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ABSTRACT

Experimental runs have been completed on the determination of condensa-
tion of pressurant during pressurized-discharge. The results indicate that
from 27% to 55% of the inlet flow of pressurant condenses for small tanks.
Inlet pressurant temperatures were TO°F and 35°F and the condensation did not
appear to be significantly influenced by this variation.

Preliminary analysis of Saturn test runs 51 and 94 have been completed.
Theoretical prediction of mean gas temperature at the end of discharge agreed
within 6 to 16% of test data. More test data is expected for further analysis.

The results of measurements with the ball-drop accelerometer are presented
under free fall and fractional gravity conditions. Because of the inability of
this device to measure acceleration continuously during the test drop, a commer-
cial accelerometer capable of furnishing this continuous data is under procure -
ment.

Data are presented for boiling heat transfer to saturated liquid nitrogen
from a sphere in the film, transition, maximum, and nucleate regions at frac- -
tional gravities of a/g = 0.20 and a/g = 0.33.

Results are presented of the effect of acceleration of up to a/g =19 on
nucleate boiling heat transfer of liquid nitrogen at heat fluxes of q/A = 10,200
Btu/hr-ft2 and q/A = 5,100 Btu/hr-ft2. The behavior is similar to that pre-
viously observed with water as the test fluid.

The dynamic growth of a single inert gas bubble moving through a volatile
liquid with constant velocity is predicted from an approximate analysis. Com-
parison is made with previous results for a stationary bubble, confirming the
significance of the translatory bubble motion for the rapid mass transfer as-
sumed in the lumped analysis. Experimental apparatus is under construction.

The exact solutions for time-dependent temperature and concentration dis-
tribution and the interfacial heat and mass transfer rates (condensation or
evaporation) are derived for a suddenly pressurized, multi-component liquid-
vapor system. It is shown that if the ratio of pCpk of the vapor and the liquid
regions is small and the temperature difference between the vapor and the liquid
regions is also small, then the interfacial mass transfer rate may be written
in a simple linearized form. Expressions for one-= and two-component systems are
also given as special cases.

xi



I. OPTIMIZATION OF PRESSURIZED
DISCHARGE -PROCESSES IN CRYOGENIC CONTAINERS

A. Experimental Program

1. MEASUREMENT OF GAS CONDENSATION DURING PRESSURIZED-DISCHARGE

During the process of pressurized-discharge it is possible that some of the
inlet pressurant condenses on the cold internal surfaces of a tank, including
the gas-liquid interface. In order to determine whether this is the case and
to estimate its magnitude, experimental apparatus was set up to determine the
necessary quantities. The apparatus used was the 1-ft-diam, 5-ft-long aluminum
container described in Refs. 1 and 2 and altered as indicated in Ref. 3 to in-
clude continuous measurement and recording of the flow of pressurant. The
measurements were made using a Rockwell Model 800 positive-displacement gas
meter installed in the inlet gas line just upstream from the chromalox elec-
trical heaters shown in Fig. 30, Ref. 2. Continuous recording of this measure-
ment was accomplished by a potentiometer mounted to an extension on the rotating
portion of the gas meter shaft and fed into the Sanborn recorder.

Liquid levels immediately prior to pressurization and at the end of a run
were measured by the liquid thermocouples which indicate a steep rise in tempera -
ture as the liquid interface passes. A special thermocouple was placed in the
neck of the discharge pipe at the bottom of the container to provide an indica-
tion of the liquid level at the end of the run. The ullage mass was determined
from the gaseous volume above the initial liquid level and the saturated vapor
density at the initial pressure. The residual mass in the container was cal-
culated from the gaseous volume above the final liquid level and the mean gas
density was calculated from the gas space temperatures as measured by the fixed
thermocouples in the gas space. Corrections for net gas volume were made to
account for the presence of support pipes, floats, and other items mounted in-
side the container. All runs were made using gaseous nitrogen as a pressurant
over liquid nitrogen. The initial pressure was approximately 1 atmosphere and
discharge was at 50 psia. Heat transfer from the container was with the ambient,
the annular guard container being removed for all runs. All gas space tempers-
‘tures were measured using a model 1012 Minneapolis-Honeywell "Visicorder."

