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CHAPTER I

INTRODUCTION

This investigation is concerned with the effects upon
certain properties and parameterskdue to a "step" or rapid pressuri-
zation of a liquid nitrogen system undergoing steady state nucleate
boiling at atmospheric or near-atmospheric pressure under canditions
of constant wall heat flux.

It is of particular interest to make such a study at this
time because such phenomena play a role in liquid fuel missile
performance. The liquid oxygen containers of missiles are pressurized
just prior to firing in order to produce a subcooled liquid, hence
insuring against cavitation iﬁ the pump forcing liquid oxygen into
the rocket engines.

Consideration of the missile problem governed to some degree
the design of the test cylinder and the selection of the test fluid.
The latter was chosen to be a cryogenic substance. Liquid nitrogen
rather than liquid oxygen was selected because it is relatively safe
to work with and is readily available.

Pressurization of a boiling liquid causes cessation of
boiling, after which follow, if heat input is maintained, a transient
single-phase free convection process, transient two-phase free con-
vection, and finally re-established steady boiling at the new pressure.
The transient free convection processes cited are of a special kind
because they are greatly influenced by the boiling which occurred in

the cylinder prior to pressurization.
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Analytical investigations made into transient free convection
deal with fluids initially at rest and at the same temperature as the
vertical contacting wall.

For example, using laminar boundary layer theory Illingworth
(10), and Siegel (25) studied the transient free convection which
results when a vertical flat plate undergoes a step temperature in-
crease or suddenly begins to produce a uniform heat flux.

Theoretical asnalyses of steady state free convection from
vertical surfaces with laminar boundary layers have been made by
Sparrow and Gregg (27) for the constant heat flux wall, Ostrach (22)
for a constant temperature wall, and Sparrow and Gregg (28) for a non-
jsothermal wall. These deal with a boundary layer which has zero
thickness at the bottom edge of the plate.

McAdams (20) summerizes the results of several workers dealing
with dimensionless correlations for heat trarsfer from vertical plates
and outside of vertical cylinders by steady state natural convection
in the laminar and turbulent regimes.

Thet the heat transfer coefficient is reduced for the case of
closed ended vertical tubes, relative to that for vertical plates, has
been shown by several investigators. The experimental aspects of their
work have in common provision for abstraction of the heat being trans-
ferred through the cylinder walls so that a steady or quasi-steady state
results.

Hartnett and Welsh (9) in this way have examined constant
flux heat transfer through the walls of a vertical tube. It is deduced

from their work that the average heat transfer coefficient is approxi-
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metely half of what is predicted for the vertical plate using the
Jakob (13) correlation. Furthermore, the coefficient of heﬁf transfer
vas found to increase as the distance from the bottom of the cylinder
inereased.

Martin and Cohen (19), and Martin (*8) deal with heat trans-
fer to various liquids contained in vertical tubes with constant
témperature walls. They found that the heat transfer rate was greatest
at the top of the tube and suggest that ﬁhile there is a general
condition of turbulence, laminar flow may be taking place at the botton
of the tube.

Eckert and Diaguila (%) found that the Nusselt number may be
as much as 35 percent lower than the value predicted for turbulent
free convection from a flat vertical plate. They too dealt with a
constant temperature tube.

Lightni11 (10)

, in a theoretical analysis of free convection
in tubes, discusses the existence of three laminar and three turbulent
regimes, and predicts that a stagnant portion may exist at the bottam
of the tube in both the laminar and turbulent cases.

Siegel and Norris (26) have reported an their experimental
work dealing with turbulent free convection in a partially enclosed
space between two heated vertical plates at substantially uniform wall
flux. They found that when the space between the vertical plates was
closed at the sides and bottom, the Nusselt number was lower for a
Ziven Grashof number than predicted by the Jakob (13) correlation.

Some of the literature connected with other phases of the

problem under study will be cited in the body of the thesis where the

necessity for their application will be more apparent.



CHAPTER II

fXPERIMENTAL APPARATUS AND PROCEDURE

The experimental work described herein was carried out in the
Heat Transfer and Thermodynamics Laboratory associated with the Depart-
ament of Mechanical BEngineering.

While this research was not intended to exactly duplicate
dimensions and conditions existing with regard to liquid oxygen
containers of missiles, certain design decisions were made bearing in
mind possible missile application.

It was decided to use, for the primary test contalner, a thin
walled aluminum cylinder with a length to diameter ratio equal to two.
Its basic dimensions are shown in Figure 1. The top and bottom plates
are each one half inch thick. This thickness is great enough tc permit
pressurization to 50 psig without requiring internal or extermal re-
inforcing ribs which would tend to disturb and augment heat input to
the primary test cylinder.

The experimental setup was designed to provide constant wall
heat flux. For this purpose, electrical power was provided by five
sections of circumferentially wound heater wire called Midohm, manufactur-
ed by the Driver-Harris Company. It is a nickel-copper alloy resistance
wire covered with two thicknesses of Fiberglass insulation. The elec-
trical power input to tﬁe heaters was measured by a single Weston
wattmeter accurate to within 1% of true power. By a suitable switching
arrangement, shown in Figures 2 and 10, the same wattmeter was used to

measure ‘power through each heat segment individually. Electrical power



4+ WALL THERMOGCOUPLES
O LIQUID THERMOGCOUPLES

4
/7777777777777,

R

1
; + J%é—

N % . . . . . . ¥ NN NN NN

AU . . | A U .. 3 3 3% A N A N . S .3 S S8 S,

v 7777777

S 9% &

19
Basic Test Cylinder Dimensions and Thermocouple Locations.

Figure 1.




-INoaT) Jomod Arewtdd ‘g SandTy

NO111SOd dN NI Hivd HOLIMS TVNAIAIGON] ‘ONIGY3Y¥ ¥IMOd ¥O4
NO1L1SOd NMOGQ NI ATTVNYON SIHILIMS 3JINN

¥ILIAWLILIVAM
A
— é\n —
_ 109
39V110A _
yivd _
HOLIMS _ *o\ _
_Iwzmxx:unll_
L L
(C ( S GETTR
dd [ = ~ AOE2
dWV
M09
I 1 ¢ \ 3asng
&t_ll —
IVINVA

NO1123S JHIM
IONVISISIYN WNHOOIN



*3TNOJT) I9383H pPIENY

°¢ aanB1g

* /3
| F w F T,
il / / /. / /
o o o o ‘o]
ol el et o 1 o] ]
C_ —d g b _ l!un _p —_— |_ _—|l L2
I\ 0 _ ﬂ 3sn4

JONVLISIS3Y WHOQIN

NOI1193S ¥3LV3H




27"

- FILLING LINE

TO VACUUM
PUMP

FILLED (WITH

- COVER PLATE
| GUARD
CYLINDER

VENTED AT SEVERAL

PRIMARY (TEST
CYLINDER

NOTE: LINES FOR FILLING,
BOILOFF, ARD PRESSURIZ-

~ATION ECT TO
PRIMARY TEST CYLINDER LU
COVER PUATE )'g

LOCATIONS.
]
GLASS WOOL  INSULATING
LIQUID NITR:
CYLINOER

e

SN
N

73

Figure L.
’

Test Assembly.

- GUARD HEATERS
d AND INSULATION

L—PRIMARY TEST
// HEATERS AND

INSULATION.

STYROFOAM
NSULATION



‘qnofe] Tejusutaadxy G 2aInS1d

IN3A
H3ANITAD pmuh./ N uvm3a N o_:o_._l/ d¥VYM30a
F—%
A Y N N NN
3 /
H3INIVLINOD °N \
aINDIT ONILVINSNI N — 311108 |\1
3
a1« TN LiNn uvzv o1 y svo °N
H3IANITAD Q¥vNO f — 440708
39nv9 QO33N B _ A1ddns 3N Q1IN0 FUNSSINL
¥3ONASNY¥L 3¥NSS3I¥d
LINA NNOENVS Ol J Alddns
S
& © oy HOLVIN93Y
3A % 439na3Y
e AN3A IATVA S310N30 !
QION310S JI4IHISONLY AL34VS
S310N3Q HO1vIN93Y ONIONYHD HOd MNVL
3WNSS3Iud NOILYZINNSS3Nd OL
13NIT
NOILY ZINNSS3Nd} NIvdg Ol 13INI
137400 H¥31VM HILVM
137100 Y3LIN
C 5 SV9 SV
—
— p) L3NI 137N NYOSNYS Ol
Svo 4313W ﬂ
YIONVHIX3 »ﬁ._:l\N
LINN XYWOQ33dS OL 21 JYIHISONLY
0L 1SNVHX3

39NY9 JUNSSIHUd SILON3Q
MNVL

NOILYZINNSS 34d °N



-10-

was controlled by Variac auto transformers, one transformer for each
section of primary heater wire.

Around the primary test cylinder fits a double-walled cylin-
drical container shown in Figure 4, which was evacuated by a Cenco
Megavac vacuum pump in order to reduce heat losses. The vacuum was
measured by a MclLeod gauge, which normally read about 30 microns pres-
sure during a run.

Five guard heater segments are wound around the outer diameter
of this evacuated cylinder, each corresponding to a section of the
primary test heaters. Midohm wire was used for the guard heaters, and
the power controlled by five variacs. At five vertical locations cor-
responding to the midpoint of the heater sections, difference thermo-
couples are located between the inner and outer diameters of the
evacuated guard cylinder. The current due to any temperature differ-
ence between the thermocouples thus located was read on five G-M
galvanometers. The guard heater Variacs were used then to regulate
guard heater power in order to cause the galvanometers to read approxi-
mately zero throughout the entire experiment. In this way, there was
good assurance that the primary power being measured was in fact the
power going through the walls of the primary test cylinder. That this
is true was verified by the fact that heat flux, measured electrically
was in good agreement with flux calculated from liguid nitrogen boiloff
rates. The guard heater control circuit is shown in Figure 3.

The primary test cylinder and the evacuated guard cylinder
are placed inside of a large double-walled cylindrical liquid nitrogen

container with a double-walled bottom. This container cooled the outer
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guard cylinder wall so that the sought after zero temperature difference
could be achieved. It also served to provide a nearly constant, low
temperature wall to further reduce heat losses. The potential for heat
flow from the liquid contained in the primary cylinder through its un-
heated bottom was thus never greater than the difference in temperature
between the liquid nitrogen in the outermost container and the liquid
nitrogen in the primary test cylinder. The outermost container wes
filled before the primary cylinder and occasionally refilled during the
course of a run. It is vented at several locations in order to permit
easy filliné, and to minimize pressure buildup during the course of a
run, which would cause the temperature of the liquid nitrogen to rise
resulting in poorer guard heater control. The entire test assembly is
shown in Figures 4 and 6. Except for the Styrofoam insulation, the test
assembly is made entirely of 5052 aluminum (23% magnesium, 0.25%
chromium). The thicknesses of Styrofoam shown in Figure 4 are separated
by aluminum foil in order to reduce radiation effects and to minimize
any water vapor penetration of the insulation.

Liquid nitrogen was obtained from a Joy Liquid Nitrogen
Generator. Its purity was high enough to permit the use of the physical
properties of pure nitrogen (References 6, 7, 11, 12, 21, 29).

Temperatures were measured at five longitudinal locations in
the test cylinder wall, and ten locations in the liquid nitrogen under
test. These thermocouple locations are shown in Figure 1. The thermo-
couples are constructed of 30 gauge copper and constantan wire. The
wall thermocouples were secured by drilling fine holes into the wall

at an angle so that the insertion length of the couples could be nearly



Figure 6. Part of the Experimental Setup Showing Test Assembly,
Electrical Control Table, Vacuum Pump, Pressure Regu-
lator, Pressure Gauges, and Speedomax and AZAR Units.

