+00

3.260134€E+01
2.377785E+01
1,909059E+01
1.406399E+01

4.278188E+04
5.095114E+04
1.058652E+04
1.476045E+04

3.260134E+01
2.377785E+0i
1.909059E+01
1.406399E+01

3.250000€-01
5.250000€-01
8.500000E-01
1.250000E+00
1.650000E+00

9¢
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All l-inch diameter sphere data and the 1/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
varied by }120% or more, due primarily to tre very large rate of change of

temperature.

G. NUSSELT NUMBER, Nu

The Nusselt Number, (hD/k), may be expressed in terms of the heat flux

and ATsat as follows:

Nu:L‘P_:_Q@__D_:ﬂ_]?___ (6)
Kyf ATgat kvt A kyrATgat

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 ATggt are functions only of the tem-
perature of the test surface at the point where the heat flux was evaluated.
The term 1/k,pATgqo¢ Was plotted as a function of ATgget. 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 correlatedl by an equation

of the form

Nu = C[Gr-Pr]™® (7)
- . [?SQE\TS-Tz)a . C?i] (8)
u2 k

where the product Gr:-Pr is known as the Rayleigh Number, Ra, and B is the
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coefficient of volumetric expansion. Frederkingb'O has expressed the single

phase Rayleigh Number as

3 -
Ra = D p(pﬂ Q)Cpa (9)
uk

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

form
n
ri’ k3 (0g=Pvs)a
= fekyfPve\RL~Pyvf (10)
| DuyrATgat
which can also be written as
D30y ¢ (0 g=Pys)a [ Cou hy &
Nu = C v 32 vi b _fg (11)
STa il k /vf CpATsat
or
ha n
Nu = C| Ra —&— (12)
CpATsat

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 Nunber, 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

!

hfg = hpg + CaCpATgat (13)

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

(e.g., Refs. 19, 31). Frederkingho has observed that when the superheat

/.
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h
CpATgat >> hpg, the term —L& __ + constant as - 0, and the product
' CpATsat CpbTsat
h
Ra . —fg reduces to the ordinary single phase Rayleigh Number. This in

CptTsat

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

sat
difference is expressed in terms of AT ,+ by means of the isobaric coeffic-

ient of thermal expansion.

The modified Rayleigh Number may be written as,

D30+ (p,- C
et o PvelPy SVf (P“)r ( + O.% (9‘.) (14)
(“vf) CobTsat g

If it is written as the product of three terms,

Ra' = [Dsl{pvf(pz Pyr 8 <_p__> __a_ + 0 5)](_ (15)
- (uvf v c ATS&t

the first term is a constant for each test object, while the second term is

a function of AT and pressure., A plot of the value of the second term

sat
vs. ATy, was made for pressures of 1, 3, 5 atmcspheres, using properties

as given in Ref. 37 axd 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 54 on the vapor film shape and thickness. The test procedure
limited coverage to P = 1 atmosphere, saturated liquid conditions. |

The photcgraphic 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, which
appeared on all photographs, were 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 ATgg¢.

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 completz film
surface was included; for the disk, approximately five representative 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 neadings are presented on
graphs showing the relationship between heat flux, (q/A), and the difference
betw2en the test object temperature and the saturated liquid temperature,
ATgqt, 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 bty 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 (gq/A) vs.

sat-
ATggt curve was developed based c:. the data obtained by Merte, gg_gl,,l9
with the l-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. ATgat 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 discr.ntinuity and the new quasi-steady condition represents a transitory
period between two levels of (a/g), and is shown in the figurés by a dotted

line connecting two data points.
B. EXPERIMENTAL RESULTS

1. Film Boiling

Film boiling 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. AT ., are presented in-
dividualily, and then the effects of acceleration on each of the other vari-

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

The (q/A) vs. ATgq¢ 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-
tained under these conditions.

For a given ATggt, the value of (q/A) for the 1/U-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 100% higher than the hest flux for the l-inch diameter
sphere at the same ATggt. 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 g4, the heat flux is more than 40% higher at 3 atmosrtheres,
and more than 60% higher at 5 atmospheres, than at 1 atmosph e.

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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Fig. 17. Effect of pressure on saturated film boiling.




c. The Effects of Subcooling

The (q/A) vs. ATgq¢ 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 ATgg1 -

Results obtained at 3 atmcspheres 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 ATsat’ 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. ATgat 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 0.01 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 date 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 AT (. 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
"BE," 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. TCata 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 .4, a decrease in (a/g) was accompanied by a decrease
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 suocooled liquid, the average value of heat
flux at a given AT. .. decreasing to approximately 25% of the heat flux at
(a/g) = 1, for the l-inch diameter sphere.

The (q/A) vs. ATgg+ data for the 1/L-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 F = 1 atmosphere with (a/g) =1, 0.17, and free fall.
The effects of varying (a/g) are not as pronounced with the 1/4-inch diameter

sphere as with the l-inch diameter sphere. At (a/g) = 0.17 the heat flux
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is approximately 70% (vs. 60% with the l-inch diameter sphere) of the heat
flux measured at (a/g) = 1 and the same AT ,¢. 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 AT qt.

Single (g/A) vs. ATggt data poinis were obtained with the 1/k-inch di-
ameter sphere at (a/g) = 0.17 at 3 and 5 atmospheres with saturated liquid.
Results were obtained with subcooled liquid 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 ATg gt 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 ATgq¢ OF
served at (a/g) = 1 (quite large when compared with the variation of heat
flux obtained using the l-inch diameter sphere) msy 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 .+ at (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 is 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 g4 in free fall was lower than that from the

[T
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disk heating up cr heating down at 1 atmosphere saturated conditions, this

was not true at 5 atmospheres saturated conditions).

2. Other Boiling 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 1/2-inch diameter sphere data were
reported by Merte, et gl.l9 The l/h—inch 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. <he experimental data for the 1/2-
inch and 1/4-inch diameter spheres are included in Appendix A.

The heat f‘lux-—-ATSat data obtained with the l-inch diameter sphere,
which are presented 1n this section, do not represent coverage of the var-
iables investigated as completely as was the case in the film-boiling re-
gion. FEmphasis is placed on presenting the effects of (a/g), subcooling,
and pressure on boiling on the l-inch diameter gphere in the various regimes.

a. Minimum Heat Flux Boiling

All of the (q/A) vs. ATggt 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

ATggqt to either a larger or a smaller value was accompanied by an increase

.
o
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in (q/A). Each point in Fig. 2la represents the (g/A) from an individual

min
test run. An increase in (q/A)min with increasing pressure may be seen in

Fig. 2la. The value of AT. .+ at which (a/A)pin occurs, (ATsat) does

min’
not appear to vary with changes in pressure.

The effect of subcooling on (q/A) is shown in Fig. 21b for 5 atmos-

min
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)nyip
with saturation. Subcooling does not appear to affect (ATgg+t )min- There is
no apparent effect of the level of subcooling in the range of subcooling
covered here.

Merte and Clark,l9 using a l-inch diameter sphere, obtained (q/A) Vs.
AT o4 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 lesz than 2000
Btu/ft®-hr for (a/g) = 0.17 and saturated conditions at 3 and 5 atmospheres,
less than 4000 Btu/ft2-hr for (a/g) = 0.17 end 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 (g/A) vs. ATggt data at (a/g) = 1 are presented in Fig. 2la

o
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for the t*.ansition boiling regime with the l-inch diameter sphere and sat-
urated conditions at pressures cf 1, 3, and 5 atmospheres. Although the
minimum and maximum heat fluv 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 2°. When the
test plackage was released at a value of AT, g+ larger than that at which
peak heat fl.x occurred, a 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 ATgg¢ 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,
24, 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 ﬁTsat is accompanied by an

increase in (g/A))is observed over a large range of ATt between (ATggt )min
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and (ATgat )max (the ATggt 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 ATgat 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.,lg 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)maxs
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, (ATgg+)pex-

The effects of subcooled boiling on (g/A) are shown in Fig. 26a for

ma.x
pressures of 3 and 5 atmospheres. A definite increase in the value of
(q/A)max is observed when subcooling is present, but again there is no trend
of ATggt at which the peak occurs.

The effects of (a/g) on peek 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 AT 5+ at which
it occurs. The results of Merte, gg.gi.,19 for the 1l-inch diameter sphere

at 1 atmosphere showed (q/A)pgy decreasing with decreasing (a/g), as shown

in Fig. 26b. A decrease in (q/A)pgx With decreasing (a/g) was also observed




qQ/A, Btu/hr-ft2

10

10

H

l-inch Diameter Sphere

=5 ge.
P=5 gg%. P =3 atm
sub.
=3 g,
Refefence(a/
Curve
P=1 atan
Saturated
Liquid

(a/g) Saturated Liquid

(a/g)

g)<0.002 Reference Curve
P=1 atm
(a/g) = 1

P = 5 atm

Fig. 26.

R s

Effects of pressure, subcooling, and (a/g) on (q/A)

P,atm Symbols Run Numbers
| a/g 1.0 0.17 <0.002 1.0 0.17 <0.002 P =1 atm
— 1 Saturated v Ref. 19 0.01da/g)<0.03
[~ 3 Saturated (o] T3C Ref. 19

3 Saturated a 57D . .
- l1-inch Diameter Sphere
| 5 Saturated Q ] T3B TTH TTE
o a. Effects of Pressure
| 5 Subcooled (27°) < 571 and Subcooling b. Effect of (a/g)
| L1l | 11l 1 L1 3 1111
10 TO 10 100
[}
ATsat’ F

max*



85

with subcooled boiling (e.g., Test Runs Nos. 60D, G, 61E, F, 64G, I).

d. Nucleate Boiling

Representative examples of the (q/A) vs. ATggt data for nucleate boiling
on a l-inch diameter 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 the nucleate boiling curves obtained
for different test runs at the same pressure of 1 atmosphere, and the resultis
presented here should not necessarily be interpreted as indicating any ef-
fect 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 liquid, 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 boiling either with a saturated
liquid, as shown, or with subcooled liquids, not shown (e.g., in Test Runs
Nos. 60C, F, 61E, G, H, 64G, 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 (gq/A) vs. (T,-T,) data obtained are presented in Fig. 29.
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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.

%, Pnotographic Results for Film Boiling

The resulys of £ilm boiling from the disk presented in Pig. 16 did not
show any influence ©of orientation on the process, at standard gravity. wbrk
done by Class, et al.,’® has shown s definite sensitivity to orientation
(orientstions used were: vertical, 45° heating up, and horizontal héating
up) for f£ilm bwoiling of hydrogen on & 22-inch long strip, although the déta‘
of Heath and Costell 0,)5 with film boiling at high gravity, 4id not indicate
8 sensitivity to orientation.

It was intuitively felt that at least the adverse effect of the body
force in the horizontal orientation facing dovwnward shguld giVe rise to
distinct effects, but this was not the casge. In‘an~éff0rt to determiné if

the lack of any significant effect could be related to the thickness of the

vapor film, & series of high’spﬂed motion pictures were “taken to attempt b )

messurements of the vepor f£ilm thickness. The liQﬂid used wasg saturate@
liquid nitrogen at 1 atmosphere and all photographs were takéh.at (a/g)'wviQ
The disk was positionedkin the vertical, horizontal heating up, And:hérié\
zontal hgating down positions. The l-inch diameteb}sphere waé also photo- .
graphed to provide informatipn on the er'fect of ggomeﬁry'on $he appgargpcég

of film boiling.

Representative composite tracing of several frames for eaeh conditign, g ;f i

at various values of ATg.y, are presented in each of Figs. 30, 31, 32, and

3% for the different orientations and configurations. The measurements«of
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vepor film thickness corresponding to thuse 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
ATy o+ Were spliced into continuous strips for viewing with a 16 mm pro-
jector. Where appropriate, the results of visual examination of the boiling
process (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 iﬁ 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 establishes 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 qﬁantities of vapor detach from the surface.
At ATggty = 200°F, small waves can be identified 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 ATggy = 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

sighificantly over the range of ATggt examined. The diameter of the column

appears to increase with increasing ATgg+, 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 continuwous slug of vapor appeared to tear away from the sphere in
& helical fashion, with the center of the area of detachment describifg a

circle about the vertical axis of the sphere. This phenomenon was most

ik

pronounced at the highest level of ATggt used. It may be seen in Fig. A-1
in Appendix A.é where it appears as a displacement of the vapor column from i
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 Frederking42 show a similar phenomenon. i

b. Vertical Disk

The composite tracings of the filmlthicknéss 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 is 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 en increase in AT .4 over the temperature range
covered here. The solid-interface spacing in the upper portion of the vapor
film is greater at ATggty of 200°F and 300°F than at 100°F. An increase in
the number and magnitude of localized disturbances with increésing ATg 5+ was
observed visually while the films were being 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 eire also represented in Fig. 31 as localized thickenings of
the film, moved upwards without actually detaching from the film. The in-
creasing rrevalence 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 boiling process taking place at the top
of the disk without having the view obscured b& the vapor flowing from the
bottom and sides of the disk, it was necessary to attach a collar which
diverted the flow of vapor 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, it is felt that the film boiling in the central

porticﬁs of the disk was substantially unaffected.

iy
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Film thickness composites for the horizontal disk heating up are shown
in Fig. 32. At ATggt = 100°F the measured thickness of the vapor film above
the heating surface was nearly con;iant. 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 ATggy =
100°F the number and frequency of bubbles released is relatively low. Large
individual bubbles may be clearly distinguished after departure from the
vapor film area. At AT ¢ = 200°F, the frequency and number of bubbleé has
increased with relatively little change in the size of the bubbles and the
vapor film has increased in thickness. At ATggy = 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 is indicated by the extreme variation in film thick-
ness as shown in the composites of Fig. 32. The average film thickness ob-
tained from the composites is indicated, but is 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 bulbles 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. Horizontai 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 is much smoother in appearance than those for the other orien-
tations.

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

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

sat
which should result in a thicker vapor film owing to the increased buoyant
forces necessary for removal of the vapor. This is examined in detail in
Appendix B. No difference could be discerned in film thickness between
ATggt = 100°F and ATgqt = 200°F, while at ATggy = 300°F it increased by ap-
proximately 50%. 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 mofing across the surface of the disk

for a considerable distance before eicher 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 horizontal and vertical planes,

of the vapor-liquid 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 IT

MEAN VAPOR FIIM THICKNESS
(inch)

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

Disk ATsat
Orientation 100°F 200°F 300°F
Horizontal
heating up 0.035 + 0.020 0.124 * 0.020 0.080 + 0.020
Horizontal

heating down 0.044 * 0.010 0.042 * 0.010 0.060 * 0.010

4. Anomelous Results

The measured heat flux in film boiling at a given AT .4 for a particular
set of conditions (geometry, pressure, etc.) could normally 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 (a/A) at a given ATg,. 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. 3k4.

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 evidehced only by a relatively
large variation in values when attempts are made to repeat particular re-
sults. Hosler and Wéstwateth 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 VII

DISCUSSION AND ANALYSIS

Many correlations have been proposed for the various boiling regimes
in attempts to fit or Aescribe the various published data. The data for
liquid nitrogen are largely summarized by Fig. 35, which has been repro-
duced from Ref. 4i4. The correlations are discussed by Seader, gz.gl.,hu
who show that no correlation has been advanced which fits all of the exper-
imental data in any single boiling regime. This is anticipated in light
of Fig. 35, where the nonrzproducibility of resulte 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 variat: )ns 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

1. Saturated Liquid Boiling Correlations

Frederking and Clark’> correlated the film boiling data obtained by
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Merte, gg.gl.,19 for a sphere by using the Nusselt (Nu) and modified Ray-

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

Nu = cl(Rau)l/5 (16)
where
hD
M = = (17)
Kyp
and

Ra' = {n}a{"vf‘pﬂ purpg-pyrle < < +o.%} e (18)
o (uye)? CpATgat (g)

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

lhe film boiling results obﬁained with saturated liquids at pressure
of 1, 3, and 5-atmospheres for the l-inch, 1/2-inch, and 1/4-inch diameter
- spheres and for the'various’levels of (a/g) are plotted on Fig. 36 in tems of
Nu and Ra'. The Frederking-01ark correlation is also shown and encept for'

~ the results with the l/h-inch diameter sphere correlates the data quite‘~

“ well including the variations in pressure and (a/g) For a given.Ra’ the

”‘Q\Nu fOr the 1/2~1nch diameter sphere is approximately 7% higher, and fbr the-,.,

| 'l;l/h-inch diameter sphere approximately 20% higher than that corresponﬁing

: fjfor the l—inch diameter sphere.k If the constant cl is evaluated indepenr

f”:,ffVently'for eadh diameter, values of O lh, .l), and,o.l7 er
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be reliated to the diameter by:
; D\"‘l/8
C, = 0.14 ( ) (19)
Dref
where D. ¢, the reference diameter, is chosen to be that of the l-inch diam-

eter sphere for which the corrclation was originally developed.
Manson and Seaderl+5 obtained (q/A) vs. ATggat film boiling data for a
L-inch diameter sphere in saturated ligquid nitrcogen at 1 atmcsphere and

(a/g) = 1. They reported that, for a given AT their (q/A) results

sat>
were approximately 10% lower than those of Merte, 93,5;.19 The decrease
in heat flux between a l-inch and U4-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 fauctor 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/Dref)-5/8] in Fig. 37. Also included are the
data for film boiling of Freon-113 from a cylinder over the range 1 <
@/g)S.lO, and Bromley's correlationg7 for laminar flow film boiling from
a horizontal cylinder. Bromley's correlation for the heat transfer coef-
'’

ficient, B, in film boiling from cylinders” ! is

y 11/4
- 0.62 [%3fpvfg(pz'pvf)hfé] /

F o= (20)
: MyfATgatD

With the exception of some of the l/h-inch diameter sphere results at
(a/g) = 0.17, Eqs. (16) and (19) fit the experimental data within *25%.

The diameter of the test cylinders used by Pomerantz,3h 0.188 inch, was
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used as the relerence diameter for the cylinder data.

The saturated film boiling 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 #25%. The data points for (a/g) = 0.16 deviate considerably from such
a fit, indicating that a correlation of the form Nu = Cl(Ra')n does not
properly describe the film boiling process for the disk in this case. This
was also true for other orientations of the disk.

Other investigators (Refs. 34, 43, 46, 47) indicate the appropriate
dimensions for correlating film hoiling data from a flat surface may be
what are referred to as the critical wavelength, Ae, and the most dangerous
wavelength, Ag3. The heat flux of a flat plate heating upward should not
be influenced by its physical dimensions at a given ATggt provided the
plate is large enough to neglect edge effects.

It is possible that changes in properties or other relevant parameters
which influence the vapur film thickness ana 7apor flow patterns, and there-
by influence the heat "lux, may be reflected in changes of A. and Ag.

Bellman and l‘%nningtonz'L8 showed that the smallest wave which will be
unstabie along a vapor-liquid interface,; in an adverse gravity direction,

has a length, called the critical wavelength, given by
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[ ] -1/2 (21)
pz_pv

When the wavelength is shorter than A,, the interface is stable, and dis-
turbances will be damped out. When the wavelength i: 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 deta~h from the vapor film, while if the wavelength is shorter

than Ac, interface motion may be observed but no bubbles will form.