The quantity of gas condensed (or evaporated) during a run was computed from

the following equation:

Am Bpressurant © Myllage - Mresidual



where

m is the mass of gaseous pressurant introduced into container
pressurant

Myllage is the mass of gas initially in ullage volume

Mpegidqual 1S the mass of gas in container at the end of discharge

Hence, a positive value of Am indicates a net condensation of gas inside the gas
space during discharge.

The results of three runs are given in Figs. 1, 2, and 3. These show the
quantity Am as a function of time of discharge for inlet gas temperatures of T0°F,
T2°F and 35°F. As may be seen from the curves a net condensation is indicated.

No significant influence of inlet gas temperature is observed. It is estimated
that the uncertainty in Am is approximately + 0.05 lbm. The ullage mass was
0.040 1bm in each run.

The conclusion from these data is that net condensation does occur in the
pressurized-discharge process. For a container of this size the percentage con-
densed ranged from 27% to 35% of the inlet gas. For larger-sized containers
this quantity would be expected to be a smaller percent.

2. ANALYSIS OF SATURN DATA

Preliminary analysis of Saturn test runs 51-Lk4, 51-54, 95-19, 95-20, 9-23,
95-29, 95-30, 95-31, 9H-32, 95-33, 95-35, and 95-3%6 have been completed. Because
the data from these runs are being repeated with new instrumentation, detailed
results are not available as yet.

The analysis consisted of computing the final gas temperature distribution
in the Saturn tank from the theory in Ref. L4 using the test input conditions.
The results of this calculation were expressed in terms of a mean gas tempera-
ture at the end of discharge, which was compared with the temperature resulting
from the theory. Tentative conclusions indicate that the gas temperature dis-
tribution in the tank is only approximated by the theory but that the final mean
temperature is predicted within 6 to 16% of that measured. The theoretical solu-
tion (Ref. L) requires that the time-dependent inlet gas temperature be known at
the level corresponding to the initial liquid level. In this analysis the inlet
gas temperature was taken as that corresponding to TAl for the 5l-series runs
and the 95-series runs. Such a temperature may be satisfactorily used since the
purpose of the comparison is to check the validity of the theory applied to large
containers which has been successfully employed on small containers.

A summary of results to date is given in Table I.



TABIE 1

SUMMARY OF PRELIMIMINARY ANALYSIS OF SATURN DATA

Ratio
Test Pre- Pressurant T, Calculated T, Measured Tp CAL
Number Pressurant ET—EﬁﬁE;
m
Centerline
51-44 No 02 362R 326R 1.110
Radial Average
365 326 1.120
51-5k4 No 02 360 310 1.167
$-19 He 02 343 322 1.065
% -20 He 02 333 313 1.064
95-23 N2 02 339 319 1.063
%-29 No 02 340 318 1.082
95-30 He 02 338 291 1.162
322 291 1.107
%-31 - Oz 180 169 1.065
H-32 He -
95-33 He He
95-35 He 02 307 280 1.09
%5-36 He 02 270 240 1.125

B. Analytical Program

In the last progress report on integral procedure applicable to complicated
problems which cannot be handled by exact analytical methods was developed. The
accuracy of the procedure is checked by a problem whose exact solution is already
known. The problem is the insulated container subject to sudden temperature
change at the inlet temperature of the pressurant fluid.

The integral procedure will now be used for the same problem including the
axial conduction into the fluid.

