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NOMENC LATURE

defined by Eq. (29), dimensionless

1" 1

1
mole fraction of ith component, dimensionless; Cjq C Cis>

1 ! " . . .
Cis’ Cio and Cio are defined in Figures 33 and 3L.

1 o0?
molar specific heat, Btu/lb-mole °F

mass diffusivity, ft2/hr

latent heat of evaporation per mole, Btu/lb-mole
thermal conductivity, Btu/hr-ft °F

pressure, 1bf/ft2 perimeter

initial ullage pressure, 1bf/ft2

final ullage pressure, lbf/ft2

S

D

strength of an instantaneous plane source of mass, ft
strength of an instantaneous plane source of heat, ft - °F
[E
\E

laplace variable, l/hr
time, hr

temperature, °F; T&, T;, Ty and Tw,sat are defined in Figures

33 and 3k4.

location of interface at time t, ft

distance from the position of the liquid-vapor interface in the

direction of liquid, ft
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NOMENCIATURE (Continued)

x* location of a unit instantaneous plane source of heat or mass
from the moving liquid-vapor interface, ft

o thermal diffusivity, ft2/hr
7 defined by Eq. (41) dimensionless
Brp defined by Eq. (L0) dimensionless
A growth rate parameter of the liquid-vapor interface dimensionless
0 density, 1b/mole/ft3
oy defined by Eq. (42) dimensionless
<E§£> gradient oﬁ co?centration with respect to temperature at constant
pressure P l/ F
Subscripts
i component, i =1,2,3...
S at interface
sat saturated state
0 initial state
is at a distance from the interface
P& corresponding to final ullage pressure Py
Superscripts
¢ liquid phase
()" vapor phase
(Part VII)
Cp specific heat, Btu/lbm °F
Fy surface-area-in-contact-with-the-heating-surface fraction of the

actual bubble, defined by Eq. (71), dimensionless
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NOMENCIATURE (Continued)

F curvature factor, dimensionless

Fg surface-area-in-contact-with-the liquid fraction of the actual
bubble, defined by Eq. (70), dimensionless

F, volume fraction of the actual bubble, defined by Eq. (69),
dimensionless

heg latent heat of vaporization, Btu/lbm

k thermal conductivity, Btu/hr-ft °F

R(t) bubble radius, ft

R, critical radius, ft

T temperature, °F

X(t) thickness of vapor film, ft

X coordinate a;is, ft

o) thermal diffusivity, £t2/hr

) thermal boundary layer thickness (or thickness of thermal dif-
fusion for transient film boiling) By

5! thermal boundary layer thickness (or thickness of thermal dif-
fusion) for transient nucleate boiling, ft

o density, lbm/ft3

o} surface tension of the liquid

T time, hr

To waiting time in transient film boiling, hr

Té waiting time in transient nucleate boiling, hr

Thax time for a vapor film to grow to the maximum thickness in transient

film boiling, hr
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NOMENCIATURE (Concluded)

T time for a bubble to grow to the maximum size in transient
nucleate boiling, hr

Superscript

() transient nucleate boiling, liquid phase
Subscripts

1 liquid

s solid

sat saturated state

v vapor

0 at infinity
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ABSTRACTS

I. The problem of a sudden temperature change of the pressurant of a liquid
container is analyzed by means of the integral technique, including the axial
conduction in the pressurant fluid and heat transfer from the ambient. The
ratio of interfacial to peripheral heat transfer is evaluated by a numerical
example.

II. The results of acceleration measurements using a new accelerometer are
presented for fractional gravity and free-fall conditions. On the basis of
these results, a new test package was designed and constructed which reduces
the magnitude of near-zero gravity attainable from approximately a/g = 0.01 to
a/g = 0.001, an order of magnitude improvement.

Data are presented for film and nucleate boiling with the 1 in. dia
sphere at a/g = 0.6, The film boiling data is correlated well by the equa-
tion of Frederking and Clark.

Data obtained at a/g = 1 with a l/h in. dia sphere has shown a size ef-
fect in film boiling not revealed with 1/2- and l-in. dia spheres.

New results are presented for the 1 in. dia sphere in all boiling regions
with the new test package under free fall conditions where a/g = 0.001.

III. A summary of all results obtained is presented, and indicated behavior

similar to that observed with water. At low heat flux, increases in system

acceleration result in a decrease in the heater surface superheat, while at

high flux the heater surface superheat increases with increase of the system
acceleration.

This report completes the phase of the study where the acceleration vec-
tor is normal to the heating surface. Future areas of study are outlined.

IV. Analytical and experimental results for the dynamic growth of a single
stationary nonsoluble gas bubble in a volatile liquid are discussed for ap-
plication to gas injection cooling. The mass diffusion in the gas phase re-
duces bubble growth rates significantly and need be considered for a station-
ary bubble. Based on the previous results the proposed future investigations
are outlined.

V. The source theory is applied to obtain approximate solutions for determin-
ing the time-dependent interfacial location and the rate of phase change at

the interface of a suddenly pressurized, multi-component liquid-vapor system.
Numerical calculations for the phase change of one- and two-component cryogenic

XV



systems of nitrogen-nitrogen, helium-nitrogen and oxygen-nitrogen show that
the approximate solutions, which are of a considerably simpler form, compare
favorably with the existing exact solutions. A conclusion is reached that
the approximation by the source theory is dependable for low rates of phase
change. The applicability of the source theory is discussed in regard to the
physical configuration of the system and the nature of the phase change.

VI. A brief outline is given of the separately reported studies of the tran-
sient laminar free-convection heat and mass transfer in closed, partially
filled liquid containers. The method of approach and the scope of investiga-
tion are given.

VII. The mechanism of the transient film and nucleate boiling in a subcooled
liquid is presented. An analysis is given for predicting the growth and
collapse of (a) the vapor film formed on an insulating substrate during film
boiling, and (b) a bubble generated in an insulating substrate during nu-
cleate boiling in a tank suddenly filled with a cryogenic fluid. Expressions
for the residence time of the vapor film on the insulating substrate and the
time required for a bubble to reach its maximum radius before collapsing are
obtained. Variables and physical properties which govern the residence time
of the vapor film on the insulating substrate and the growth and collapse

of a bubble are defined and examined. In addition, a definition is sought
for the physical properties of the insulating substrate and cryogenic liquid
which give low rates of growth and collapse for a vapor film and a bubble.

xvi



I. OPTIMIZATION OF PRESSURIZED-DISCHARGE
PROCESSES IN CRYOGENIC CONTAINERS

Analytical Program

In the last two progress reports an approximate integral method was de-
veloped for complicated problems whose solutions are not available by exact
analytical means. The procedure was applied to the insulated container sub-
ject to a sudden temperature change at the inlet temperature of the pressur-
ant fluid including the axial condition in the pressurant fluid.

The problem will now be extended to include the heat transfer from the
container to the ambient. Then the solution will be used for a comparison
between the peripheral and axial conductions.

The energy equation for the wall, with the addition of the heat transfer
to the ambient at zero temperature, becomes

The energy equation for the fluid remains the same as in the previous
analysisl

Vo

Vo
JF pcATdx = pcAVlg - Jf hiPi(T—t)dx + kA
0 o)

T

30 S;}x = Vo

The approximate profiles used in the previous reportl may again be
utilized

”~ N

t(x,@) = [ <§é> - 1‘2

£5(0) (3)

&) e‘ T-12(9)) - £2(0) & )



Employing the procedure of the same report,l the following simultaneous
differential equations are obtained

<E£5 +bi>F1 - biFp = Tg (5)

-boF1 +<Edg“ +b2+b9F2 = 0 (6)

subject to the initial conditions

F1(0) = Fo(0) = 0 )
where
0 a
F1(6) = g(Tg+fl) ; Fo(0) = sz
hiPy hiPy hoPo
b; = =L b —td by = —C
’ pch ’ § pucyly > PuCihy

The solution of Egs. (5) and (6) subject to Eq. (7) is

-B16 -Bo0
m(e) = P04, s —bs*};z)wg (5)
1

B;\ -Bi0 Bo\ -B9 bo
Fo(@) = Cifl- =)e + Co(l- =)e + —=T
2(0) < > ( ) e o)
where
b1t+botbs -B b1t+bstbs+B
B, = 1 22 3 , By = 1 22 370 , B = kal+b2+b3)2-4b1b3,



+ -
0, = - Zg|(cbatbo batB)(batba) 4y |
bsB | 2by

0, = + Tg [(-bl+b2+ngB)(b2+b3) + b?J
1

Thus using Eqs. (3), (4), (8), and (9), the local value of the ratio of
the axial conduction to the heat transfer from the periphery of the container

is found to be
-kA ;)
i

q
F Jf hiP; (T-t)dx

0]

which gives

1+ C2 (Bl B»)0 botbs _ T li
ai 6kAD 1 Ca Cl ble g ©

o hyP1(V0)%By 1+ C2B2 (B1-B2)o Bl@
1B1 101

(10)

A numerical example is given for the following system:

Pressurant fluid (05) Container (Stainless Steel)
k = 0,013 Btu/hr-°F-ft o = 1490 1bm/ft®
o = 0.096 lom/ft3 ¢ = 0.1 Btu/lbm-°F
¢ = 0.22 Btu/1lbm-°F D; = 6-1/2 ft
vV = 1600 ft/hr 8 = 3/8 in.
Tg = 200°F L = Lo ft
hy = 5 Btu/hr-ft2-°F, h, = 3 Btu/hr-ft2-°F
Py = nDy = 20.42 ft
P, = m(Dj+2d) = 20.62 f%
A = Ay = mDi/b = 33.2 £t°



TABLE T

RATIO OF INTERFACIAL TO PERIPHERAL HEAT TRANSFER

Location 0.2L 0.4L 0.6L 0.8L
Time O (sec) 18 36 5h 72
qh-/qp 27.7x10-5 5.15x10°5 1.25x1073 0.59x10°7

The foregoing table shows that the axial conduction in the fluid has a
negligible effect on the heat transfer problem under study. At first sight,
the ratio of interfacial heat transfer to peripheral heat transfer seems
smaller than anticipated. However, noting that qi is directly proportional
to the thermal conductivity, the use of a liquid instead of a gas (thermal
conductivity being increased approximately 30 times) would change this ratio
to 1% for 0.2L. This result appears quite reasonable for the effect of axial
conduction in liquids.