L8

Bellman and Pennington’~ 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

3840 -1/2
Ny = °n (22)
¢ g(py-0, ):l ( )

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 baged
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 conditioﬁ; is 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 2/3 to reflect the ex-

b s e

e

[T



111

perimentally observed decreased sensitivity of (q/A) to changes in (a/g) at

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

designated by Nu" and Ra", where

=l
&
o

Nu" = (23)

&
=h

2
Ra" = cpvf(pﬂ pvf (pu ( + O.5>(§) /5 (24)
(bye)® VE \CpATsat

The results are shown in Figs. 39, 40, and 41 for the disk in the vertical,
horizontal heating up, and horizontal heating down orientations, respec-
tively. The disk dats for all orientations, pressures, and values of

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

tion ship

N = 0.012 (Ra")l/2 (25)

b3

Hosler and Westwater '~ measured heat flux as a function of ATggy for
saturated film boiling on an 8-inch square horizontal, heating up, flat
plate at atmospheric pressure using water and Freon-11 (CClsF) 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 Xc) 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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B i
3 0y£8(p =Py )h; 3/8
B = 0.425 i claatal fe (%) (26)
g0 \L/2 &
HyfATsat <;—————-—
R (pg=p,)/

This correlation, developed for & plate of infinite extent, is 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 Berenson? (1/4) 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.
A.3.e.

The calculated value of A. at (a/g) = 0.17 is more than twice the di-
ameter of the 1/L-inch diameter sphere at all pressures, but is less than
the diameter of the l-inch diameter sphere. Breen and Westwater49 observed
a change in hydrodynamic behavior, from a two-dimensional wave pattern to
a one-dimensional wave pattern (P’omeramtzj)+ considered these as three-
dimensional and two-dimensional wave patterns, r>spectively) when zylinder
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 is re-
leased from a narrow slit along the top of the cylinder or a narrow tube at
the top of the sphere. A three-dimensional wave pattern is characterized
by bubbles le:ing the entire top half of the cylinder or sphere at many

different circumferential positions. If the three-dimensional wave pattern

P T r—

P Sl ¥

o e

I N




117

on the l/h-inch diameter sphere at (a/s) = 1 changed to a two-dimensionsal
wave pattern at (a/g) = 0.17, the characteristic dimension for use in the
correlations might well be A rather than the sphere diameter. The test
facility did not permit examination of the wave patterns on a test object
during package drop. iIf the change from a three-dimensional to a two-
dimensional wave pattern with the 1/4-inch diameter sphere‘results in an
increased heat flux for a given ATgg¢, 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)" in (Ra') should be reduced from 1 to 2/3. The results
obtained with the 1/L-inch diameter sphere &t (a/g) = 0.17 are plotted in
terms of Nu vs.[Ra'x (D/Dref)-B/B] 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 2/3 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 addition 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 hydrocdynamic behavior of the liquid-vapor inter-
face. Changes in the applied 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. 4k4. 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, 18 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 Boiling Correlations

Subcooled film boiling occurs when the bulk liquid temperature is
maintained below the liquid saturation temperature. This is normelly 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.g.,
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.

Filion?Q found experimentally that, for a given ATggt, heat flux in
the film boiling 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

| 1/L 1/k
kyp[0.8L + %’. [goyvelog-cyr)] o \1/k
VA = E(va)l/z(X)l/h et (E) lk

RN
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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 1liquid nitrogen at several
different pressures and levels of subcooling in terms of (g/A) vs. ATgat -
The height above the bottom édge of the plate, x, was taken as 0,125 foot
vhich 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. For a given ATggt, 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
(q/A) (correlation) for various values of ATy .+ vwas calculated and 1s 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) ./(a/A)gat with in-
creasing ATggt, While Eq. (27) predicts that this ratio will decrease with

increasing ATgg¢.
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TABLE II1I

COMPARISON OF ANALYTICAL PREDICTIONS AND EXPERIMENTAL RESULTS
FCR THE RATIO (q/A)ge/(a/A)ggt FOR A VERTICAL DISK AT 3 AND 5 ATMOSPHERES

P, atm
3 5
ATgqys °F 100 200 220 100 200 300
Experimental Results 0.974 1.213 1,233 1.130 1.260 1.343
(subcool.ing, °F) (2) (8) (12) (10) (18) (20)
Eq. (27) (Ref. 54) 1.192 1.110 1.067 1.3%02 1.1ko 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, sb & 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 indication 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 rrobably 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, howéver, to develop a model
which approaches the actual phenomenon more closely than is possible in
the nucleate bolling 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-incu
diameter sphere at (a/g) = 1 was not easily app. .ximated by a simple model.
The film thickness on the disk in &ll three positions did not vary appre-
ciably with time, and models were feasible. Models from the litersture were
used wherc 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 + = 0, 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 formula’ed by Changu6 and more recently by
Yang55. The solntion presented by Yang i.'tes into account finite values
of thermal capscity 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 regioca
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X <0 and a semi-infinite Lody of phase 1 in the region x > 0. Initially
the temperature of the system was uniform. At time t = O the temperature

. of the wall was changed and immediately phase 2 began to form on the wall.
The tempénature 6f 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 iormation in a zero-
gravity environment, the solution for the film chickness may be expressed

as

5 = 2(at)/? (28)

where O, must satisfy the transcendents! aluwebraic equation:

-4)1/2 e-(ac/aﬁ)

1/2  [(PgP Qe
P4Cps(Tp-Cgat ) (O% 1/2 rXEEREli} / e \Pv/ &

] erfe [g-& (&)172-] n l_(pcpk ) £
v V&
= Dghfg(ac )1/2 (29) /

C, may be termedh6 the equivalent thermal diffusivity in heat conduction
through a substance with change of phase.

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

2k ATgq¢

] (ot )1/ Cert [(;%)Tré]-

(30)

a/A

as in Ref. 46,
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The solution as applied to the problem presented here is a function
of ATggt, pressure, and subcooling. For a given ATgat, pressure, and sub-
cooling,film thickness is proportional to (t)l/2 and heat flux is pro-
portional to (t)'l/2.

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 hurizontal 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 Cess52 and discussed in Section VII.A.2 included

development of an expression for film thickness. This was

L2, 1/k -1/4
& = nyp vt ﬂ/“(%) (31)

where x is measured from the leading edge of the plate. The parameter T8

which is a dimensionless boundary layer thickness, was evaluated by Sparrow

52

and Cess as a function of the parameter B for Pr, = 1.

50 performed an approximate analysis of the flow in

Hsu and Westwater
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 Lf

turbulence could be anticipated. This distance was
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uvf(IOO)h% O
L, = L8 (32)
2kyrATgat

where 0%, the film thickness at the onset of turbulence, is

v /3
5% = 2u$f(100) <§> 1/3 (33)
gpvf(pt'pvf) g

The value (100) appearing in Egs. (32) and (33) represents the critical
value of the flow Reynolds Number as given in Ref. 30, at which it is stated
transition 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 fim thickness for the

entire surface, given as

1/k4 -3 /8
5 = 2.35 (:,“kaVfATsat J—Ee ( )5/ (34)

The film boiling model used consisted of a thin film of uniform thickness

0e] Iy

on which cylindrical bubbles with hemispherical caps were superimposed at
regular intervals.

Changh6 considered the film thickness to be dependent on the establish-
ment of a stable wave motion wherein the buoyant and viscous forces are in
an equilibrium condition. He obtained the value of this equilibrium film

thickness to be

glp ,=pp)

(35)
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vhere q, must be evaluated from Eq. (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 Pléte, 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

2
ot - 2otn = [W’?)'ﬂ L (36)
heg P 4Py 8

where y; is the film thickness at the center of the disk, 5; 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-1. It is noted that

both y; and 8, 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 (q/A) will change with time. The experimental results obtained
using the l-inch diameter sphere and the second test package to obtain
(a/s) < 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.

b R TRy

Lot

N s A
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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 liquid 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 hown 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. (3%0) does not
accurately predict the heat flux as a function of time, the predicted de-

pendence of (gq/A) on t'l/e

is shown to be fairly good for this run.

The (q/A) calculated using Eq. (30) at t = 1.4 seconds is shown on
Fig. 46 for a range of ATg,¢. Most of the experimental heat fluxes at 1.k
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 (30) predicts that (gq/A)oC (t)'l/z. The "early" data points
shown in Fig. 46 were all obtained 0.7 second after the packege 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. (30), predicted values
of "late" (q/A) were calculated and are shown on Fig. 46. Reasonable com-
parisons are noted.

In this region ((g/A) < 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,

o
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Fig. 46. Dependence of film boiling heat flux on time.
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Fig. 47. Variation of heat flux and vapor film thickness with time.
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and for these runs readings were made every 0.1 second. Tangents were fit
to the data points over a 0.4 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 4T
(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/g 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 surfacc geometry, disk
orientation, 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 for 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 ATgpt. 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 configuration used,

the observed values of film thickness are most likely the maximum values

across the surface.

£ W T 1
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Fig. 48. Film thickness and heat flux in saturated

film boiling on a vertical disk.
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The film thickneéss at which Hsu and Westwater’C (Eq. (33)) predict e
tranéition from laminar to turbulent flow is also shown in Fig. 48. It is H
seen to be thinner than the thickness predicted by'quw(il), and the x at , -
s
vhich transition is predicted to occur is less than 1.5 inches. This im- “
e ; ’ -
plies that turbulent flow is present near the thermocouple location, and Ei
the ahalysis of Sparrow and Cess52 for laminar flow does not apply. ot
| i

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

tical plate as a function of pressure and ATggt, obtaining ;%
: ]1/2
: 2 35 1 :
A = k - ( (x~L,) +<-—>2J AT $)
a/ vE [; 5 0 5% sat (37) , s

where : 53

—

o |Bered] [ e |2 (38) -
and \ B =
fpv“vf(log) korbTgat R
Fo= — = (39) I
Evetlsat §
heg A

Equation (57) is included in Fig. 48 for saturated boiling at 1 and 5 atmos-

pheres. Also shown is the experimental correlation obtained in Section

s
bonsen -l

*

VII.A.1. (Eq. (25)). The prediction is lower than the experimental curve

R}

by 25% to 60%, and shows a different slope for (q/A) vs. ATg,+ than was

L SN | )
wwbertt¥oncs i

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 than 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
transition 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 AT ¢ =
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 Changh6

for film thickness under the same con-
ditions (Eg. (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. Ihe 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 £ilm boiling
on a horizontal disk heating up.




137

A comperison 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 (q/A) vs. ATgqt 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.

Chang5h 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 motion, would thus be similar to that on a horizontal surface.

Chang®

als 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 conclusicn 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 transier. In the tur-

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

Nu 0.14 (Ra)l/5 (LO)

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 = 0.5h (Ra)X/* (42)

end 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 ATgg¢. O; 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 0.0l11 inch. The value of y;

was measured to *0.010 inch. Variations in ®; of the range predicted

P
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Fig. 50. Vapor film thickness variation in saturated film boiling
on a horizontal disk heating down.
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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 ATgpt. 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 implies that there is & 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 ATsgt, since the increasing rate of
vapor generation results in a larger flow volume. The numerical values
predicted for the minimum possible ;,, and the corresponding &, 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
(a/A)y;,- The results obtained with the l-inch diameter sphere were com-

pared with the behavior predicted by correlations.
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Berenson”’ developed an equation for (a/A)pyy, @s

' g(Dl‘pv) 1/2 €00 l/h a l/h
(A 7 Pvitte o +o, g(o,-0,) (g) )

Equation (44) is plotted on Figs. 44 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)m-ln 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 (q/A)’s were obtained at AT gt differing

from that at which (q/A)m was anticipated by -10°F to +35°F. Since no

in
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 ail terminating in an arrowhead.

Equation (4k4) was developed for flat plates, but previous work done
with the l-inch sphere at 1 atmosphere pressure had shown reasonable agree-

ment with the predicted values for (q/A) at both standard and fractional

min
gravity.l9 Equation (44) does not predict the experimental results at
higher pressures. An increase in (q/A)pip of approximately 120% at 3 atmos-
pheres and 200% at 5 atmospheres is predicted, but the experimental values
increase by approximately 3%0% and 50%, respectively. The values of

(q/A)min are predicted to follow & 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.
Other correlations for (q/A)min were developed by Zu'berh and by Lien-

hard and angh7. Zuber's equation,

oo, M A/
(/P )pin = = 4% opnog [oms, L2 (2) (45)
(D["Dv)

is very similar to Berenson's except for the coefficient (g ){lg = 0.177).
It also differs in that it 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 Wong*7 predicted (a/A)yin for a horizontal cylinder.
Their expression accounts for the effect of surface tension in the trans-
verse direction upon the Taylor instebility of the interface. They ob-

tained.

.- 1/2[ g(p y-p..) -3/h
_ 2 pyhe Py=Py 8o &0 =Py 1
A). . =% ._:j Y Ii1g 12
(Q-/ )mln 60 5 Lg P gtoy * (D["_Ov)Re agg * 2R2 (46)

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

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

-1/4

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

min
+1/k . .
rather than (a/g) as indicated by Berenson and Zuber and experimentally

verified.l9 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) values obtained with saturated

min
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boiling at 3 and 5 atmospheres.

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

: 2 1/2
Pyrifg g(pg-ov) /3 g0 / Hf ( )1/8

kvf p!"'pv g(ol'pv) g(pl'pv) ()47

(ATsat )m'i_n = 0-127

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
(ATsat)min at a 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 (AT it is indicated by a vertical line originating

sat)min’
at the data point and terminating in’an arrowhead.

The values predicted for (AT were higher than the experimental

sat)min
values by a factor of approximately twold at (a/g) = 1, and the difference

increases with decreasing (a/g). Berenson’ had determined (ATgat Jpin from

the relationship

(a/A)py
(ATsat)min = — —= (48)
hmin
where (q/A)min is given in Eq. (4l4) and h was given in Eq. (26). The re-
lationship for h determined by Frederking and Clarki1 for the l-inch diam-

eter sphere is

1/3
- Pyelo - va)g< p“)vf( > a
h = 0.14 k 0.5) (= (49)
Vf[ l-lvf ATs&t (g) ?

This was substituted for Eq. (26) in Eq. (48) to obtain

f . 1
- A b

g
s




o Pressure, Atmospheres
— 6 a 2 Experimental Data
— Eq. (47) Ref. 3
— - Eq. (50) Ref. 31
Loo -
- l-inch Diameter Sphere
T
[+
P =
-:g n \~ 5 atm Eq'.(ﬂ)
a TS e e
—~ P =
§ P — e ——— %_(50)
]
3 \-
100
e \ =
- -2"-7-%.(502
k— —py \
L o o o
hojlo |
[ RN Lo el 1 oyl
0.001 0.01 a/g 0.1 1.0

Fig. 52. (AT g¢)pin in saturated boiling.

GHT



146

; 3/8 1/8 -1/8
(MTgat Imin = 0-465 Kyt / [:pl+p )2] l:g(ol-p ):l ( > (0)

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

perimental values at P = 1 atmosphere and (a/g) = 1. Equdtion (50) is
shown on Fig. 52 for P = 1, 3, and 5 atmospheres. A large increase is pre-

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

min
mental range of (ATggt)min &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 (ATggt)min, EQ. (47), indicates a dependence
on (a/g)'l/6. Equation (50), which utilizes Frederking and Clark's cor-
relation for spheres inevaluatingi;, indicates a dependence on (a/g)-l/8.
As may be scen in Fig. 52, this difference is small. The experimental
data do not show any effect of (a/g): All of the (ATggt)pin, regardless
of pressure or (a/g), fell in the range (ATggy)pip = 50°210°F.

A few (ATgqt )pin Vvelues 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
(a/g). The correlations of Noyes20 and Zuber (discussion in Ref. 3) for

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

(pg-py)° % s sant/
(a/A)ggy = 0.1k hfgp‘l,/e [_JEL_ gg00] pr-0-245 (%) (51)

and Zuber's correlation is
(0/A)pay = Cahfgp\l,/ ? legoo(o ,-ov)]l/h (%)1/& (52)
where
0.120 < C2 < 0.157 (53)

For Prl = 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. Uul.

Values of (q/A)max obtained with the l-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 pressuves and (a/g) indicates that the correlation
has wide applicability.

Chang and Snyder21

also developed a correlation for (q/A)ma_x identical
to Eq. (52) with C2 = 0.145. They also developed an expression for the

"critical temperature difference," which has been moiified by Merte and

Clarkld to apply to liquid nitrogen. 1In this form it appears as

9/5 1/k52/5 /),
h - 1/4
(ATppi)ep = Cox103 (hegpy )/ “olegsa(p g-py)] 9_) / (54

g
p\l,/zk,[Cst(p,-pv)]2/5Ap7/5
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where

0.26 < C3 < 0.52 (55)

and (ATgg)ep 18 the temperature difference at which (q/A)max is obtained.
Equation (55) is shown in Fig. 44 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 (ATg,4)., Will decrease as (a/g) decreases
and also as the pressure is increased. A decrease of (ATsat)cr with de-
creasing (a/g) wes observed on Fig. 26, but the predicted decrease of
(ATggt )or 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 Westwater?? as quoted by Kreithz, which is

given as
2K §(Tgat-Ty) 24 &0y L/ ay>/
(a/a) = (q/A) 1 +[- o
maXge MAXgqt (“01780)1/2 Ithfgpv Ug(pl'pv) g)
(56)
where

v o= 5 Ver [—2— _BoPy (57)
s(p,-pv Gs(p,-o

The correlation of Noyes,2o Eq. (51), which predicted the experimental data

quite accurately, was used for evaluating <(Q/A)max>sat' The <(‘1/A)max)sc

was evaluated for 3 atmospheres at 15°F subcooling and for 5 atmospheres at
25°F subcooling at (a/g) = 1 and 0.17. The ratios of (kq/A)max)sc to

((q/A)max) sat Were formed and are shown in Fig. 54. Also shown are the same
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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-

Ak e Y e b

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
((q/A)max>sc/((q/A)nax>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 resuits shown 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 s

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. 4k). The experimental results have ex- /f
hibited wide variations of (q/A) with ATggt (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
(e,
()2 (hpg)? (80) /2 (Pr )"

uylelpy-oy)

i B e i R e s

(q/A) = 2.97x10°

- wn? @) e

e e e
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and of Michenkole, given as
(q/A) = 6.3x10711 uylelogoy)] (go)l/gp k&
(072 (tpgpy) 2 (86 /2 (Pr )10 | Tog(pgmy) 12
(x) (Cpp)203(0,)7/3(a1)10/3(a/g)2/> (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, (AT )10/5. The measured slope of the reference curve (as intro-

sat
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 bciling heat flux with variations in
pressure have been predicted (see, e.g., Ref. U4). The variations pre-
dicted by Eq. (58) and (59) are shown on Fig. 55, evaluated for liquid ni-
trogen with ATsut = 10°F. Experimental results are shown in Fig. 55. The
point at 1 atmosphere is taken from the reference curve, and the error
limits represent a combination of t20% maximum error in (g/A) and *1°F max-
imum error in ATggy; the maximum total error is estimated to be +65%, -45%.
Equation (58) predicts a decreasing effect of pressure on (Q/A) as pressure
increases; Eq. (59) predicts an increasing effect of pressure on (g/A) as

pressure increases. The data appear to demonstrate an increasing effect

of pressure on (q/A) as pressure lincreases.

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,

e ey
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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. 4 to show the predicted effects of (a/g) and pressure.

There are no apparent effects of subcooling on nucleate boiiing as may
be seen from Figs. 27 and 55. McAdams! and Xrieth? have shown data plotted
as (q/A) vs. ATg gt 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 g:'>ws 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 subcocoling. When both of these factors were taken into account, Forster
and Greifll showed that the data of Elli;n5o 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)
w:thin the range examined, again in contrast to the dependence predicted

by tie correlations.