The wall energy equation remains the same:

Ve Ve

To | PCwtax \]P hPdx(T - t) (1)
o O



However, the fluid energy equation, including the axial conduction (Fig. 2Ta), be-
comes

a vO Vo 3T
30 pAdxCT = pAVCTg - /“ hPadx(T - t) + kA <8§ . (2)
o © x=v9

Here, assuming the inlet is insulated, the axial conduction at the inlet of the
container is neglected.

The selected profile for the wall,

(x,0) = [(\%) - 1122.(0) (3)

is the same as that for the zero conduction case. But when the axial conduction
(Fig. 27b) is included, the fluid profile may be written in the form

T(x,8) = T, +<j—e>{(j_®‘> - Q]Eg - fl(e_i\ - £1(0) '5(;_>n "

where n is a parameter and is to a large extent arbitrary provided n A 2. Thus

the effect of axial conduction is introduced by two additional terms, one in the
energy equation and the other in the assumed profile. Early attempts indicate

that the additional term of the energy equation introduces considerable difficulty.
As a first approximation to the problem, however, this term may be ignored and is

Justified for the final portion of the pressurized discharge.

Hence, substituting Eqs. (3) and (4) into Egs. (1) and (2) and using the
definitions

2(n+l) ’

F, = ETg-flwﬁ ) Fo = f20 (5)

results in the simulataneous differential equations

daF 1

de—l + biF; - 5 biFs = g b1 Tge P

a5 (6)
2

as + boFs - 2boF; = = Bbnge



together with

Fi(0) = 0 , F2(0) = O (7)
The solution of Eq. (6), subject to initial conditions given by Eq. (7), is

T -
e G PP e a1 (8

If desired, combination of Egs. (3), (4), (5) and (8) gives the temperature
variation of the wall and the fluid. However, only the case where the ratio of the
interfacial heat transfer to the peripheral heat transfer is significant

will be considered. Noting that the interfacial heat transfer

_ o
Q'l = = kA(aX % = vO (9)

and the peripheral heat transfer

vO
= hPax(T - t) (10)
o = |

A

e}

The ratio of the interfacial heat transfer to the peripheral heat transfer may
be obtained in the form

_ PR V-SSR
YU n+l> (ahP ) 1+€)(1 +1/e) (1t1/e)r

Qp l’l-l/ pWCwA-WV 12 1 - 2(]_ _ 2@>(e—‘r + 7 - l)
1+e€

(11)

where T = (b1+b2)0® and € = by /bo. The result is shown as functions of T and €
in Fig. 28.

The next quarter will be spent on the improvement of the foregoing integral
method, and on comparison of the results with those obtained by the analog com-
puter.






ITI. BOILING OF A CRYOGENIC FLUID UNDER REDUCED GRAVITY

A. Measurement of Acceleration
1. BALL-DROP ACCELEROMETER

In the previous progress report5 the theory behind the design of a simple
ball-drop accelerometer was presented. The electrical and mechanical details of
this accelerometer are shown in Fig. 4. The ball is held in contact with the
upper plate by means of a-0.002-in.-diam nichrome wire attached to a spring, and is
released by discharging a condenser through this wire, melting (or vaporizing) it.
When the ball leaves contact with the upper plate it breaks an electrical circuit,
which starts an electronic counter. When it makes contact with the lower plate
it completes another electrical circuit, which stops the counter. The entire dis-
charge and counting operations are monitored on a dual-beam cathode-ray oscillo-
graph, and the oscillograph record is recorded on film. This check is used to
verify that the counter reading is the ball-drop time, and not the consequence of
spurious voltage pickups.

The condensers are initially charged to a level of 150 v from an external
voltage supply. An interlock system is used to prevent their discharge prior to
test package release. Triggering is accomplished by tripping a microswitch at
a predetermined distance from the test package release point. This distance can
be varied to indicate the variation in package acceleration with distance fallen,
which may be caused by variations in air drag and guide wire drag for free fall,
and by air drag, guide wire drag, and pulley friction for partial gravity drops.
The value of the dimensionless effective force field present on the falling plat-
form, aapp/g, as determined from the counter reading is an average value over the
ball drop-time, which varies from 0.023% sec for a value of aapp/g of 1.0, through
0.228 sec for aapp/g of 0.01, to infinity for aapp/g of 0. (For the application
described here, the effective maximum ball-drop time is 1.4 sec the time during
which the package is in free fall.)