II. BOILING OF A CRYOGENIC FLUID UNDER REDUCED GRAVITY

A. Measurement of Acceleration

1. KISTLER ACCELEROMETER

The Kistler Model 303 S/N 38l Servo Accelerometer, described in the pre-
vious report,” was received during this reporting period. This unit, which
operates on a 28 * 2 volt DC power supply, has a range of * l/g, a voltage
sensitivity of 5.0 volts/g, a damped natural frequency of 160 cps, a linearity
of 0.1% of full scale (0.001 g), and a resolution of * 0.005% of full scale
(i0.0000S g). A calibrating fixture was constructed for the accelerometer.

As indicated above, the calibration curve is linear within 0.001 g; the main
purpose of the calibration fixture is for calibration of the Sanborn recorder,
which i1s not linear over its entire range.

After the characteristics of the accelerometer had been determined, it
was necessary to modify the voltage output so that when high sensitivity of
the Sanborn recorder was desired in the range around zero g (e.g., * 0.1 volts
for full scale deflection), the high voltage (+ 5 volts) output at the 1 g
state prior to drop would not damage the galvanometer in the recorder. This
was accomplished by adding a diode limiting circuit which allows prior selec-
tion and limiting of the voltage range sensed by the Sanborn recorder.

2. MEASUREMENTS

A series of test drops were made at various levels of a/g with the accel-
erometer mounted on the top of the test package which in turn is mounted on
the test platform. The results are presented in Figures 1-T.

Figure 1 shows the output of the accelerometer with the test package in
the condition used for all tests reported heretofore, during free fall. A
high frequency (approximately 90 cps) oscillation is generated upon release
which persists during a significant part of the drop period. This oscillation
is believed due to the release of elastic energy stored in the test platform
frame. A stiffening bar was installed on the frame and Figure 2, with a mag-
nified "g" scale, indicates that it has been reduced considerably. Figure 3
shows the accelerometer output as recorded on the Sanborn 4-channel recorder,
with an expanded time scale. The slight humps in the acceleration, seem also
in both Figures 1 and 2, are believed to show the influence of the floor open-
ing and a structural beam as the test platform passes by.



Several test runs with boiling were repeated to determine if the oscilla-
tion of the test platform had influenced the results. No change was detected.

For fractional gravity tests, the drop was initiated by activating a
solenoid which engaged the counterweight. Thus the counterweight cable is
initially subjected to the full weight of the test package. As seen in Fig-
ure 4, for nominal a/g = 0.2, oscillations occurred during the drop period
due to energy storage in the counterweight cable. The amplitude of the oscil-
lation is reduced if the drop is initiated instead by releasing the test plat-
form, reducing the initial stress in the counterweight cable. Figure 5 shows
the result of this change, which was used for subsequent tests. Figures 6
and 7 show similar effects for nominal a/g = 0.6. A beat effect is observed
wherein a decreasing amplitude is followed by a phase change and an increasing
amplitude.

A device is being developed to maintain a constant tension in the cable
both prior to and during the drop, eliminating the sudden change which causes
the oscillation.

B. New Package Design

As indicated in the previous sections, the test platform being used had
shortcomings in its sensitivity to external pressure variations, guidewire
drag, and its internal vibration history. The release system for counter-
weight drops was not too efficient when modified for dropping from the test
package location. Future tests utilizing. subcooled nitrogen would require a
pressurized test vessel. For the above reasons a new test package was deemed
desirable.

A package was designed which eliminated the above shortcomings and could
be adapted to future programs. A sketch of this package is shown in Figure 8.

For "0" g tests, the inner test vessel is suspended from the upper part
of the outer package via three chains and a spring loaded pawl which is pre-
vented from withdrawing by friction. The outer package is released by a
solenoid actuated yoke being withdrawn, and the weight of the inner vessel is
removed from the spring-loaded pawl, thereby releasing the inner vessel. The
outer package thus acts as a wind screen, eliminating the effects of variation
in air pressure and drag. Since the outer package is symmetrical the guide
wires, with their accompanying variable drag, have been eliminated. Measure-
ments on the inner vessel with the accelerometer indicate that the effective
force field with free fall has been reduced by an order of magnitude, to ap-
proximately .00l g. More accurate measurements of the force field than this
are not practical because of background noise level. The force field has been



reduced to the level, it is believed, where the forces in the small electrical
wires to the inner test vessel are becoming influential.

For fractional gravity tests the inner test vessel will rest on the
bottom of the outer package. The counterweight cable passes through the
solenoid operated release mechanism.

The upper end of the outer package has a welded flange so that a cover
may be installed and the vessel pressurized for subcooled boiling  tests.

The elimination of guide wires for the test package required a modifica-
tion of the buffer mechanism to prevent the package from falling to the floor
after being decelerated. This was accomplished by installing eight two-by-
fours around the base of the buffer to form an inverted conical enclosure.
After the test package comes to a stop, it falls over a few degrees from the
vertical until the top rests against one or two of the two-by-fours. In the
event of a misaligmnment drop, it is anticipated that the two-by-fours would
tend to deflect the package back onto the buffer, reducing the probability and
severity of damage. Uninstrumented drops of the test package onto the buffer
have demonstrated that this system performs satisfactorily.

C. Additional Data

During this period the a/g = 0.6 test runs were completed, using TOS-T,
a 1 in dia sphere. ©Several tests were conducted at a/g = 1 using a l/h in dia
sphere to obtain further information on the effect of size. Also, a number
of tests were conducted with the 1 in. dia sbhere under free fall in the new
test package, with a lower value of a/g than heretofore possible.

1. alg = 0.6 1 IN. DIA SPHERE

a. Film Boiling

These data are presented in Figure 9. The results are similar to those
presented previously,l in that good correlation is observed with the Frederking-
Clark predic‘cion,rr with a 1/3 power dependency of heat flux on acceleration.

The reference curves for a/g = 1 and a/g ~ 0 have been modified in the nucleate
and transition boiling regions to reflect the averages obtained with the ma-
jority of data. This shift in the reference curves is due to the use of pure
liquid nitrogen.

In Figure 10 the film boiling data for the various fractional gravities



are plotted in the form of Nusselt number and modified Rayleigh number for
comparison with the correlations. It is noted that the correlation due to
Bromley“ does not predict the behavior observed. As is seen in Figure 3 of
Ref. 9, the experimental data of Bromley for film boiling of liquid nitrogen
from a horizontal tube are comparable with the sphere data in the At range
common to both. Bromley's data is carried on to high values of At, where
laminar conditions most likely exist, and thus the l/h exponent on the mod-
ified Rayleigh number predicts the results better in that region. Bromley's
correlation is given in Figure 14. It is noted that the two correlations in-
tersect at a modified Rayleigh number of approximately 2 x 107, and may serve
as an indication of transition from laminar to turbulent conditions.

With free fall conditions the value of the force field is known, from
accelerometer measurements, to lie in the range .0l < a/g < .03. The data
are plotted to indicate this range.

b. Nucleate and Transition Boiling

A number of tests were conducted to complete the sequence of nucleate and
transitional boiling with the sphere at a/g = 0.6. A rather pronounced shift
of the data in the transition region occurred in all these runs, as indicated
in the representative data shown in Figure 11. Some erratic values of peak
heat flux also were obtained. .

The data appear to indicate that a definite time lag exists in the re-
sponse of the thermocouple to the increasing heat flux of the transition
region. This could occur if the solder joint of the thermocouple to the
sphere had become defective. The thermocouple appeared to be firmly attached,
but as a precautionary measure a new one was installed. Subsequent tests in-
dicated that the problem has been rectified. It is possible that the repeated
shocks of impact under test conditions may have resulted in a partial short
circuit between the thermocouple wires away from the junction but within the
sphere.

2. alg =1. 1/4 IN. DIA SPHERE

Figure 12 shows the data obtained in all the boiling regions with the
1/k in. copper sphere at a/g = 1. Previous tests conducted with a 1/2 in.
dia sphere indicated no difference in behavior from a 1 in. dia sphere. The
data in the nucleate and transition region are shifted somewhat, but the
maximum is unchanged. In the film boiling region, however, a pronounced in-
crease in heat flux for a given At is observed, on the order of lOO%,

This particular sphere was constructed with a 1/52 in. dia ss rod em-
bedded as a support and it was thought that the presence of this rod, acting



as a fin, might influence the results. A second 1/4 in. dia sphere was con-
structed with no rod, using instead the attached thermocouple soldered to
the center as the support.