®
b 4
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4. Free Convection

McAdamst 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 103 < 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 is given by Kreith as

N = 0.53 (Gr-Pr)L/* (60)
which may be rewritten as
N
k303e8,C 1/ 1/4
a/A = o.55<‘ 1201 P‘> (rg-1,° " & / (61)
Rp.l g

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, justifying application
of Eq. (60). The correlation is relatively insensitive to variations in
pressure in the region investigated tecause of the incompressibility of the
liquid. The calculated value of (g/A) decreased by less than 4% when the

pressure was increased from 3 to 5 atmospheres.
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CHAPTER VIII

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 tc make the
results as general as possible, several different physical configurations
were investigated at various pressures and degrees of subcooling.

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

The configurations investigated were a l-inch diameter sphere, a 1/4-
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 sphere 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 used as well asAsaturated concitions 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
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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

A3 >

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),i, is proportional to
(a/g)l/u, but (ATggt)pin iS not affected by variations in (a/g),
pressure, or subcc-ling.

) and (ATggt )max, @ sudden

For values of AT :
sat between (ATSat min

decrease in (a/g) causes a sudden dccrease in (q/A) fcllowed by an
increasing (q/A) with decreasing ATggy 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 (q/A) vs. ATggy re-
lationship in the transition boiling regime was not affected by
pressure or subcooling.

The values of the peak heat flux and of (ATggt)pax 8re pPropor-
tional to (a/g)l/h.

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

4
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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. The heat flux is proportional to (a/g)2/9.

7. The appearance of the vapor film on the disk changes significantly
with a change in orientation.

8. 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.

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

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




APPENDIX A

REDUCED DATA AND SAMPLE PHOTOGRAPHS

1. REDUCED HEAT TRANSFER DATA

Column Headings:
Run Number:

Boiling Region:

Pressure:
Subcooling:
a/g:

q/A:
T-Tgatt

Configuration:

Pressurizing Medium:

for identification purposes

?, f£ilm; Min, (q/A) ; ; T, transition;
Max, (q/A)_,.; N, nucleate; FC, free
convection
in psia

in °F
measured

in Btu/hr-rt°

AT .4 in °F

test object shape, size, or orientation
for pressures of approximately 1L psia,
medium is understood to be atmospheric

air; at higher pressures, compressed gas

of indicated constitution was used
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Run Boiling o Pressurizing
Number  Region Pressure Subcooling a/g /A T-Tgat  Configuration Mediun
Run 27
27-B F k.7 0 1 7,400 325 1/2-inch sphere
27-B F 1.7 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 4.7 0 1 4,480 180 1/2-inch sphere
27-B F 1.7 0 1 3,640 142 1/2-inch sphere
27-B F 14,7 o} 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 4.7 0 1 2,210 60 1/2-inch sphere
27-D F 4.7 0 1 2,150 155 1/2-inch sphere
27-D Min .7 0 1 2,110 51 1/2-inch sphere
27-D T 4.7 0 1 2,350 45 1/2-inch sphere
27-D T 4.7 0 1 6,200 k2 1/2-inch sphere
27-D T 14,7 0 1 10, 300 41 1/2-inch sphere
27-D T 14,7 0 1 10,650 35 1/2-inch sphere
27-D T 4.7 0 1 35,000 30.5 1/2-inch sphere
27-D T 1.7 0 1 41,500 25 1/2-inch sphere
27-D Max 4.7 0 1 42,000 20.5 1/2-inch sphere
27-D N .7 0 1 32,000 15.5 1/2-inch sphere
27-D N 4.7 0 1 15,200 12.4  1/2-inch sphere
27-D N 1.7 0 1 7,580 10.4  1/2-inch sphere
27-D N 4.7 ) 1 2,200 7.4  1/2-inch sphere
27-E F 14.7 0 1 7,980 310 1/2-inch sphere
27-E F 14.7 0 0 3,120 %08 1/2-inch sphere
27-F F 4.7 0 1 6,100 258 1/2-inch sphere
27-F F k.7 0 0 2,310 254 1/2-inch sphere
27-G F 1.7 0 1 4,740 200 1/2-inch sphere
27-G F 4.7 0 ] 1,850 194 1/2-inch sphere
27-H F 14,7 0 1 3,520 135 1/2-inch sphere
27-H F 14.7 0 0 1,400 130 1/2-inch sphere
Run 28
28-A F k.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 4.7 0 1 2,000 50 1/2-inch sphere
28-B T 1L.7 0 1 2,%20 i 1/2-inch sphere
28-B T 14,7 0 0 1,450 43 1/2-inch sphere
28.B T 14,7 0 0 1,850 41 1/2-inch sphere
28.c F .7 ) 1 1,800 u9 1/2-inch sphere
28-c Min 1.7 o} 1 1,770 42 1/2-inch sphere
28-c T 4.7 0 1 2,550 ko 1/2-inch sphere
28-C T 1.7 0 0 920 39 1/2-inch sphere
28-c T 14,7 0 0 1,700 39 1/2-inch sphere
28-D T 1.7 0 1 2,100 43,5 1/2-inch sphere
28-p T 1.7 0 1 2,250 43 1/2-inch sphere
28-D T 1.7 0 1 2,650 42,5 1/2-inch sphere
28-D T 1.7 0 1 3,050 41.5 1/2-inch sphere
28-D T 4.7 0 1 4,700 40 1/2-inch sphere
28-p T .7 0 1 7,300 38 1/2-inch sph-re
28-p T k.7 0 1 14,600 32 1/2-inch sphere
28-D T .7 0 1 19,500 31 1/2-inch sphere
28-p T 1.7 o} 1 25,500 27.5 1/2-inch sphere
28-n T .7 0 1 39,500 23.5 1/2-inch sphere
28-p Max .7 (o] 1 k5,000 20.5 1/2-inch sphere
28.p N 4.7 0 1 143,800 18 1/2-inch sphere

R UV PR



162
Run Boiling Pressurizi
wumber  Reglon Pressure Subcooling  a/g /A T-Tgat  Configuration Medium ne
28-D N 1h.7 0 1 43,000 15 1/2-inch sphere
28-D N 14.7 n 1 27,500 12.3 1/2-inch sphere
28-D N 4.7 0 1 17,700 10.7 1/2-inch sphere
28-D N 1.7 0 0 7,700 8.4 1/2-inch sphere
28-p N 14.7 0 0 3,300 7 1/2-inch sphere
28-D N 4.7 0 0 1,950 6.2 1/2-inch sphere
28-D N 1.7 0 0 1,580 4L.8 1/2-inch sphere
28-E T 4.7 ) 1 2,000 48 1/2-inch sphere
28-E T 4.7 0 1 2,600 L7 1/2-inch sphere
28-E T 14,7 0 1 4,100 Ly 1/2-inch sphere
28-E T 4.7 0 1 5,100 Lo 1/2-inch sphere
28-E T 14.7 0 1 7,380 40.2 1/2-inch sphere
28-E T 14.7 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 14,7 0 0 14,800 32 1/2-inch sphere
28-E T 14,7 0 0 6,800 30.5 1/2-inch sphere
28-E T 14,7 0 0 10,600 27.5 1/2-inch sphere
28-E T k4.7 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-E T 14,7 0 0 13,300 21 1/2-inch sphere
28-E T 1k.7 0 0 25,400 18 1/2-inch sphere
28-F Min 1k.7 0 1 1,350 L9 1/2-inch sphere
28-F T 14,7 0 1 2,150 L6 1/2-inch sphere
28.F T 1k.7 0 1 3,850 L2 1/2-inch sphere
28-F T 14,7 0 1 6,700 39 1/2-inch sphere
28-F T 14,7 0 1 10, 300 26 1'2-inch sphere
28-F T 14.7 0 1 16,700 z 1/2-inch sphere
28-F T 14,7 0 0 6,500 29 1/2-inch sphere
28-F T 14,7 0 0 13,400 26 1/2-inch sphere
28-F T 1.7 0 0 15,000 22.5 1/2-inch sphere
28-F T 14.7 0 c 13,300 20.2  1/2-inch sphere
28-F Mex b7 0 0 21,000 17.2  1/2-inch sphere
28-F N 14.7 0 0 17,300 11.4  1/2-inch sphere
28-F N 14,7 0 0 11,500 .5 1/2-inch sphere
28-¥ N k.7 0 0 9,400 8.5 1/2-inch sphere
Run 52

50-A Min 14,3 0 1 1,500 46 l-inch sphere
52-A T 14.3 0 1 2,140 b l-inch sphere
52-A T 4.3 0 1 2,200 L l-inch sphere
52-A T 14,3 0 0 1,005 L3 l-inch sphere
52-B T 14.3 0 1 3,610 57 l-inch sphere
52-B T 14,3 0 1 3,800 36 l-inch sphere
52-B T 1k .3 0 0 1,900 3l l-inch sphere
52-B T k4.3 0 0 1,550 3L l-inch sphere
52-C T 14,3 0 1 9,150 %3 1-inch sphere
52-C T k4.3 0 1 18,560 30 l-ineh sphere
52-C T 14,3 0 1 3k, 400 27 l-inch .phere
52-C T k4.3 0 1 58,900 2k l-inch sphere
g0 T 14.3 0 0 10,500 22 l-inch sphere

. C T 14,3 o] 0 7,200 21 l-inch sphere

~C T 1,3 0 0 8,750 20 1-inch sphere
52-C T 14,3 0 0 10,780 19 1-inch sphere
52-C T 4.3 0 0 12,620 18 l-inch sphere
52~C T 1.3 0 0 12,730 17 l-inch sphere
52-C Max 14.3 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
Number _Region Pressure Subcooling  a/g a/A T-Tgat  Configuration Mol
52-C N 4.3 0 o} 14,180 1k l-inch sphere
52-C N 14,3 o] 0 13,820 13 l-inch sphere
52-D T 14.3 0 o] 18,800 32 l-inech sphere
52-D T 14.3 0 o] 34,500 29 l-inch sphere
52-D T 14.3 0 0 37,100 23 1-inch sphere
52-D Max 14,3 0 0 41,900 20.5 l-inch sphere
52-D N 4.3 0 o} 8,820 13.5 l-inch sphere
52-D N 14,3 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 T l-inech sphere
52-E F 14,3 0 0 0 4 l-inch sphere
52-F F 4.3 0 1l 3,035 115 l-inch sphere
52-F F 14,3 0 0 714 113 1-inch sphere
52-F F 4.3 o] 0 Loy 113 l-inch sphere
52-G F 14.3 0 1 3,625 150 l-inch sphere
52-G F 14,3 0 o] 986 148 l-inch sphere
52-G F 1L.3 0 0 380 148 l-inch sphere
52-H F 14,3 0 1 4,180 192 l-inch sphere
52-H F 14.3 0 ¢ 900 190 l-inch sphere
52-H F 14,3 0 0 600 150 l-inch sphere
52-1 F 4.3 0 1 4,405 213 1-inch sphere
52-1 F 14.3 0 0 1,056 210 l1-inch sphere
52-1 F 14.3 0 0 808 210 l-inch sphere
52-J F 14,3 0 1 2,220 51 l-inch sphere
52-J F 4.3 0 1 1,800 50 1l-inch sphere
52-J F 14,3 0 1 1,760 L9 l-inch sphere
52-J F 14,3 0 0 178 L8 l-inch sphere
52-J F 14.3 0 0 0 L8 l-inch sphere
52-K T 14,3 0 1 2,01k 43 l-inch sphere
52-K T 14.3 0 1 2,566 L2 l-inch sphere
52-K T 1k4.3 o} 1 3,034 4 l-inch sphere
52-K T 14.3 0 1 3,908 Lo l-inch sphere
52-K T 1.3 0 0 588 4o l-inch sphere
52-K T 1h.3 0 0 859 39 l-inch sphere
52-L T 14,3 0 1 30,800 31 l-inch sphere
52-L T 14.3 0 1 3l ,260 28 l-inch sphere
52-1 Max 14.3 C 1 41,300 24 l-inch sphere
52-L N 1L.3 0 1l 3’4,600 21 1-inch sphere
52-L N 14.3 (0] 1 29,000 18 l-inch sphere
52-L N 14.3 0 0 2l,700 16 l-inchk sphere
52-L N 4.3 0 0 20,360 15 1-inch sphere
52-L N 14.3 0 0 14,970 14 l-inch sphere
52-L N 14.3 0 0 10,970 13 l-inch sphere
52-1, N 4.3 0 0 8,080 12 1-inch sphere
52-L N 14.3 0 0 5,910 11 l-inch sphere
52-1, N 1.3 0 0 4,600 10 l-inch sphere
52-L N 14.3 o] 0 3,870 9 l-inch sphere
52-M F 1.3 0 1 2,064 65 1-inch sphere
52-M F 4.3 0 1 2,058 64 1l-inch sphere
52-M F 14.3 0 1 2,052 63 l-inch sphere
52«M F 14.3 0 o] 545 62 1l-inch sphere
52-M F 14.3 0 0 Los 62 l-inch sphere
52-N F 4.3 0 1 2,226 56 l-inch sphere
52-N F 14.3 o] 1 1,774 55 l-inch sphere
52-N F 14.3 0 1 1,770 54 l-inch sphere
52-N F 14.3 0 8 55 53 l-inch sphere
52-N F 14.3 0 0 389 53 l-inch sphere
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NRux:ger ::;‘ﬁﬁg Pressure  Subcooling a/s q/A T-Tgat Configuration Pre;::;::;ing
Run 35
55=A F 36.2 3-7 1 8,360 292 l-inch sphere Alr
55-A F 36.2 3-T 1 7,310 2u6 1-inch sphere Air
55-A F 36.2 3T 1 5,970 205 l-inch sphere Air
55-A F 36,2 3-7 1 4,850 152 l-inch sphere Alr
55-A F 36.2 3-7 1 3,840 118 l-inch sphere Air
55-A F 36.2 37 1 3,170 84 l-inch sphere Alr
554 F 36.2 3.7 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 3,860 104 1-inch sphere Air
55-D F 37.2 6 1 3,590 gl l-inch sphere Alr
55=D F 37.2 [ 1 3,340 84 l-inch sphere Alr
55-E F 39.8 7 1 3,280 57 1-inch sphere Alr
55-E Min 39.8 7 1 4,200 51 l-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 1-inch sphere Alr
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 1-inch sphere Air
55-E N 39.8 1 1 10,560 12 l-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 1-inch sphere Alr
Run 56
56-A F 65.3 6-11 1 12,070 315 1-inch sphere Air
56-A F 65.3 6-11 1 9,630 252 l-inch sphere Alr
56-A F 65.3 6-11 1 8,340 206 l-inch sphere Air
56-A F 65.3 6-11 1 7,410 156 l-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 1-inch sphere Alr
56-A T 65.3 6-11 1 4,530 45 l-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 Alr
56=E F 66.6 13 1 5,340 T l-inch sphere Alr
56-F F 69.0 1L 1 5,620 66 l-inch sphere Air
56=F F 69.0 b 1 4,890 56 1-inch sphere Alr
56-F Min 69.0 1k 1 4,690 48 l-inch sphere Air
56-F T 69.0 14 1 5,860 39 l-inch sphere Air
56-F T 69.0 1k 1 10,960 38 l-inch sphere Air
56-F T 69.0 14 1 35,600 32 l-inch sphere Air
56-G Min 66.2 10 1 4,500 47 l-inch sphere Air
56=G T 66.2 10 1 8,350 42 l-inch sphere Air
56-G T 66.2 10 1 25,260 39 l-inch sphere Alr
56-G T 66.2 10 1 53,110 28 l-inch sphere Air
56-G Max 66.2 10 1 90,930 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 1 l-inch sphere Alr
56=G N 66.2 10 1 7,700 11 l-inch sphere Air
56-G N 66.2 10 1 1,320 7.2 l-inch sphere Alr

'
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NS::er i:;izgg Pressure Subcooling a/g a/A T-Tgay  Configuration Pre;z;zi;ing

56-H T 69.6 25 1 7,580 L 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 l-inch sphere Helium
56-H N 69.6 25 1 5,030 8.4 l-inch sphere Helium
56-1 F 69.2 2L 1 15,400 310 l-inch sphere Helium

Run 57
57-A F Ly .5 18 1 11,200 305 1-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 l-inch sphere Helium
57-B-1 F 45.1 11 1 8,600 179 l-inch sphere Helium
57-B-2 F L4.5 17 1 8,900 200 l-inch sphere Helium
57-B-2 F Ly .5 17 1 8,600 190 l-inch sphere Helium
57-B-2 F 44,5 17 1 8,150 179 1-inch sphere Helium
57-C F L4 L 16 1 6,300 101 l-inch sphere Helium
57-C F Lh b4 16 1 6,200 96 l-inch sphere Helium
57-C F Ly 4 16 1 5,900 86 l-inch sphere Helium
57-D Min L4 .9 16 1 4,270 53 l-inch sphere Helium
57=D T Lk .9 16 1 13,200 41 1-i: "h sphere Helium
57-D T Lk .9 16 1 38,100 34,5 1-inch sphere Helium
57-D Max L4 .9 16 1 80,240 22.6 l-inch sphere Helium
57-D N L4.9 16 1 45,660 15.5 l-inch sphere Helium
57-D N 4.9 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 1l-inch sphere Helium
57-E N b5.3 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 1-inch sphere Helium
57-H F 73.3 26 1 7,010 9k l-inch sphere Helium
57-H F T3.3 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 T4.9 27 1 7,400 39 l-inch sphere Helium
57-1 T 4.9 7 1 18,130 37 l-inch sphere Helium
57-1 T .9 27 1 64,450 3L l-inch sphere Helium
57-1 Max 4.9 27 1 104,710 20.3 l-inch sphere Helium
57-1 N 4.9 27 1 56,840 13.2 l-inch sphere Helium
57-1 N 74.9 27 1 22,130 8.1 l-inch sphere Helium
57=J FC T4 b4 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-L F .3 - 1.0 1 9,150 260 1-inch sphere Helium
57-M F 45.9 0 1 8,110 271 l-ineh 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 14,120 272 1/k-inch sphere Helium
58-B F 43,8 1% 1 14,370 269 1/k=inch sphere Helium
58-C Min 42,5 13 1 9,960 69 1/4-1inch sphere Helium
58-C T k2.5 13 1 25,420 45 1/b-inch sphere Helium
58-C T 42,5 13 1 47,120 35 1/l-inch sphere Helium
58-C Max 42.5 13 1 67,730 2l 1/bk=inch sphere Helium
58-C N h2.5 13 1 37,070 12 1/k-inch sphere Helium
58<C N 42,5 13 1 8,470 5 1/l-1inch sphere Helium
58-D T 73.1 25 1 11,060 60 1/b=-inch sphere Helium
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Run Boiling _ Pressurizing
Nunber _ Region Pressure Subcooling a/g o/A T-Tgat  Configuration Mediun
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/h-inch sphere Helium
58-D T 73.1 25 1 63,100 32 1/4=inch sphere Helium
58-D T 73.1 25 1 87,210 25 1/4-inch sphere Helium
58-D Max 73.1 25 1 134,990 20 1/hk-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/h-inch sphere Helium
58-D N 73.1 25 1 34,270 9.5 1/b-inch sphere Helium
58-D N 73.1 25 1 19,890 7.6 1/4-inch sphere Helium
58-D N 73.1 25 1 15,180 6.4 1/4-inch sphere Helium
58-E F .6 23 1 18,930 311 1/4-inch sphere Helium
58-E F 4.6 23 1 17,870 282 1/4-inch sphere Helium
58-E F 4.6 23 1 17,320 253 1/b-inch sphere Helium
58-E F 4.6 23 1 16,150 210 1/k=inch sphere Helium
58-E F Th.6 23 1 14,000 171 1/4-inch sphere Helium
58-E F T4.6 23 1 13,050 135 1/k-inch sphere Helium
58-E F 4.6 23 1 11,570 100 1/4-inch sphere Helium
58-E Min 4.6 23 1 11,400 72 1/4-inch sphere Helium
58-E T 4.6 23 1 13,570 Ly 1/4-inch sphere Helium
Run 59
59-A F k4.0 14 1 9,400 231 l-inch sphere Helium
59-A F L4 .0 1k 0 3,600 229 l-inch sphere Helium
59=A F L4.0 1k 0 1,885 228 l-inch sphere Helium
59-B F 44,0 15 1 7,210 166 l-inch sphere Helium
59-8 F 44 .0 15 o] 3,800 162 l-inch sphere Heliwm
59-B F k4.0 15 o} 1,747 161 l-inch sphere Helium
59-C F 45.0 1k 1 6,190 105 l-inch sphere Helium
59-C F L5.0 14 0 3,060 101 1l-inch sphere Helium
59-C F 45.0 1k 0 1,905 100 l-inch sphere Helium
59-D F 44,0 15 1 4,960 66 l-inch sphere Helium
59-D F L4 .0 15 0 3,260 62.6 l-inch sphere Helium
59-D F Ly .0 15 0 1,352 61.5 l-inch sphere Helium
Run 60
60-A T Lh,1 14 1 5,030 L l-inch sphere Helium
60-A T Lh 1 14 1 6,800 Lo l-inch sphere Helium
60=A T Li.1 1L 0 8,790 35 l-inch sphere Helium
60-A T Lh,1 14 o] 5,310 34,2 l-inch sphere Helium
60-A T Lh,1 14 0 2,590 33.8 l-inch sphere Helium
60~A T L1 1L o] 6,130 33 l-inch sphere Helium
60-B No Data
60-C T Ly 2 16 1 42,2%0 30.5 l-inch sphere Helium
60-C T Ly 2 16 1 95,750 25.4 l-inch sphere Helium
60-C Max ky 2 16 0 104,270 22.4 l-inch sphere Helium
60-C N Ly 2 16 0 78,670 19.7 l-inch sphere Helium
60-C N hi 2 16 0 38,750 16.2 1-inch sphere Helium
60-C N L 2 16 0 16,470 12.5 l-inch sphere Helium
60~ N by 2 16 0 5,010 8.8 l-inch sphere Helium
60-D T Ly ,2 15 1 16,060 Ly l-inch sphere Helium
60-D T Ll 2 15 0 13,140 33 l-inch sphere Helium
60-D T Lh,2 15 0 8,100 3e.2 1-inch sphere Helium
60-D T Ly .2 15 0 20,580 28 l-inch sphere Helium
60-D T Ly 2 15 0 22,290 23.4 l-inch sphere Helium
60-E T Ly 0 15 1 4,920 L7 l-inch sphere Helium
60-E T L .0 15 1 7,080 L3 l-inch sphere Helium