2. MEASUREMENTS

A series of five tests was conducted with the ball-drop accelerometer at
a/g = 1 to provide a comparison between the known and measured acceleration due
to gravity. From Eq. 43 of Ref. 3, the measured acceleration is

2(oy
At)2



In all cases Ay = 0.1035 in. Table II gives the results of the tests.

TABLE IT

RESULTS OF BALL-DROP ACCELEROMETER TESTS AT a/g =1

Test tms gm ft/se02 % Error
1 22.6% 3%,19 3.2
2 22.90 22.81 2.0
3 22.33 34.51 7.3
L 22,83 33,02 2.7
5 22.91 32.°79 2.0
Average 22.72 33,34 3.7

For all cases, the measured acceleration is greater than the gravitational
acceleration. With standard gravity, At = 23%.13 msec for Ay = 0.1035 in., with
the measured time intervals always being less than this. The electronic counter
has a least count of 10 psec, so the discrepancy is not due to readability. In-
stead it is believed that the initiation of the counting interval is delayed
slightly due to arcing, as the sphere breaks contact with the upper surface upon
release. The persistence of the arc is variable and may account for the scatter
in the measurements, which amounts to an uncertainty in the drop distance Ay.

Since the accelerometer was intended for use under free fall and fractional
gravity, the same relative errors can be tolerated if they remain consistent
under these conditions.

Figure 5 shows the measurements obtained with the accelerometer mounted on
the test platform, and the test platform under free fall conditions. The abscissa
represents the drop distance of the test platform at which time a microswitch
caused the ball in the accelerometer to be released. Also included for reference
are the predicted values of local acceleration for the test platform configura-
tion, assuming a drag coefficient Cp = 1 and assuming both constant guide wire
drag Fp = O and Fp = 1 1bf. It is observed that the majority of data points fall
within these lines. The spurious data obtained near the test platform release
point are believed to be due to the release of elastic energy under lg stored in
the frame of the test platform. The guide wire drag may reasonably be expected
to vary from point to point and run to run; therefore scatter in the measure-
ments is likely.

Figure 6 shows the measurements obtained with the accelerometer and the test



platform subjected to several fractional gravities by means of a counterweight.
The scatter of the data under these conditions appears appreciable, particularly
at the higher fractional gravities. It is possible that the data represent actual
variations in the force field present on the test platform. From the free-fall
data, the test platform guide wire and air resistance should contribute drag
equivalent to less than a/g = 0,04k. Some additional drag may be introduced by

the counterweight guide wires and pulleys.

Another possible cause of the variations may be oscillations induced upon
releagse by the energy stored in the cable connecting the test platform and counter-
weight, the system acting as a modified two-mass-spring system. With no damping
and assuming that the cable would sustain compressive as well as tensile loading,
the acceleration of the test platform would sinusoidally oscillate, giving from
zero to twice the nominal steady-state acceleration. In the region of the peak
heat flux, where heat flux has exhibited a gravity-sensitive behavior, the time-
temperature data have shown this oscillatory nature to some extent (e.g., Fig. 7).

In view of the limitation of the ball-drop accelerometer—that it is able
to furnish only an average value over a short distance—an accelerometer having
capabilities for continuous measurements during the test package drop period
appears to be necessary. Accordingly, a Kistler Model 30351 Servo-Accelerometer
is under procurement. This unit will have a range of £ 1.0 g, is capable of
withstanding impacts up to 250 g, has a voltage sensitivity of 5.0 volts/g with
a resolution of 0.0001 g, and a natural frequency of 150 cps. It is anticipated
that this unit will be mounted on the test platform, and that continuous measure-
ments of acceleration will be recorded simultaneously with temperature.