Figure 7. Part of the Experimental Setup Showing Sanborn
Recorder, Nitrogen Charging Bottle, Dewar Flask,
Mcleod Gauge, and Pressure Gauges.
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Figure 8. Part of the Experimental Setup Showing Gas Meter,
Vacuum Pump, Heat Exchanger, and Part of Pressure

Regulator.

Figure 9. Pressurization Cylinder.
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Figure 10. View of Electrical Control Table Showing Primary
Power Variacs, Guard Power Variacs, Galvanometers,

and Primary Power Switching Arrangement.
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as great as the thickness of the cylinder wall. After insertiom, the
wall was peened over. The wall temperature so measured was taken to be
the temperature of the surface contacting the liquid nitrogen because
the temperature drop across the entire wall at maximum heat flux was
calculated to be only about half a degree. The thermocouples measuring
liquid temperatures are held at their respective positions by securing
them to a stainless steel gridwork.

wall and liquid temperatures, accurate to pl 0.5°F, were mea-
sured and recorded by a twenty point adjustable zero adjustable range
recording potentiometer, the Leeds and Northrup AZAR unit shown in
Figures 6 and 10. Liquid nitrogen at atmospheric pressure was used for
the cold reference junction.

Test cylinder pressure was measured by a bourdon tube type
pressure gauge, accurate to within t 0.2 psi, and also measured and
recorded by a Consolidated strain-gauge type pickup used in conjunction
with the carrier preamplifier of a Sanborn 150 recorder, shown in Figure
7. The pressure pickup was calibrated against the bourdon gauge.

A Rockwell bellows type gas meter, accurate to within 2% of
reading, was used to measure boiloff from the primary test cylinder.

A Helipot continuous rotation potentiometer was attached to the pointer
shaft of the gas meter, and a direct current voltage obtained from a dry
cell impressed across two pf the three terminals of the Helipot. Thus
the output voltage is proportional to pointer shaft rotation. This
voltage was measured and recorded by the Sanborn 150 recorder, using

the AC-DC preamplifier.
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Commercially obtainable nitrogen gas bottles were used to fill
the pressurizatioﬁ cylinder shown in Figure 9. The gas charge in the
latter was used for pressurizing the liquid nitrogen under test.

Pressure regulation of the primary test cylinder was accom-
plished by a Fisher Wizard pressure regulator.

Since the Rockwell meter was not designed for gases as low in
temperature as the nitrogen boiloff, the cold nitrogen gas coming from
the primary cylinder was fed through a tubular heat exchanger using city
water at close to ambient temperature to heat the gas. The heat ex-
changer may be seen in Figure 8. The temperature of the gas entering
the meter was measured and recorded by a Leeds and Northrup Speedomax
unit, shown in Figures 6 and 10. During a run, the temperature of this
gas remained substantially constant between 60 and T7O0°F depending upon
the water temperature and gas and water flow rates. The entire experi-
mental layout is shown in Figure 5.

A carbon resistor located in the test cylinder seventeen
inches from the bottom, was placed in series with a milliameter and a
dry cell in order to provide a simple means of liquid level indication
when the cylinder was being filled. Since the rate of heat transfer
from the resistor is greater to the liquid nitrogen than to the gaseous
mixture occupying the cylinder before it is filled, and above the liquid
surface while it is being filled, the rate of heat dissipation increased
when the rising liquid surface came into contact with the carbon re-
sistor. This increased heat loss caused the temperature of the resistor
to drop and its resistance thus increased, resulting in diminished

current reading on the milliameter. This reading was quickly checked
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by noting the temperatures of appropriate liquid thermocouples being
recorded on the AZAR unit. While the indication of the resistor was
not instantaneous, the error introduced was small because the filling
rate was intentionally kept low. Immediately upon reaching the pre-
scribed level, the Dewar flask being emptied of liquid nitrogen was
vented by solenoid valve, then further relieved by a ha.ﬁd valve. .

The important points of the experimental procedure are as
follows:

() The vacuum pump was started and all electronic instru-
ments turned on at least one hour prior to the start of filling.

(b) The outermost liquid nitrogen container was filled.

(¢) Filling of the test cylinder was then begun.

(d) Power was turned on in the primary heaters.

(The filling was begun vefore power was turned on in order to provide
some cooling for the heater wires, which could burn out if there were
no heat abstraction by liquid nitrogen or cold nitrogen vapor).

(e) The test cylinder was filled to seventeen inches.

(f) TFine adjustment of heater power was made.

(g) Guard heaters were turned on and first voltage adjust-
ment made.

(h) The 1iquid nitrogen was permitted to béil down to such
level as necessary to insure steady boiling. This was done by watching
for wall temperature repetition on the AZAR unit.

(1) Pressurization was effected by opening the solenoid .
valve located between the pressurization cylinder and the test cylinder,

as shown in Figure 5.
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(J) The pressure in the test cylinder'wasnmaintained at a
value slightly less than the set value for the pressure regulsator,
in order to prevent the latter from opening prematurely. If pressuriza-
tion were discontinued too soon, the test pressure would have dropped
due to condensation of the pressurizing gas. Any pressure buildup
which would follow would be attributable, not to external pressuri-
zation, but to self-pressurization.

The pressurization was discontinued when there was no longer
any terndency for the\cyliﬁder pressure to drop. This means that the
rate of boiloff was essentially equal to the condensation rate. After
this point, the regulator opened, and the‘Sanborn recorded what is,

for this experiment, defined as first net boiloff.



CHAPTER III

EXPERIMENTAL RESULTS

On the following pages the basic experimental results sought
after in this investigation are presented. In the chapter following,
explanation and analysis of these results are given.

These provide raw answers to the preliminary questions which
prompted this research:

1. How are wall and liquid transients affected by the
level of heat flux and p}essurization.

2. What longitudinal and radial liquid gradients exist as
can be determined from the thermocouple coverage.

3. What is the nature of the heat transfer coefficient
transient following pressurization, and how is 1t affected by flux
and pressure.

4., How is time for first net boilgff influenced by the
system variables.

5. What is the relationship between time for first net boil-
off and the time required for the liquid to reach saturation if no
boiling is assumed to occur.

0dd numbered Figures 11 through 33 show the wall and liquidu
temperature transients for various levels of heat flux, and pressur-
jzation to 20 and 35 psig. Time zero on these graphs, as well as &all
others in this investigation in which "time" is the abscissa, repre-
sents the point at which pressurization is begun. As indicaqed, each
run begins with steady boiling at atmospheric or near atmospheric

pressure, and ends with steady boiling at the new pressure. Tabulated

-19-
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data for these graphs are given in Table I of the Appendix. Since
the liquid temperatures at the centerline, and those midway between
the centerline and the wall are substantially the same at a given
time and distance above the cylinder bottom, anly one liquid tem-
perature is reported for a prescribed thermocouple location.

By defining dimensionless temperature and time ratios
these data may be reduced to a single curve for each longitudinal
location. As the ordinate in such a representation 9/6* is used.

6 is the instantaneous temperature of the liquid above the initial
saturation temperature:

0% is defined as the difference between the final and initial satur-
ation temperatures:

O% = %2 gat. ~ '1 eat. (2)

As the abscissa, a dimensionless time, T/T*, is used. T is the time
after pressurization is begun. 7% represents the time required for
the mass of liquid nitrogen under test to be heated from its initial

to its final saturation temperature at the prescribed heat flux,

assuming no boiling occurs anywhere in the system:

™ YL ch(t2 sat. - %1 sat.) chpL?*
(JJE)-A T T a (3)

Curves of 6/6* VS.T/T* are given in Figures 35 - 38 and points tabu-
lated in Table I of the Appendix.
The instantaneous value of the local inside coefficient of

heat transfer is calculated froﬁ the defining equation:
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h

(a/n)
t

WX trx

(&)

The results of these calculations are seen in even numbered
Figures 12 through 34, and in Table II of the Appendix.

In Figures 39 - 42 the heat flux is plotted against the
average values of the temperature difference between the wall and
saturated liquid for steady state boiling at O, 20 and 35 psig.

Corresponding to these curves, Figures 43 - 45 show the heat
transfer coefficient for‘boiling liquid nitrogen vs. heat flux.

The time for first net boiloff, T, as defined in Chapters
IT and IV is shown as a function of heat flux in Figures 46 - 48.
Table III of the Appendix is a tabulation of values for these curves.

Figure 49 is a plot of heat flux vs. a dimensionless time

for first boiloff, wp/T*.
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Figure L42.
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CHAPTER IV

ANALYSIS AND INTERPRETATION OF EXPERIMENTAL RESULTS

A. Steady State Boiling of a Saturated Liquid

Figures 39 - 41 show the trend characteristic of nucleate
boiling. It is well established that the slope of curves in this
regime of boiling, whern plotted on log-log coordinates 1s quite high.
McAdams(zo) cites many examples of this phenomenon. The values of "n"
obtained in this investigation ranged from 2.2 to 3.8. Banchero, Barker,
and Boll(l) found for liquid nitrogen the range of "n" was 2.5 to 5.
Associated with the small temperature differences between the wall and
saturated liquid are the high coefficients of heat transfer character-
istic of nucleate boiling, (Figures 43 - U5).

That the temperature differences, for a given heat flux,
decrease as the pressure at which boiling occurs increases, is shown
in Figure 42. Similar results for the nucleate boiling of liquid oxygen
are indicated in Reference 1, and for a variety of liquids in References
2 and 19.

It“will be shown that the role of steady state boiling prior
to pressurization is very important in understahding the events which

Tfollow pressurization.

B. Pressurization Process

Upon pressurization of the boiling liquid nitrogen under test,
boiling ceases almoét immediately because the liquid is now subcooled

by as much as 22°F. depending upon the magnitude of the new pressure.

-59-
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The time required for collapse of a spherical bubble may be approximately
calculated from hydrodynamical considerations (Reference 15) and is
found to be considerably less than one second.

The time required to effect pressurization varied from approxi-
mately two to four seconds. That the time to reach the new pressure was
not effected instantaneously after opening the solenoid valve between
the test cylinder and the pressurization cylinder was due to the inertia
of the pressurizing gas and also to the condensation of this gas on the
liquid nitrogen surface. This condensation takes place at such a high
rate that if the inlet gas flow were discontinued after reaching the
final pressure, a sharp drop in cylinder pressure would result. This
was demonstrated in preliminary experimental runs. Because condensation
tends to cause a drop in pressure, and the wall temperature immediately
after pressurization and for some time thereafter is insufficient to
cause boiling, external gas flow into the cylinder must be continued
even after the final pressure has been attained.

Regardless of the actual departure from a mathematical step
pressurization, the body of the liquid is nevertheless subcooled
throughout the time interval from pressurization until the final pres-
sure is achieved. This is apparent from odd-numbered Figures 11 - 33,
which indicate that the liquid temperatures rise much more slowly than
does the pressure, taking four seconds as the maximum time required to
reach the final pressure.

It is expected however, that the liquid nitrogen at the liquid-
vapor interface is at the saturation temperature corresponding very

closely to the instantaneous value of the pressure, because of the
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condensation process occurring there.