The results with this second sphere are shown in Figure 13, and are
virtually unchanged. A single, unusually high value of the maximum heat
flux did result. The minimum heat flux has changed from approximately (q/A)min
= 1700 Btu/hr-ft2 for the 1- and 1/2-in dia spheres to (g/A) :, = 4000 Btu/hr-ft2
for the 1/ in. dia sphere.

min

The film boiling data are presented in terms of the Nusselt number and
modified Rayleigh number in Figure 14 for purposes of comparison with correla-
tions. Bromley's definition of the modified Rayleigh number differs slightly
from that of Frederking and Clark, and the data were computed in both ways to
determine the significance of the difference. As is seen in Figure 14, the
difference is negligible in this region.

The data lie above, but parallel to the Frederking-Clark correlation.
No explanation can be given yet for the behavior with this particular size
sphere, but it will be given further consideration. A fundamental change in
liquid-vapor flow patterns may be taking place.

3. a/g = 0. 1 IN. DIA SPHERE WITH NEW TEST PACKAGE

Further data with the 1 in. dia sphere was obtained for free fall condi-
tions, but now using the new test package shown in Figure 8. Based on ac-
celerometer measurements the fractional gravity is estimated to be in the
range 0 < a/g < .003.

a. Film Boiling.

The results in the film boiling region are given in Figure 15, and the
same procedure as previously followed was used. For each run, data at a/g =1
were obtained just prior to release. During free fall, a gradual change in
slope of the time-temperature data occurred and this change is represented in
the plot by a range of heat flux for each particular At.

Except for one point early in the transition region, the heat flux con-
tinues to decrease during the course of the free fall period. This may repre-
sent the viscous decay of the residual liquid motion induced by the boiling
process at a/g = 1. It may represent instead the increasing thermal resistance
due to the increase in thickness of the vapor film, if the vapor generated is
not removed from the vicinity of the heating surface. This latter possibility
will be considered further, since it is amenable to an analytic solution.



For reference, the heat flux predicted by the Frederking-Clark correla-
tion are included in Figure 15 for several low values of fractional gravity.

b. Nucleate and Transition Boiling

The results for the nucleate and transition region are shown in Figure
16. Upon release in the transition region the heat flux continually decreases.
With release in the region of the maximum heat flux a distinct fluctuation
occurs which may represent the action of the intense violent liquid motion
occuring at the maximum heat flux.

D. Future Work

Preparation is being made to obtain datain all boiling regions with a
flat disc used as a transient colorimeter, as described in Ref. 2. The
disc will simulate a flat heating surface and will permit a study of the ef-
fect of surface orientation under the various fractional gravities in the
range 0 < a/g < 1l. A new digital computer program will be prepared for data
reduction purposes.

The new test vessel can be readily modified to become a closed vessel,
permiting pressurization. Plans are underway for doing so. This will lead
to a study of the effect of liquid subcooling on the boiling of liquid nitrogen
under the various fractiomal gravities. Both the sphere and disc heating sur-
face configurations will be used.

10



ITI. HEAT TRANSFER TO A CRYOGENIC FLUID IN AN ACCELERATING SYSTEM

A. General

This study has been concerned with determining the effect of system ac-
celeration on boiling heat transfer with cryogenic fluids. The present work
has specifically dealt with boiling of saturated liquid nitrogen from a flat
surface, using a steady-state technique with electrical heating, and with an
orienteation such that the resulting body forces are exerted in a direction
perpendicular to and toward the heating surface. The acceleration was varied
from a/g =1 to a/g = 18.4, and heat flux convered the range g/a = 2,000 to
40,000 Btu/hr-ft2.

This phase of the work has been completed and the final results are
presented below. Also included is a table indicating the location of the de-
tailed results of the various tests in the previous progress reports.

B. New Test Results

The modifications to the test vessel described in Ref. 1 resulted in a
reduction in the temperature difference across the underside of the main heater.
Except for the lowest heat flux, the temperature difference varied from 5 to
10°F, depending upon the acceleration. No significant differences in results
obtained could be attributed to a large variation of this temperature differ-
ence.

In almost all test runs conducted with acceleration, a definite shift
in T, - Tsat at a/g = 1 occurred after the initial acceleration period, sub-
sequent to which it remained quite stable. It is believed that a "condition-
ing"” of the heater surface took place as a result of the change in bubble sizes
and number of nucleating sites with increasing acceleration. In order to
eliminate this additional factor in the final results, the initial acceleration
was always repeated twice, and the first readings were discarded. This "con-
dition" or "history" effect could itself furnish an interesting problem for
investigation.

1. RUN 32. q/A = 10,130 Btu/hr-ft2

Figure 17 shows the time-temperature data for the various accelerations.
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The thermocouples measuring fluid temperature at two different heights gave
virtually the same values at all times. ATy, the temperature difference
across the heater underside, defined at ATy = Typ - Tg varied from ATp = -T°F
at a/g = 1 to ATg = -4°F at a/g = 18.3.

Figure 18 shows the superheat of the heater surface and of the liquid
nitrogen as a function of acceleration for a given liquid depth. As may be
noted from Figure 17, however, these quantities are independent of depth.
The increase in Ty - Tggqt with acceleration is relatively large (l.5°F) and
did not reproduce the results of two previous tests at this heat flux. In
runs nos. 21 and 27 the increase in Ty - Tggt amounted to 0.6°F and 1.0°F,
respectively.

2. RUN 33. q/A = 20,170 Btu/hr-ft2

Figures 19 and 20 show the time-temperature data and superheats, re-
spectively, for the various accelerations. ATp varied from ATg = -T°F at
a/g = 1 to ATy = -L°F at a/g = 18.3. In Figure 20 the increase in Ty - Teat
with acceleration is noted.

In Figure 19, immediately after subjecting the system to accelerations
of a/g = 14.7 and a/g = 18.%, the surface temperature decreased to a value
slightly below the steady values at a/g = 1 and then returned to the normal
value. At higher values of heat flux this effect becomes much more pronounced,
and will be discussed later.

3. RUN 35. q/A = 30,100 Btu/hr-ft2

Figure 21 presents the time-temperature data for an increased heat flux,
and Figure 22 shows the heater surface and liquid superheats as functions of
acceleration. The heater surface temperature at a/g = 1 appeared to change
slightly with time after each successive acceleration. Had sufficient time
been allowed between each acceleration, a steady value would have been reached.
Estimates of these values were used in plotting the data in the upper portion
of Figure 22, and a slight shift for the various a/g = 1 values still persisted.
To isolate the effect of acceleration alone, the net changes are given in the
lower portion of Figure 22. The value of ATp varied from ATp = -8°F at a/ =1
to ATg = -5°F at a/g = 18.3.

4. RUN 36. q/A = 5,010 Btu/hr-rt°
This run is a repeat of two previous tests (Run 23 and 29) and was in-

tended to discover if any significant changes occurred when ATB was decreased
to AT = -11°F at a/g = 1 and ATg = -8°F at a/g = 18.3. The results are
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given in Figures 23 and 24 and are essentially the same as the previous re-
sults in that Ty - Tgo¢ first increases then decreases with increasing ac-
celeration.

5. RUN 37. q/A = 2,000 Btu/hr-ft®

Figures 25 and 26 show the results conducted at the lowest heat flux.
From Figure 26 it is noted that Ty - Toat increased up to a/g ~ 5 and then
exhibited a pronounced decrease with further acceleration. This is attrib-
uted to the increasing contribution to the total heat transfer of nonboiling
convection, reducing the contribution of boiling and thereby requiring a
lower heater surface superheat.

The value of AT varied from ATg = -13°F at a/g = 1 to ATy = -10°F at
a/g = 18.3, somewhat larger than that at the higher heat fluxes because of
the reduced boil-off rate.

6. RUN 38. gq/A = 39,400 Btu/hr-rt2

Figure 27 shows the time-temperature data for the highest heat flux im-
posed in these tests. The maximum heat flux is expected to be in the vicinity
of q/A = 50,000 Btu/hr-ftzﬂand higher heat fluxes were not employed to avoid
possible destruction of the heater.

As with all of the acceleration tests, the heater surface temperature de-
creases as the liquid level decreases, showing the effect of changes in hy-
drostatic head and hence saturation temperature. The values of Ty - Tggts
however, remain virtually constant, indicating that the effect of the small
Pressure variation on the boiling process is negligible.

After each high acceleration test, the heater surface temperature de-
creased to quite a low value and then began rising again to the value exist-
ing at a/g = 1 prior to that particular acceleration. Thus, in the lower
curve of Figure 27, TH - Tsat also decreases and then rises to an asymptotic
value. This effect has become more pronounced with the higher heat flux.

In Figure 28 are plotted the values of heater surface superheat as a
function of acceleration. The increase of Ty - Tgqt with acceleration is not
as large as at lower values of heat flux, and may be related to the approach
to the maximum heat flux.
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C. Discussion

Table II furnishes a tabulation of the various tests conducted in this
particular program which resulted in meaningful data.