B. Additional Data

Data have been obtained and are presented below for boiling of saturated
liquid nitrogen from the l-in.diam sphere at nominal fractional gravities of a/g =
0.2 and a/g = 0.33, from nucleate to film boiling.

Nitrogen with purities better than 99% was used in all cases. The standard
curves at a/g =1 and a/g ~) 0, based on earlier data, are reproduced for reference.
It will be noted that a distinct shift of the data in the transition region has
occurred, and is believed due to the current use of pure nitrogen.

Except in the film boiling region, the data were reduced by the digital com-
puter. Experience has shown that it is necessary to use discretion in selecting
the time-temperature data which serve as inputs to the computer program. As
described in Ref. 3, the program takes 5 data points at a time and fits a 5-con-
stant polyhomial through these points for interpolation purposes. If the data
points are not smooth, a 5-constant polynomial is inadequate and rather severe
fluctuations occur in the computed heat flux. It was therefore found necessary
to graphically smooth the input data somewhat. Because of this smoothing, the

9



most cases the changes in input temperature amounted to less than 0.2°F, close
to the readability of the recorded data. The resulting heat flux computed might
then be interpreted as representing short time-averaged values.

Figure 7 shows the time-temperature data for a particular test run as taken
from the recording, along with a faired curve through the daga. Both the raw and
faired data were used as inputs to the digital computer. Comparisons between the
results are given in Fig. 9, with severe fluctuations arising from the use of the
raw data.

1. a/g = 0.2 (Nominal)

With the test platform mass of 121.5 1bm and the empty counterweight cylinder
mass of 11.3 1lbm, the theoretical fractional gravity on the test platform is a/g =
0.17. Based on the results cof Fig. 6 the nominal value of a/g = 0.2 will be used
until continuous measurements of -acceleration are available. The time of exposure
to the new force field has increased from 1.4 sec for a/g m~ O to 1.6 sec for a/g =
0.2.

(a) Film Boiling.—Figure 9 shows the heat fluxnntemperature difference data
for film boiling obtained with the fractional gravity of a/g = 0.2, The points
at a/g = 1 were evaluated in all cases from data taken immediately prior to re-
lease of the test platform, and agree with previous film boiling data.

For reference, the film boiling correlation of Frederking and Clark,5 given
here as Eq. (12) is included.

1/3

— 3 . h

hDy Dopr (g -pp)e (Cpu fg Cphty

— = 0.15 = 5 ) T (& 0.5 —=—— (12)
ke f £ “p~ ‘o heg

/3

From this correlation heat flux is a function of acceleration q/A o (a/g)l )
which is in good agreement with the data. The film boiling correlation derived
by Bromley~ gives the relation q/a a (a/g)l 4, and that derived by Berensen '
gives /A o (a/g)®/®. When data covering a wider range of fractional gravities
with film boiling are available, these varicus correlations will be examined in
greater detail to discover which, if any, provide more realistic estimates of
heat flux.

(a) Nucleate and Transition Boiling.-—Figures 10 and 11 show data obtained
when the test platform was released while boiling was in the transition or nucleate
regions. In Run 34, Fig. 10, the peak heat flux is considerably lower than that
obtained with previous data and in Run 35, Fig. 11. The tests in these two runs
were conducted with the same sphere and instrumentation but on different days.
Given the consistency of the film boiling data obtained in Run 34, Fig. 9, no

10



explanation exists for the discrepancy in Fig. 10. However, since the low value
of the peak heat flux has not been reproduced, the data of Fig. 10 should be
discounted.

In Fig. 11, a distinct shift in the transition and nucleate region data at
a/g =1 is noted. This is attributed to the present use of pure nitrogen, which
will be continued.