o
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Run Boiling " Pressurizing
Number  Region Pressure  Subcooling a/g a/A T-Tgat Configuration Medium
60-E T Lk .0 15 0 7,810 La.7 1l-inch sphere Helium
60-E T Lh.0 15 0 6,080 39.3 l-inch sphere Helium
60-F N 44,5 17 1 2,750 T l-inch sphere Helium
60-F N L .5 17 1 2,520 6.1 l-inch sphere Helium
60-F N L4.5 17 0 2,420 5.7 l-inch sphere Helium
60-F N 4.5 17 o} 1,83 5 1-inch sphere Helium
60-F N Lk .5 17 o} 1,270 L.7 l-inch sphere Helium
60-G T Lk .5 17 1 38,580 4o l-inch sphere Helium
60-G T hy.s 17 1 72,240 30.6 1l-inch sphere Helium
60-G T k4.5 17 o} 80,890 26.3 1-inch sphere Helium
60-G T L4.5 17 o] 63,720 23.8 l-inch sphere Helium
60-G T 4.5 17 o] 27,470 22.8 1-inch sphere Helium
60-G T 4.5 17 o} 13,990 19.9 l-inch sphere Helium
60-G T L4.5 17 0 20,000 18 l-inch sphere Helium
60-G Max L4.5 17 0 23,710 16 l-inch sphere Helium
60-G N hi.5 17 0 20,550 4.1 l-inch sphere Helium
60-G N L4.s5 17 0 10,210 10.9 l-inch sphere Helium
Run 61
61-A F 73.7 27 1 11,800 215 l-inch sphere Helium
61-A F 73.7 27 0 2,990 209 1-inch sphere Helium
61-B F 73.0 25 1 9,790 158 l-inch sphere Helium
61-B F 73.0 25 o} 2,930 153 l-inch sphere Helium
61-C F 2.4 29 1 6,770 89 l-inch sphere Helium
61-C F T2.4 29 0 1,986 8L l-inch sphere Helium
61-D F 4.0 30 1 6,080 52 l-inch sphere Helium
61-D F T4.0 20 0 3,440 L6 l-inch sphere Helium
61-E T 4.0 33 1 5,111 L2.6 l-inch sphere Helium
61-E T T%.0 33 1 23,633 38.6 1-inch sphere Helium
61-E T T4.0 33 1 49,488 37.3 l-inch sphere Helium
61-E T Th.0 33 1 62,739 35.3 l-inch sphere Helium
61-E T 4.0 33 1 58, 34k 29.6 l-inch sphere Helium
61-E N Th.0 33 0 51,575 29 1l-inch sphere Helium
61-E N 4.0 33 o} 31,139 20.8 l-inch sphere Helium
61-E N 4.0 33 0 26,211 13.7 l-inch sphere Helium
61-E N T4.0 33 0 16,187 10.6 1-inch sphere Helium
61-F T 7. b 27 1 8,059 4.8 l-inch sphere Helium
61-F T s, 27 1 11,733 41.9 1l-inch sphere Helium
61-F T .4 27 0 21,573 36.3 l-inch sphere Helium
61-F T hob 27 0 28,540 27.9 l-inch sphere Helium
61-F T Thb 27 0 k2,570 21.4 l-inch sphere Helium
61-G T 4.0 28 1 8,450 Lo.2 l-inch sphere Helium
61-G T Ts.0 28 1 1k, 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 4.0 28 o} 59,886 18.9 1l-inch sphere Helium
61-G N 4.0 28 0 16,558 9.2 l-inch sphere Helium
61-G N 4.0 28 0 7,054 7.0 l-inch sphere Helium
61-H T 75.0 30 1 5,771 43.3 l-inch sphere Helium
61-H T 75.0 30 1 30,231 23.5 l-inch sphere Helium
61-H T T5.0 30 1 71,408 28.9 l-inch sphere Helium
61-H N 5.0 30 o] 98,431 19.7 l-inch sphere Helium
61-H N T5.0 30 0 60,958 7.1 l-inch sphere Helium
61-H N T5.0 30 0 17,935 9.0 l-inch sphere Helium
61-H N 75.0 30 0 3,064 5.9 l-inch sphere Helium
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NRu::er :;;Ezg Pressure Subcooling a/g a/A T-Tgat Configuration Pre;::ﬁ;ing
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 1/4=-inch sphere Helium
62-B F 75. 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 1/4-inch sphere Helium
62-B T 75. 28 0 16,360 26 1/4-inch sphere Helium
62-B T 75.6 28 1 34,870 23 1/k=inch sphere Helium
62-B T 75.6 28 1 42,150 21 1/b-inch sphere Helium
62-B T 75.6 28 1 44, 300 16.8 1/4-inch sphere Helium
62-B T 75.6 28 0 54,380 13.8 1/4-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 1/4-inch sphere Helium
é2-¢ Min 74.8 28 1 7,160 61 1/4-inch sphere Helium
62-C T T4.8 28 1 7,700 45 1/4=-inch sphere Helium
62-C T Th. 28 0 8,380 34 1/4-1inch sphere Helium
62-C T 4.8 28 0 14,370 26 1/4-1inch sphere Helium
62-C T 4.8 28 0 27,890 19 1/4-inch sphere Helium
62-C T T4.8 28 0 31,360 1k 1/4-inch sphere Helium
62-C T 74.8 28 0 35,860 8.3 1/4-inch sphere Helium
62-C T 74.8 28 0 36,080 5.6 1/h-inch sphere Helium
62-D F 75.2 29 1 9,440 157 1/4-inch sphere Helium
62-D F 75.2 29 1 8,390 147 1/4-inch sphere Helium
62-p F 75.2 29 0 7,630 136 1/b4-inch sphere Helium
62-D F 75.2 29 0 6,470 126 1/k-inch sphere Helium
62-E F T3.2 28 1 7,550 84 1/4-inch sphere Helium
52-E F 73.2 28 0 7,130 57 1/4-inch sphere Helium
Run 63
63-A F 14.6 -2 1 6,720 242 1/4-inch sphere
63-A F 14.6 -2 0.17 4,360 229 1/4-inch sphere
63-B F 14,6 0 1 4,360 184 1/4-inch sphere
63-B F 1k.6 0 0.17 3,370 168 1/4-inch sphere
63-C F 4h,0 16 1 7,400 221 1/4-inch sphere Helium
63-C F 4,0 16 0.17 3,550 202 1/4-inch sphere Helium
63-D F 73.9 26 1 12,000 203 1/4-1inch sphere Helium
63-" F 73.9 26 0.17 17,050 178 1/4~inch sphere Helium
63-E P 76.9 0 1 8,800 177 1/4-inch sphere Helium
63-F F 77.1 -1 1 9,400 20k 1/4-inch sphere Helium
63-F F T7.1 -1 0.17 5,400 175 1/b-inch sphere Helium
63-G F 46.0 0 1 8,850 218 1/k-inch sphere Helium
63-G F 46.0 0 0.17 6,000 200 1/b-inch sphere Helium
63-H F 4,7 14 1 9,560 166 1/4-inch sphere Helium
63-H F L 7 14 1 8,370 156 1/k-inch sphere Helium
63-H F Ly, 1% 0.17 5,770 136 1/4-1inch sphere Helium
63-1 F Th.T 26 1 10,550 1.50 1/4-inch sphere Helium
63-1 F Th.7 26 0.17 6,060 120 1/l-inch sphere Helium
63-J F 1k.0 0 1 5,140 180 1/4-1inch sphere
63-J F 1.0 0 0.17 3,400 165 1/4-inch sphere
63-K F 14,0 0 1 3,670 110 1/lb-inch sphere
63-K F 14.0 0 0.17 2,360 98 1/b-inch sphere
63-L F 45.5 18 1 7,300 100 1/4-inch sphere Helium
63-1, F 45.5 18 0.17 5,770 70 1/4=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 17,800 50 1/4-inch sphere Helium
63-N F 14.0 0 1 3,120 57 1/b-inch sphere Helium
—
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Run Boiling _ ati Pressurizing
Nember  Re@ion Pressure Subcooling a/g /A T-Tgat  Configuration Meddum

63-N F 4.0 0 0.17 2,050 49 1/4-inch sphere Helium
63-0 F by .3 17 1 7,470 T2 1/b-inch sphere Helium
63-0 Min by, 3 17 1 6,570 56 1/4-inch sphere Helium
63-0 T by, 3 17 1 6,940 k2 1/4-1inch sphere Helium
63-0 T Ly, 3 17 1 9,700 Lo 1/4-inch sphere Helium
63-0 T 44,3 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 by.3 17 0.17 57,060 21 1/4-inch sphere Helium
63-0 N Ly.3 17 0.17 148,560 14,2 1/hk-inch sphere Helium
63-0 N L4 ,3 17 0.17 35,5%0 10.9 1/b-inch sphere Helium
63-0 N 4y .3 17 0.17 21,010 8.2 1/4-inch sphere Helium
63-0 N L. 3 17 0.17 9,570 5.4  1/k-inch sphere Helium
63-P T 76.0 29 1 9,330 57 1/hk-inch sphere Helium
63-P T 76.0 29 1 10,190 50 1/4-1inch sphere Helium
63-p T 76.0 29 0.17 13,700 42 1/4=inch sphere Helium
63-P T 76.0 29 0.17 41,640 33 1/4k-1inch sphere Helium
63-P Max 76.0 29 0.17 79,23 18.4  1/h-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 1/4-inch sphere Helium
63-qQ F 74 .8 28 0.17 9,590 60 1/4-inch sphere Helium
63-Q Min T4.8 28 0.17 9,580 b2 1/4=-inch sphere Helium
63-Q T 4.8 28 0.17 30.560 34 1/4-inch sphere Helium
63-Q T 4.8 28 0.17 49,480 31 1/4=inch sphere Helium
63-Q Max 74.8 28 0.17 73,550 2k 1/h-inch sphere Helium
63-Q N 4.8 28 0.17 172,270 16 1/k=inch sphere Helium
63-Q N 74.8 PR 0.17 58,680 12 1/4-inch sphere Helium
63-Q N 74.8 28 0.17 22,050 7 1/4-inch sphere Helium
63-R N 1k4.0 -1 1 19,600 10.9 1/4-inch sphere

63-R N 1.0 -1 1 14,050 9.9 1/h-inch sphere

63-R N 1%.0 -1 1 10,120 9.2 1/4-inch sphere

63-R N k.0 -1 1 6,940 8.8 1/h-inch sphe

63-R N 14.0 -1 1 4,050 7.8  1/k-inch sphere

63-R N 14.0 -1 0.17 2,450 7.2 1/b-inch sphere

63-R N 14.0 -1 0.17 2,380 6.0  1/4-inch sphere

63-R N 14.0 -1 0.17 1,620 4,6 1/b-inch sphere

63-R N k4.0 -1 0.17 1,080 4.0 1/4-inch sphere

63-S N Ly, 5 16 1 49,240 10.6 1/4-inch sphere Helium
63-S N L4.5 16 1 23,920 8.0 1/4-inch sphere Helium
63-5 N 4.5 16 1 13,830 6.1 1/4-inch sphere Helium
63-5 N 44,5 16 1 8,200 5.0 1/be-inch sphere Helium
63=T FC 75.8 28 1 2,610 -9 1/4-inch sphere Helium
€ ,-T FC 75.8 28 0.17 957 -15 1/b-inch sphere Helium
63-U FC L, 16 1 659 -Y 1/4-inch sphere Helium
63-U FC Ly .y 16 0.17 Lol -12 1/4-inch sphere Helium
63-V N 75.8 27 1 107,260 13.3 1/4-inch sphere Helium
63-V N 75.8 27 1 59,100 9.3 1/L-inch sphere Helium
63-V N 75.8 27 1 27,980 6.3 1/4-inch sphere Helium

Run 64

6h-A F Th 4 23 1 11,600 202 l-inch sphere Helium
64-A F Th.b 23 1 10,350 198 l-inch sphere Helium
64-A F . 4 23 0.17 6,000 193 l-inch sphere Helium
64-B F k5.1 10 1 8,550 213 l-inc' sphere Helium
64-C F .8 26 1 14,680 299 l-inch sphers Helium
6h-C F 4.8 26 0.17 8,530 295 l-inch sphere Helium
64-p F 45.1 15 1 12,450 316 l-inch sphere Helium
64-D F k5.1 15 1 10,940 312 l-inch sphere Helium
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Run Boiling - Pressurizing
Number _ Region Pressure Subcooling a/g a/A T-Tgat  Configuration Medium
64-D F 45.1 15 0.17 5,750 306 l-inch sphere Helium
64-E F 45.1 12 0.17 5,100 83 l-inch sphere Helium
64-E F 45,1 12 0.17 3,450 78 l-inch sphere Helium
64-F F .2 22 1 5,850 T2 l-inch sphere Helium,
6L4-F F Th.2 22 0.17 4,340 67 l-inch sphere Helium
64-G Min Ly ,2 15 1 4,420 L l-inch sphere Helium
64-G T Ly .2 15 1 6,690 41 l-inch sphere Helium
64-G T Ly 2 15 0.17 21,120 34 l-inch sphere Helium
64-G T hy 2 15 0.17 30,400 29 l-inch sphere Helium
64-G Max Ly .2 15 0.17 60,880 22 l-inch sphere Helium
64-G N Ly 2 15 0.17 33,460 k.7 l-inch sphere Helium
64-G N by 2 15 0.17 15,450 11.6 l-inch spnere Helium
64-H Min 75.2 23 1 5,350 46 l-ineh sphere Helium
64-H T 75.2 23 0.17 3,800 L1 l-inch sphere Helium
64-H T 73.8 22 1 9,910 38.7 l-inch sphere Helium
64-H T 73.8 22 1 14,560 38 l-inch sphere Helium
64-1 T 73.8 22 0.17 25,990 33.8 l-inch sphere Helium
64-1 T 75.8 22 0.17 73,200 22.3 1l-inch sphere Helium
64-1 T 73.8 22 0.17 87,890 19.9 l-inch sphere Helium
64-1 Max 73.8 22 0.17 97,2% 18.9 l-inch sphere Helium
641 N 73.8 22 0.17 60,220 15.5 l-inch sphere Helium
64-1 N 73.8 22 0.17 14,850 9.5 l-inch sphere Helium
64-J Ly .2 12 1 36,900 33 l-inch sphere Helium
64 Max Lk 2 12 0.17 94,130 22.4 l-inch sphere Helium
64-J N by, 2 12 0.17 53,220 18 l-inch sphere Helium
64-J N Lh,2 12 0.17 12,050 10.2 l-inch sphere Helium
64-K Max 73.7 22 1 114,290 19 l-inch sphere Helium
6K N T3.7 22 1 28,560 10.8 1l-inch sphere Helium
6l-K N 3.7 22 1 6,890 6 l-inch sphere Helium
6l4-K N 3.7 22 0.17 4,430 L l-inch sphere Helium
64-K N 3.7 22 0.17 1,710 2.3 l-inch sphere Helium
641, F 79.2 1 1 7,370 199 l-inch sphere Helium
64-L F 79.2 1 0.17 3,940 194 1-inch sphere Helium
6k -M F 45.0 1 1 6,350 211 1l-inch sphere Helium
64-M F 45.0 1 0.17 3,130 205 l-inch sphere Helium
64-N F 72.8 1 1 3,200 69 l-inch sphere Helium
64-N F T2. 1 0.17 1,700 67 1-inch sphere Helium
6k-N F 72.8 1 0.17 2,040 66 l-inch sphere Helium
64-0 F L7 0 1 2,820 80 1-inch sphere Helium
64-0 F Ly 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 k.3 0 1 10,710 23 Vertical disk
65-A F 4.3 0 1 8,150 161 Vertical disk
65-A F 4.3 0 1 5,780 101 Vertical disk
65-A F 14.3 0 1 4,110 61 Vertical disk
65-B F 44,3 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 L. 3 0-12 1 12,920 41 Vertical disk Helium
65-B F b4 3 0-12 1 9,4k0 101 Vertical disk Helium
65-B F L3 0-12 1 6,865 61 Vertical disk Helium
65-C F .3 2-18 1 21,990 260 Vertical disk Helium
65-C F Th.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 The3 2-18 1 9,080 90 Vertical disk Helium
65-C F 4.3 2-18 1 8,080 T0 Vertical disk Helium
il pa——
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Run Boiling o .ocsure Subcooling 8/g /A T-T Configuration Pressurizing
Number Region sat Medium
65-C F .3 2-18 1 7,540 60 Vertical disk Helium
65-D Min 14,3 0 1 5,190 49 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 14.3 0 1 71,560 31 Vertical disk
65-D N 4.3 0 1 60,620 22 Vertical disk
65-D N 14.3 o} 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 14.0 1.5 1 12,250 309 Vertical disk
66-A F 4.0 1.5 0.16 7,500 305 Vertical disk
66-B F 14.0 - 1.5 1 10,420 229 Vertical disk
66-B F 14,0 - 1.5 0.16 7,200 225 Vertical disk
66-C F k.0 1 1 7,330 117 Vertical disk
66-C F k4.0 1 0.16 5,570 11k Vertical disk
66-D F 42.9 11 1 19,270 2g2 Vertical disk Helium
66-D F k2.9 11 0.16 13,300 286 Vertical disk Helium
66-E F .3 6 1 16,760 211 Vertical disk Helium
66-E F Lh.3 6 0.16 11,040 205 Vertical disk Helium
66-F F 70.9 19 1 29,000 201 Vertical disk Helium
66-F F T0.9 19 0.16 20,960 193 Vertical disk Helium
66-G F 73.4 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 b 11 0.16 3,610 88 Vertical disk Helium
66-H F Th.L 11 0.16 6,210 86 Vertical disk Helium
66-1 F L5.7 3 1 9,480 88 Vertical disk Helium
66-1 F Ls.7 3 0.16 7,150 84 Vertical disk Helium
Run 67
67-A F 4.3 -1 1 7,130 119 Vertical disk
67-A F 1.3 -1 0 3,600 117 Vertical disk
67-B F 4.3 0 1 12,500 307 Vertical disk
67-B F 4.3 0 0 6,360 303 Vertical disk
67-C F 1.3 0 1 10,630 228 Vertical disk
67-C F 4.3 0 0 5,900 22k Vertical disk
67-D F 75.3 20 1 24,200 279 Vertical disk Helium
67-D F 75.3 20 0 12,150 273 Vertical disk Helium
67-E F 5.3 9 1 11,930 89 Vertical disk Helium
67-E F 5.3 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 8,800 194 Vertical disk Helium
67-G F 42.8 9 1 17,100 211 Vertical disk Helium
67-G F 42.8 9 0 8,820 206 Vertical disk Helium
67-H F 4.3 1 b 8,710 99 Vertical disk Helium
67-H F 4.3 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-A F 50.8 2 0 8,325 283 Vertical disk Nitrogen
68-B F 47.8 (o] 1 14,420 199 Vertical disk Nitrogen
68-B F 47.8 0 0 6,340 196 Vertical disk Nitrogen
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Ruil Boiling Pressurizing
Pressure Subcooling a q/ T Configuration
Number Region ess ° /8 A T-Tsat Medium