TABLE IT

SUMMARY OF TESTS CONDUCTED IN AN ACCELERATING SYSTEM

Test a/g Heat Flux Location of Comment
No. Range  Btu/hr-ft° Results et
5 1 2,500~ Ref. 2 Impure liquid nitrogen—test vessel
47,000 Figs. 66-70 with no guard heaters
6 1 2,500- Ref. 2 Pure liquid notrogen—-test vessel
47,000 Figs. 71-T75 with no guard heaters
21 1-18.3 10,100 Ref. 3 Pure liquid nitrogen—with new heater
Figs. 28-33  surface assembly.
22 1-18.3 20,100 Ref. 3
) Figs. 3L4-40
2% 1-18.3 5,000 Ref. 3
Figs 41-42
25 1 2,000- This report Test vessel not completely assembled
5,000 Fig. 29 ‘
6 1 2,000- Ref. 1
30,000 Figs. 16,17
27 1-18.3 10,200 Ref. 1
Figs. 18,19
29 1-18.3 5,100 Ref. 1
Fig. 20
32 1-18.3 10,100 This report Outer test vessel modified to re-
Figs. 17,18 duce ATy
33 1-18.3 20,200 This report

Figs. 19,20
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TABLE II (Concluded)

Test §7é Heat Flux Location of o te
No Range Btu/hr-ft2 Results omments
3L 1 2,000- This report Subjected to a/g = 5.6 prior to
30,000 Fig. 29 varying flux at a/g = 1
35 1-18.3 30,100 This report
Figs. 21,22
36 1-18.3 5,000 This report
Figs. 23,24
37 1-18.3 2,000 This report
Figs. 25,2
38 1-18.3 39,400 This report
Figs. 27,28

In almost all tests subjected to high acceleration it was found necessary
to discard the results of the initial acceleration because the value of
TH - TS " at a/g = 1 folloying this acceleration was reduced from that preced
ing it ?e,go, Figures 17, 19, 23, and 27). Also, as was pointed out previously,
at the higher values of heat flux the values of Ty - Tsat at a/g = 1 immediately
following each acceleration run was reduced to a low value and then slowly in-
creased back to an asymptotic value (e.g., Figures 19, 21, and 27). It was
thought that this effect might be the result of the large residual motion in
the liquid induced by the high force fields. However, because of limitations
in the experimental apparatus it was necessary to refill the test vessel with
liquid nitrogen after each high g run, and this process would eliminate any
residual liquid motion. TFurthermore, were this the case, the effect would be
more pronounced at the lower values of heat flux rather than the opposite.

It is believed that the effects observed above can be explained in terms
of the prior history of the active or nucleating sites. A number of workers
have noted a so-called hysteresis effect in nucleate boiling (e.g., Ref. k)
in which the heater surface superheat is larger when increasing the heat flux
than when heat flux i1s decreasing. If the high heat flux due to boiling is
due primarily to the turbulence promoted near the heating surface by the
bubbles, then a higher heat flux requires more active sites. An active site
is conceived as a minute crevice in the surface in which a vapor or gas may
be trapped, serving as a nucleus for bubble growth to take place. A higher
superheat i1s required to initiate the activation of a particular site than to
sustain it, thus the hysteresis effect occurs.

It had been postulated5 based on results obtained with water, that in-
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creased system acceleration results in smaller bubble sizes at departure,
with an attendant decrease in agitation. To provide for a fixed total heat
flux, more nucleating sites then are required, which in turn requires an in-
creased wall temperature. This increased wall temperature has also been ob-
served with liquid nitrogen in the present work.

It is believed that the initial acceleration of the liquid nitrogen test
system results in the activation of additional nucleating sites which there-
after remain activated, thus the observed decrease in T, - Tgyy after this
initial acceleration. At the higher values of heat flux, a relatively greater
number of active sites are formed with acceleration, and when the system is
brought back to a/g = 1 these additional sites remain temporarily activated,
reducing the necessary driving force, T, - Tg,¢. ©Some of these additional
active sites may be unstable at the lower values of T, - T, . and gradually
disappear. Thus for a given heat flux the surface temperature must rise in
order to reactivate some of them, resulting in the behavior shown in Figure

o7.

The values of Ty - Tggtat a/g = 1 were not always reporducible, as is
seen by the various data at a/g = 1 plotted in Figure 29. Figure 30 is a
composite plot of Tw - Tsat versus acceleration for the various values of heat
flux covered. Several of the curves were shifted so that the values at a/g = 1
corresponded to the curve giving the best fit of the data in Figure 29, in
order that the effect of acceleration be more clearly demonstrated.

Figure 31 is a cross plot of Figure 30 and shows heat flux versus
T - Tgaqt for various system accelerations. At low heat flux, the value of
T, - Tsat decreases with increasing acceleration owing to the increasing con-
tribution of natural convection, while at high heat flux this temperature
difference increases. This latter effect has been observed with water? and
has been attributed to the premature removal of the vapor bubbles from the
vicinity of the heating surface, reducing the turbulence induced in the lig-
uld and resulting in a higher heater surface superheat with the condition of
a constant imposed heat flux.

Also included in Figure 31 are the results from the correlation for non-
boiling convection for a geometrically similar system5 for the same system ac-
celerations. It is noted that at the lowest heat flux, q/A = 2,000 Btu/hr_ftg,
the extensions of the nonboiling correlation coincide with the experimental
data at a/g = 15 and a/g = 20, indicating that boiling is completely suppressed.
With liquid nitrogen, it appears that the superheat for incipient pool boiling
lies in range 6-7°F. For water,5 this was found to be 14-15°F.
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D. TFuture Work

The flat heater surface with the acceleration vector normal to it was
selected in order to isolate the effect of acceleration on the boiling process
from the additional effects of nonboiling natural convection as far as possi-
ble. In the other cases of interest, however, as in the side walls of LOX
tanks subjected to vehicle acceleration and ambient heating, the acceleration
vector is parallel to the heating surface, and the total heat transfer may be
expected to be dependent to a greater extent on the nonboiling effects.

As the next effort, it is proposed that the effect of system acceleration
on heat transfer to saturated liquid nitrogen be studied for the case where
the acceleration vector is parallel to the heating surface. Figure 39 of Ref.
6 indicates the type of heater configuration contemplated. The heat flux range
would cover q/A = 1,000 - 40,000 Btu/hr-ft2 and the acceleration would be in
the range 1 < a/g < 20.

The same contrifuge previously used would be available, and the present
test vessel, with minor modifications, could alsc be used. Since the process
is expected to be a combination of nonboiling and boiling effects, an attempt
would be made to account for the influence of acceleration by means of super-
position of these phenomena in the correlation of the data.

The size of the centrifuge restricts the present study to saturated lig-
uid nitrogen, since the additional space to achieve subcooling is not avail-
able. Should the results of this study indicate that tests with subcooled
liquid would be desirable, a large contrifuge consisting essentially of a
scaled-up version of the small one has been constructed and is in use in the
laboratory. This unit not only is capable of handling test packages of larger
size and mass at higher accelerations (100 lbm at a/g = 1,000, or 200 lbm at
a/g = 500) but is more versatile in instrumentation capabilities, and permits
high-speed photographs (25,000 frames/sec) of phenomena in the centrifuge
while under rotation.

For further future efforts, consideration might be given to the modifica-
tions in present equipment necessary to utilize the transient technique for
studying pool boiling of saturated liquid nitrogen at high accelerations. This
would permit measurements in the maximum heat flux and film boiling regions
not possible with steady-state electrical heating methods. Either spheres or
flat discs, or both, could be used.
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IV. INJECTION COOLING

A. Bubble Dynamics

1. PREVIOUS STUDIES

An outline of the anticipated bubble dynamic studies in connection with
the gas injection cooling process was given in Ref. 2, p. LO. 1In accordance
with this, the dynamics of the single bubble has been investigated for the
cagse of a nonsoluble gas. First, for the stationary bubble , a quasisteady
model based on the assumption of uniform gas composition at all times was
solved approximately by the use of source theory (Ref. 3, p. 30 ff.). Sec-
ondly, for the single bubble moving with constant translation velocity and
employing the same quasisteady assumption of uniform gas composition, an ap-
proximate solution was obtained based on the "penetration” theory (Ref. 1,
p. 17 ff). Comparison of these solutions (Ref. 1, Figure 23) confirmed the
anticipation that translatory motion accelerates bubble growth.

The assumption of ﬁniform composition of the gas phase can be justified
for the case of a bubble having translatory motion, owing to the induced
circulation of the gas. For the stationary bubble, however, this assumption
is valid only when the process of molecular diffusion of mass inside the bubble
is much more rapid than the molecular diffusion and convection of heat in the
liquid, providing for evaporation of the liquid component at the bubble inter-
face. Particularly during the early stage of bubble growth the existence of
a nonuniform concentration distribution in the gas phase could be expected to
reduce the growth-rate. A tentative analysis, based on the theory of sources
and considering a distributed gas phase, was given in Ref. 9, p. 28 ff.

2. NEW WORK

A more detailed study, reported separately,lo includes analysis and ex-
periment for the single bubble initially containing respectively a nonsoluble
and a soluble gas. For the nonsoluble gas case, primarily of interest for
the injection cooling, the solutions to bubble growth for small and inter-
mediate values of time are obtained by the integral technique, considering a
distributed gas phase, while the asymptotic solution, based on a lumped gas
phase, is obtained by source theory. Analytical solutions are given to the
initial behavior of bubbles containing a soluble gas, and to the collapse of
soluble gas bubbles in a nonvolatile liquid. The study includes experimental
results for the growth and collapse of stationary and moving single bubbles
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of nitrogen, helium and, ammonia injected into water. For stationary bubbles

of a nonsoluble gas, experimental bubble growth agrees well with analytical
predictions based on the assumption of a distributed gas phase, indicating

that this is a realistic model for this case. The experimental studies further-
more illustrate the influence of translatory bubble motion on growth and col-
lapse rates, and the influence of liquid volatility and gas solubility on
collapse rates.