2. a/g = 0.33 (Nominal)

With the test platform mass of 121.5 1bm and the counterweight mass of 21.3
1lbm, the theoretical fractional gravity on the test platform is a/g = 0.30. Again,
based on the results of Fig. 6, the nominal value of a/g = 0.3% will be used. The
time of fall is now 1.75 seconds.

(a) Film Boiling.—In Fig. 12 the data are plotted for film boiling at
a/g = 1.0 and a/g = 0.33 along with the correlation of Frederking and Clark.5

(b) Nucleate and Transition Boiling.—Heat flux versus temperature differ-
ence is plotted in Fig. 13 for a/g = 1 and a/g = 0.33. The shift in the transi-
tion region at a/g = 1 is quite prenounced. Insufficient data were obtained in
this case to show the peak heat flux at a/g =1,

The nucleate boiling characteristics at a/g =1 and a/g = 0.33 are the same,
indicating the insensitivity of nucleate boiling to gravity. The slope in the
nucleate boiling region is greater than that obtained with impure nitrogen.

5. MAXIMUM HEAT FLUX DATA

In order to show more clearly the influence of fractionsl gravities on the
peak heat flux, the maximum values of heat flux and the corresponding values of
temperature difference are plotted in Fig. 14. Also included are the values of
peak heat flux and critical temperature difference predicted from the correla-
tions by Chang and Snyder.8 Since the predicted value of heat flux at a/g =1
is high, being perhaps an indication that the empirical constent may be too
large, a more graphical representation of the influence of fractional gravity
is obtained by normalizing the correlation to agree with the experimental values
at a/g = 1. The corresponding values of the normalized maximum heat flux at
fractional gravities are also plotted on Fig. 14, and reasonable agreement with
experimental values is noted at a/g = 0.33 and a/g = 0.2. The experimental value
of peak heat flux coincides with the normalized correlastion for a/g = 0.03, which
is in the range of the measured accelerations shown in Fig. 5.

11



C. Future Work

When the accelerometer is received it will be installed on the test platform
and all tests will be monitored continuously. Some of the previous tests may be
rerun with the accelerometer,.

Tests at the fractional gravity of a/g = 0.6 have been conducted but the
data are not yet reduced. These tests will be reported during the next re-
porting period.

Planning is underway for obtaining data with subcooled liquid nitrogen.

12



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

A. General

The main heater in the test vessel has been repaired. A short circuit oc-
curred when the mica insulsting the heater ribbon from the copper heater disc
failed at a corner where the ribbon emerged from the slot. To repair the heater
without a major disassembly it was necessary to bypass the ribbon in one of the
slots near the terminal connection. This amounts to less than 3% of the total
heater length, and the copper is sufficiently thick so that any non-uniformity
in heat flux is essentially smoothed out at the boiling surface.

At the time of disassembly it was noted that the screws attaching the heater
assembly to the cylindrical side walls of the inner test vessel were loose, in-
dicating a possible leak of liquid nitrogen. ©Such a leak would account for the
low temperature difference (approximately 2°F) observed between the underside of
the main heater and the lower guard heater (see Fig. 76 of Ref. 2).

The gasket between the skirt and the lower side wall flange was replaced and
the screws tightened after cooling to liquid nitrogen temperatures. Subsequent
observations under test conditions, described below, tend to verify that leaks
had been present. However, it is not felt that data taken with the leaks present
should be discarded on this account, since the temperature difference across the
underside of the main heater had been small and this is a necessary condition for
accurate measurement of heat flux. A number of changes, also described below,
were necessary before the small temperature difference could be achieved again.

Provision was made so that the main heater and both the skirt guard heater
and the underside guard heater would all be active. The wiring diagram is shown
in Fig. 15. Also, the styrofoam insulation lining the outer test vessel was
cemented into a continuous piece for better isolation of the inner test vessel
from the ambient.