C. Period from Start of Pressurization
to Steady State Boiling

Before pressurization is begun, the bolloff rate equals the
rate of mess leaving the vapor space above the liquid in the cylinder.
We shall comsider this space, approximately constant, to be the control

volume. The following may therefore be written:
wb=w
dm/dr),, = O

0

dp/d-r)cv
During the pressurization process, there is as yet no boiling occurring
anywhere in the system and the following may be written:
Wp =W, =0
Wy =W = dm/dT)cv
dp/at)ey > O
After the new pressure has been reached, gas must continue to enter the
control volume from the pressurization cylinder in order that the pres-
sure not fall below the prescribed test pressure. During the period
after pressurization during which there is no boiling, or boiling is
insufficient to maintain the pressure at its new value, the following
equations are valid:
Wy =0
Wp + Wy - W =0 = dm/d'r)cv

dp/ar),, =0

i
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3oon boiling becomes vigorous enough to permit the pressurization valve
to be closed:

wi=wo=0

W, - W =0 dm/dT)cv

0

dp/dT)cv

The above conditions exist for an infinitesimally short time. Immedi-
ately after this point is reached, the boiloff rate becomes greater
than the condensation rate and the regulator opens as the pressure
increases in the control volume. For the period following the closure
of the pressurization valve, but before the outlet valve of the regu-

lator has opened, the following may be written:

L wo =0

Wy - W = dm/dr),
dp/dT)ey > O

Since the cylinder pressure was kept slightly lower than the pressure

required to cause the regulator to open, the positive time derivative
of pressure causes the regulator to apen a very shoyrt time after the

pressurization gas valve is closed. When the regulator opens:

Wb -WC=WO
wi=0
dp/dt)ey = O

The time is recorded as the time for first net boiloff from the system.
when all the liquid attains the saturation temperature, bulk

boiling is fully re-established. Therefore:
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Wi =0
Wb = Wo
dp/ar),, = O

These are of course identical with the expressions for the

period before pressurization is begun.

D. Wall and Liquid Teg@grature
Transients Following Pressurization

In the following analysis of the wall and liquid temperature
transients after pressurization, it will be assumed that the step
pressurization results in a step change in the coefficient of heat
transfer. This, on the basis of calculated results, is not the case.

The heat transfer coefficient as it actually appears, and as it will

be assumed for purposes of analysis are shown in the illustrations below:

Actual heat transfer
coefficient

iy

Assumed heat transfer

*"//, coefficient

h
O 8
0
High Heat Flux Run T, Time
Actual heat transfer
coefficient
Assumed heat transfer
coefficient
0 hs
0 }
T, Time

Low Heat Flux Run

Figure 50. Comparison of Actual and Idealized
Heat Transfer Coefficient.
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The idealization does not cover the range of wall temperature
beyond the point where bubbles begin to form. Furthermore while the
actual data shows a longitudinal temperature gradient to exist at all
times after pressurization in the liquid, this analysis will consider
the liquid to have uniform temperature throughout its entire mass.

The drawings below pertain to the analysis:

Test Cylinder P

n;r‘m

qp—r
S

?

d

Figure 51. Sketch Defining Geometrical Quantities
Used in Idealized Analysis.
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Neglecting axial conduction, we may write for a differential

element of the cylinder wall:

wd(L)dz = [ rdodt Gy L 44 Gt)rdde (5)

/z) Ac/,“,z{éz 4 by lu-2.) (58)

Equations (5) and (5a) represent the energy storage and
transfer for an elemental volume of the cylinder wall.
Now, considering the energy transfer and storage of the

liquid:

Tl G-l = L1 Al G B ©
45 /{w—ﬁ)=/‘ﬁ_§¢‘ ;/i‘ (6a)

Rewriting Eqpation (58), we have:

/-z') 4: /fw-zlc) (5b)
/7“ /A Gw /Z 4 Cry

Similarly for Equation (6a):

b _ s (Z- ) (6b)

“r /A G
In order to simplify the equations, the following are defined:
Z
B = A (7)
2 4C,
D= s (8)
AR
e (9)
£ = 2 oA o

Therefore, equations (5b) and (6b) take the form:
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Ay _

LY = B-0(tu-t)=6-2b 104 ()
A

Ar

= E(ty,-t) = €tu—£4. (6c)

From Equation (5¢):
(5d)

_/t/tzw_g
"é"o AT 0+7'£“’

Differentiating tL above, with respect to time

2
fZ@i.== .JL..ﬂifé! + é/?&/ (10)
dr O A7* AP
Substituting Equations (5d) and (10) into Equation (6c) yields
‘:{f;f’z + (D+€) 44-‘“’ =EB (11)
Defining: .
X = OrE (12)
and
fG= £6 (13)

we obtain: /Z£N d{”
4 =
A7 * ;‘7- /6 (11a)

Integrating Equation (11a) with respect to T

;/_é/_ + 0<2‘W =/€7V+/f, (1k)
The solution of Equation (1L) is:
Jody -Jotd?
(15)

tsv - -Jr‘ (BT+/f)C AT +/£;,¢€
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o

by = Ly(xre) + L v ge” (16)
The boundary conditions are:
T=0, tw=tuy (17)
7T=0, LZ;V-Z‘4= a7z (18)
Applying the first condition, Equation (17):
- _é <4 % - A (19)

Differentiating Equation (16):

Ay _ B _ e (20)
77 X

Applying the second condition, Equation (18):

M) B C m
77),.,,‘4 Ao -

Substituting (21) into (5¢):

Substituting (2@a) into (19) yields:

= Xl — AT, + B (23)

Therefore the equation for the wall temperature transient 1s as follows:
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tuw-two = ew = “éz'. X 7-/) - ;?"470-
£ 3+ (.é 47‘—5 ~HT ()

The temperature transient of the liquid may be obtained from Equation

sy o= & L 8 4 4y

yo
/rdéuf B _ wge” T 0
Ar £
Therefore:
- ar
/ /L |
-Z-/" “'//025 —&A +fw (25)

In applyiné the equations for the wall and liquid transients,
an average coefficient of heat transfer is emploied. It is observed
from the data that the minimum value of the heat transfer coefficient
is roughly .4 of the coefficient for nucleate boiling. Since in a
practical application the minimum which actually does exist 1s not
. known before testing, this criterion will be used to obtain hg.

Figure 52 shows typical wall and liquid temperature transients
for the conditions indicated. A comparison of the idealized process
and the actual data is given in Figures 53 and 54. The liquid temper-
ature curve for the actual process represents the average for the three
longitudinal locations beneath the liquid-vapor interface.

Both the idealized curves and the data show that the wall
transient is steep to begin with and then falls off. The liquid tem-
perature transients show the opposite trends. Since the energy input
per unit time is a constant for a given area, and since the wall tran-

sient is steepest at the beginning, it is expected that the liquid
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— WALL , —qA—= 4000 ,ATy=11, hg= 200
WALL, -%-= 2000,AT,:=9, hy=90
wALL. - 1500, ATo: 8, h =85
- * A = ’ o~ 1) .'
i q
LIQUID , 5 =4000
: LIQUID, %’32000

LIOUID.—&-= 1500

0 | 2 3 4

T, TIME , HOURS x 107>

Figure 52. Wall and Liquid Transients - Idealized
Analysis.
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Figure 53. Comparison of Idealized Theory with Run R8-700-20.
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temperatures after pressurization show tendencies opposite to that of
the wall. —-

This analysis, as has been mentioned, does not take into
account the boiling which begins to take place at the walls, expecially
near the top of the liquid.

It is this boiling which causes the liquid temperature tran-
sient to level off as "layer" after "layer" of the liquid is brought
to the boiling temperature corresponding to the new pressure. As this
occurs, the heat transfer coefficient goes to a value associated with
boiling, and an equilibrium is established between wall and liquid tem-

peratures.

E. Time Variation of the Heat Transfer Coefficient

The transient behavior of the heat transfer coefficient is
characterized by a rapid rate of decrease following pressurization, a
minimum point or dwell period depending upon the longitudinal location
and flux, and finally a rapid increase until steady boiling is re-
established.

During steady boiling, the coefficient at a given distance
asbove the bottom of the test cylinder remains canstant with time. Upon
pressurization, the bubbles collapse, and the agitation associated with
bubble formation and escape ceases causing the fluid motion to decelerate.

Whereas the entire problem here under study mey be classed as
e transient free convection, for purposes of clarity we shall use the
term "free convection" to describe only that companent of fluid motion

due to temperature differences between the wall and the liquid.
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Meglecting momentarily the effect of free convection after
pressurization and cessation of boiling, the diminution of the co-
efficient can be attributed entirely to the relationship of interia
forces to viscous forces existing instantaneously in the liquid.
Actually, the temperature difference between the wall and the liquid
increases for some time after pressurization thus tending to increase
the free convection effects.

The Reynolds number is the modulus generally used to ex-
press the relationship of inertia to viscous forces. The following
Reynolds number is defined:

Re = Inertia forces/Viscous forces
A

The following expression for the decay of the heat transfer coef-

ficient due to viscous deceleration of the liquid nitrogen is thus

postulated:
G - T
.:Efé- = Lo = e ‘ (27)
dh,

To prove the validity of the above statement, it is neces-
sary to isolate the effect of viscous deceleration from other effects
vhich are occurring simultaneously.

After pressurization the forces acting to influence the

heat transfer coefficient may be classed as follows:
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(1) Viscous forces tending to decelerate the fluid and
hence decrease the coefficient.

(2) Free convection tending to increase the coefficient
during the period in which the wall-liquid temperature difference is
increasing.

(3) Bubble formation tending to increase the coefficient.

Focusing our attention on the low heat flux runs (below
approximately 2000 BTU/hr.ftg) in order to examine the system least
affected by bubble formation, it is noted that the coefficient reaches
a mipimum value and remains in the region of the minimum for some time
before increasing again. This may be seen in Figures 12, 16 and 18.
Thies is particularly true for the l;quid near the cylinder bottom
where the fluid is in its lowest state of agitation. It will be
assumed that in the period after pressurization up to this minimum
only the first two influences cited sbove play a role in the perfor-
mance of the heat transfer coefficient. That is to say, no bubbles
have formed in this period of time.

The following reasons are listed as substantiation of this
assumption:

‘ (1) When pressurization occurs, the rate of decrease of
the heat itransfer coefficient is very rapid because the primary cause
of fluid motion, bubble formation, growth and departure, no longer
exists. If cessation of bubble formation can cause such.a rapid de-
crease, it is reasonable to assume that a rapid rise in the coefficient
is due to the re-initiation of bubble formation. The formation of

bubbles causes violent agitation of the 1iguid and therefore an
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increase in the heat transfer coefficient. This is true whether they
form in a liquid whose bulk temperature corresponds to & subcooled
state, (in which case they condense), or in a saturated liquid. Since
there is a dwell period before this rise, it is assumed that no
bubbles have formed.

(2) 1In order for nucleate boiling to take place, & certain
number of degrees of wall superheat are necessary. From the curves
of wall temperature versus time shown in Figures 11, 15, and 17, for
example, it is apparent that for a certain period there exists a wall
superheat in excess of that required for boiling. This wall superheat
is indicative of a superheated liquid existing at the wall at essen-
tially the same temperature. It is postulated that during the period
in which the excess superheat begins to become evident until some time
before the maximum in wall temperature is reached, no bubbles whatso-
ever have formed.

If bubbles began to form at the time when the excess begins
to manifest itself, the wall temperature would remain constant, and
the excess superheat would disappear. Keenan(lh) states that if a
change to a more stable state is to occur, it must be initiated by
the formation of a minute amount of the more stable phase within the
mass in metastable equilibrium. Since a metastable state is one which
can exist despite infinitesimal disturbances, a smll enough bubble
will not cause the highly superheated liquid to evaporate. Instead,
the bubble will condense. This explains why the heat transfer co-
efficient is observed to increase before the maximum wall temperature

ig reached. The excess superheat is increasing despite the formatiom



-76-

of bubbles near the maximm in wall temperature. If the maximum wall
temperature represented the time of first fracture of the liquid, the
coefficient would start to rise at that time. After the wall temper-
ature reaches its stable value, the liquid temperature at that longi-
tudinal location goes to saturation, indicating that bolling there is
fully re-established.