In the experimental study of bubble growth, water was used instead of a
cryogenic liquid to facilitate high-speed film recordings providing data for
bubble size versus time. Despite the relatively large values of the govern-

ing rate-parameters

Jacob number: Ja = ég:) Ll

Iukomskiy number: Im =

for the Hs0-No systems, the experimental results were consistent with the
theoretical preductions for the stationary bubble. It can thus be concluded
that inertia effects—omitted in the analysis—play a negligible part in the
transient. In view of the consistently lower values of the governing parameters
(Ja and Iu) for cryogenic systems, as seen from Table III, the analytical re-
sults can be expected to apply directly to such systems, for which bubble
growth-rates consequently will be considerably smaller.

TABLE IIT

COMPARISON OF CHARACTERISTIC PARAMETERS FOR BUBBLE GROWTH
NONSOLUBLE GAS CASE

System Ho0-N> H-0-He LOX-He LH>-He

T 200°F 200°F 180°R 5L°R
platm) ~1 ~1 3.1 8.1
Ja-number 100 100 12.6 2.h
Lu-number 200 600 L.6 3,33
a' (em®/sec) 0.00167 0.00167 0.00811 0.00125
Pseudo time-con-

stant t(Q = 63.2)(sec)

R, = 1/8-in., %, = 0.8  0.072 0.0%0 0.575 b1.5
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This is illustrated in Table III, where for the stationary bubble, initially
of size Ry = 1/8-in., the pseudo time-constant t(Q = 0.632) for 63.2% comple-
tion of bubble-growth Q@ = (P-1)/(P_-1), is given. The example considers an
initial gas composition of pure injection gas and a dimensionless liquid-sub-
cooling of 0.2 (i.e., an equilibrium gas composition at the liquid temperature
of x, = 0.8).

Next, relative dimensionless bubble-growth from previous studies (see
Figure 23 of Ref. 1) is compared in Figure 32 with the predictions from the
new analysis,lo It may be concluded that for the stationary bubble it is
necessary to include the mass transport in the gas phase, and that this re-
sults in considerably slower growth-rates than for the lumped gas case. The
predictions for the bubble having translatory motion, assuming a uniform gas
composition,” is probably not conservative, and growth-rates smaller than
those shown in Figure 32 can be expected.

Finally, the results of the analytical and experimental studies for the
growth of a single bubble may be summarized as follows in regard to the gas
injection cooling process.

(1) Growth rates for single stationary bubbles of a nonsoluble gas
can be predicted from analysis.

(11) Induced acceleration and translatory motion owing to buoyancy
effects increases the growth-rate and need be considered.

(1ii) The slow growth-rates of bubbles in cryogenic systems suggest that
bubbles injected at the bottom of a vertical column are effective in cooling
this over a considerable height, providing nearly uniform cooling at all times,
and that for short columns the injected gas may not become fully effective.

3. FUTURE WORK

In light of the results of the analytical and experimental study for
gsingle bubbles and available experimental results for the cooling of vertical
columns by gas injection the scope of the future investigations is proposed
as follows.

(i) Single moving bubble.—Modification of the previous analysisl to
account for mass transport by diffusion and convection in the gas phase,
actual shape of the rising bubble and gas solubility, and experimental studies.
Although very valuable for testing the analysis for the stationary bubble and
showing qualitatively the influence of translatory motion, the previous ex-
perimental studieslO need modification to provide the desired results for the
moving bubble. Because of the large values of the governing parameters for
bubble growth for the water-nitrogen and water-helium systems (see Table III)
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a significant part of the growth (60—70%) occurred before the bubble could
depart from the injector and be accelerated to a steady rise velocity (see
Figures 45 and L6 of Ref. 10). The slower growth-rates for cryogenic systems
imply that the major growth occurs during bubble rise, assuming the time for
bubble departure unchanged. It is thus desirable to isolate the effect of
translatory motion in future experiments.

(ii) Ensemble of bubbles. —Experimental study of the influence of
mutual bubble interference and a finite liquid domain on the bubble growth
rates.

(iii) Distributed system analysis of gas injection into a vertical lig-
uid column.—This ultimate analysis, representlng an extension of the pre-
vious analysis for the lumped system, 2,359 would incorporate the results of
the study of single bubbles and ensembles of bubbles to enable prediction of
optimum injection pattern and the influence of system geometry on the ef-
fectiveness of the cooling.
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V. INTERFACE HEAT AND MASS TRANSFER IN A SUDDENLY
PRESSURIZED LIQUID-VAPOR SYSTEM

A. Introduction

The dynamics of interface diffusion has recently attracted considerabls
attention owing to its important application in several fields of engineering.
An example of such an application is the pressurization of a cryogenic liguid
container. The essential feature of phase growth in general is the existence
of a moving interface between two phases, with the liberation or absorption of
heat on it. If the system has initially a uniform temperature distribution
in each phase, the movement of the interface is characterized by the well-
known X(t) = EkuJaz‘law (the phase change grows as square root of time), whicn
also represents the phase growth rate.

For the phase change in a suddenly pressurized one-component liquid-vapor
system Thomas and Morsell have obtained an exact solution for the mass flux
of condensate or evaporate across the interface. The interface is assumed to
be at the equilibrium saturation temperature corresponding to the final ullage
pressure. The integral technique is applied to obtain an approximate solution
in a closed form by Knuth.l2 He has shown that the expression for the rate
of the interfacial mass diffusion may be reduced to a simple linearized form
if the latent heat is large in comparison with the change in enthalpy between
the initial and final states, for each phase. An investigation of transient
condensation of pressurant gas on insulating substrates is presented in Ref.
15. The variables and physical properties which govern the residence time of
the condensate layer are examined. In Ref. 14 an analysis is made of the
phase change of one-component systems in a container. The time-dependent tem-
perature distribution, and interfacial location, and the rate of phase changs
at the interface are obtained in a closed form. Reference 15 presents an
analysis of the phase change across the interface of a suddenly pressurized,
multi-component liquid-vapor system. The time dependent temperature distribu-
tion, the interfacial growth, and the rate of condensation or evaporation at
the interface are obtained.

In a previous study9’l6 the source theory was applied to obtain approximate
solutions for determining (a) the growth of a vapor bubble in pure liquids and
binary liquid mixtures, and (b) the growth and collapse of a noncondensing,
nonsoluble-gas bubble in a pure liquid. These approximate results for case
(a), which yield an explicit expression, exhibit good agreement with the exist-
ing exact solutions in the transcendental form.
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This study presents the application of the source theory to the phase
change across the interface of a suddenly pressurized multi-component liquid-
vapor system. The nature of this problem is different from those of the pre-
vious study.l The former treats the interfacial heat and mass diffusion in
semi-infinite regions, while the latter treats radial flow of heat and mass in
spherical regions. The resulting approximate solutions compare favorably with
Ref. 15 and are of a considerably simpler form.

B. Formulation of Problem

An insulated container is partially filled with a multi-component liquid
in equilibrium with a mixture of its vapors at Ty, the saturation temperature
corresponding to the initial system pressure P,y. A pressurant consisting of
a number of components is suddenly introduced into the container resulting
in the instantaneous change in the gas pressure to P”Oo and its temperature to
T" . This change in the pressure level is accompanied by condensation or
evaporation in which the latent heat is absorbed or supplied at the interface.
Assuming both the liquid and vapor regions to be semi-infinite in extent,
the study is aimed at the solution for the time-dependent interfacial loca-
tion and the rate of phase change at the interface. A schematic illustration
of temperature and concentration distributions in the liquid and vapor regions
at several different times is presented in Figure 33.

The following assumptions are imposed on the solutions:

(i) Thermal properties are assumed independent of temperature and
composition for each phase and each component.

(ii) Effects of natural convection do not exist.

(iii) At the instant of pressurization, the interface temperature and
compositions immediately adjusts to that of the thermodynamic phase equilibrium
at Tg, C'ig and C"ig corresponding to the final system pressure P"w. This
contradicts the Kinetic theory in that a net mass flux is realized only if
there exists a nonequilibrium state at the interface. However, it is found
in Ref. 15 that the differences between interface temperature and compositions
and those of equilibrium are small and may be neglected except a very short
time immediately subsequent to the disturbance.

(iv) Ideal vapor and liquid phases are assumed.
(v) The mass diffusivity D for each phase remains unchanged.

With these assumptions, the equations governing heat and mass diffusion
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in each phase are solved with the appropriate initial and boundary conditicns
for n-components in Ref. 15. The temperature and concentration distributions
are coupled at the liquid-vapor interface by the assumption of equilibrium
conditions at the interface. This results in a transendental equation for the
determination of A, a growth rate parameter of the interface. It is due to
the complexity of this transcendental equation that an approximate solution

is sought to evaluate A by the application of the source theory.

Forstert! has developed a method to obtain the analytical solution of
the problem of diffusion in a moving medium with time-dependent boundaries.
His method involves the golutions for the associated problem of diffusion in
a stationary medium with stationary boundaries. Then assuming that the bound-
aries move stepwisely with time, the solutions for diffusion in a moving
medium with moving boundaries may be obtained by the use of Green's function.
Since this method has been introduced previously,9 it ig not presented here
in detail.