Several preliminary tests were conducted with the inner test vessel re-

moved from the outer vessel in order to check for satisfactory operation of the
heaters. The test vessel was then reinstalled in the outer vessel.
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B. Test Results

The liquid nitrogen used in all subsequent tests was of commercial high
purity and was obtained from the Linde Company. Due to a temporarily defective
analyzer it was not possible to measure the purity for the tests reported below,
but previous measurements indicate that the purity should be better than 98%.

1. RUN 26. a/g = 1, VARIABLE HEAT FLUX

In order to compare on a common basis the effect of acceleration at various
levels of heat flux, the behavior of heater surface superheat must be determined
as a function of heat flux at a/g = 1. Fig. 16 is a plot of the time -temperature
data for Run 26. The temperature difference between the heater surface and the
skirt guard heater, was maintained at O.

It is noted that as heat flux increased the temperature difference across
the heater bottom, ATR, decreased from ATy =-1T7°F at q/A = 0 to ATg = 0 at q/A =
30,000 Btu/hrlftg. Referring to the sketch in Fig. 21, AT is defined by

ATg = Tgp - Ty

A minus value of ATR means that the lower guard heater is higher in temperature
than the main heater, indicating that heat transfer is possible from the ambient
to the heater underside. The presence in Run 26 of a ATy higher than that in
previous data tends to verify the existence of a liquid nitrogen leak which had
served to cool the guard heater. Because it was uncertain whether a large

value of ATR would have a detrimental effect on the data, several tests were
conducted with the system under rotation.

Figure 17 is a plot of gq/A versus Ty - Tgat for Run 26 along with data
previously presented at a/g = 1. The presence of some scatter of the data ob-
tained with high purity liquid nitrogen is representative of the non-reproducible
nature of the boiling process. A consistent trend is present, however, in that

the slope is more steep than that of previous data obtained with impure liquid
nitrogen.

2. RUN 27. gq/A = 10,200 Btu/hr-ft2

Figure 18 shows the time-temperature data for the various accelerations.
It is noted that the heater surface temperature is parallel to the fluid
saturation temperature as liquid level changes during acceleration, indicating
that Tg - Tggt is independent of small changes in hydrostatic pressure at the
heater surface. Also, the measured liquid temperatures decrease with decrease
in the hydrostatic pressure.
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At a/g = 1, the temperature difference across the heater underside, ATp, has
an asymptotic value of -13°F. This decreases with increases in acceleration to
ATy = -8°F at a/g = 18.3. The decrease is believed to be due to the large buoyant
forces present on the vapor, which force the colder, more dense vapor to the bottom
of the outer vessel, thus helping to cool the underside guard heater more effectively.

Figure 19 shows the heater surface and liquid nitrogen superheats for the
various accelerations. The heater surface superheat increases with increasing
acceleration, a phenomenon similar to that found with water.”? Similar results
were obtained in a previous test (Fig. 33 of Ref. 3), except that in the present
case the increase is larger and linear. The limited rise in Fig. 33 of Ref. 3,
which may be a consequence of the liquid nitrogen leak mentioned earlier, will be
checked by additional tests. It is also noted that the liquid superheat decreases
with acceleration as a consequence of the mixing induced by large buoyant forces.

3. Run 29. gq/A = 5,000 Btu/hr-ft2

Figure 20 shows the results of a test run similar to Run 27 except that it
was made at a lower value of heat flux. As acceleration increases, the heater
surface superheat (TH‘Tsat> first increases and then decreases, due to the in-
creasing contribution of natural convection. The behavior is similar to that
observed on a previous test, shown in Fig. 42 of Ref. 3, Throughout the entire
test the values of Tg-Tgqt were highly stable at a/g = 1 and it was not necessary
to normalize the data.

With the liquid nitrogen leak not Present, the temperature difference across
the heater underside, ATg, increased to AT = -16°F at a/g = 1. Under accelera-
tion this decreased to ATy = -10°F at a/g = 18.%; it is plotted in the upper
portion of Fig. 20.