68-C F 45,5 1 1 8,670 99 Vertical disk Nitrogen
68-C F 45.5 1 o 5,990 96 Vertical disk Nitrogen
68-p F 7.3 2 1 11,350 a23h 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 o} 10,180 177 Vertical disk Nitrogen
68-F F Th.5 0 1 12,610 114 Vertical disk Nitrogen
68-F F .5 ) 0 9,150 110 Vertical disk Nitrogen
68-G F Ly .6 -5 1 13,710 207 Vertical disk Nitrogen
68-G F L4.6 -5 0.16 11,080 203 Vertical disk Nitrogen
68-10 F k6.1 3 1 14,960 288 Vertical disk Nitrogen
68-H F 46.1 -3 0.16 10,590 284 Vertical disk Nitrogen
68-1 F b5.4 0 1 47,200 9k Vertical disk Nitrogen
68-1 F R 0 0.16 41,200 80 Vertical disk Nitrogen
68-J F 7.1 o} 1 16,800 275 Vertical disk Nitrogen
68-J F 7.1 0 0.16 12,23%0 270 Vertical disk Nitrogen
68-K F 73.1 -6 1 14,150 196 Vertical disk Nitrogen
68-K F 73.1 - € 0.16 12,170 191 Vertical aisk Nitrogen
68-L F 78.3 -4 1 11,080 110 Vertical disk Nitrogen
68-L F 78.3 -4 0.16 8,590 107 Vertical disk Nitrogea
68-M F Th.3 0 1 18,420 260 Vertical disk Nitrogen
68-M F Th. -2 1 15,650 190 Vertical disk Nitrogen
68-M F .3 - 1,9 1 12,880 140 Vertical disk Nitrogen
68-M F .3 - 1.7 1 10,080 90 Vertical disk Nitrogen
68-M F T4.3 - 1.3 1 9,400 T0 Vertical disk Nitrogen
68-M F .3 - 1.3 1 7,810 50 Vertical disk Nitrogen
68-N F 3.7 1.6 1 16,320 281 Vertical disk Nitrogen
68-N F L3.7 - 1.9 1 13,200 201 Vertical disk Nitrogen
68-N F 43,7 - 0.7 1 10,410 LS Vertical disk Nitrogen
68-N F L3.7 0.1 1 8,500 201 Vertical disk Nitrogen
68-N F 43,7 0.5 1 7,567 65 Vertical disk Nitrogen
68-N F b3.7 0.8 1 6,865 41 Vertical disk Nitrogen
69

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

69-A F 4.4 -6~ 13 1 10,990 2hY Disk heating up

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

69-A F .4 - 6= =13 1 7,010 155 Disk heating up

69-A F I “-6= =13 1 6,540 117 Disk heating up

69-A F b1/ - 6= =13 1 6,250 95 Disk heating up

69-A Min RN - 6= =13 1 5,340 5 Disk heating up

69-A T 1.4 e« b= =13 1 5,920 & Disk heating up

69-A T 1.4 «b=-13 1 8,650 56 Disk heating up

69-A T L4 - 6= =13 1 18,610 bo Disk heating up

69-B F 69.6-80. 1-4 1 16,510 271 Disk heating up Nitrogen
69-B F 69.6~80. 1-4 1 13,980 202 Disk heating up Ritrogen
69-B F 69.6-80. 1-b 1 12,250 160 Disk heating up Nitrogen
69-B F 69.6-80. 1-4 1 11,550 19 Disk heating up Nitrogen
69-B F 69.6-80. 1-4 1 10,500 50 Disk heating up Nitrogen
69-B F 69.6-80.8 1-4 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 14 1 15,000 48 Disk heating up Nitrogen
69-C F 76.6 -5 1 16,TT0 275 Disk heating up Nitrogen
69-Cc F 76.6 -5 0 13,500 270 Disk heating up Nitrogen
69-D F T72.9 -4 1 13,920 196 Disk heating up Nitrogen
69-D F T2.9 - b (o} 11,100 2 Disk heating up Nitrogenr
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Run Boiling _ Pressurizing
Number Remion  FXeoSUre  Subcooling a/g q/A T-Tgat  Configuration Mediun
69-E F 80.3 -2 1 1,410 110 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 46 Disk heating up Helium
69-F T 73.1-78.3  0-18 1 13,120 39 Disk heating up Helium
69-G ¥ 4.3 o] 1l 13,160 306 Disk heating up

69-G F 4.3 0 0.16 10,200 303 Disk heating up

69-H ¥ 4.3 =15 1 9,750 225 Disk heating up

69-H F .3 -15 0.16 17,680 222 Disk heating up

69-1 F 4.3 -13 1 6,400 112 Disk heating up

69-1 P 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 17,500 271 Disk heating up Helium
69-K F .2 2 1 16,340 196 Disk heating up Helium
69-K F .2 2 0.16 13,25 191 Disk heating up Helium
69-L F 7.7 2 1 12,370 110 Disk heating up Helium
69-L P 7.7 2 0.16 9,38 106 Disk heating up Helium

Run 70

TO-A F 1.1 -9 11,270 320 Disk heating dn

TO-A F 1k.1 -9 1 10,200 254 Disk heating dn

T0-A F 14,1 -9 1 9,410 209 Disk heating dn

To-A F k1 -9 1 7,700 164 Disk heating dn

70-A F k.1 -9 1 7,200 130 Disk heating dn

TO-A F 1.1 -9 1 6,990 100 Disk heuting dn

T0-A F 1.1 -9 1 6,510 i Disk heating dn

TC-A Min 14,1 -9 1 4,400 60 Disk heating dn

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

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

T0-B F T2.7-81.4 « 1= -4 1 16,580 288 Disk heating dn Nitrogen
T0-B F T2.7-81l.4 = 1= =L 1 14,470 231 Disk heating dn Nitrogen
To-B F T2.7=-81.4 = 1= -4 1 14,000 185 Disk heating dn Nitrogen
T0-B F T2.7-81.4 = 1= =4 1 13,600 153 Disk heating dn Nitrogen
T0-B F T2.7-81l.4 « 1= -k 1 12,980 120 Disk heating dn Nitrogen
70-B F T2,7-81l.4 = 1= -4 1 10,900 95 Disk heating dn Nitrogen
T0-B F T2.7=81l.4 = 1= -k 1 8,840 T Disk heating dn Nitrogen
T0-B Min T2.T=81.4 = 1= <4 1 8,280 56 Disk heating dn Nitrogen
T0-B T T2.7-8l.4 = 1= =4 1 15,390 Ly Disk heating dn Nitrogen
T0-C F 76.3 - U4 1 17,620 275 Disk heating dn Nitrogen
T0-C F 76.3 -4 0.16 14,710 269 Disk heating dn Nitrogen
T0-D F 78.6 -2 1 14,270 194 Disk heating dn Nitrogen
T0-D F 8.6 -2 0.16 12,600 189 Disk heating dn Nitrogen
T0-E F TT1.7T -3 1l 12,810 112 Disk heating dn Nitrogen
T70-E F .7 -3 0.16 11,290 107 Disk heating dn Nitrogen
T0-F F Th.1 0-19 1 23,570 272 Disk heating dn Helium
T0-F F 4.1 0-19 1l 19,890 225 Disk heating dn Helium
T0-F F Th.1 0-19 1 16,680 174 Disk heating dn Helium
TO-F F Th.1 0-19 1 14,630 136 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 8o Disk heating dn Helium
T0-F F Th.1 0-19 1 8,860 63 Disk heating dn Helium
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Run Boiling - Pressurizing
Number _ Region Pressure Subcooling a/g a/A T-Tgat  Configuration Modium
T0-G F %1 =10 1 12,730 305 Disk heating dn

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

70-H F 4.1 -9 1 10,210 226 Disk heating dn

T0-H F .1 -9 0.16 8,720 222 Disk heating dn

70-1 F .1 -6 1 7,800 116 Dis- heating dn

T0-1 F ka1 -6 0.16 6,8% 113 D! sk heating dn

70-3 F 78.6 15 1 24,040 275 Disk heating dn Helium
T70-3 F 78.6 15 0.16 18,380 268 Disk heating dn Helium
70-K F T72.2 3 1 16,040 195 Disk heating dn Helium
T0-K F 72.2 3 0.16 14,200 190 Disk heating dn Helium
70-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 71

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

T1-A F 1h.3 -8 0 8,780 301 Disk heating dn

T1-B F 4.3 -/ 1 9,860 226 Disk heating dn

T1-B F 4.3 -9 o 7,750 223 Disk heating dn

R F 14,3 -8 1 7,630 114 Disk heating dn

T1-C F 4.3 -8 0 5,550 112 Disk heating dn

71-D F 1.3 -7 1 12,960 308 Disk heating dn

T1-D F 14,3 -7 0 8,200 304 Disk heating dn

T1-E F 14.3 0 1 10,050 226 Disk heati-g dn

T1-E F 1L4.3 0 0 7,710 223 Disk heating dn

T1-F F k4.3 1 1 7,240 116 Disk heating dn

Ti-F F 14.3 1 0 5,480 11% Disk heating dn

T1-G F 4.3 o] 1 16,900 276 Disk heating dn Nitrogen
T1-G F 4.3 0 0 9,92r 272 Dish heating dn Nitrogen
T1-H F 4.3 2 1 14,580 197 Disk heating dn Nitrogen
T1-H F 4.3 2 0 9,700 194 Disk heating dn Nitrogen
Ti-I F 76.3 b 1 27,900 112 Disk heating dn Nitrogen
-1 F T6.3 i 0 15,410 103 Disk heating dn Nitrogen
T1-J F 73.9 19 1 20,850 275 Disk heating dn Helium
T-J F 73.9 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 3.3 7 0 11,590 190 Disk heating dn Helium
T1-L F 76.3 8 1 17,900 111 Disk heating dn Helium
T1-L F 76.3 8 0 15,380 105 Disk heating dn Helium
T1i-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
T1-N F 73.6 13 0 13,300 193 Disk heating dn Helium
T1-0 F 81.3 5 1l 13,560 110 Disk heating dn Helium
71-0 F 81.3 5 0 10,220 106 Disk heating dn Helium

Run T2

T2-A F 14,3 -1 1 6,820 2ho 1/4-inch sphere

T2-A F .3 -1 1 6,100 220 1/4=inch sphere

T2-A F w3 -1 1 5,650 205 1/4-inch sphere

T2-B F 14.3 0 (EsT) 1 5,000 180 1/4-inch sphere

T2-B F 4.3 0 (BsT) 1 4,560 160 1/4-inch sphere

72-B F 4.3 0 (EsT) 1 4,280 150 1/h-inch sphere

T2-B F 4.3 0 (EsT) 1 3,820 140 1/4=1inch sphere

T2-C F 4.3 -1 1 3,110 8¢ 1/4-inch sphere

T2-C F 1.3 -1 1 2,960 75 1/4=inch sphere

T2-C F .3 -1 1 2,760 65 1/4-inch sphere
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ressurizi
Nﬁ::er :2;:‘23 Pressure Subcooling a/g q/A T-Tgat Configuration P Meddum e

T2-c F 14.3 -1 1 2,596 56 1/4-inch sphere
T2-C Min 14.3 -1 1 2,560 L6 1/4-inch sphere
T2-C T 14.3 -1 1 2,800 36 1-4-inch sphere
T2-C T 4.3 -1 1 6,990 31 1/4-inch sphere
T2-C T 1k.3 -1 1 18,010 27 1/4-inch sphere
T2-C Max 4.3 -1 1 39,150 17 1/k-inch sphere
T2-C N 14.3 -1 1 24,820 12 1/4-inch sphere
T2-C N 4.3 -1 1 10,750 9 1/4-inch sphere
T2-D F 46.8 0 1 4,030 70 1/4-1nch 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
72-D T 46.8 0 1 10,610 344 1/4-inch sphere Nitrogen
T2-D T k6.8 0 1 16,230 30.6 1/4-inch sphere Nitrogen
T2-D T 46.8 0 1 25,310  27.0 1/4-inch sphere Nitrogen
72-D T L6.8 0 1 36.480 23.5 1/4~inch sphere Nitrogen
T2-D T 46.8 0 1 48,880 18.4 1/4-1nch sphere Nitrogen
T72=D T 46.8 0 1 55,960 15.8 1/4-inch sphere Nitrogen
T2-D Max 46.8 0 1 59,460 12.8 1/4=inch sphere Nitrogen
72-D N 46.8 0 1 5k,710 11.2 1/4-1nch sphere Nitrogen
T2-D N 46.8 0 1 L6,060 9.8 1/b-inch sphere Nitrogen
T72-D N 46.8 0 1 37,270 8.7 1/4-inch sphere Nitrogen
T2~D N 46.8 0 1 26,960 7.8 1/4-inch sphere Nitrogen
T2-D N 46.8 0 1 18,860 7.5 1/4-inch sphere Nitrogen
T2=D N 46.8 0 1 14,320 7.2 1/U-inch sphere Nitrogen
72-D N 46.8 0 1 10,140 6.5 1/4-inch sphere Nitrogen
T2-E F 46.1 0 1 8,480 225 1/4-inch sphere Nitrogen
T72-E F k6.1 0 1 7,980 210 1/4-inch sphere Nitrogen
T2-E F 46.1 0 1 7,140 185 1/4=-1nch sphere Nitrogen
T2-F F 45.1 0 1 6,900 165 1/b-inch sphere Nitrogen
T2-F F bs.1 0 1 6,060 145 1/4-inch sphere Nitrogen
T2~F F 45,1 0 1 5,390 120 1/k-inch sphere Nitrogen
T2-G F 75.5 ] 1 8,150 160 1/k-inch sphere Nitrogen
T2=G F 75.5 0 1 7,120 140 1/%-inch sphere {1trogen
T2-G F 75.5 0 1 6,350 125 1/4-inch sphere Nitrogen
72-G F 75.5 0 1 5,980 110 1/4-1inch sphere Nitrogen
Te-H F .7 ] 1 4,560 70 1/4-inch sphere Nitrogen
T2-H F ™. 7 0 1 4,140 55 1/k-inch sphere Nitrogen
T2-H Min .7 0 1 3,950 Lo 1/4=-inch sphere Nitrogen
T2-1 F 4.3 0 1 6,990 250 1/k-inch sphere
T2-I F 14.3 0 1 6,550 243 1/4-inch sphere
72-1 F 14.3 0 1 6,510 233 1/4-inch sphere
T2-T F 14.3 0 ) 3,000 227 1/4-inch sphere
T2-1 F 14.3 0 0 3,130 223 1/L-inch sphere
T72-J F 14.3 o} 1 5,230 179 1/4-inch sphere
T2-J F 1.3 0 1 k,720 167 1/b-inch sphere
T2-J 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
T2-K Min 14.3 0 1 2,l00 51 1/4-1inch sphere
T2-K T 1.3 0 1 Lh2o 43 1/4-inch sphere
T2-K T 1.3 0 0 5,000 41 1/4-inch sphere
T2-K T 14.3 0 0 1,390  38.5 1/4-inch sphere
T2-K T 4.3 0 o 3,390  36.8 1/4=inch sphere
T2=-K T 14.3 0 0 9,750 32.1 1/4-inch sphere
T2-K T 4.3 0 o} 21,220  27.5 1/4-inch sphere
T2-L F 14.3 1 1 3,140 72 1/b-inch sphere
T2-L Min 14,3 1 1 2,720 55 1/4=inch spher~
72-L T 4.3 1 1 3,050 38 1/hk=inch sphere
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Run Boiling - Pressurizing
Number _Region Pressure Subcooling  a/g a/A T-Tgat  Configuration Medium