The experimental work of Rosenthal and Miller(23) on tran-
sient boiling provides some information as to the time of first bubble
formetion in a different but related system. Their apparatus permitted
heat to be generated exponentially in platinum and aluminum ribbons
which were immersed in water whose bulk temperature was varied fram
90°F to a value near the boiling point. The time for the power transient
varied from 5 to 75 milliseconds. They observed that the rapidly in-
creasing ribbon temperature passed the saturation value for water,
exceeded it by an amount which they termed the "temperature overshoot',
decreased, and then levelled off. At the point of maximum ribbon tem-
perature, motion pictures showed an "almost explosive'" formation of
bubbles.

Since the period of power generation was soO short, the fact
that no bubbles formed before the ribbon temperature peak is not sur-
prising.

In a similar experiment, Cole(3) observed also that the ribbon
temperature peaked and then levelled off.

(3) That boiling is non-existent at the time of minimum heat
transfer coefficient is further supported by the fact that first net

boiloff occurs some time after this minimum, usually thirty or more



-T7-

seconds later.

It will be assumed, on the basis of the foregoing, that up
until the time of the mirimum heat transfer coefficient, the only
driving force present to tend to increase the coefficient is the tem-
perature difference between the wall and the liquid. Furthermore, it
will be presumed that at the minimum, viscous deceleration is essen-
tially complete, and the heat transfer coefficlent i1s due entirely to
the buoyant forces associated with free convectior. During the period
in which the minimum heat transfer coefficient is observed, a coefficient
based upon turbulent free coanvection from a vertical surface can be
calculated. The calculated coefficient also does not change during
this period. The viscous deceleration tends to decrease the coefficient
however, so that if it were not negligible in the period of dwell, the
net effect would be a decrease in the coefficient. The contribution
due to residual motion imparted to the fluid by the previous boiling
process is therefore presumed zero at the time the coefficient goes to
a minimum value.

It now remains for us to subtract out the effect of free con-
vection from the total heat transfer coefficient during the period from
pressurization to dwell. In calculating the free convection effect,
two assumptions will be made:

(1) The same parameters governing free convection heat trans-
fer fram vertical fiat surfaces or outside of vertical tubes apply for
free convection inside of vertical cylinders.

(2) It is valid to treat the transient free convection process

as though a quasi-steady state exists at each time for which a coefficient
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is thus calculated.

The correlation used for turbulent free convection from
vertical surfaces, sometimes called the Jakob(l3) correlation is as
follows:

1/3

Nu = 0.13 (Gr+Pr) “ (28)

If now, the heat transfer coefficient for turbulent free
convection is calculated as a function of time and drawn on the same
graph as the experimentially obtained heat transfer coefficient, a
similar result to that shown in Figure 55 is observed.

As is seen from Figure 55, the correlation used gives values
which are too high for convection inside of vertical tubes. Since it
has been assumed however, that the basic convection phenomenon is
governed by the same parameters as in the case of vertical surfaces,
only the coefficient 0.13 in the correlation used need be changed to
make the calculated heat transfer coefficient valid.

The ratic of the experimentally determined heat transfer
coefficient to the value calculated from the correlation for vertical
surfaces, evaluated at the minimum of the test curve tells us by what
amount the constant in the Jakob(l3) correlation is too high. This
information is then used to compute the appropriate constant. When
this value is used, a new free convection curve is drawn, as in Figure
55, and the fraction Ah/Aho calculated. Table V shows that as the
distance above the bottom of the cylinder increases, the heat transfer
coefficient more closely equals the value calculated for vertical sur-
faces. This is a reasonable result since the reason there is any

3 ~crd -3 2 o PRK I T Ty N N I = [ S, N s 1.
diffcrence to begin with is atiributable to the stagnant zone which
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necessarily exists at the bottom. As the elevation increases, the in-
fluence of the closed end becomes less and less evident.

geveral workers have also observed this decreased coefficlent.
Hartnett and Welsh(9) provide data from which it may be deduced that
the coefficient 0.13 is replaced by a value equal to 0.06 in the tur-

bulent free convection correlation. Their work related to a constant
heat flux vertical tube with an L/d ratio of 10.5. 'They studied a
steady state convection process however, since a means of abstracting
the heat supplied through the walls was provided. This latter point
is common to the references which will be cited with regards free con-
vection inside of vertical tubes and spaces.

Martin and Cohen(l9) in their work concerning heat transfer
by free convection in an open thermosiphon tube of L/d equal to approxi-
mately 24, found that the heat transfer rates were well below those
predicted for both laminar and turbulent boundary layer flow. The
distribution of local heat transfer rates in their constant temperature
tube was not at all constant with distance from the bottom. They found
that the highest heat transfer occurred at the top (where the coefficient
is largest), falling off toward the bottom. They state that while the
general condition is one of turbulence, laminar flow may occur near
the closed end.

The results of Martin(ls) are similar to those cited above.

Bokert and Diaguila(’) state that for a tube of L/d approxi-
mately equal to g@ the Nusselt numbers in the turbulent range average
35 percent below the known relations for vertical flat plates. They

worked with a constant wall temperature apparatus.
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Siegel and Norris(26), in their tests of free convection in
a partially enclosed space between two heated vertical plates at es-
sentially wmiform flux found that when the space between the plates
was opened sufficiently at the bottom, the results were consistent
with the Jakob correlation. With the bottom closed however, the co-
officient was lower than the value assoclated with free convection
from vertical surfaces as calculated from this correlation.

For the low heat flux rumns,values of Ah/Aho are tabulated
in Table VI for several times after pressurization. These times occur
before the minimum is reached in heat transfer coefficient. It was
necessary to interpolate in order to arrive at these results, but the
consistency shown yields some fairly conclusive information. These
data are plotted in Cartesian coordinates (Figure 56) and semi-
logarithmic coordinates (Figure 57). Since the latter plot is &
straight line, the validity of Equatiom (27) is supported. Such &
straight line is indicative of a first order effect.

The attenuation of the coefficient of heat transfer due to
viscous deceleration is therefore expressed in terms of the empirically

determined value of the constant, C»o.

- >
c, = 0.892 x 10

We may write, therefore:

4 —o.92x10° Y 1"
%, "€ “

or: —0.492x103F 7°
A /,, JA. e %

(27a)

(27b)
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The coefficient of heat transfer following pressurization
up to the time of first bubble formation is expressed as the sum of

two terms. The first relates to the free convection contribution, the

gecond to the viscous diminution of the initial turbulence:

A= hep *dh (29)

% ( (6’ ﬁ_) + 44 Z —ﬁ? (30)

The appropriate value of Cl may be calculated from the in-

formation supplied in Table V for the longitudinal location of interest.

Since AA’ = 450 -— AFCO (31)

Equation (30) may be stated as follows:

- ¢ (6.5)% & —/Qé 20

by, may be obtained fram test data. hppo 1s calculated on

the basis of the temperature difference between the wall and the
liquid at time zero.

The instantaneous value of the heat transfer coefficient
cannot be calculated from Equation (32) however, until the wall and
liquid transients are known. This is because the Grashof number is
dependent upon the wall-liquid temperature difference, and the fluid
properties depend (to a much lesser degree) on it also.

The wall transient maey however be estimated using the re-
sults of the idealized analysis described on pages 63-T2. These

wall transients, together with the dimensionless liquid transients
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shown in Figure 38 may be used to calculate the free convection contri-
bution to the total heat transfer coefficient transient. The procedure
outlined yields an estimate of the variation with time of the heat

- transfer coefficient following pressurization.

F. Longitudinal Liquid Temperature Gradients

As has already been mentioned, the central liquid thermo-
couples and those midway between the centerline and the cylinder wall,
at a given time, measure substantially the same temperature. This has
been observed for both the boiling and non-boiling periods of a run.

Mair(lq) in tests with non-boiling liquid oxygen subjected to
climatic heating at a flux of 1160 BTU/hr. ft2 found that the temperature
remained substantially constant in going from the centerline to a radius
of 34 inches in a 35 inch radius cylinder approximately 160 inches in
length.

vA similar result was obtained by Harrje(a) for boiling and
non;boiling 1iquid oxygen at a flux of approximately 5500, this for a
cylinder four feet high and one foot in diameter.

During the period in which the liquid nitrogen is being heated
to its new saturation temperature following pressurization, buoyancy
forces cause it to move upward at the wall. Continuity dictates that
the liquid, once it has moved into the region of the liquid-vapor inter-
face must change its direction and move downward through the central
portion of the test cylinder. The ligquid immediately in contact with
the walls must have zero velocity. It is reasonable then to assume

that the upward velocity near the wall attains a maximum value before



it again goes through a zero of velocity at some distance from the
wall. This is the description characteristic of the velocity profile
associated with a laminar or turbulent boundary layer in free con-
vection.

Since the previous condition of the liquid was vigorous
nucleate boiling, the liquid travelling downward in the central portian
as well as that flowing upward at the walls must be in turbulent flow.
Focusing on the central region, the literature concerning turbulent
flow through pipes may be used to good advantage to give an indicatiomn
of the velocity and temperature profiles which may be expected. The
Martinelli analogy (Reference 20) for flow through uniformly heated
pipes indicates for a Reynolds number of 10, Ood'an_d a Prandtl number
of unity, that the velocity at a radial location midway between the
centerline and the wall is 90% of its maximum value at the centerline.
For a Prandtl number of unity, the temperature and velocity profiles
are identical. For the liquid nitrogen system under study, the Prandtl
number is approximately 1.5 and the Reynolds number immediately after
pressurization may be as high as 50,000 as computed from velocities
discussed later. The higher Prandtl and Reynolds numbers cause the
theoretical velocity profiles to become even flatter than indicated
above.

meadams(20) in citing the wark of Seban and Shimazaki(24),
Koo, and Isakoff and Drew, shows that the temperature distribution in
upward moving fluids flowing in vertical heated pipes is similar to
those discussed above. The Reynolds number was in the neighborhood

of L40,000.



-87-

It is not surprising therefore that the temperature profile
as indicated by the two thermocouples at each longitudinal level
appears to be flat. Furthermore, we would expect the velocity profile
of the central region of the test cylinder to be similarly flat. On
the basis of the foregoing, Figure 58 1illustrates what is Judged
to be reasonable temperature and velocity profiles in the cylinder
for the period following pressurization.

This description relates then to an almost constant velocity
core moving downward, and a peaked velocity shell moving upward. Since
we expect the thickness of the shell or turbulent boundary layer to be
very small relative to the diameter of the central core, the laws of
cantinuity dictate that the upward velocity mean or meximm be much
larger than the downward velocity mean or maximum.

Assuming that there is no mass or energy interchange between
the upward and downward moving streams, the energy input through the
walls serves to heat the upward moving shell only. The temperature
of a differential element of liquid in moving down the core to returm
to the narrow annuler channel would not change until it in fact re-
entered the channel to be heated at comstant flux by the walls. The
simplified analysis which follows will serve to indicate the expected
trends for the liquid temperature gradient in the core as & function
of heat flux.

For the shell travelling upward at the cylinder wall the
following assumptions are made:

(1) The shell or boundary layer thickness is constant with

height above the bottom of the cylinder.
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Figure 58. Liquid Velocity and Temperature
Profiles.
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(2) The shell velocity remains constant at the value speci-

fied by boundary layer thickness and continuity.

S R R

f TV TTTTET VTRV VUVIVAVAVVARANA

""“{}ﬂ97kﬂhf ASotfthpv
=2

Figure 59. Sketch Depicting Quantities Used
in Shell Temperature Analysis.