C. Solutions

1. PHASE CHANGE IN ONE COMPONENT LIQUID-VAPOR SYSTEM

The interfacial motion due to phase change in a one-component ligquid-
vapor system 1s governed by the rate at which latent heat of vaporization
can be supplied at the liquid-vapor interface.

Congider transient heat conduction in- two gemi-infinite regions, of which
one has a heat source: Suppose that the region X < 0 is the liquid phase of
the one component system at temperature T, at infinity and that the region
x > 0 is the gas phase at temperature T", at negative infinity. If there ex-
ists a unit instantaneous plane source of heat at t = O at x* in the r=gion
x < 0 it is desired to determine the Green‘s functioans for this problem.

From page 363 of Ref. 18 the Iaplace transform of the appropriate Green's
functions for both liquid and gas temperatures may readily be written as: 1ig-
uid region, x <O

-q' | x-x* ; b ; gt
E*(x 5 - e | x-x l . (k' /aL_kH ]a,)qu(x+x*) . &EQ‘To)eq X X T,
’ 20'q! 2atgt (k' Val+k" Vat) 7 kv fa” 5
k" Ya
(11)
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gas region, x > O

_a" § X 1
E‘.”(X ,‘) _ k'e 4 x7e X (TO T ) 4 + TC;
] = n\]'—'(k \]——"*'k”\/—) é_}_l_{_'_’_ o s

The inverse laplace transformation of Egs. (11) and (12) give: 1liquid

region, x <0

2

)2 _ (xx*)

(x-x*
T, (Ve wat)el T T X
T (x,t) = St 4 L+ =0 erf - + T
o) 2Vt (k \f——’+k"\f—’)\/nat 1+ g\[@: 2No ©

k"o
(13)

gas region x > 0

1 M - Lot _mn

™ (x,t) = + 9
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. k

If the heat source is located at the interface x = 0, (i.e., x* = 0) the
temperature increment at the interface at time t due to an amount of heat th(y)
liberated on the interface at time y may be obtained from Eqgs. (13) or (14) b
substituting x = 0, x* = 0 and t-y; hence

| Tg- —=2—= . th (15)
< E <1 _\[ )fa“?gr

If the interface moves by dx(y), an amount of heat

p'Cp'dQt(y) = o'hrgX(y)ay (16)
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is releasged constituting a distributed plane heat source.

For the problems of phase growth in an initially uniform temperature
field, the interfacial movement is characterized by the well-known expression

x(t) = oot (17)

where N is a constant characterizing the interfacial motion and is positive
for condensation, negative for evaporation.

Therefore the combination of Egs. (15), (16), and (17) gives

1"
. % 1) = Mifgdy (18)
+ EF I&T Cp'<é J—T:>V“Y t-y)
Integration of Eq. (18) gives the interfacial temperature at time t:

thg T” TQ

(19)
' <: J (pCpk) :> J—§%§£Z%

N, the growth rate parameter of the interfacial motion, for one component
liquid-vapor system may be expressed as

Ts

A= Tg-Tp- —=2—0 (20)

2. PHASE CHANGE IN MULTI-COMPONENT LIQUID-VAPOR SYSTEM

If both the liquid and gas phases are mixtures of multi-components, the
rate of interfacial movement is controlled by the transport of heat and mass
at the interface.
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Consider transient mass diffusion of an n-component mixture in two semi-
infinite, liquid-vapor system in which one has a mass source: Suppose that
the region x < 0 is a liquid phase of a n-component mixture at concentration
Cio at infinity and at the saturation concentration C{  at the liquid-vapor
interface x = 0. The region x > 0 is a gaseous phase of the n-component mix-
ture at concentration Ci  at infinity and at the saturation concentration
Cgs at the interface. If these exists a unit instantaneous phase mass source
at t = 0 at x* in the liquid region x < O the appropriate Green's functions
in the laplace transform for liquid and gas phases may be obtained from page
363 of Ref. 18 as:

for liquid region x <O

1

- | xex* U ( xbye*
g o enlel “’”-(i_su‘i’ o) p'x ;G (a)
1 2D'p! 2D'p! D' S S

for gas region x > 0

Lo (22)

Performing the inverse Laplace transformation on Egs. (21) and (22), one
obtains :

liquid region, x <O

. LDt . LDt DT X
CHx,t) = + - = (c¥_-C! )erfe - + Cf
1 2\nD' oVaD't pr 18 i 2D 1o
(23)
gas region, x > 0
P
Ci(x,t) = (ci -Cig)erfe T + Ciw (2k)

If the mass source is located at the interface x = 0, the concentration
increment of the liquid phase of the i-th component at the interface at time
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t due to an amount of mass p’dQci(y) evaporated on the interface at time y
may be obtained from Eq. (23) by substituting x = 0, x¥ = 0 and t = t-y:

! " 1 D i dQ. i (,Y)
d[cis+(cis’cioo)\[}:r 'Cio] = Ty (25)

If the liquid-vapor interface moves by dx(y), an amount of mass of the
ith component

p'dQe; (y) = p'X(y)cidy (26)

is condensated constituting a distributed plane mass source. The combination
of Egs. (15) and (16) gives:

1 1 D” )'((.Y)qudy
a[Ci+(CYy-Cla) | = Cp| = =LA (27)
[15 187Vl D! lCJ oy (t-y)

Integration of Eq. (27) for the mole fraction of the ith component in
the liquid phase at the interface at time t yields:

.t' N
X(y)Cisdy | o wy [D
o = [ Moo o) |2 (28)

-8 o NxD'(t-y) D!
By substituting Eq. (26) into eq. (28), one gets

nQ! " " 1 D"
Cis = 7‘\“}; Cfs *+ Cio * (CYg-Cla)\| 57 (29)

This equation may be regarded as an expression for the determination of
the growth rate parameter in a multi-component liquid-vapor system at iso-
thermal state.

The interfacial temperature Ty for the ith component in the multi-com-
ponent liquid-vapor system is identical with Eq. (19).

In order to couple the temperature and concentration distributions, it
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is necessary to introduce an additional boundary condition, that is:

The temperature-concentration relation may be expressed by the equilibrium
condition at the interface

write:

Cj'_s fj’_(Ts)P;))

c! = f

' = FI(TG,E)

The total interface mass transfer NT is
g d
Np = p'f ﬁdt - o' Va't (31)
o}

3. SPECIAL CASES
a. Phase Change in Binary Liquid-Vapor System
For a binary-component liquid-vapor system, if the relationship between

temperature and concentration at the interface may be approximated linearly
as shown in Figure 3k, one obtains

oCi
rooZoo =i ! = P" -
cl Cl +<8T (T, Tw,sat) at P P! (32-a)
and
or oot = Li)(r ) app=p (32-b)
is 7 Yiew T\ 37 s ", sat T T )

Substituting Egs. (19) and (29) into Eq. (32-a) to eliminate T, and
Cis, one obtains
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dC! T "

) RN R i
1+ ———41——;

N = pC k) (%3)

Jv'ls (ﬁg(}(m

The gas composition CE is a function of the interface temperature Ty and
can be eliminated from Eq. ?55) by Egs. (20) and (32-b), resulting in a quad-
ratic equation in A.

b. Zero Condensation Rate
This particularly interesting special case, A = O, is the case separating
condensation from evaporation. From Egs. (20), (29), and (33) it is obvious

that A = 0 if the following conditions hold:

(i) One-component liquid-vapor system

Ts-To 1
N oy (54)
° l+ 1
(pCpk)
(11) Multi-component liquid-vapor system at isothermal state
[ ?
Cs4-Cs D"
1" -C" = ']')T (55)
jo is

(iii) Binary-component liquid-vapor system

D
H
€ (0401 ) T + Clo-CLe ”
O/ 5 S .
pCpk t o o, 53t

(pCpk)"

1+

Or by the substitution of Eq. (35) with i = 1 into Eq. (36), one gets
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o) . oo, cat 57)
oT b ToTo 1 ’
TooTeo, sat pCpk)
(pCpk)"

D. Comparison of the Results by the Source Theory and the Exact

1. SOLUTIONS

The exact solutions which give the growth rate parameter as obtained in
Ref. 15, may be expressed as follows:

(1) One component liquid-vapor system

Ty |
——— = A'(N) (Lterfr) (38)
T T

where
-k27T2
3 f
AT = _}\;,?xer c(?’T?») +_>(31-ée S (39)
e erfe(yph)+ore ™ 7T (1+erf))

T (ko)

p \teero

_ ol far
7’]:' - p"\loc" (Ll'l)

(pCpk)!

(i1) Multi-component liquid vapor system at isothermal state
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is-Cio)e i) _ oo [E( Cis _ Cis
= np A DT\ p" o
l+erf6\,%'—> _erfc@ T",F}
p

(iii) Binary-component liquid-vapor system

ol
I
n

o, mf < 3( \\E> <BC'1’\[F K
l+erf6 J%) l+erf<\r > erfCQ‘ %J%’—D

(44)

ac" <
Arp! x\f—zt— oT :U _Tahsath’(X)(T&rTO)(l+erﬂK)]

For the zero condensation rate, A = 0, eqs (38) and (34), (43), and
(35), and (44) and (36) become identical. If gas phase is lumped, that is
Ts = To, and A is small, then both Egs. (20) and (38) reduce to

_ CE' (T;)'To) <)-I-P)

The comparison of the results by the source theory and the exact solu-
tion for this case is graphically illustrated in Figure 35. Similarly if A\
i1s sufficiently small such that all error functions and exponential functions
which are functions of N may respectively be approximated by O and 1, then
Egs. (23) and (35), and (4b) and (36) will also be identical.