T2-L T 14.3 1 0 1,800 35 1/4-inch sphere

A T 4.3 1 0 1,290 31 1/b=-inch sphere

T2-M F 1.3 -1 1 2,900 78 1/b=1nch sphere

T2-M F 14.3 -1 1 2,500 61 1/4-inch sphere

T2-M Min 14.3 -1 1 2,360 b3 1/4-1nch sphere

T2-M T 4.3 -1 0 735 25 1/4-inch sphere

T2-M T 4.3 -1 0 1,650 33 1/4-4nch sphere

T2-N F bl 3 12 1 10,780 223 1/4-inch sphere Helium

T2-N F by, 3 12 1 10,270 209 1/b-inch sphere Helium

T2-N F N 12 1 9,760 203 1/b-inch sphere Helium

72-N F bl X 12 0 3,410 191 1/4-inch sphere Helium

T2=-0 F by, 3 1% (EST) 1 8,340 161 1/b-inch sphere Helium

72-0 F bh 3 14 (EST) 1 7,770 151 1/4~inch sphere Helium

72-0 F L, 3 14 (EST) 0 4,290 136 1/k=inch sphere Helium

72-0 F Ll .3 14 (Es:o) o} 3,350 133 1/b-inch sphere Helium

T2-P Min Ly, 3 14 ) 5,990 66, 1/4-1inch sphere Helium

72-P T Ly 3 1k 1 7,010 37 1/4~inch sphere Helium

T72~P T Ly 3 14 1 20,590 31 1/4-inch sphere Helium

T2-P T 4,3 14 1 48,300 19.9 1/4-inch sphere Helium

T2-P Max by, 3 14 0 61,330 1.1 1/4=inch sphere Helium

T2-P N Ll 3 14 0 39, 300 8.9 1,/4~inch sphere Hellum

T2-P N Ly, 3 1k 0 17,560 4.7 1/b=inch sphere Helium

T2-Q Min 4y .6 12 1 7,080 70 1/4-1nch sphere Helium

T2-Q T by, 6 12 1 10, 760 L6 1/b=tnch sphere Helium

T2-Q T 4y 6 12 1 36,890 31 1/4-inch sphere Helium

T2~Q Max by .6 12 G 61,730 21 1/b=inch sphere Helium

T2-Q N by .6 12 0 40,630 12.3 1/4-inch sphere Helium

T2-Q N Ly 6 12 0 13,470 7.0 1/4~1nch sphere Helium

72-R Min 43,7 12 (EST) 1 7,120 71 1/4-1inch sphere Helium

T2-R T k3.7 12 (EST) 1 14,760 41 1/4-1inch sphere Helium

T2-R T 43.7 12 (EST) 0 32,360 29 1/bk-inch sphere Helium

72-R T 43.7 12 (EST) 0 33,810 22 1/4-1nch sphere Helium

T2-R Max 43,7 12 (EST) o] 37,430 12.8 1/4-inch sphere Helium

72-R N 43,7 12 (EST) 0 24,350 8.9 1/4-inch sphere Helium

T2-R N 43,7 12 (EST) 0 17,370 7.5 1/4~inch sphere Helium

72-8 F 43.8 11 1 6,200 76 1/4-inch sphere Helium

T2~8 Min 43.8 11 1 5,540 58 1/4~inch sphere Helium

T2-8 T 43.8 11 o} 5,520 51 1/4-inch sphere Helium

T72-8 T 43.8 11 0 8,920 41 1/4~inch sphere Helium

T2~8 T 43.8 11 0 14,190 39 1/4-inch sphere Helium

T2~S T 43, 11 0 22,470 36 1/4-inch sphere Helium

72T Min 1k4.3 -1 1 2,910 70 1/4=inch sphere

72~T T 14.3 -1 1 2,920 50 1/4=inch sphere

T2~T T 1.3 1 1 3,240 4o 1/k-inch sphere

72-T T 14.3 -1 1 4,020 37 1/4=inch sphere

72T T 14.3 -1 1 11,060 31 1/4-1inch sphere

T2~T T 14.3 -1 0 19,510 21 1/b=inch sphere

T2~T Max 14.3 -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

i 3~A T 76.0 -2 1 12,500 35 1-inch sphere Nitrogen

T3~A T 76.0 -2 1 Lh, 430 28 1l-inch sphere Nitrogen

T3=A Max 7.0 -2 1 76,590 19.5 1-inch sphere Nitrogen

T3~A N 76.0 -2 1 46,740 14.2 l-inch sphere Nitrogen

T3-A N 76.0 -2 1 6,480 7.5 l-inch sphere Nitrogen

73-A N 76.0 -2 1 1,130 3.7 l-inch sphere Nitrogen
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Run Boiling Pressurizing
Number  Reglon Pressure Subcooling a/g a/A T-Tgat  Configuration Modiun
73 -B T 75.0 -3 1 3,000 Lo l=-inch sphere Nitrogen
75-B T 5.0 -3 1 13,240 37.5 1-inch sphere Nitrogen
73-B T 75.0 -3 1 39,110 30.4 1-inch sphere Nitrogen
73-B Max 75.0 -3 1 77,530 20.8 l1-inch sphere Nitrogen
73-B N 75.0 -3 1 51,420 15.1 1-inch sphere Nitrogen
73-B N 75.0 -3 1 6,570 7.1 1-inch sphere Nitrogen
T3-B N 75.0 -3 1 1,200 3.9 l=inch sphere Nitrogen
T3=C T 45.0 -4 1 6,880 L2 1-inch sphere Nitroger
T3=C N 45.0 - L 1 13,920 29 1-inch sphere Nitrogen
73-C T 45.0 -4 1 23,380 36 1-inch sphere Nii.rogen
T3=C T 45.0 -4 1 39,660 30 1-inch sphere Nitrogen
T3=C T 4s.0 -4 1 56,630 26 1-inch sphere Nitrogen
T3-C Max 45.0 -4 1 66,500 23 1-inch sphere Nitrogen
T3-C N 5.0 -4 1 56,090 19 l~-inch sphere Nitrogen
73=C N 45.0 -4 1 Lk, 750 17.7 1-inch sphere Nitrogen
73=C N 45.0 - L 1 2k,930 b7 1-inch sphere Nitrogen
T3=-C N 45.0 -4 1 12,830 12.5 l1-inch sphere Nitrogen
T3-C N 45.0 -4 1 6,030 10.2 1-inch sphere Nitrogen
73-C N k5.0 -4 1 3,190 8.1 1-inch sphere Nitrogen
73-C N 45.0 -4 1 1,180 5.7 l-inch sphere Nitrogen
73=-D F 79.0 -2 1 5,900 153 1-inch sphere Nitrogen
(3=D F 79.0 -2 1 5,630 140 1-inch sphere Nitrogen
T3=D F 79.0 -2 1 5,350 127 1-inch sphere Nitrogen
73-D F 79.0 -2 1 4,730 115 1-inch sphere Nitrogen
Run 75

75-A F Lh.3 0 1 18,600 331 Vertical disk Helium
T5-A F L4, 3 0 1 16,400 291 Verticel disk Helium
T5-A F Lk, 3 0 1 13,820 251 Vertical disk Helium
75-A F 4k, 3 o} 1 12,060 211 Vertical disk Helium
T5=A F L. 3 0 1 10,680 171 Vertical disk Helium
75-A F L. 3 0 1 8,630 131 Vertical disk Helium
T5=A F 4k 3 0 1 7,480 91 Vertical disk Helium
T5-A F Lk, 3 0 1 6,530 71 Vertical disk Helium
T5-A F Lk, 3 0 1 5,080 51 Vertical disk Helium
T5-B F Lh, 3 0 1 16,220 301 Vertical disk Nitrogen
75-B F Lh.3 0 1 14,420 261 Vertical disk Nitrogen
75-B F Ll 3 o} 1 12,420 221 Vertical disk Nitrogen
75-B F Lk 3 0 1 10,810 181 Vertical disk Nitrogen
75-B F L. 3 0 1 10,000 1k Vertical disk Nitrogen
75-B F L. 3 0 1 7,280 101 Vertical disk Nitrogen
75-B F bh.3 0 1 6,295 81 Vertical disk Nitrogen
75~B F L.z o] 1 5,850 61 Vertical disk Nitrogen
75=C F .3 0 1 17,950 310 Vertical disk Nitrogen
T5-C F h.3 o} 1 17,200 270 Vertical disk Nitrogen
T5-C F .3 o] 1 13,020 210 Vertical disk Nitrogen
T75=C F 4.3 0 1 11,620 170 Vertical disk Nitrogen
T5=C F ™.3 0 1 9,880 130 Vertical disk Nitrogen
75-C F Th.3 0 1 8,930 110 Vertical disk Nitrogen
T5~C F 74.3 0 1 7,750 90 Vertical disk Nitrogen
T5=C F .3 (o] 1 7,235 70 Vertical disk Nitrogen
75-C F T4.3 0 1 6,200 50 Vertical disk Nitrogen
T5-D F T3.9 o} 1 17,570 310 Vertical disk Helium
T5=D F 73.9 0 1 16,570 270 Vertical disk Helium
T5=D F 73.9 0 1 14,800 230 Vertical disk Helium
T5=D F 73.9 0 1 12,800 190 Vertical disk Helium
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Run Boiling - Pressurizing
Number _ Region Pressure Subcooling a/g /A T-Tgat  Configuration Mediun
75-D F 73.9 0 1 10,720 150 Vertical disk HelZum
T5=D F 73.9 0 1 9,100 110 Vertical disk Helium
75=D F 73.9 0 1 7,610 70 Vertical disk Helium
75-D F 73.9 0 1 6,630 50 Vertical disk Helium
75=-E F 77.0 -1 1 7,790 125 Disk heating up Nitrogen
75-E F a0 -1 1 6,750 112 Disk heating up Nitrogen
75-E F 77.0 -1 o] 6,180 109 Disk heating up Nitrogen
75-E F 77.0 -1 0 2,285 108.5 Disk heating up Nitrogen
75=F F 8.3 0 1 11,710 27h Disk heating dn Nitrogen
75-F F 78.3 0 0 10,680 269 Disk heating dn Nitrogen
T5-G F 3.7 0 1 10,500 198 Disk heating dn Nitrogen
T5=G F 3.7 0 0 9,680 193 Disk heating dn Nitrogen
75-H F Th.3 -1 1 8,100 12k Disk heating cn Nitrogen
T5-H F Th.3 -1 1 7,400 119 Disk heating dn Nitrogen
T5=H F 4.3 -1 1 7,420 115 Disk heating dn Nitrogen
T5=-H F 4.3 -1 0 7,500 111.5 Disk heating dn Nitrogen
75-H F 7.3 -1 (o} 6,635 110.5 Disk heating dn Nitrogen
T5=1 F 73.9 -2 1 16,400 238 Vertical disk Nitrogen
75-1 F 3.9 -2 0 10,800 234 Vertical disk Nitrogen
T5-J F 52 2 1 48,220 98 Vertical disk Nitrogen
5=J F 52 2 0.16 39,900 82 Vertical disk Nitrogen
T5-K Min by, 3 1 1 15,200 T0 Vertical disk Nitrogen
T5-K T Li,3 1 1 15,900 60 Vertical disk Nitrogen
T5-K T Lhy,3 1 1 16,600 50 Vertical disk Nitrogen
T5-K T L, % 1 1 16,940 b1 Vertical disk Nitrogen
75-K T bh 3 1 1 33,710 31 Vertical disk Nitrogen
T5=-K T hh 3 1 1 62,520 21 Vertical disk Nitrogen
T5=K Max by 3 1 1 84,390 16.2 Vertical disk Nitrogen
T5=K N L.z 1 1 54,520 13 Vertical disk Nitrogen
T5-} N Lh. 3 1 1 28,890 10 Vertical disk Nitrogen
75-K N Lh.3 1 1 10,750 7 Vertical disk Nitrogen
5-K N by, 3 1 1 3,170 3.7 Vertical disk Nitrogen
75-K N bk 3 1 1 889 1.4 Vertical disk Nitrogen
T5-L F by 3 -1 1 15,650 270 Vertical disk Nitrogen
75-L F Lk, 3 -1 1 14,000 200 Vertical disk Nitrogen
T5~L F Why.3 1 1 11,560 150 Vertical disk Nitrogen
5-L F k.3 -1 1 9,190 100 Vertical disk Nitrogen
T5-L F kh.3 -1 1 6,840 60 Vertical disk Nitrogen
Run 76
T6-A F 76.6 -1 1 5,470 63 1/4~inch sphers Nitrogen
76=-A Min 76.6 -1 1 4,950 L7 1/4=4nch sphere Nitrogen
76-A T 76.6 -1 1 5,070 3h 1/b-inch sphere Nitrogen
76=A T 76.6 -1 0.17 9,330 30 1/4-1nch sphere Nitrogen
T6=A T 76.6 -1 0.17 21,140 24 1/4=inch sphere Nit.,ogen
76=A T 76.6 -1 0.17 k4,690 16.4 1/4-inch sphere Nitrogen
T6~A Max 76.6 -1 0.17 Th,460 13.6 1/4-1inch sphere Nitrogen
76-A N 6.6 -1 0.17 34,470 10.6  1/4~inch sphere Nitrogen
T6-A N 76.6 -1 0.17 9,010 6.3 1/4~-inch sphere Nitrogen
76-B F 4 6 -2 1 5,030 76 1/4=1inch sphere Nitrogen
76~-B F 4.6 -2 1 4,380 66 1/4=inch sphere Nitrogen
76~-B F 6 -2 1 3,640 56 1/b-inch sphere Nitrogen
T6=B F .6 -2 1 3,890 L6 1/b=inch sphere Nitrogen
76~B Min Ll .6 -2 1 3,020 4o 1/4-inch sphere Nitrogen
76-B T 44,6 -2 0.17 4,820 37 1/4-4nch sphere Nitrogen
76-B T IV -2 0.17 9,100 30 1/4-~1nch sphere Nitrogen
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Run Boiling Pressurizing
Number  Reglon Pressure Subcooling a/g a/A T-Tgat Configuration Med Lun
T7€-B T Ly .6 -2 0.17 33,190 22 1/4-inch sphere Nitrogen
76-B T 4h .6 -2 0.17 42,140 15.5 1/b-inch sphere Nitrogen
76-B Max ) -2 0.17 43,150 12,7  1/b-inch sphere Nitrogen
76-B N e -2 0.17 23,410 10.0  1/h-inch sphere Nitrogen
76-B N Lh,6 -2 0.17 L, 290 6.5 1/5-inch sphere Nitrogen
76-B N L4 6 -2 0.17 3,060 5.1 1/k-1nch 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
76=C Min 73.9 -2 1 4,460 4o 1/4-tnch sphere Nitrogen
76~C T 73.9 -2 1 15,940 50 1/4-inch sphere Nitrogen
76=C T 73.9 -2 1 41,830 20 1/4=1inch sphere Nitrogen
76=C Max 73.9 -2 1 99, 730 15.7 1/4-inch sphere Nitrogen
76=C N 73.9 -2 1 43,980 11.7 1/4-inch sphere Nitrogen
76=C N 73.9 -2 1 10,680 5.9 1/4~inch sphere Nitrogen
76-D F 76.1 -1 1 5,090 64 1/4=1inch sphere Nitrogen
76-D Min 76.1 -1 1 4,910 kg 1/4-inch sphere Nitrogen
76=D T 76.1 -1 1 6,010 36 1/k-inch sphere Nitrogen
76D T 76.1 -1 0 10,150 31 1/4-inch sphere Nitrogen
76--D T 76.1 -1 0 24,910 26 1/4-inch sphere Nitrogen
76=D Max 76.1 -1 0 46,420 16.3 1/4~inch sphere Nitrogen
76=D N 76.1 -1 0 32,140 12.3 1/4~inch sphere Nitrogen
76=D N 76.1 -1 o} 12,550 8.5 1/4=inch sphere Nitrogen
T6-E F L6.3 -1 1 4,300 71 1/4-inch spheve Nitrogen
T6=E Mir 46.3 -1 1 4,090 51 1/4=inch sphere Nitrogen
76-E T L6.3 -1 1 7,140 37 1/4=inch sphere Nitrogen
T€-E T L6.3 -1 0 3,180 3 1/4-inch sphere Nitrogen
76~E T L6.3 -1 0 10, 320 31 1/4=-inch sphere Nitrogen
76-E T L6 3 -1 0 19,340 o2 1/4=inch sphere Nitrogen
T6~E Max 4.3 -1 0 20,550 11.3 1/4=inch sphere Nitrogen

Run 77

T7=-A F 72.3 0 1 3,540 65 1-inch sphere Nitrogen
TT=A F T2.3 0 1 3,180 50 l-inch sphere Nitrogen
TT=A T T72.3 0 o] 8,520 28 l-inch sphere Nitrogen
77-B F 77.1 0 1 2,960 L7 l-inch sphere Nitrogen
77-B Min 77.1 0 1 2,840 43 l-inch sphere Nitrogen
TT=B T T7.1 0] o] 12,500 30 l-inch sphere Nitrogen
77-C Min 77.8 0 1 3,190 L7 1-inch sphere Nitrogen
T77-C T 77.8 0 1 3,370 42 l-inch sphere Nitrogen
77=C T 77.8 0 1 15, 7h0 38 1-inch sphere Nitrogen
77-C T 77.8 0 1 k2,980 27 l-inch sphere Nitrogen
T7=C Max 77.8 o] 1 76,560 21 l-inch sphere Nitrogen
T77-C N 77.8 0 1 kg,070 1.7 l-inch sphere Nitrogen
T7=C N 77.8 ) 1 24,990 11.7 1-inch sphere Mitrogen
T7-D Min 73.7 0 1 3,060 48 1-inch sphere Nitrogen
T7=D T 75.7 0 1 3,380 Lo 1-inch sphere Nitrogen
77-D T 3.7 0 1 12,400 36 l-inch sphere Nii.rogen
T77-D T 73.7 0 0 14,450 20 1-inch sphere Nitrogen
T7=D T 73.7 0 o] 8,990 =8 1-inch sphere Nitrogen
T7=-D T 73.7 0 0 6,30 a7 1-inch sphere Nitrogen
TT7=D T 3.7 o} 0 L, 770 26 l-inch sphere Nitrogen
T7-E Min ™.2 0 1 3,000 L 1l-inch sphere Nitrogen
TT=E T 7.2 0 1 9,820 35 1-inch sphere Nitrogen