The differential equation for an elemental volume of liquid

moving upward through the shell at constant velocity us'is as follows:

Angh-tahindh-~)

Neglecting axial conduction:

s A o 7/% = /_;_‘7) (34
The solution of Equation (34) is:
g
{L: /-'4_)’?_ + €3 (35)
L4 G

am X "-'0) éL > Z‘L g, therefore: (36)




/C_'é = ‘1.‘45 : (37)

The temperature variation in the shell 1is therefore given

4
4-te= ¥/;4—)Z ' (38)
L4 As |

From continuity we may state that:

“343 = U 44: (39)

Therefore: i |
'{L _ ﬁs - /'.T / ~ (ko)
/P Ue Ac G

Based on the arbitrary choice of average core velocity

by:

(30 £t/hr) and for heat fluxes of 1500 and 3000 BTU/hr. ft2, Equatiom
(40) was used to calculate the temperature distribution in the shell
at several different times after pressurization. These distributioms
are shown in Figures 60 and 62. These may be compared with Figures

64, 65, and 66, which show the actual -distribution of temperature for
various times after pressurization in the core, (since the distribution
of temperature in the shell is seen at a later time in the core accord-
ing to the idealization). The actual temperature distributiame do not
depart severely from straight lines. Their slopes however are not
constant. Also, they are directed toward the origin. This means that
the shell and core velocities are different for different longitudinal
locations. This is expected since the closed end causes & stagnant
region at the bottom. On the basis of the calculated longitudinal

temperature distributions, the temperature transients for three different
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Figure 67. Convection Pattern in Liquid.
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Since the temperature of a particle is assumed to remain canstant
in the core, focusing our attention on a specific temperature is
identical with following a particular differential element of the
liquid.

Results of such a calculation are shown in Figure 68. It
is noted that as the "temperature" comesecloser to the bottom of
the cylinder, there is manifest a decrease in the downward component
of velocity, which must go to zero at the bottom. The data is
insufficient to compute the velocities for the region near zero
time (corresponding to the liquid surface). The downward component
at the liquid-vapor interface in the core must also be zero, and
apparently the acquisition of downward velocity takes place in a
very small longitudival region as judged from the figure cited.
Figure 71 indicates the steps taken in computation of item (1).

The instantaneous velocity profile (2) is obtained by
measuring the distance travelled in going from one constant time
line to the next. This differs from the procedure outlined to obtain
(1) in that a constant temperature line is not followg@. Instead
various decreasing teﬁperatures are traced in going from large to
small longitudinal distances ;bove the bottom. Always however,. the
time interval is between the same two constant time lines as is
shown in Figure 72. The time at which the velécity is computed is
taken to be the average value between the two constant time lines
in question.

Figure 69 shows the results of this calculation. Note that

once again the velocity approaches zero for zero distance from the
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bottom. Toward Hhe 5o o 59 tigyid thz velocily should diminish
to zero. That this doss occur is indicated by the 35 second line.
However, the indication is thai the velocity decreases over a rather
short longitudinal distance. The liguid surface is at approximately
14 inches from the bottom.

Figure ©9 tells us also that as the time after pressuri-
zation increases, the iluid velocities in the core diminish. This
supports the idea that u viscous deceleration is taking pl;ce in the
liquid. This will be rugther reinforced by the results of the next
calculation. °

The velocity history 2t a given longitudinal location is
obtained by drawing two lives perpendicular to the abscissa as shown
in Figure (3. The midpoint between these lines represents the longi -
tudinal location whose temperature or velocity history is being calcu-
lated. For different temperatures of the liquid, the amount of time
2lapsed is estimated by drawing approximate constant time lines so
that an intersection is effected between the two vertical lines and
These time lines.

4 ig apparent (rom bigure U which shows the results of
calculation (3), that there is considerable decrleration of the fluid
after pressurization. This further supports the viscous deceleration
theory to explain the nature of the decrease in the heat transfer co-
efficient postulated earlier. Since the fluid at the higher portions
of the core has a higher downward component of velocity, it is these

sreas in which the most severe deceleration is seen.
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Since the tendency for the liguid toward the bottom of the
test cylinder is to decelerate in the downward direction, it must be
acquiring a radial component of velocity. This means that the net mass
diffusion taking place toward the bottom is from the core to the shell,
and the assumption that the temperature velocity is identical with the
fluid velocity is good in this region. This is because mass diffusion
away from the core does not contribute toward changing the core tempera-
ture.

At the top of the cylinder, the reverse is true however. The
velocity of the shell must go to Zero at the top, and in so doing it
must acquire a radial (inward) compone;t of velocity. This means that
there will be mass diffusion from the warmer shell to the core, and the
computed velocities will not be as meaningful.

On the basis of the foregoing, the flow pattern shown in
Figure 67 is presumed to be valid for the liquid contained in the test

cylinder.

¢. Turbulent Boundary layer Considerations
Y Y

Tn order to estimate the thickness of the shell, turbulent
boundary layer theory will be implimented. Eckert and Jackson(5 ), for

an assumed velocity profile,

Us = 15 Usmax. /:5—%) 7/./"5—5/) 2 (41)

have derived the following expression relating the displacement thickness,

6*, to the commonly used free convection Moduli:
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+ ~-0/7 _23s
_f%_ = z0d(Gr P) P

(k2)

The displacement thickness, 6*, is the thickness the boundary
layer would have if the velocity within it were constant and equal to
the meximum velocity,us’max,and:the volume flow were equal to its true

value. S

4% __ 4
,F
J‘ = D aS,”?lx j (43)

= 0628 o ()

Therefore, 5* corresponds to the shell thickness discussed
previously, since they are both based on equal volumetric flow.
The authors cited give the following expression for the maxi-

mum Reynolds number, based on X:

0.500 _p, ¢5~
Ke - ooy # =0.377/6r'/9/) A
A max. Mz

(45)

Therefore, on the basis of observed temperature differences
between wall and fluid, and the known properties of liquid nitrogen, a
shell thickness and velocity may be computed. The results of this calcu-
lation are shown in Table VII.

It is of interest to compare the ratio of core area to shell
area (as computed from boundary layer displacement thickness) to the
ratio of shell velocity (uS max) to core velocity as computed from tem-

perature data as previously outlined. These ratios should at least have
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the same order of magnitude. It should be noted however, that small
errors in 6*, will result in large disparities in the ratios. The
comparison of the two ratios is given in Table VII and shows reasonably

good agreement.

H. Time for First Net Boiloff

Figures 46, 47 and 48 show that the time for first net bolloff
decreases as the final pressure is reduced, which is the expected result
since for the lower pressure, there is a correspondingly lower saturation
temperature. However, the curves show that as the flux is increased, the
times for first net boiloff begin to approach one another. This is rea-
sonable since for infinite flux, we would expect the time to be zero
regardless of the value of the final pressure, except if it too is in-
finite. For runs in which the regulator opened prematurely due to a
surge in the inlet gas pressure, the values of T, have been disregarded.

Figure 49, the plot of heat flux versus the dimensionless first
boiloff time on semi-logarithmic coordinates, shows that as the flux
decreases toward zero the time for first net boiloff and the time for the
liquid to reach the saturation temperature (assuming no boiling to occur)
approach one another. The higher the heat flux, the faster does the wall
achieve a temperature capable of initiating bubble formation, as shown
by the curves in Figure 52. As the flux is diminished however, a point
is reached where the wall takes as long to reach this value as the liquid
takes to go to saturation. In addition, for the low heat flux runs, there
is more time for the lower temperature portions of the liquid to mix with
the warmer parts thus tending to reduce the time of first boiling. Thus

at extremely low flux runs the liquid temperature will be relatively
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uniform, and the time for first net boiloff will more approximately equal
the time for the liquid to re;ch the saturation temperature. Because, as
is shown in Figure 52, the time for the wall to reach a particular value
of temperature is not linear with heat flux, but instead shows an expo-
nential behavior, the curves of heat flux versus time for first boiloff
shawn in Figure 48 would not be expected to be linear. Of course other
phases of the phenomenon include condensafion rates of the gaseous

pressurizing nitrogen so that the total process is,more complicated than

can be explained merely on the basis of wall temperature. .

I. Dimensionless Temperature vs. Dimensionless Time

°

According to the convection patterns shown in Figure 67 and
the associated discussion, the test results should show the liquid at the
10 inch level going to saturation before that at the 6 inch level, and
that at the 6 inch level going to saturation ;efore the liquid 2 inches

above the bottom. Figures 11, etc. show that this actually does occur.
Furthermore, the bottommost liquid thermocouplé should begin to indicate
a temperature rise later than the thermocouple above it, and so on.

This too is borne out by the experimental data. The dimensionless curves
for the liquid transients shown in Figure 38 indicate the same phenomena
in m&re generalized terms. There is considerable scatter apparent in
Figure 35. It was found that thi% could not be reduced by isolating the
effects of heat flux or pressure. Since the curves shown in Figures 36
and 37 show considerably less scatter, an effect due to distance above

the bottom was sought. The product, Gr-Pr, of 109 is generally used as an

apprcximate line of demarcation between the regimes of turbulent and
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laminar convection, numbers aﬂove lO9 corresponding to furbulence.
Table VII shows a typical variation .of Grashof-Prandtl product with

°
elev§}1on. It 1is noted thaf in the region of x = 2 in. the transition
from laminar to turbulent convectidn 1s taking place. Thus, the scat-
ter shown in Figure°35 is probably due to flow instabillty assoclated
with this transiti;n.

J. Summarx

It has been shown that upon pressurization of the boiling
liquid, boiling ceases «und the wall and liquid andergo transients
in temperature which depend upon the longitudinal location in question,
the heat flux, and the level of pressurization.

The wall and bulk liquid transients may be estimated from
an analysis which assumes that the step pressurization results in a
step change in the heat transfer coefficient. The range of application
of these results extends to the time bubbles begin to form.

The actual variation in the heat transfer coefficient, up
until the time of first bubble formation, was shown to be influenced
by the viscous deceleration of the initial turbulence due to bolling,
and the free convection effects due to the wall-liq;id temperature
difference.

Assuming that no energy or mass interchange occurs between
the upward moving snell at the cylinder wall, and the downward moving
core, core velocities were calculated. These further substantiated

the viscous deceleration approach, and supported the anticipated

velocity patterns in the test cylinder.



CHAPTER V
RECOMMENDATIONS FOR FURTHER
WORK AND CONCLUDING REMARKS

Regarding the work herein described, there are many areas
for extension, aqaiysis, and refinement. The following are suggestions
for additional ;esearbh connected with the rapid pressurization of ,
boiling systems:

(1) Tt would be extremely useful, in order to provide some
insight into the complicated cogbeqtion patterns in the test cylinder
throughout the experiment, tp measure velocities at maﬁy l;cations.

(2) A more coﬁplete plcture of the thermal response of the
liéuid and wall could be gaihed by a more extensive thermocouple
coverage. FOf example,uphefmocouples might be located at the cylinder
bottom, corner, very clqse to the wall, and at the 1ljquid-vapor inter-
face. |

(3) An imp%éved[ihdication of the wall and,liqui& tran-
gients would be gained.thfoughtthe use of continuocus rather than
point %emperature meaguring_gpd:recording equipment. This 1s especially
important at high heat fluXeé‘whefé the transients are rapid.

() The_étﬁdy shogid'éé.extended to peak heatoflux and
beyond. ~ j.': o ' ’ .

“ (5) .Thé r&ﬁgé of pres;ﬁreg should’ be expanded.

(6) Different flgid; might be 1Qves%1gated, especially
non-cryogenic liquids. : | ’
(7) The effect of cylinder geometry needs stu&y.

(8) Pressurization by & non-condensable gas is of ipterest.