Figure 36 shows the comparison of the results by the source theory and
the exact solution of liquid-vapor nitrogen system that has been pressurized
from one to three atmospheres. The agreement is good for low values of N and
T '; T”- .

S oC
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The comparison for two-component liquid-vapor systems of helium-nitrogen
pressurized from L4 atm to 20 atm and oxygen-nitrogen pressurized from 1L.7 to
75 and 150 psia is given in Figures 37 and 38, respectively. They show that
the agreement is qualitatively good and quantitatively acceptable.

2. CONCLUSIONS

The source theory which has been applied to bubble dynamics of spherical
geometry in Refs. 9 and 16 is extended to the problem of interfacial heat and
mass transfer in multi-component systems of semi-infinite extent. The approx-
imate solution obtained for the growth rate parameter is of a considerably
simpler form. For a one-component liquid-vapor system the comparison exhibits
good agreement between the exact and approximate results for any values of
the growth rate parameter, if the gas temperature at infinity does not exceed
the saturation temperature by too large a degree. Numerical comparison for
the binary-component liquid-vapor systems also shows that the approximation
is acceptable for low values of the growth-rate parameters. From the previous
and the present work, the conclusion is reached that results predicted by
the source theory are dependable for low values of the rate of phase change.

The applicability of the source theory is not limited to the systems of
semi-infinite or sphericdl geometries such as bubbles. It can be extended to
the systems having rectangular and rectangular parallelopiped boundaries, and
to systems consisting of composite regions, etc. However, due to the com-
plexity arising from mathematical functions related to the cylindrical co-
ordinates, such as Bessel functions, the analysis would become rather in-
volved if the system is of cylindrical geometry.

If phase change occurs in a system with initial temperature field, for
example, the growth and collapse of bubble in subcooled boiling, the source
theory would give more complicated results because the interfacial movement
would not follow the x(t) = 2\ Nat lav.
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VI. TRANSIENT IAMINAR FREE-CONVECTION HEAT AND MASS TRANSFER
IN CLOSED, PARTIALLY FILLED LIQUID CONTAINERS

The two-dimensional, laminar transient natural convection heat and mass
transfer in a closed rectangular container having a liquid-vapor interface has
been studied. Several cases with different boundary conditions, including
constant wall heat flux, change in wall temperature and pressurization have
been treated. These studies represent the initial stages of a program pres-
ently being conducted to study the transient velocity profiles, temperature
stratification and pressure histories in such containers.

The problem is formulated from the complete Navier-Stokes equatidns
coupled with those from the first law of thermodynamics and the conservation
of mass. Boundary-layer approximations are not made since the geometry and
boundary conditions invalidate complete boundary layer flow and require addi-
tional momentum considerations not usually found in boundary layer calcula-
tions. The x-momentum, the y-momentum and the continuity equations were
coupled to obtain the vorticity transport equation. The solution of the
governing partial differential equations, namely, the energy equation and the
vorticity transport equa%ion, was carred out numerically using the finite-
difference approximation. Special attention is given to the problem of con-
vergence and stability of the numerical solution.

Calculations have been carried on for different levels of heat flux and
different values of interfacial temperature. The calculated temperature pro-
files show clearly thermal stratification of the liquid layer near the liquid-
vapor interface. The obtained flow patterns indicated that for small time
periods, the flow is of the boundary-layer type, except near the bottom and
the liquid-vapor interface.

The full study, briefly summarized above, is reported separately in

Ref. 19, giving the details of the analytical work and a complete discussion
of the results.
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VII. TRANSIENT BOILING ON INSUIATING SUBSTANCES
FOR CRYOGENIC APPLICATION

A. Introduction

The problem of phase change, such as bubble growth, interfacial condensa-
tion or evaporation, etc., may be analyzed as an initial value problem. The
interfacial movement due to phase change in a system initially with a uniform
temperature field as shown in Figure 39 is characterized by the x(t) = QB'JEE
law (which states that the phase change grows as square root of time.) Refer-
ences 14, 18, and 20-25 deal with this type of problem. However, if the sys-
tem is subcooled and initially has a nonuniform temperature field as illus-
trated in Figure 40, the phase formed grows to a certain size and then starts
to collapse. This problem was treated in Refs. 13, 26, and 27.

Problems concerning heat transfer with phase change have attracted great
interest during the last decade. Typical examples are boiling heat transfer
and interfacial heat and mass transfer. The latter has an extensive applica-
tion in the pressurization of a cyrogenic liquid tank in space vehicles.

During the initial stages of the charging process of a cryogenic liquid
into a container, boiling may occur on the surface of the container. This
results from an initially high temperature difference between the container
surface and the cryogenic liquid. If the temperature difference is suffi-
ciently high, film boiling occurs first on the container surface, later followed
by nucleate boiling. It is desirable to reduce the boiling phenomenon in order
to prevent boil-off of the cryogenic liquid. This can be accomplished by
pressurizing the containers or by lining the inside surfaces of such con-
tainers with a low-density, insulating material.

In this study, the mechanism of the transient film and nucleate boiling
in a subcooled liquid is presented. The transient boiling on insulating sub-
strates in the container suddenly filled with the cryogenic liquid is analyzed.
Variables and physical properties which govern the growth and collapse of (1)
the vapor film on the substrate during film boiling, and (2) of a bubble on
the substrate during nucleate boiling are defined and examined. In addition,

a definition is sought for the physical properties of the container and cryo-
genic liquid which give low rates of growth and collapse of a vapor film and
a bubble.
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B. Transient Film Boiling

1. STATEMENT OF THE PROBLEM

The heat transfer process which occurs during film boiling in a nonuni-
form temperature field may be described as follows: One may imagine that the
formation of vapor phase at the interface between the liquid and the super-
heated container surface is started by a small explosion. In order to initiate
the explosion the liquid temperature at the interface has to be considerably
higher than its saturation temperature Tggt. During the change of the liquid
interfacial temperature from the initial value T, to Tex a value high enough
to spark the explosion, heat diffuses continuously from the container surface
to the liquid. This results in a formation of an initial temperature distribu-
tion in both liquid and solid phases as illustrated in Figure L1. The initial
temperature distribution is assumed to be a straight line distribution, and
the thickness of the thermal boundary layer formed in the liquid phase is ;.
During the small explosion which starts the formation of the vapor phase, the
temperatures of the liquid-vapor and solid-vapor interfaces, because of the
heat of vaporization, drop immediately from the superheat temperature Ts* to
the saturation temperature as shown in Figure 42. As a consequence of the
heat transfer from the liquid to the vapor, the liquid near the interface is
being cooled progressively from the interface toward the bulk and the thermal
boundary layer increases in thickness as the thermal disturbance advances into
the liquid. However, since the initial temperature in the liquid is not uni-
form, the temperature drop across the thermal boundary layer constantly de-
creases as the thermal boundary layer thickness increases.

2. ANALYSIS

The transient thermal boundary layer set up before the formation of a
vapor film may be obtained by solving the following two conduction equations

i 92Ty
i e (46)
oT, 92T,
el )
with the initial conditions
T4(x,0) = Tgw for x <O (48-a)
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Ty(x,0) = Ty Tfor x>0 (48-p)

and the boundary conditions

T5(0,7) = Ty(0,T) (49-2)
L (19-b)
Ts("wﬂ') = Tsoo (l‘@"C)
Tp(0,7) = Tyoo (L9-4d)

The solutions to this problem is found as follows; solid temperature

l+erf
TS(X)T)'TSOO _ 2 '\7055’1' (50)
Ty T oo 14 ZpCpkﬁs
(pCpk)

liquid temperature

X
erfe
T,ﬂ(XJT)‘T[oo - 2:106[1' (51)

The actual temperature distribution in the solid near the container sur-
face is assumed to be a straight line distribution as determined by

aTS(O)T) - Tgoo~T poo




The transient thermal-boundary layer thickness after a waiting time To is
obtained as

T . ~T.(0,7.)
- Zswts\ ol ]
61 = aTS (O’To) n’OtsTo (55 )
ox

Similarly, by assuming the actual temperature distribution in the liquid
phase near the container surface to be a straight line, the transient thermal-
boundary layer thickness is found as

T .(0,7.)-T
I At Al oLl 1- BN Beppy
6£ = BTK(O',TO) 0y To (54)
ox

After the vapor film is formed, the temperature distribution in the
so0lid may be obtained by solving the governing heat conduction Eq. (46) with
the initial conditions

T4(x,0) = Tggt *+ (Tegt-Tsoo) éi for 0> x > - &g (55-a)
S
= Tgo for - dg > x> - ® (55-b)

and the boundary conditions
Ts(0,7) = Tsat (56-a)
Tg(-0,7) = Tgw (56-b)
The temperature gradient at the solid surface is

dT5(0,7) Tsat ) Tsat-Tsoo . Os

= —— erf
Ox JﬁasT Bs : JhasT bT)
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Similarly as the phase growth progresses, the temperature distribution
in the liquid is determined by the conduction Eq. (47) subject to the follow-
ing initial and boundary conditions.