/=E T T%.2 0 1 47,520 a7 1-inch sphere Nitrogen

-k T Th.2 0 0 k9,980 26 1-inch sphere Nitrogen
(T=E T .2 0 0 30,760 23.4 1-inch sphere Nitrogen
T7=-E T 74.2 0 o} 15,920 21.4 1-inch sphere Nitrogen
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Nﬁx:ger :;;'ige Pressure Subcooling a/g /A T-Tgat  Configuration P re;::;tlzning
T77-E T 4.2 0 0 22,430 19.4 l-inch sphere Nitrogen
T7-E Max 4.2 0 0 25,550 17.9 l-inch sphere Nitrogen
T7-E N .2 0 0 22,480 13.4 l-inch sphere Nitrogen
TT=E N 4.2 0 0 17,030 9.9 l-inch sphere Nitrogen
T7-F Min Lhy,1 0 1 2,580 49 l1-inch sphere Nitrogen
TT=~F T Lk, 1 0 1 5,270 39 1-inch sphere Nitrogen
T7~F T bh.1 0 1 12,830 36 1-inch sphere Nitrogen
TT-F T Lh.1 0 1 19,090 32 1-inch sphere Nitrogen
T77-F T .2 0 0 29,140 29 1-inch sphere Nitrogen
TT=F 7 bh.1 0 0 23,200 a7.h 1-inch sphere Nitrogen
T7-F T by, 1 0 0 17,500 26.” 1-inc sphere Nitrogen
T7=F T b1 0 0 5,930 24,6 1-inch sphere Nitrogen
T7=G T 434 0 1 3,680 43 1-inch sphere Nitrogen
T7-G T 43,4 0 1 9,610 39 1-inch sphere Nitrogen
TT=G T L34 0 1 21,820 34.5 1-inch sphere Nitrogen
TT=G T 4z h 0 1 58,000 25. l-inch sphere Nitrogen
TT=G T L34 0 0 45,570 21.1 l-inch sphere Nitrogen
T7-G T bz 4 0 0 10,170 19.7 1-inch sphere Nitrogen
T7-G T 43,4 0 0 1,230 10.2 1-inch sphere Nitrogen
77-G T 43,4 0 0 17,980 18.4 l-inch sphere Nitrogen
77-G Max Lz 4 0 0 18,990 15.5 1-inch sphere Nitrogen
T7-G N 43,4 0 0 18,710 12.1 l-inch sphere Nitrogen
T7=G N 43,4 0 0 13,450 10.5 1-inch sphere Nitrogen
T7-G N 43.4 0 0 9,440 9.9 1-inch sphere Nitrogen
T7-H F 74,2 0 1 3,150 L8 l-inch sphere Nitroger
T7=H Mn 4.2 0 1 2,580 40 l1-inch sphere Nitrogen
T7-H T 4.2 0 1 22,790 31.4 1-inch sphere Nitrogen
T77-H T .2 0 0.17 13,570 29.6 1-inch sphere Nitrogen
T7=-H T .2 0 0.17 6,910 29 l-inch sphere Nitrogen
TT=-H T Th.2 0 0.17 17,460 27 1-inch sphere Nitrogen
77-H iy h.2 0 0.17 39,160 21.4 l-inch sphere Nitrogen
T7-H Max h.2 0 0.17 53,380 18 1l-inch sphere Nitrogen
77-H N 7h.2 0 0.17 38,060 13.9 l-inch sphere Nitrogen
T7-1 T 4.0 0 1 2,660 46.5 1-inch sphere Nitrogen
77-1 T L4, 0 0 1 7,850 37.8 l-inch sphere Nitrogen
77-I T 4.0 0 1 15,790 34.2 1-inch sphere Nitrogen
T7-1 T Lh.0 0 1 26,540 31.1 1-inch sphere Nitrogen
T7-1 T Lk .0 0 0.17 u45,kbko 25.6 1-inch sphere Nitrogen
T7-1 T 4.0 0 0.17 40,350 23.7 1-inch sphere Nitrogen
T7-1 T Lk.0 0 0.17 19,970 22.7 1-inch sphere Nitrogen
T7-1 T by .0 0 0.17 33,700 21.15 l-inch sphere Nitrogen
T7-I T hh.0 0 0.17 56,160 21.05 1-inch sphere Nitrogen
T7-1 Max by, 0 0 0.17 76,390 19.2 l-inch sphere Nitrogen
77-I N hi 0 0 0.17 50,730 17.1 l-inch sphere Nitrogen
T7=-1 N hh,0 o} 0.17 30,880 1.2 l-inch sphere Nitrogen
T7-1 N Lh.0 o} 0.17 13,290 11.5 l=-inch sphere Nitrogen
T7=-I N k4.0 0 0.17 8,190 10.6 l=-inch sphere Nitrogen
T7=-1 N Lh.0 0 0.17 3,901 9.2 l-inch sphere Nitrogen
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2. SAMPLE PHOTOGRAPHS

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

test surfaces provided absolute measurement reference.
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Measurement Reference
ATsat = O°F

= 300°F

ATgoy = 200°F '\, I

| l-inch diameter sphere
Saturated liquid
’.’I.OOOF 'g P =1 atm
(a/g) =1

Fig. A-1l. Photographs of film boiling on a sphere,
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‘Toat 100°F

3-inch Diemeter Vertical Disk

Saturated Liquid
I [~o.5oo lg el

(a/g) =1

Fig. A-2, Photographs of film boiling on a vertical disk.

e e s T =



184

Measurement Reference
ATggqt = O°F

ATgat 200°F AT .. = 300°F
3=inch diameter horizontal disk
Heating up
~—| |-‘-O.5OO g Saturated liquid
P=1atm
(a/g) = 1
Fig. A-3. Photographs of film boiling on a horizontal disk heat. g ',
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o -]
= 200°F AT .. = 300°F

ATsat

3=‘nch diameter horizontal disk

Heating down
*g Saturated liquid

—-* }-0.500
P=1atm

(a/g) =1

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



3,

REDUCED PHOTOGRAPHIC DATA
Column Headings:
ATsat:

Frame Number:

Separation Point—R:

Separation Point—L:

186

in °F

for identification purposes

angular location above which vapor no
longer flows along the sphere surface,
right side

angular location above which vapor no
longer flows along the sphere surface,

left side

Film Thickness at Angular Location: film thickness in inches,

Position:

Film Thickness:

angular location in degrees clockwise from
top of sphere

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

in inches

L ]

[ s ]

1




1-INCH DIAMETIR SPHERE

AT Frame Separation Separation Film Thickness at Angular location
sat o, Point-R Point-L  30° 60° 90°  130° 160° 200° 230° 270° 300°  330°
100° 1 21° 338° .00 .018 .019 .013 .017 .026 .018 .028 .022 .025
100° 2 30° 325° .027 .028 .023 .013 .008 .017 .018 .019 .022 .025
100° 3 45° 305° .115  .018 .023 .009 .008 .009 .018 .01k 218 .27
200° 1 20° 300° .027 .019 o] .008 .013 018 .019 .026
200° 2 2G° 335° .028 .037 .017 .013 .017 .018 .01k .0%5
200° 3 Lo° 305° .028  .023 0 .008 .009 .009 .019 .026
200° N 19° 355° .009 .009 0 .017 .013 .022 .01k .03
200° 5 8° 340° .028 .01+ .009 .013 .009 .018 .028 .026
300° 1 5° 320° .03 .03 .01k .013 .017 .017 .018 .027 .ok .101
300° 2 11° 33]° .052 .017 .055 .013 .025 .017 .027 .03 .088 .0O3h4
300° 3 30° 308° .017 .017 .055 .026 .034% .017 .036 .036 .027
300° L 21° 316° 078 .026 .05 .017 .025 o34 .018 .027 .O4k 437
300° 5 38° 320° .322 .c09 .0k5 .017 .034 .034 .27 .036 .035 .352
Cha o R L AgaRRl mieadiieso hhemtba-s \ o B TE e b« ¢ rrian o> AT T s Mt AR . . . ks
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VERTICAL DISK

AT Frame Experimental Measurements
sat o, 1 2 3 I 5 6
100° 1 Position .12 63 1.12 1,85  2.37
100° Film Thi~kness .029 .08 .058 .09/ 07T
100° 5 Position .96 1.05 .31 46 2.78
100° Film Thickness .058 .067 .087 .096 .087
100° Position .30 1.47 .58 .31
100° >  Film Thickness  .058  .067  .077T  .087
100° L Position .50 71T .21 .56
100° Film Thickness .05¢ .058 .087 .106
200° 1 Position .15 .76 U2 .13 2.54
200° Film Thickness .0%5 .069 .08€ 173 .155
200° 5 Position 22 .62 .93 .55 2.70
200° Film Thickness .052  .052 .069 .086 Y
200° 3 Position A3 1.22 .75 .89 2.46
200° Film Thickness .043 1078 .095 .121 112
200° ) Position 51 .84 .05 L7 2.84
200° Film Thickness .061 .086 .130 .138 .156
200" 5 Position 24 1.10 .28 .36 2.63
200° Film Thickness .043 .078 .078 112 .155
300° 1 Position J1b .52 .08 .38 2.35
300° Film Thickness .102 .092 .092 133 153
300° 5 Position .89 1.27 .55 .97 2.29
300° Film Thickness .072 .082 .102 .112 .112
300° 3 Position .37 e} LT3 .16 1.69 2.16
300° Film Thickness .051 .061 .051 .082 .072 L1432
300° L Position 1.46 1.83 42 .68 2.83
300° Film Thickness .061 .133 173 173 .163%
300° Position .81 1.01 .76 .10 2.71
300° Film Thickness .061 .061 .061 .092 .102
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HORIZONTAI, DISK HEATING UP

AT Frame Experimental Measurements
sat  yo, 1 2 3 4 5 6
100° 1 Position 11 1.08 2.11 2.66
100° Film Thickness .033 .022 .028 .028
100° 5 Position .71 1.68 1.94 2.59 2.83
100° Film Thickness .Olly .039 .039 .033 .039
100° Position .19 1.28 1.58 1.99
100° 2 Film Thickness  .03%  .028 .ok  .028
100° L Position L2 .98 1.79 2.15
100° Film Thickness .022 .033 .olk .033
100° 5 Position .86 1.15 1.72 2.06 2.40
100° Film Thickness oLk .022 .033 .033 .056
200° N Position .1k .96 1.29 1.88 2.78
200° Film Thickness .122 .089 .111 .133% 167
200° 5 Position 45 .88 1.5k 2.20 2.69
200° Film Thickness J1hh 167 167 .189 .178
200° Position 53 1.03 1.85 2.73 2.97
200° 5 Film Thickness J111 .156 .178 14k 122
200° M Position b5 .91  1.16 1.7h 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 1.25 1.62 2.24 2.93%
300° Film Thickness .066 .082 .082 .106 .066
300° 5 Position .32 1.01 1.40 1.54 2.k49
300° Film Thickness .090 .0OTh4 .098 .066 .082
300° Position .89 1.05 1.69 2.35 2.65
300° 5 Film Thickness  .098 .04l  .066  .057  .098
300° L Position .20 85, 1.46 2.41 2.70
300° Film Thickness 057 057 .098 .082 .0k49
300° 5 Position A5 .80 1.44 2.15 2.56
300° Film Thickness .090 .090 .082 .106 .115




HORTZONTAL DISK HEATING DOWN
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AT Frame Experimental Measurements
sat No. 1 2 3 4 2

100° 1 Position 67 1.26 1.79 2.33 2.89
100° Film Thickness .0kl .0kl .0k9 .0kg .057
100° 5 Position .52 1.11 1.67 2.18 2.7h
100° Film Thickness .0kl .037% 0Ll .0h1 Nol'sk
100° Position .38 .99 1.56 2.08 2.65
100° 5 Film Thickness 041 .01 .01 oIS} .0kl
100° N Position .25 .88 1.47 1.99 2.54
100° Film Thickness . 062 .029 .01 .01 JLA5
100° 5 Position .07 LT 1.36 2,44 2.82
100° Film Thickness .066 .0kl .037 .0L5 .0k9
200° 1 Position .29 1.02 1.65 2.29 2.88
200° Film Thickness .029 .0kl .09 .01 .033
200° o Position .15 .92 1.52 1.97 2.76
200° Film Thickness .029 .037 041 .037 .029
200° 3 Position .40 1.11 1.75 2.35 2.95
200° Film Thickness .0kl .053 .053 .049 .0kl
200° L Position .48 1.20 1.84 2.40 2,68
200° Film Thickness .037 057 057 .0kl L0411
200° 5 Position eyl TT 1.33 1.96 2.52
200° Film Thickness .033 .0kl .053 .0k9 .041
300° 1 Position .61 1.17 1.92 2.40 2.91
300° Film Thickness .058 .053 .058 .053 .053
300° o Fosition A7 1.07 1.76 2.28 2.80
300° Film Thickness .053 .058 .069 .062 077
300° 3 Position .39 .96 1.64 2.18 2.70
300° Film Thickness .062 .062 .069 .062 053
300° Iy Position .28 .83 1.51 2.10 2.61
300° Film Thickness .062 .058 .053 058 .05%
300° 5 Position .10 CTh 1.39 2.02 2.54
300° Film Thickness .053 .058 .05% .065 062
300° 6 Position .21 .68 1.28 1.8k 2.47
300° Film Thickness .058 . 062 .062 . 065 .062
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APPENDIX B

ANALYSIS OF THE F1IM THICKNESS ON A FIAT PLATE 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 analysis of the problem reguires 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-1. A parabolic velccity 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 Mudels II1 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.
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Fig. B-1.
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The disk with the parabolic 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 consideﬁed to be an inviscid fluid.
It was assumed there was no flow in the z-direction (plate) or ©-direction
(disk), that dp/dy = O in the vapor, that dp/dx = constant, and that
y1 >> 0;.

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

oV (V-8)dA (B-1)
where

TF = -KpﬁdA (B-2)

For the plate, the significani direction of the motion is along the x-axis.

Writing the momentum equation for this component

Yry = ¢ pvVy(V-n)aa (B-3)
A

and noving that p; and pz may be expressec in the form Py é; , it may be




1ok
shown that
Ps g | ,
XFy = 5 & NG (B-i+)
A 1
z.on(V-n)dA = oyyaVg £ & (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. Fec this system,
where the mass flow of vapor in is the result of evaporation of the liaouid,
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)-L-4
heg

% _
_] = pvy2zlvxv (B 6)
from which it may be seen that
A)-L ,
vy, - la/A)L (B-7)
hngVY.e
Expressing the term (y5-y8) as (y,-y2)(y,+y2) and noting that (y;-y=2) = 8;
and, since y; >> 8,, y1 ¥ y2, and (y1+y2) T 2y,, we may rewrite (y3-y3) as
2y,%,. Substituting iato Eqs. (B-3) through (B-7), the expression
A)-L 2
83 = Lﬂ[vli{] S (B-8)
hrg P P8
is obtained which expresses the film thickness and thickness variation in

terms of measurable pacameters for Model I.
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If a parabolic velocity profile is assumed, Model II, in the form
vxv = Vma,xi.:I (y2-¥) (B-9)
e

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

ipVx(V-ﬁ)dA = %pvyzvﬁ,axll %‘; (B-10)
[h = [( A')oLO ll] = % !)V}’al:--vmax (B"ll)
hfg

2 (¢/A)L
Voax = —— (B-12)

hegPyy2
817 - ML] (B-13)

2 hfg PP ,8

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

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

XFy = plS—R[ﬁ 2"-\Y1 -y2)? -%—AW};‘J (B-1k)
g oVx(V-D)aA = o yaVi,R &= (B-15)

= [(9/«:;-.1{2] = by Vry- %Rya (B-16)

Ve, = I%g%v%:- (3-17)

Vxy = Ve, cos @ (B-18)
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2
8.3 - S8iny - Eﬂ@l—*‘] L= (B-19)

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

metric Eqs. (B-i5), (B-16), (B-17). and (B-19) become

8 i

¢ QVX(-ﬁ'ﬁ)dA = 1—5' pvvrznanyZ * g (B'zo)
A o]
(Q/A)'%'Rz i
h = - = \') - R B-21
[ - Py Vmax 3 BV2 ( )
2 (a/A)R
Vmax = —;—— (B-22 )
hegpyya
-12
515 - 2 5§Y1 S (QZQJ.R L (B-23)
3 10 hfg P P8

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

taneous solution with the energy equation.

gtk )



APT3INDIX 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

1
Fp = gp\la CpA (c-1)

where
o = density of air
V = velocity of body relative to the sair
Cp = drag coefficient

A = area of body normal to air flow

The velocity of the test packages at the 1rstant of impact is 45 feet
per second. Using a reference length of 1 fcot, the Reynold's Number
varies from about lOu soon after the package is released to 3 x 105 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. i.e., 1.17.58 The
Cp of the second test package should be apprcximately that of a rounded
head cylinder in three-dimensional flow, i.e., 0.2.58

The free fall (q/A) vs. ATggt data are evaluated during the period

from 0.7 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 rrontal eareas of the packages (1.55 feet® for the first

package ard 1.07 feet® for the second package) and the velocities cor-
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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 1lbf

Fp(first package, 0.7 second)
Fp(first package, 1.4 seconds) = 4.28 1bf
Fp(second package, 0.7 second) = 0.l24 1bf
Fp(second package, l.14 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)

5)
<g free fall F la/g)=1

and the above values of Fp, noting that the weight of the first package
is 120 pounds and the weight of the second package is 135 pounds,

(a/g) (free fall, first package. O 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) = 0.0037h4

For the first test package, the effective (a/s) during free fall will
range from 0.01 to 0.035 because of variation in air drag. Any effects
due to guide wire drag would further increase the value of (a/g). Because
(q/A) and AT ot 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 APPRCXIMATION

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,
Bi = hR _ 3[5 (D-1)
kg

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 fair 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 sphiere 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
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3(a/A)t  (a/A)(5r2-2R2)

+
JRI 10k 4R

T(t,r) - T, =

2(a/AR® 3 sin(rAp/R) _-Ggqh3t/R2

(D-2)
kgt n=l AGsinn,
where
T(t,r) = temperature at time t and radius r
T, = temperature at time zero

R = radius of sphere

O0<r<R

e’

thermal diffusivity
Aqsn = 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) =
10t Btu/hr-ft°, Cpegq = 0.08 Btu/lbm-°F, p 4 = 558 lbm/ft2, kgq = 224 Btu/
hr-ft-°F, and t = 1 second. The heat flux used might be considered an upper
limit for film boilirg 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 that 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 Biot

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 is accomplished using finite difference
procedures, with the measured surface temperatiires 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 ordcr polynomial to the first five points using the method of
least mean squares. It divides the spnere into ten concentric shells about
a spherical core and calculates the heat flux into the sphere in terms of
the enthalpy change of eezi shell evaluated at intervals of 0.00010 sec-
ond between the second and fourth points (see Fig. D-3). The heat flux,
surface shell tenperature, 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 is 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
Identification

-—-.{Read Data

Print Data |

1 JC = (R+1)/2

Il « JC

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

DD « 1

DD +DD+1

» DD > N E—
X(DD)

F Y(DD)

Figo D"lo

I+«1

I « I+}

X

Flow sheet for digital computer program.
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DE > N +1
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DE « DE+1
T
3= ... 1(Gl)=...
—t Gl > I1+ 2

1(Gl)=..
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—Ewyi( ) =

I2 >I1 + 2
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JF « 1

JF > 52

JF « JF+1
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Fig. D-1 (Continued)
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L«l XI

ACP =...
. F ‘

L« L+l

3

S« 1 T
- | s/ q‘

S > M (1) =.. S > SM —.(T :::, :
F, _ E .
S « S+l MS)=... S « S+l 4‘
X ki
¥
i
S g |

TN( )=

F

S < SM DRR=. .. [——toe V
1
4
([TIME ... | <0.0002§
i
Ya2()=... ;
—] —

Y2()=...
CTIME ... |<0.0001D .

Y2()=...

Fig. D-1 (Continued)
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S «1 q
S » SM
HLair(S)=. ..
S+«S+1
T
R+« 1
S « 2 =
R>5 s TA()=...
SUMgnuo s:sM .
ReR+ 1 UM=.
S+«S +1

JZ « JZ+1

|1

x(Jz)= ...

Y(JZ)= ...

()—{m- -

rint Results p———miQ = ..,

rint Results

Q > 100,000

T

F QAB()-'-'-..