<]
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The research described concerns only one small phase of the
problem of transient free convection and boiling. Vast areas of in-
vestigation exist in this virtually unexplored field. It would be
advantageous in future work perhaps to isolate the single phase
convection phenomenon both in experiment and analysis in order to
provide a less complex starting point. For example, the heating of
a non-boiling fluid contained in a closed ended cylinder subjected
to constant wall-heat flux or constant temperature, with no heat re-
Jection provides an important study subject. Similarly, the hori-
zontal or vertical plate and cylinder subjected to transient wall
temperature represent an interesting area of study insofar as they

produce convection transients in the fluid being heated.
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TABIE I

Pages 116 through 127
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TEFMPFRATURE VS, TIME

Time, Temp. above Inches from wall (w) or 7T )
Sec. T, sat. Bottom Liquid o(1) ™% 6%
Run R ©-300-20

0 6.6 10 W

0 7.5 & W

0 9.2 2 "

12 0.5 10 ] 5 1 .09 .Oh
16 1.2 ° 6 1 .12 .09
20 0.25 2 °1 .16 .02
30 21.0 10 W

39 22.2 6 W

39 23.2 2 W

52 11.8 10 1 4o .85
56 5.6 6 1 .43 .o
€0 2.2 2 1 L6 .16
70 21.5 10 . W

75 21.4 6 W

79 24.0 2 W

92 13.5 10 1 LT .97
96 12.7 6 1 CTh .91
100 L.7 2 1 17 .3k
110 20.6 10 W
115 21.5 . 6 W
119 2k.9 2 W

132 14.0 10 1 1.02 .00
136 . 13.6 6 1 1.05 .97
140 13.4 2 1 1.08 .96
150 20.6 ic W

155 21.5 & W

159 22.9 2 W

Tamperatures repeat at later times
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TEMPERATURE VS. TIME

Time, Temp. above Inches from wall (w) or T 2

Sec. T, sat. Bottom Liquid (1) 7 6%
Run R 5-700-20

0 8.8 10 w

0 10.8 6 w o

0 13.8 2 w )

2 0.4 6 1 .03 . .03

6 0.0 2 1 .09 .00

16 19.8 10° W

22 22.9 6 w

26 2k.9 2 w

38 11.2 10 1 .58 .93

42 9.0 .6 1 .64 .75

46 2.0 2 1 * .70 .17

56 20.8 10 W S .

62 21.7 6 . W

66 T 23.5 2 w :

78 12.0 10 1 1.20 1.00

82 12.0 6 1 .1.26 1.00

86 12.0 2 - 1 1.32 1.00

Temperatures repeat at later times
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TEMFERATURE VE. TIME

Time, ‘Temp. above Inches from - Wall (w) or T o
Sec: T, sat. Bottom " o Liquid (1) =3 o%
Run R 6-4%00-35
°0 Ok 10 w
0 7.6 © W
0 11.8 2 W
2 0.5 6 1 .01 .02
7 0.0 2 il .03 .00
17 23.5 10 W
23 . 23.5 5. W
27 25.0 . 2 W
38 9.8 10 o 1 .18 .45
42 5.5 6. 1 .20 .25
46 S 1.8 2 1 .22 .08
57 28.8 10 - W
63 28.h 6 W
67 26.2 2 W (
78 - 15.6 10+ 1 37 .71
82 10.5 . Te "1 .39 .48
86 4.6 2 1 L0 21
.97 28.8 . 10 . W
103 "29.2 .60 w
107 - 28.6 -2 W
118 20.8 1e 1 .55 .95
122 17.9 -6 o1 .5 .81
. 126 8.7 n 2 1. .59 e}
137 27.5 1C W
143 28.1 e W
147 7, ~30.8 2 VA
158 21.2 10 1 LTh .97
162 20.5 ¢ 1 .76 0 .93
166 16.5 o2 1 .78 .75
177 27.5 10 - W
183 28.2 £ w
187 - 32.0 | 2 W °
198" 22.0 10 1 .93 1.00
202 22.0 £ 1 .95  1.00°
206 22.0 2, 1 .97 1.00
217 27.5 10 "W °
223 .28.2 6 W
2 W

227 30.1

Temperatures repeat-at later times
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TEMPERATURE VS. TIME

Time, Temp. above Inches from wall (w) or T )
Sec. T, sat. Bottom Liquid (1) ™ 3

Run R 6-500-35

0 13.0 2 w
0 9.2 6 w
0 7.3 10 w
2 8.4 10 w
7 12.6 6 W
11 19.9 2 w
23 9.2 10 1 .12 b2
27 h.2 6 1 .14 .19
31 1.1 2 1 .16 .05
42 29.4 10 w
47 30.0 6 w
51 29.0 2 w
63 16.4 10 1 .33 .75
67 10.2 6 1 .35 46
71 b4 2 1 .38 20
82 27.5 10 w
87 29.0 6 w
91 30.3 2 Y
103 19.9 10 1 .55 .91
107 19.7 6 1 .57 .89
111. 8.4 2 1 .59 .38
122 27.9 10 \
127 29.2 6 w
131 34.0 2 w
143 22.0 10 1 .76 1.00
147 21.2 6 1 .18 .97
151 19.1 2 1 .80 87
162 28.0 10 W
167 29.2 6 w
171 31.2 2 W
183 22.0 10 1 .97 1.00
187 22.0 6 1 .99 1.00
191. 22.0 2 - 1 1.01 1.00

Temperatures repeat at later times
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TFMPERATIRE VS, TIME

Time, Temp. above Inches from wall (w) or T
Sec. T, sat. . Bottom Liquid (1) T*

o

Run R £-600-35

0 7.6 10 w
0 9.4 6 w
0] 13.0 2 W
32 27.9 10 W
37 28.9 & w
L1 30.5 2 w
5k 1k.2 10 1 L4l
58 8.4 6 1 Lk
62 2.7 2 1 47
e 26.2 10 W
77 27.0 & w
81 30.8 2 w
ok 18.4 10 1 72
98 18.0 6 1 .75
102 7.8 2 1 .78
112 27.7 10 w
117 28.2 6 W
121 31.2 2 w
134 20.6 10 1 1.02
138 20.k 6 1 1.05
142 19.1 2 1 1.08
152 27.6 10 w
157 28.2 € W
161 30.0 2 w
174 20.6 10 1 1.33
178 20.6 € 1 1.36
182 20.6 2 1 1.39
192 27.6 LG W
197 28.2 r . W
201 30.0 2 W

Temperatures repeat at later times

o
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TEMPERATURE VS. TIME

Time, Temp. above Inches from wall (w) or T 2
Sec. T, sat. Bottom Liquid (1) ™ -3
Run R 7-300-3 5

0 6.3 10 W

0 6.4 6 w

0 8.3 2 w

1 6.9 6 W

5 12.3 2 w

17 7.9 10 1 .07 .37
21 2.7 6 1 .09 .13
25 0.8 2 1 .11 .0k
36 26.2 10 w

41 22.0 6 W

45 22.8 2 W

57 12.2 10 1 .2k .57
62 7.3 6 1 .26 34
65 2.2 2 1 .27 .10
76 29.6 10 w

81 26.0 6 w

85 24.6 2 w

97 16.4 10 1 41 .76
101 10.7 6 1 A3 .50
105 5.6 2 1 i .26
116 28.0 10 w
121 29.0 6 w
125 27.0 2 w
137 21.0 10 1 .58 .98
141 14.8 6 1 .59 .69
145 9.0 2 1 .61 42
156 27.5 10 w
161 29.0 6 w
165 29.4 2 w
177 21.5 10 1 e .00
181 21.0 6 1 .16 .98
185 12.2 2 1 .78 57
196 27.2 10 w
201 27.8 6 W
205 32.2 2 w
217 21.5 10 1 .91 ,00
221 21.5 6 1 .93 .00
225 20.0 2 1 .9k .93



TEMPERATURE VS. TIME

Time, Temp. above Inches from wall (w) or

T 6
Sec. T, sat. Bottom Liquid (1) ™ 3
Run R 7.300-3 5 Cont'd
236 27.2 10 W
241 27.8 & W
245 30.&- 2 4 :
257 21,5 10 1 1.07  1.00
261 21.5 & 1 1.09 1.00
265 21.5 2 1 1.11 1.00
276 27.2 10 W
281 27.8 6 w
285 29.5 2 W

Temperatures repeat at later times
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TEMPERATURE VS. TIME

Time, Temp. above Inches from  Wall (w) or T 0_
Sec. T, sat. Bottom Liquid (1) ™ o%

Run R 7-500-35

0 7.8 10 w

o} 9.0 6 W

0 12.0 2 w

11 19.7 10 w

16 23.2 6 w

20 26.6 ° 2 W

32 11.2 10 1 .16 .52
36 5.4 6 1 .18 .25
40 1.2 2 1 .20 . .06
51 28.8 10 w .

56 30.0 6 W

60 28.8 2 W

72 19.6 10 1 .36 .91
76 12.1 6 1 .38 .56
80 5.6 2 1 .40 .26
91 26.8 10 w ’

96 28.9 6 w
100 30.5 2 w
112 20.5 10 1 .56 .95
116 20.2 6 1 .58 .9
120 10.2 2 1 .60 .48
131 28.2 10 W
136 28.8 6 W
140 33.2 2 W
152 21.5 10 1 .76 1.00
156 21.0 R 6 1 .78 .98
160 20.8 2 1 .80 - .97
171 28.2 10 w S
176 28.8 6 w
180 30.2 2 W .
192 21.5 10 1 .96 1.00
196, 21.5 6 1 .98 1.00
200 21.5 2 1 1.00 1.00

Temperstures repeat at later times °
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TEMPERATURE VS. TIME

Time, Temp. above . Inches from Wall (w) or T, 2
Sec. T, sat. Bottom Liquid (1) ™ ¥
Run R 7-700-35

0 8.2 10 W

0 9.4 6 w

0 12.6 2 w

10 30.0 10 w

15 30.0 6 w

15 32,0 2 w

31 18.9 10 1 .21 .90
35 10.0 6 1 .25 . 48
39 3.k 2 1 .25 .16
50 29.0 10 w

55 30.3 6 W

59 33.5 2 W ’
71 20.8 10 1 A7 .99 ¢
75 19.6 6 1 .50 .94
79 13.6 2 1 .53 .65
90 29.0 10 w

95 29.2 6 W

99 32.5 2 w
111 21.0 10 1 Th 1.00
115 21.0 6 1 T 1.00
119 21.0 2 1 .80 1.00
130 29.0 10 w
135 29.2 6 R
139 30.8 2 W
151 21.0 10 1
155 21.0 6 1
159 27.0 2 1
170 29.0 10 w
175 29.2 6 w
179 30.8 2 '

Temperatures repeat at later times
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TEMPERATURE VS. TIME

Time, Temp. above Inches from wall (w) or T ]
Sec. T1 sat. Bottam Liquid (1) ™ 3

Run R 8~300-20

0 5.6 10 w
0 6.3 6 w
0 12.1 2 w
5 1.1 10 1 .03 .08
9 0.5 6 1 .05 . Ok
13 0.5 2 1 .08 o4
2k 20.6 10 W
29 ~19.3 6 w
33 20.0 2 w
45 7.8 10 1 27 .5k
49 5.5 6 1 .29 .38
53 2.2 2 1 31 .15
64 22.0 10 W
69 22.6 6 w
73 21.5 2 Y
85 13.6 10 1 .50 .95
89 9.0 6 1 .53 .63
93 4.8 2 1 .55 .33
104 20.2 10 w
109 23.0 6 W
113 23.3 2 w
125 14.4 10 1 e 1.00
129 13.1 6 1 7 .91
133 10.8 2 1 .79 .75
144 20.6 10 w
149 20.9 6 w
153 25,6 2 w
165 14k 10 1 .98 1.00
169 14k 6 1 1.00 1.00
173 1k k4 2 1 1.02 1.00
184 . 20.6 10 w
189 20.9 6 w
193 25.6 2 w

Temperatures repeat at later times



TEMPERATURE VS. TIME
Time, Temp. above Inches from wall (w) or T 0
Sec. T, sat. Bottom Liquid (1) ™ o*
. Run R 8 .500~20
0 8.3 10 W
0 8.5 6 w
0 12.0 2 w
3 0.3 6 1 .02 .02
7 0.0 2 1 . .05 .00
17 20.9 10 W
22 23.6 6 w
26 25.0 2 w
38 11 8 10 1 .30 .82 |
Ive) 6.2 & 1 .32 43
46 - 1.6 2 1 .35 A1
57 24.8 1C W
62 23.0 & w
66 < 26.6 2 w
78 13.6 10 1 .60 .94
82 13.1 6 1 .63 .91
86 12.3 2 1 .66 .85
97 22.5 10 W
102 22.0 6 w
106 26.0 2 W
118 14.5 10 1 .91 1.00
122 14.5 6 1 .94 1.00
126 14.5 2 1 .97 1.00
137 22.5 10 W
142 22.0 6 4
146 26.1 2 W
158 14.5 10 1
162 14.5 6 1
166 14,5 2 1
177 22.5 10 W
182 21.5 6 W
186 24.0 2 W

Temperatures repeat at later times
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TEMPERATURE VS. TIME

Time, Temp. above Inches from wall (w) or 7T_ 0
Sec. T, sat. Bottom Liquid (1) * o

Run R 8-600-20

0 7.8 10 W

0 T.4 6 W

0 12.5 2 w .