Ty(x,0) = Tagt - (Tsat-Tfoo) 5% for 0 < x < Bt (58-a)
= Tyew for o>x > 8 (58-b)

T4(0,7) = Tgat (59-a)

Tp(0,7) = Thoo (59-b)

The x-coordinate is fixed on the liquid-vapor interface. The temperature
gradient of the liquid at the liquid-vapor interface may be written as

3Ty (0,7) _ Tsat Tsat-Tgw orf i

(60)
Ox N0y Oy J;&F

Considering the heat balance on the lumped gas phase, the heat trans-
ferred from the solid surface and the heat transferred from the thermal bound-
ary layer in the liquid phase are consumed as latent heat of vaporization at
the liquid-vapor interface:

Ts(O,T ‘ : .
g & <, Bl 0] @

or

ax _k.s_<_T_s_a_t_ _ Tsat-Tew o _Bs_> o5 (Tsat | Tegt-Tio o By >

d Pyhrg \ x0T b5 Viogr/ — pvhfg J Q0T Oy N boty,

-

(62)

The integration of Eq. (62) with respect to time T gives

59



_ V1 2Tsat : 0y Tsat-Tsw Tsat-’Tﬂoo]
S AR N T = ey

(63)

e RIS

Loy 2 N o Lot ) —L
<_6%erf +\/'—;"‘—6'iie zT_EeTfC'\/_M%-Q‘J
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i

The maximum thickness of vapor film is formed at T, ., which may be found by
equating Eq. (62) to zero:

erf 08 [l+ (pCpk)s | Taat
N 4oy Tnax .2 L\ (pCpk) g JTsat-Tgoo (64)
oy Vi . chnkjﬁg Tsat-Tw
\Maﬂmax (pcpk)i Tsat-Thw

erf [To_ erf 0 b (p@pk)s Teat
\ Tmax - ax . 2 (oCpk) g JTsat-Tm (65)
S o4 Vr 14 [16Cpk)s Tsat-Tsw
Tmax Omax \ \w (pcpk>l Tsat-Tlo

where ®p., is the maximum thickness of the vapor film.

At the time the temperature gradient in the liquid becomes negative, the
vapor film starts to collapse and the vapor-liquid interface moves back toward
the solid.

C. Transient Nucleate Boiling

1. STATEMENT OF THE PROBLEM

During the time the film boiling is in progress, the bulk temperature of
the substrate decreases owing to heat transferred to the fluid through the
vapor film. After the vapor film disappears completely from the solid surface
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and the liquid adjacent to this is sufficiently superheated, two ilmportant
processes follow: the formation of bubbles and the subsequent growth of these
bubbles.

In Ref. 29 Jakob described the growth of a bubble on a heated surface
as started by a small explosion. His conceptual model may be modified to
suit the subcooled boiling at a heated surface as follows: As a bubble is
detached from the surface, a volume of cold liquid rushes in and replaces the
space previously occupied by the bubble at the superheated surface. This sit-
uation creates the initial condition at which the heating surface and the lig-
uid are respectively at uniform temperatures Tgqeo and Tge. Subsequent to this
moment, heat transfers from the heating surface to the liquid by pure conduc-
tion. This assumption is justified since the convection intensity near the
heating surface is damped down due to the no slip boundary condition for a
solid surface. As the waiting time increases, a thermal boundary layer is
set up in the liquid. The temperature distribution in this thermal boundary
layer is assumed to be linear for the sake of simplicity.

During the waiting period, a bubble is initiated with the cavity radius
Ro. This bubble is in the condition of thermostatic equilibrium, which sat-
isfies the equation

o= 2 (66)

It temperature is uniform and equal to the surface temperature. Further-
more the bubble in waiting is in contact with the liquid having a linear dis-
tribution in temperature initiated during the waiting period. During the
small explosion which starts the growth of a bubble the interface temperature,
because of the heat of vaporization, drops immediately from the superheat
temperature to Tg ¢, the saturation temperature corresponding to the vapor
pressure of the bubble. As a consequence of the heat transfer from the lig-
uid to the vapor bubble, the liquid envelope is being cooled progressively
from the inside toward the outer boundary; a temperature boundary layer is
created with a constantly decreasing temperature drop. This thermal boundary
layer increases in thickness with the thermal wave, which advances from the
vapor bubble interface into the liquid, has reached the outer limit of the
hydrodynamic boundary layer. The decrease in thickness of the hydrodynamic
boundary layer due to the evaporation at the interface is a small fraction of
the total thickness. The conceptual model is shown in Figure U43.

2. ANALYSIS

For simplicity in the analysis, i1t is assumed that the one dimensional
case may be converted to the three dimensional case by the introduction of a
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curvature factor. The following assumptions are also imposed on the analysis:
(1) No convection in the liquid other than due to the bubble itself.

(ii) No change of mass of fluid due to change of phase through the
vapor-liquid interface.

(1ii) After initiation of the bubble, no effects on the bubble growth
due to inertia and surface tension of the liquid.

(iv) Constant fluid properties.
(v) Spherical bubble surface.
(vi) Uniform bulk fluid temperature and pressure.

The results obtained above for transient film boiling for the temper-
atures gradients at the solid-liquid and liquid-vepor interfaces, Egs. (57)
and (60), may also be applied to the transient nucleate boiling, Using the
criterion for bubble initiation from a gas filled cavity on a heating sur-
face at constant temperature, Han and Griffith27 have obtained the waiting
period as

‘ 2
.2 .
Té - o) - 4 Re (Ts~T o) (67)
0l Loy, 20
Ts‘Tsat 1+
npvhf

Referring to the conceptual model shown in Figure 4% and including the
effect of curvature, the governing heat balance equation for bubble growth

is

dR\. Ty (0,1 ‘ ooy OT4(0, .
'O'vhfg@R‘2 d—DFv = FoFgky(knR®) —%X_T'l + Fpkg (brR?) -—*‘-—-——-éx 7). (68)

where F, = Volume fraction of the actual bubble
l D /

= 1-7 [2(1-cos #) - sin® ¢ cos ¢] (69)

Fqy = OSurface-area-in-contact-with-the-liquid fraction of the actual bubble
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= % (1# cos §) (70)

Fy = surface-area-in-contact-with-the heating-surface fraction of the
actual bubble

sin2¢

= =L 1
; (71)
¢ = contact angle
FC = curvature factor where 1 < F, <ZJ5 as presented in Ref. 27
The substitution of Egs. (57) and (60) into Eq. (68) yields
aR _ FoFeky (Tsat -Tsat:le ers oA
dt Fypyhrg \Wnoyr 9, Vot
“ (72)
FDKS Tsat Tsat-TZoo __6%
+ - T erf F——
vavhfg \/IrOésT Sé hog
PTgat VT
R(t) = —=%8Lm [R.F v (oCpk)y + By (00 k)]
Y e
- T =[FoFs(Tsgt-T o) ¥ (oC k) g
hoyhggFy N P
(73)

+ Fi(Tgat-Tseo) ¥ (PCpk) ] [5}12 erf =

12
&
2 NloyT hagr ® :]
O ——Tl— e - cerfe L
Jro 8y N bogT
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By equating Eq. (72) to zero, the maximum radius may be obtained as

erf——fﬂ——- E_,_ Fp (pCij] Teat,

____Lﬂg4imax I FePa\(0Cpk ) g J Teat-T 400 (74)
—_—t
N

T 14+ b TpCp Js Teat-Tso
Lo T FeFa\(pCpk )y Teat-Thoo

or

erf —Q erf E;J—- 1+ FF; \Ezggigg:]T Tsa%
Tmax _ max _ 2. c sV\PLpK )L J Tsat-Tfoo
To Oy Jm‘ b [(BCoK)s Teat-Tsw (75)
Tmax Omax FCFS\(pCpk>£ Teat-Tgoo

D. Discussion and Conclusion

Equations (61) and (73) describe respectively the transient growth of a
vapor film and a bubble which either grows continuously from zero to a finite
size (or thicknes@ within a finite time, or which‘grows during some initial
time to a maximum size (or thickness) and then through recondensation dimin-
ishes to zero again. The magnitude of the maximum size (or thickness) and
the time at which it occurs depend on the magnitude of the temperatures T poos
TSaﬁTsat and the other parameters.

It is the purpose and primary interest of this study to determine the
time 27,.., at which the vapor film has completely recondensated and the time
Tpax @b which the bubble has grown to the maximum size. At the moment T = 2Tmax
the insulating substrate and the cryogenic fluid are in direct contact and
soon the process of transient nucleate boiling follows. Tmax and Tmax may be
obtained from the transcendental Eqs. (64) or (65), and (74) or (75), respec-

tively.

These equations indicate the significant parameters influencing the dura-
tion of the residence of a vapor film and a bubble on the insulating substrates:
(pCpk)S/(pCpk)g and dimensionless temperatures. For the purpose of optimiza-
tion of the charge process of the cryogenic container, it is desirable that

Tnax and T&ax be as small as possible. The discussion of pCpk, the new thermal
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property of materials which is useful in selecting an insulating substrate,
is given in detail in Ref. 13.

The investigation of Egs. (64), (65), (74), and (75) reveals that for
a given value of dimensionless temperatures Tsat/Tsat‘le and Tggt-Tge /Tsat‘TZw
a substrate-liquid system with lower pCpk ratio would be superior to those
with large. pCpk ratio insofar as minimum residence times of the vapor film
and bubble are concerned. That is to say, the prevention of excess boil-off
of cryogenic liquid during the charge process by reducing the boiling phe-
nomenon can be accomplished by lining the inside surfaces of such containers
with a pCpk insulating material. This important conclusion is in agreement
with the case of the pressurized-discharge process studied in Ref. 13.
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