Fig. D-1
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Print Print Print
Plot of Plot of Plot of
@'_—J'Temperature ‘ Log (q/A) vs. ™1 (a/a) vs.
vs. Time Log ATsat Time

Print Results

e,y (/) —w()

Time

oS~

Print
Intermediate [™®1 SD2 = -SD2

Calculations

SN

Ix N3 = —’®

Fig. D-1 (Concluded)
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$COMPILE MAD, EXECUTE, DUMP, PRINT UBJECT, PUNCH OBJECT 053478

MAD (06 JAN 1967 VERSION) PROGRAM LISTING eee cce oo

[ )

START

P

P gt P et et Gt et ot ot b e o WA - W N e

-

CONT INUE

INTEGER RUNsT1o12¢KyLoReSySMeNyNLyNIJNG9JB9J99Jdl24Jd144J15

INTEGER J169GlyJAyJC,JF

INTEGER DDDEy1,C34C4

INTEGER TP,J2

DIMENSIUN X{25),Y{25)4X1{100),YL{2500,Y1DIM),x2(100),Y2(121,Y2DIM)
DIMENSION X3(100),Y3(121,Y30IM),T(100),TN{100),TALL00),RUN(L2)
DIMENSION CTEM(52),CCP(52) GRAPH{867),EX{100),WY(100),STDOX(120)
DIMENSION STDY(120),STAX{120),STAY(120),DATAX(100),DATAY{100)}
DIMINSION DATX{100),DATY({100),TIM(100) ,TEM(100),QAB(L00),DTT(100)

VECTOR VALUES Y1DIM = 2,1,50
VECTOR VALULS Y2DIM = 241,11
VECTOR VALUES Y3DIM = 2,1,11

VFCTOR VALUES 0OUT= $1H1l, 12C6%*$

VECTOR VALUES QUT1=$1HO,12C6*s

VFCTOR VALUES [IN=$12C6*$

VECTOR VALUES ABS=$1H0¢530,24HLOG (TS-TSAT), DEGREES Fss

VECTOR VALUES LFO=$ TEMPERATURE, DEG F .3
VECTOR VALUES ABS1=8$1H0,550,22HRELATIVE TIME, SECONDS*$
VECTOR VALULS CRD=$ LOG Q/Ay BTU/HR-FT2 L]
VECTOR VALUES QA=$ Q/Ay BTU/HR-FT2 *$

VECTOR VALUES EX{l)= 0.0,0.301,
0.47770.602¢0e69990.778¢90.845,0.903,0.954,41.0,

1l.301,1.477,

1.60291e69991.77641.84541290391.95492.0,

2.30142.477,

2060292469992, 77892.84542.90342.95443.0

VECTOR VALUES wWY(l)= 3.0,3.301,
3.6T743.60203.69993.77893.845,3.903,3.954+94.0,

%.3014%.477,

4e60214069994.T7894.84514.903,4.954,45.0

VECTOR VALUES STDX(1)= 5.816¢036e216e496e696eB97e097429T74658.098.5,
9¢099e5910e0911e3120913.914%0915.916040Tc9lBe9l9.,5200021.y
22052309240925042601270928692993009310932¢933493%0935.4%64,
370938003909 %009492094%09046¢348019500:.2¢15%¢95649584960469624,
64096609689 T0eeT7209760980098504904995.910049110.,120.,

1309140091500 9160.9170.9180491900¢200.921009220¢9230.,

240492500926009270.928049290093004932049320093304934049350.,
360.

VECTOR VALUES STDY(1)= 1350.91500451700.41900.,2100.92300¢92550.92800.,
3400,94000.714900.96000.97200498500.y11900.915700.,20900.,
265004 9337004939200, y43000¢ 1447504 9460004 94625049%625C.,
458000 9450004944000, 7422004 9y40500. y38750.,36500.934000.,
307004927500.924300.4217004919700.+150004y 2000 99700.,7500.,
6000494550092650.91725.91680.41690.41725441760.918054,41845.,
1890449 19204919604¢92000¢920404¢208009211592150492235¢92300.,
2600092490.9258509267592860.930204932004,3380.¢3550443710.,
390049 4050.14225094400.94575. 94750, 94900.95050.+5225.95400.,
55754957504 759004 460254962000 964004 96550, +96700.56850.,7000.
VECTOR VALUES CTEMI1)= -360.9-350.9-340.9-330e9-320e9-310.9-300.,-290.,
=280e9-2706+—260¢9-2500¢-240469-23049-220¢9-21049-200.9-190.,
“18009=17009~16009-15009-14003-130049-12069-11049-100e9-900
‘80-1-70.'-600 |-50. '-‘00. '-300 "'20. "10.QOQO'lOo'200.3Oo"0.'

Fig. D-2. Digital computer program listing.
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*001
*002
003
*004
*005
*006
*007
*008
009
*010
+011
%012
*013
014
*015
016
017
+018
*019
*020
021
2022
2022
€022
022
022
%022
023
*023
%023
023
%024
%024
*024
2024
024
*024
*024
*024
*025
025
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%025
*025
+025
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+0525
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*026
026
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Y 50e960e¢9706980499069100091100922049130.,140. *®026
VECTOR VYALUES CCP{1l)= 0.0305, 027

1 00359¢.0407940659.0489,.05244.0557,.0589, *027
1 «0618,.06629¢0662¢4068L9006993.0T716,:07325.07479.0769.0773, 2027
1 «07845.07944008049.0813¢008229.08314+0839,.0847,4,0854,.086, 027
1 «08669.0872,.0877,.0882,.08869.089],4.0895,.0899,.0903,.09065, *027
1 «0919.09125,.091554.09189.092054.0923,.0925,.0927,.09285, €027
1 «0934.09315+.09325..0934 €027
MPY=2,302585 €028
N1=92 €029
J14=28 *030
J15=19 *031
READ FORMAT IN, RUN(1)...RUN112) *032
PRINT FORMAT OUT, RUN(I)eeoRUN(12) %033
READ DATA *034
PRINT RESULTS N4 ,NoROyVOA,DRyTCyDSsSMsRZSTSAT,TIM{1)...TIM(NG), €035

1 TEM{1)eeoTEMING) €035
WHENEVER N .L. 5y TRANSFER TO START *036
JC=I(N+1)/2 *037
THROUGH LOOPB,FOR 11=JCy1+s11.G.IN4-{N/2)-2) *038
THROUGH LUl, FOR DD=1414DDeGoN %039
YIDD)=(TEM(DD+I 1-JC+2)~-TEM(DD+I1-JC) )/ (TIMIDD#I1~-JCe2) *060

1 -TIM(DD+11-4C)) *040
LUl X{DD)=TIM(OD+]1-JC+1) 041
TP=0 %042
HRZ SX=0.0 *043
$X2 = 0.0 2044
$X3 = 0.0 045
SX4 = 0.0 %046
SX5 = 0.0 047
$X6 = 0.0 *048
SY = 0.0 *049
SXY = 0.0 %050
SX2Y= 0.0 *051
SX3¥= 0.0 *052
5Y2 = 0.0 *053
THROUGH LPA: FOR I = 14 1o I .Geo N €054
SX = SX + X{(I1) +055
SX2 = SX2 + X(I) .P. 2 *056
SX3 = SX3 + X{(I) .P. 3 *057
SX4 = SX4 + X{I) .P. 4 *058
SX5 = SX5 + X{1) .P. S *059
SX6 = SX6 + X{(1) .P. 6 *060
SY = SY + v{I) *061
SXY = SKXY + Y{1)sx(]) *062
SX2Y = SX2Y &+ Y{I)eX{1)*X(]} *063
SX3Y = SX3Y & Y(I)*X{I) .P. 3 *064
LPA SY2 = SY2 + Y(I)=*Y{]) *065
V1= N/{N%®SX2 -SX*SX) *066
V2={ SX*SX3/N)-SX4 067
V5=SX2/N *068
V6=SXESX2-N*SX2 *069
VT=SX2%SX3/N~-SX5 070
VI=SXY~-S5X*SY/N *#071
VI1=1/(SX4-{SX2*SX2/N)-({V6/N)*+ V6/N)*V])) *072
V13=SX2Y-V5*SY+V1i*VISV6/N *073

- V1S=V1*{(V6/N)*V2+V7 074
V16=SX3Y=-(SX3*S5Y/N)-SX4%V]l*V9-SX5%V1l*Vi3 *075
V17=SX2%SX3/N-SX4*V]1*V6/N ®«076
V18=SX3%5X3/N-SXe*V]1*V2-SX5¢V11isV]S 077

Fig. D-2 (Continued)
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HRA

Lu2

LoorPC

LOOPD

LPR

HR3

LOOPE
PS1

ottt s

V19=SX*SX3/N
A3=(V16+V]I*VISV ]9+ (VIT+VI*VEEV]II/NI*V]I1¥V]13)/(SX6~-VIB-V]1*Y2x%
V19-V11%V15%({V17+V1*V6*V19/N))
A2=V11*(V]13+V15%A3)
Al=V1%{V9+{V6/N)*A2+4V2%A3)
AO=(1./N)*(SY-AL#SX~A2#SX2-A3%SX3)
SD2=SY2-(AO%SY+AL#SXY+A2#SX2Y+A3#SX3Y)
WHENEVER (SD2/N}.L.0.0, TRANSFER TO ERRRT
WHENEVER TP.NE.O, TRANSFER 10 HRX
SE=SQRT.(SD2/N)}
Cz2=0.0
THROUGH LUZ2¢ FOR DE=i41+DE.G.(N+1)
C2=C2+ {TEMINE+T11~JC+ 1) +TEM(DE+T1-JC) & {TIMINE+11-JC+ 1)
~TIMIDE+I1~JC) )/2.
C3=11-JC#N+2
C4=11-JC+1
Cl=(C2-(A0/ £V *L{TIMIC3)eP2)-ITIM(L4).PL2))
—(AL/ B I*¥({TIMIC3)oP3)=-{TIM(CS)P3))
~{A2/12)% ((TIM(C3) P 4)~(TIM(C4) P o))
~(A3/720 1% ({TIMIC3I.P.S)-(TIM(C4} PSSV }/
(TIM(C3)-TIMIC4))
B80=A0
81=A1
B2=A2
B3=A3
THROUGH LOOPCs FOR GL={11-2)414GleGe(I1+2)
X1{61)=X{G1l-114+3)
Y1(GLl, (11-2))=A0*X 1{G1) *AL#X1(G1)#X1(G1) /2.
+AZX1(C1) oPo3/3.+A3XIIGL) oPo4/4.4C]
THROUGH LOOPDs FOR K=11-1yl4KeGelI142)
THROUGH LOOPD,FOR 12=Ky1¢12.6.(1142)
YICI24K)=0Y2L124 k=11 =Y1(12-04K=1 D) Z(X1{12)~X1(12~K+T1=2))
THROUGH LPRy FOR JF=lyleJF.GE.52
WHENEVER (Y1(11,(11-2))-CTEMIJF)).L.0.0,TRANSFER TO HR3
PRINT RESULTS JFoCTEMIJF) A0 AL A2,A3,X1(11-2)ceeXlille2),
YL(I1=2) 5 (11-20)eaa YLU(EL42)4(11-2))
TRANSFER TO START
ACP=CCP(JF-1) ¢ {{CCPIJF)I~CCPIIF=1) 1 #{Y1(I1,(11=2) )-CTEM(JF=11)
710.9)
CQ=RU*DR*DR*3600./7(TC*DS)
MM=ACP*CQ
PK=1X1{11+1)-X1{11-11)/DS
THROUGH LOOPB, FOR L=l,lyleGePK
WHENEVER [1.6G¢e3 +ORelL<Gs1ly TRANSFER TO PSI
THROUGH LOOPE,s FOK S=14145.G.5M
T(S)=Y1{2,1) ,
TIME=X1(11-1)+L#DS
TUL)=BOKTIME4BL#TIME.P.2/2.+B24TIMELP.3/3.4B34TIME.P.4/4.+C1
THROUGH LUOOPGs FOR S=1914S5.G.5M
WHENEVER S.Eel
TNC1I=T(1)
OR WHENEVER Se.L. SM
DRR=DR/ {RZ2-{S-1)*%DR)
TNUSI=(TIS+1)*(1.~DRRI+T(S—1)*(1.+DRRI+{MM=2.) #T(S)) /MM
OTHERWI SE
TNES)=(6.%T(S=1)4[MM=6,)%T{S) ) /MM
END OF CONDITIONAL
WHENEVER <ABS.(TIME-(X1{I1)-2.%DS)).L.0.00010
Y20S,1)=TN(S)
X2(1)=TIME

Fig. D-2 (Continued)
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LOOPH

LOOPJ

LoovrL

LPz

HRX

LOOPB
LP3

LPK

LPO

R=1 .

OR WHENEVER oABS.(TIME-{X1(I1)-DS)}).L.0.00010
Y2(S,2)=TNI(S)

X242)=TIME

R=2

OR WHENEVER o ARS.(TIME-X1(11)).L.0.00010
Y2(S,3)=TN(S)

X2(3)=TIME

R=3

OR WHENEVER ABS.{TIME-I{XL{I11)+US)}.L.0.00010
Y2(S4+4)=TN(S)

X2(4)=TIME

R=4

OR WHENEVER oABS.I(TIME-{X1{I1)+2.*DS)).L.0.00010
Y2(S+5)=TN(S)

X2(5)=TIMF

R=5

TD=Y2{1,y3)-TSAT

END OF CONDITIONAL

THROUGH LOUPH,FOR S=19195.G.5M

TES)I=TN(S}

WHENEVEK oABS.{TIME-{X1(I1)+2.%DS)).L.0.00010
THROUGH LUDPLFOR R=1414ReGeS
SUM=((SM-1. )P 2%Y 2 1,R))/2.

THROUGH 1LOUPJy FrLR S=241¢S.FSM
SUM=SUM+{(SM=57.P. 21 %¥Y2(S4R)
TA(R)=3.,%SU/L(SM-1.).P.3)

X3(1)=x2107)

Y3(Rs1)=TA(R)

THROUGH LPZy FOR JZ=1lsly J2.6.5
XUJ2)=X3(IJZ)-TIME+2.7)5

Y{Jz2)=TatJyz)

TP=1

TRANSFEK TO HRZ
TG=A142.%A2%X(3)+3.%A3%X(3)¢X(3)

PRINT RESULTS X201)¢X2(0209X2(3)4X2(4)9X2(5)4TIME,TG,X{3}

Q=ROSACP*TG*VUA* 3600,

PRINT RESULTS “2(3),Y2{143)4Y202+3),Y¥Y211143)9sACP,Qs7D,SF

WHENEVER Q .G. 100000.0, TRANSFER TO LP2
QAB  (I1-JC+1)=.A8S5.(Q)

2TT (11-JC+1)=TD
DATAX{11-JC+1)=.ABS.(TD)
DATAY(11-JC+1)=QAB(]1-JC+1)

END OF CONDITIGNAL

CONTINUE

N3=11-JC

PRINT COMMENT $1$

EXECUTE SETPLT.(1,TIM{1),TEM(1),N4,$%$,38,LF0)
PRINT FORMAT ABS1

PRINT FORMAT OUT1ly RUN{1).e<RUN(12)
THROUGH LPKFOR J9=1,41,39.6.N1
STAX(J9)= ELOG. (STOX{J9) ) /MPY
STAY(49) = ELOG.(STDY(J9))/MPY
THROUGH LPOs FOR J16=191,J16.G.N3
DATX{J16) =FELUG.(DATAX{J16))/MPY
DATY(J16) =ELUG.{DATAY(J16))/MPY
EXECUTE PLOT1.(042+2543,33)

EXECUTE PLOT2.(GRAPH;3¢900y5+93.)
THROUGH LPJSFOR J12=1,14412.G.J14
EXECUTE PLOT3.(8+¢8,EX(J12),3.0,1)

Fig. D-2 (Continued)
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EXECUTE PLOT3.($+$,EX(J12)+4.041) #189

(% EXECUTE PLOT3.(3$+$,EXIJ12),5.0,1) *190
THROUGH LPN,FOR J8=1,1,J8.6.415 *191

EXECUTE PLOT3.(8$+$,0.0,NY(J8),1) *192

EXECUTE PLOT3.($48,1.0,HY(J8),") *193

EXECUTE PLOT3.($+$,2.0,WY(J8),1) *194

LPN EXECUTE PLOT3.($43,3.0,WY(J8),1) *195
EXECUTE PLOT3.($.$,STAX(1) . "TAY(1),N1) *196

EXECUTE PLOT3.($#$,DATX{1),LATY(1),N3) ) ) *197

PRINT COMMENT $1$ *198

EXECUTE PLOT4.{32,0RD) *199

PRINT FORMAT ABS €200

PRINT FORMAT OUT1, RUN(1)...RUN(12) +201

PRINT COMMENT $1$ *202

__EXECUTE SETPLT.(1,TIM(4) QAB(1),IN4-6)+$%$,32,QA) *203

PRINT FORMAT ABSI #2064

PRINT FORMAT QUT1, RUN(1)...RUN{12} *205

PRINT FORMAT OUT, RUN(1)...RUN{12) +206

PRINT RESULTS DTT(1)...DTY{N3),QAB(1)...QABIN3), *207

1 DATAX(1)...DATAX(N3), TIM(1).c TIM(NG) *207

TRANSFER TO START %208

ERRR PRINT COMMENT $- NEGATIVE SQUARE ROOT - ERROR IN STD DEV $ *209
PRINT RESULTS NoAO,Al,A2,A3,5D2,(SD2/N) *210

$D2=-SD2 *211

TRANSFER TO HRA 212

P2 N3=11-JC¢1 *213
TRANSFER TO LP3 214

"END OF PROGRAM 215

Fig. D-2 (Concluded)
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Fig. D-3. Computational procedure for digital computer program.
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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 frictioa-
less pulleys and to be weightless and inextensible. Writing the equations

>f motion for the test package and the counterweight.

or
F, - m,g = myag (E-2)
mpg - Fo Mp8.g (E-3)
for which the solution is
a -
= - IpTfc (E-4)
g Mp+me
_ ag "
Fo, = mg (1 +—§-) (E-5)
g
where
ZFy = sum of the forces in the y-directlion
m = mass
m. = mass of counterweight
mp = mass of test package
ay = acceleration in y-directicn

21k
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iivnch Diameter Steel Cable

/

Pulleys

Counterweight / c /
Test Package

— e — —’-

P G
—
e«

Fig. E-1. Sketch and free-body diagram of test package—steel
cable-—counterweight system.
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ag = acceleration of p-c-c system
g = acceleration due to gravity
F. = tension in cable

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

test package 1is

FB = mBaB (E-6 )
where
FB = effective body force acting on body moving with test package
mg = mass of body moving with test package
ap = net acceleration of body moving with test package

The net acceleration

or

. 1-2 (E-7)

When m, = O, i.e., the test package is in free fall, (aj/g) = 1,
F, = G, and (aB/%) = 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, F, = 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 above, is subjected to

the same forces which it would be subjected to in an environment possessing
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a gravitational 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) wvere measured using an accelerometer mounted
on the test package. The measured values of (ap/g) were approximately 15%
higher than those cslculated 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 guide wire drag,
which increase the effective mass of the counterweight, and thus (aB/g)a

The assumption that the steel cable is inextensible is not a good as-
sumption for this system. The measured spring constant was 308 lbf/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 1s initially restrained
at the counterweight or test package, A or B in Fig. E-2. The equations of

motion may be written as

d2x,
me ;;g‘ - kc(xp'xc) + Fpe

L
o
o
09

2x

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

E-2. the test package acceleration is
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N
~N k ;
N Fre .
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—
~ A xp B .
N - =& H
N 1
\ &

0

Pig. E-2, The test package—~steel-—cable cocunterweight system
as an idealized mass-spring-mass system.
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Exp e
. Tc (1 -cos wt)g (E-10)

at2 Ty +me

where w 1s the natural frequency of the system. The solutions for w are

_JM , O (E-11)

Using values of k, = 308 1bf/inch, meg = 11 1bf, and m

b8 = 120 1bf in Eq.

(E-11), w = 108.8 radians/sec, and the predicted oscillation frequency, f,
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 initisl 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
_%‘2 = 0.83{1-cos 108.8t)g (E-12)
dat

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 0.83g.

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

the test package acceleration is

dT:R ;;me- (1 + 2—% cos wt)g (E-13)

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

as
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d2

-SE = 0.83(1+0.09 cos 108.8t)g (E-14)
at

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 k¢,
m.g, and mpg 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 (ap/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 hoth 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 viscous, because a damping factor of 0.66 indicates
large damping, but relatively little damping is indicated on the traces.

The appearance of the traces cn 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 1s obtained. Cable
buckling‘is probably not a problem for this case. The maximum amplitude
of the acceleration variation is less than #0.lg, which is approximately as
predicted by Eq. (E-14). A beat in the oscillation amplitude may be seen,

but there is no obvious cause for this.
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