5 0.5 10 1 .06 Ok

9 0.25 .6 1 .11 .02
13 0.00 . 2 1 .16 .00
23 22.2 10 W

28 24,0 6 W

32 26.3 2 W

46 11.2 10 1 .56 .89
) 10.7 6 1 .61 .85
53 2.2 2 1 67 .18
« 63 21.0 10 W

68 21.4 6 w

72 25.0 2 W

85 12.6 10 1 1.07 1.00
89 12.6 6 . 1 1.12 1.00
93 12.6 2 1 1.17 1.00
103 21.0 10 \
108 21.0 6 w
112 23.5 2 W
Temperatures repeat at later times

Rur. R 8-700-20

0 7.8 10 w

0 9.2 6 w

0 13.0 2 W

1 8.6 10 w

6 16.3 6 w

10 22.2 2 w

22 7.2 10 1 .30 .58
26 5.8 6 1 .35 46
30 1.2 2 1 A .10
41 22.0 10 W

U6 22.3 5 w

50 26.0 2 W

62 12.5 10 1 .85 1.00
66 12.5 6 1 .90 1.00
70 12.5 2 1 .96 1.00
81 21.k 10 v

86 20.5 6 W

90 22.8 2 w

Temperatures repeat at later times
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HEAT TRANSFER COEFFICIENT VS. TIME

Time, Temperature above Ty sat. (°F) Heas transfer coefficient
SeCo 2" 6” loll 2” 6” l "

Run R 5-300-20, a/A = 1860 b, BTU/hr. £t2 °F

0 9.2 7.5 6.6 202 ’ 248 282
10 16.6 14.8 13.4 112 126 139
20 20.0 18.2 16.0 93.0 102 116
30 21.6 19.6 16.0 86.0 105 116
Lo 22.3 19.1 11.8 83.5 97.5 158
50 22.3 18.4 10.2 83.5 101 183
60 22.0 17.0 10.0 84.5 110 186
70 21.7 15.0 9.0 85.5 124 206
80 21.4 12.3 8.0 87.0 151 232
90 20.8 10.0 7.6 89.5 186 24k

100 20.0 8.8 6.8 93.0 212 27h
110 18.8 8.0 6.6 99.0 233 282
120 17.0 7.6 6.6 109.5 2l 282
130 13.4 7.5 6.6 139 248 282
140 1.2 7.5 6.6 166 248 282
150 10.0 7.5 6.6 186 248 282
160 9.0 7.5 6.6 207 248 282
170 8.9 7.5 6.6 209 248 282

Temperatures repeat at later times.

3180 h, BTU/hr. ft° °F

Run R 5-700-20, q/A

0 13.8 10.8 6.8 230 294 362
10 23.0 20.6 19.0 138 154 167
20 25.5 21.0 14.0 125 151 228
30 2Lk 17.6 11.0 130 181 289
40 23.4 14.0 9.4 136 227 339
50 21.2 12.5 8.8 150 254 362
60 17.6 11.6 ° 8.8 181 274 362
70 14.0 10.6 8.8 227 300 362
80 12.1 9.7 8.8 263 328 * 362
90 11.5 9.7 8.8 276 ° 328 362

Temperatures repeat at later times.
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HFAT TRANSFER COEFFICIENT VS. TIME

Time, Temperature above T; sat. (°F) Heat transfer coefficient
SeC. 2!! 6!! lovl 2" 6" loll
Run R 6-400-35, /A = 1780 h, BTU/hr. ft2 °F
0 11.8 7.6 6.4 151 234 278
10 19.3 16.8 15.2 92.3 106 117
20 22.8 20.0 19.2 78.0 89.0 93.0
30 2h. L 21.8 19.0 73.0 81.5 93.6
40 oh . L 22.2 18.0 73.0 80.0 99.0
50 L. 4 22.2 17.2 73.0 80.0 103
50 23.8 21.2 15.8 4.9 80.5 112
70 23.2 20.0 4.k 76.6 89.0 123
80 22.6 19.0 13.0 78.9 93.6 137
90 22,2 17.6 11.4 80.1 101 156
100 22.0 15.4 9.8 81.0 115 182
110 22.0 13.2 8.6 81.0 135 207
120 21.6 11.2 7.4 82.4 159 241
130 21.2 10.0 6.8 8k .0 178 . 262
140, 20.0 8.8 6.4 89.0 202 278
150 18.0 8.2 6.2 99.0 217 288
160 16.2 7.8 6.0 110 228 296
170 1.4 7.4 5.7 124 241 312
180 13.0 6.8 5.5 137 262 324
190 12.0 6.4 ° 5.5 148 278 324
200 10.6 6.2 5.5 168 287 324
210 9.0 6.2 5.5 198 287 324
220 8.5 6.2 5.5 210 287 324
230 8.1 6.2 5.5 220 287 324

Temperatures

repeat at

later times.
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HEAT TRANSFER COEFFICIENT VS. TIME

Time, Temperature above T sat. (°F) Heat transfer coefficient
Sec. 21! 6n lO" 2_" 6:! lou
Run R 6-500-35, /A = 2040 h, BTU/hr. £t° °F

0 13.0 9.2 7.3 157 222 279
10 19.6 14.0 11.4 96.0 146 179
20 22.6 19.6 13.2 90.0 104 154
30 25,4 20.8 15.0 80.5 98.0 136
40 26.6 22.6 15.6 76.6 90.5 131
50 27.2 23.0 14.8 75.0 88.5 138
60 26.4 21.8 13.0 T7.4 93.5 157
70 25.8 19.6 11.0 79.0 104 185
80 25.0 16.8 9.6 81.5 121 212
90 24,2 13.8 8.8 84.1 148 232
100 23.6 10.6 8.0 86.5 192 255
110 23.8 9.4 7.4 85.6 217 276
120 23,0 9.0 6.7 88.6 226 305
130 20.2 8.4 6.3 101 243 324
140 17.0 8.2 6.0 120 248 340
150 14.2 7.8 6.0 144 262 340
160 11.5 7.4 6.0 177 276 340
170 10.0 7.2 6.0 204 283 340
180 9.4 7.2 6.0 217 283 340
190 9.2 7.2 6.0 222 283 340

Temperatures repeat at later times.



-13%e-

HEAT TRANSFER COEFFICIENT VS. TIME

Time, Temperature above T; sat. (°F) Heat transfer coefficient
Sec . 21! 6!! lon 2" 6n lo"

Run R 6-600-35, a/A = 2700 h, BTU/hr. £t2 °F

0 13.0 9.4 7.6 208 284 356
10 19.8 21 2 20.6 136 127 131
20 24,8 24 .8 22. 4 109 109 120
30 27.4 25.2 20.0 98.5 107 135
40 29.0 23.8 16.6 93.0 103 163
50 29.0 21.2 13.8 93.0 127 195
60 28.4 18.6 11.4 95.0 145 235
70 27.6 1€6.0 9.6 98.0 168 282
80 26.2 13.6 8.8 103 198 307
90 25.0 11.6 8.0 108 232 338

100 23.6 9.0 8.0 11k 300 338
110 21.6 8.6 7.6 125 314 356
120 17.4 7.6 7.1 155 356 380
130 13.8 7.6 7.1 196 356 380
140 12.6 7.6 7.1 214 356 380
150 10.7 7.6 7.1 252 356 380
160 10.0 7.6 7.1 270 356 380
170 9.6 7.6 7.1 281 356 380
180 9.k 7.6 7.1 287 356 380

Temperatures repeat at later times.



HEAT TRANSFER COEFFICIENT VS. TIME

~153-

Time, Temperature above T, sat. (°F)

Heat transfer coefficient

Sec. , o 6" 10" on 6" *10"
Run R 7-300-35, q/A = 1555 h, BTU/hr. ftZ °F
0 8.3 6.4 6.3 187 243 246
10 13.6 12.6 9.0 11k 123 173
20 17.0 13.6 12.0 91.5 114 130
30 19.2 19.2 15.6 81.0 99.5 105
40 20.7 17.0 10.4 75.0 91.5 94.8
50 21.6 18.2 16.6 72.0 85.5 93.6
60 22.1 18.4 16.7 70.3 84.5 93.0
70 22.2 18.0 16.0 70.0 86.5 97.0
80 22.0 17.6 14.8 70.6 88.2 105
90 21.4 17.4 13.2 72.5 89.3 118
100 21.0 17.0 11.8 74.0 91.L4 132
110 20.4 16.8 10.0 76.0 92.5 155
120 19.8 16.3 8.6 78.5 95.5 181
130 19.6 15.7 7.4 79.5 99.0 210
140 19.2 14,6 6.2 81.0 106 250
150 18.8 12.8 6.0 82.5 121 259
160 18.8 10.8 5.7 82.5 144 272
170 19.2 9.0 5.7 81.0 173 272
180 19.2 7.7 5.7 81.0 202 272
190 19.0 7.2 5.7 82.0 216 272
200 17.8 6.6 5.7 87.5 235 272
210 15.4 6.3 5.7 101 246 272
220 13,0 6.3 5.7 119 246 272
230 12.5 6.3 5.7 124 246 272
240 10.0 6.3 5.7 155 246 272
250 9.0 6.3 5.7 173 246 272
260 8.4 6.3 5.7 185 246 272
270 8.2 6.3 5.7 190 246 272
280 8.0 6.3 5.7 195 246 272

Temperatures repeat at later times.
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HEAT TRANSFER COEFFICIENT VS. TIME

Time, Temperature above T; sat. (°F) Heat transfer coefficient
SeCo 2” 6!! lo" 2" 6" loll

Run R 7-500-35, q/A = 1860 h, BTU/hr. f£t° °F

o} 12.0 9.0 7.8 155 206 238
10 22.0 18.0 15.4 84.5 103 121
20 25.8 21.2 15.8 72.1 87.5 118
30 26.6 22.0 15.2 70.0 84.5 122
40 26,6 22,k 14.6 70.0 83.0 127
50 26.3 21.8 13.5 70.6 85.4 138
60 25.4 20.8 12.2 73.1 89.4 153
70 2h .k 19.0 9.8 76.1 98.0 190
80 23.8 16.6 8.0 79.5 112 232
90 23.k 13.8 6.8 79.5 135 274

100 22.8 12.6 6.8 81.5 148 274
110 22.4 9.6 6.8 83.5 194 274
120 21.4 8.4 6.7 87.0 222 278
130 19.6 8.0 6.7 ok.7 232 278
140 16.6 7.6 6.7 112 245 278
150 13.6 7.3 6.7 137 255 278
160 11.0 7.3 6.7 169 255 278
170 9.4 7.3 6.7 198 255 278
180 9.0 7.3 6.7 207 255 278
190 8.7 7.3 6.7 21k 255 278

Temperatures repeat at later times.

il

Run R 7-700-35, q/A = 2450 h, BTU/hr. ft2 °F

0 12.6 9.4 8.2 194 261 299
10 28.4 27.2 23.0 86.2 90 107
20 31.2 25.6 15.4 78.5 95.7 159
30 30.9 22.6 10.8 79.1 108 227
40 29.2 19.2 9.6 84.0 128 256
50 27.4 16.0 9.0 89.5 153 272
60 25.2 13.2 8.4 97.1 186 292
70 22.6 11.0 8.2 108 222 299
80 19.8 9.6 8.0 124 255 306
90 17.0 8.7 8.0 144 282 306

100 14,0 8.2 8.0 175 299 306
110 12.6 8.2 8.0 194 299 306
120 10.3 8.2 8.0 238 299 306
130 9.8 8.2 8.0 250 299 306

Temperatures repeat at later times.
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HEAT TRANSFER COEFFICIENT VS. TIME

©

Time Temperature above Tj sat. (°F) Heat transfer coefficient
Sec. 2\" 6" loll 2” 6“ loH

Run R 8-300-20, q/A = 1470 h, BTU/hr. £t °F

0 12.1 6.3 5.6 121 234 262
10 15.2 12.€ 16.0 96.5 115 92.0
20 17.4 15.8 17.2 84,5 93.0 86.0
30 18.6 17.4 16.6 79.0 - 84.5 88.5
40 19.0 17.0 15.0 775 86.5 98,0
50 18,8 16.2 13.6 78.0 91.0 108
60 18.6 15.6 11.6 79.0 94.0 127
70 18.4 14.8 9.7 80.0 99.0 152
80 18.0 14,7 8.2 81.5 100 179
90 17.6 14.2 7.2 83.5 103 204

100 17.0 13.2 6.2 86.5 111 237
110 16.0 12.0 5.6 2.0 122 262
120 14.6 10.2 5.4 101.0 14k 272
130 13.4 8.8 5.6 110 167 262
140 13.0 7.6 5.8 113 193 25k
150 12.2 6.6 6.2 120 223 237
160 11.3 6.5 6.2 130 226 237
170 11.6 6.5 6.2 127 226 237
180 11.6 6.5 6.2 127 226 237
190 11.2 6.5 6.2 131 226 237
200 10.7 6.5 6.2 137 226 237
210 104 6.5 6.2 141 226 237
220 10.0 6.5 6.2 147 226 237
230 9,8 6.5 6.2 150 226 237
240 9.k 6.5 6.2 156 226 237

Temperatures repeat at later times.
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HEAT TRANSFER COEFFICIENT VS. TIME

Time Temperature above Tp sat. (°F) Heat transfer coefficient
Sec. 21! 6u lon 2” 6|| lon

Run R 8-500-20, g/A = 1925 h, BTU/hr, ft2 °F

0 12.0 8.5 8.3 161 226 232
10 23.0 20.4 17.0 83.8 94.5 113
20 25.0 21.8 17.0 77.0 88.5 113
30 24,7 20.8 13.h 78.0 2.5 14k
40 24,7 17.8 12.0 78.0 108 160
50 24,2 15.2 12.0 79.5 127 160
€0 22.6 12,8 12.0 85.0 151 160
70 19.8 11.0 11.3 97.5 175 171
80 15.8 9.6 10.2 122 200 189
90 k.0 8.8 9.0 137 218 21k

100 13.0 7.8 8.0 148 247 2kl
110 12.0 7.0 o 8.0 161 273 241
120 11.4% 7.0 8.0 ° 169 273 241
130 11.4 7.0 8.0 169 273 241
140 11.4 7.0 8.0 169 273 241
150 11.4 7.0 8.0 169 273 2k]
°160 10.8 7.0 8.0 178 273 241
170 10.0 7.0 8.0 193 273 241
180 9.6 7.0 8.0 201 273 241
190 9.5 7.0 8.0 202 273 241

Temperatures repeat at later times,
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HEAT TRANSFER COEFFICIENT VS. TIME

Time, Temperature above Ty sat.(°F) Heat transfer coefficient

Sec. 2" 6" 10" 2" 6" 10"
Run R 8-600-20, g/A = 2790 h, BTU/hr. £t2 °F

0 12.5 7.4 7.8 223 378 358
10 22.0 17.4 14.0 127 160 199
20 26.4 21.8 f7.0 106 128 164
30 26.0 20.0 13.2 107 140 211
40 24,9 14.6 10.8 112 191 258
50 24,0 12.0 9.8 116 232 285
60 22.2 10.8 9.0 126 258 310
70 19.6 9.6 , 8.4 142 290 332
80 12.0 8.8 8.4 232 317 332
90 11.8 8.5 8.4 242 332 332
100 11.5 8.4 8.4 2k9 332 332
110 11.2 8.4 8.4 2kg 332 332
120 11.0 8.4 8.4 254 332 332

Temperatures repeat at later times.

Run R 8-700-20, g/A = 2990 h, BTU/hr/ft° °F

0 13.0 9.2 7.8 230 325 383
10 22.0 17.6 14.0 136 170 214
20 23.6 17.8 17.6 132 168 170
30 24,0 15.8 13.4 125 189 222
40 22.4 13.0 10.6 133 230 282
50 18.8 12.2 9.6 159 245 312
60 14.6 10.0 9.4 204 299 318
70 12.0 9.4 8.9 249 318 336
80 11.0 8.6 8.9 272 348 336
90 10.3 8.0 8.9 290 37h 336

Temperatures repeat at later times.
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TABLE III

DATA USED FOR CALCULATING t*% AND TABULATED VALUES OF 1%

Run No. Tgsat;FT—lsat wrs lbp %’ h_rﬂftqz q’ﬁT_r_l.I T,Hr. T%,Sec.
R2-300-35 22.0 25.5 1252 3520 .0814 253
R2-500-35 21.0 25.6 1830 5120 .0533 192
R2-700-35 20.0 24.8 3060 8350 .030% 110
R5-300-20 14.0 26.2 1860 5210 .0359 129
R5-700-20 12.0 25.9 3180 8760 .0181 5
R6-400- 35 22.0 27.7 1780 5250 .0593 21k
R6~500-35 22.0 26.7 2040 5720 .0525 189
R6-600 35 21.6 26.7 2700 7420 .0396 143
R7-300-35 21.5 26.3 1555 4360 L0664  23¢
R7-500-35 21.5 °26.2 1860 5130 .0556 200
R7-700-35 21.0 26.0 2&50 ] 6680 .0416 150
R8-300-20 14k 25.8 1470 4050 L0470 169
R8-500-20 14.5 28.7 1925 5660 .0336 121
R8-600-20 12.6 26.6 2790 7720 .0219 79
R8. 700-20 12.5 25.4 2990 8050 .0202 73
R9-800-35 21.5 25 .4 2830 T9LO .0350 126
R9-900-35 21.0 26. 4 3830 11,150 0252 91
R9--1000-35 21.5 25.5 4260 12,000  .0232 84
R10-800:-20 12.7 26.3 3280 9400 .0182 66
R10-900-20 12.0 23.6 3600 9300 .0155 56

R10-1000-20 11.5 23.1 4200 10,700 .0127 L6
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TABLE IV

Run No. %, ﬁ;;%%? Ty, Sec. To /1%
. R2-300-35 1252 212 .73
R2-700-35 3060 40 .36
R5-300-20 1860 T2 .56
R6-500-35 2040 128 .69
R6-600-35 2700 8L .59
R7-300-35 1555 160 .67
R7-500-35 1860 120 .60
R7-700-35 2450 68 .45
R8-300-20 1470 104 .62
R8-500-20 1925 Lk .37
R8-600-20 2790 36 RIS
R8-700-20 2990 30 b
R9-800-35 2830 45 .36
R9-900-35 3830 28 .31
R9-1000-35 4260 2k .29
R10-800--20 3280 31 °.Lr(
R10-900-20 3600 20 .36
R10-1000-20 14200 16 .35
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TABLE V

COMPARISON OF MINIMUM HEAT TRANSFER COEFFICIENTS
WITH VALUES COMPUTED USING CORRELATION FOR
VERTICAL SURFACES IN TURBULENT FLOW

hyin,
hfc
Run No. X =24in. X =6 in. X = 10 in.
R5-300-20 0.55 0.67 0.85
R6-400-35 0.48 6.53 0.62
R6-500-35 0.48 0.58 0.97
R7-300-35 0.47 0.60 0.68
R7-500-35 0.Lk 0.55 0.88
R8-300-20 0. 54 0.61 0.64
Mean 0.49 0.59 0.77
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TABLE VI

Ah/Ah  FOR LOW HEAT FLUX RUNS

Run No. sh/bhg, X = 2 in.  Ah/ohg, X = 6 in.  Ab/Ahg, X = 10 in.
T = 2 Seconds
R7-500-35 0.83 0.77 0.81
R5-300-20 0.79 0.76 0.78
R6-400-35 0.82 0.80 0.79
R8E500-20 0.79 0.80 0.81
R6-500-35 0.73 0.78 0.77
R8-300-20 0.77 0.77 0.80
T = 3 Seconds
R7-500-35 0.67 0.63 0.67
R5-300--20 0.67 0.65 0.67
R6-400-35 0.73 0.67 0.65
R8-500-20 0.69 0.69 0.69
R6-500-35 0.73 0.78 0.68
R8-300-20 0.66 0.61 0.59
T = 5 Seconds
R7-500-35 0.50 0.48 0.50
R5-300-20 0.51 0.49 0.45
R6-400-35 0.54 0.50 0.48
R8-500-20 0.50 0.53 0.50
R6-500-35 0.54 0.61 0.53
R8.-300-20 0.53 0.47 0.45
T = 10 Seconds
R7-500-35 0.25 0.21 0.25
R5-300-20 Cc.28 0.24 0.18
R6-400-35 0.27 0.22 0.20
R8-500-20 0.22 0.26 0.16
R6-500-35 0.27 0.39 0.33
R8-300-20 0.31 0.21 0.18
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PART II
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IDEALIZED WALL AND LIQUID TRANSIENT
ANALYSIS: FLUX INCREASING LINFARLY WITH TIME

If now the heat flux is assumed to increase linearly with

time after pressurization:

(/;Z =(/TZ)O L AT (46)

So that the differential equations become:

[7’ AT =10 Gur T2 A . Al =2) D

A{Wﬁ_ 0/(’/1( 6a)
‘ )/4 7

;/_{Zz // 4;/4/-ﬁ (48)
7v° AQW /dQﬂ /zd?w

Defining: (Z )o
5= Lo

= A
f =
/a0 4 Car

L = B+ F P 0 (4-2.) (51)

As in the constant flux case:

piz
ke = £(4, fL) (6c)

(50)

Defining:

G= EB, + ~ (52)

_llgu -
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We obtain:

4% Aty
LI X - = (
= 53)
AP a T
Applying boundary conditions as before, the solution of Equation

(53) is as follows:

by turo = G = _%, - L AT+ A,

-4, + )7««/2 )7 @

Ta e e
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