In this particular test it was also observed that a transient in (Tg - Teat )
and ATg occurred at a/g = 1 immediately following operation at each higher
acceleration. It is thus possible to show a relationship between Ty-Tgat and
ATg, as is done in the lower curve of Fig. 20. The change in Tp - Tgg¢ should
not be interpreted as resulting from the sole influence of ATg, since a change
in hydrostatic pressure under acceleration causes a change in temperature level
of Ty. The favorable comparison between these data and those of Fig. 42 of Ref.
3, where ATp was less than 2°F, would tend to minimize the effect of ATy on

Ty - Tsat‘

C. Modification of Test Vessel

To minimize the uncertainty of the above-noted effect a concerted effort
was made to reduce the value of ATR to a point where it could be maintained
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constant at all values of heat flux and accelerations. This was accomplished
by forcing the cold boil-off vapor to flow in the viecinity of the underside
guard heater before venting to the atmosphere, thus better isolating the guard
heater from effects of the ambient.

Figure 21 is a sketch of the modified outer vessel. The major changes
consist of the following:

(1) The filling vent is now closed during operation and the boil-off wvapor
flows down the annulus between the inner test vessel and the sealed styrofoam
lining the outer vessel, and out the vent hoses inserted in the lower portion.

(2) The cover of the inner test vessel was removed and the liquid thermo-
couples and low-level detector suspended within the test vessel so that an integral
piece of styrofoam could be cemented to the outer vessel cover to reduce heating
of the boil-off vapor by the ambient.

(3) Slots were cut in the styrofoam on which the inner test vessel rested
in order to permit more free flow of the boil-off vapors around the under guard
heater.

() The lower portion of the outer vessel was insulated externally with
styrofoam and fiberglas to further reduce heat transfer from the ambient.

D. Future Work

Tests have been conducted at gq/A =5 10,000 Btu/hr-ft® and q/A =% 20,000
Btu/hr-ft2 since the above modifications were made and the data will be reduced
and reported during the next period. Test runs will be conducted at q/A A
30,000 Btu/hr-ft2 and possibly up to q/A = 40,000 Btu/hr-ft°.
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IV. INJECTION COOLING

A. Bubble Dynamics

1. INTRODUCTION

An outline of the anticipated bubble dynamic studies in connection with the
gas injection cooling process was given in Ref. 2, p. 40. The dynamics of the
single bubble having no translatory motion was analyzed approximately by means
of source theory in Ref. 3, p. 30, under the simplifying assumption of uniform
composition in the gas phase at all times. The conclusion of this analysis was
that the predicted growth rates were not sufficiently large to Jjustify ignoring
the translatory bubble motion. Within the range of subcooling experienced in
the injection cooling process, AOgyp = 1 - (Tb—TB)/(TA—TB) = 0...0.5, a bubble
will move several diameters owing to buoyancy forces in the time predicted for
only 50% relative bubble growth. Thus, for example, an insoluble gas bubble of
initial size Ry = l/8-in. introduced into liquid oxygen at 3.1 atm, Ty = 178.1°R
(Aesub = 0.2), will have reached only 52% of its final equilibrium size after
l-sec exposure (T = 7.3 x 10-3 in Fig. 47, Ref. 3). The terminal velocity of a
1/4-in.-diam bubble in liquid oxygen is in the order of u = 0.6 £t/s5.10 The
assumption of uniform composition in the gas phase at all times, equal to the
average value corresponding to the bubble size, furthermore implies that the
above estimate is conservative. The transport by mass diffusion of the evaporing
liquid component A from the bubble interface through the gas mixture towards the
bubble center indicates that the composition of the gas at the interface is at
all times richer in component A than is given by the average value of composi-
tion used in the analysis. Hence, the corresponding equilibrium temperature of
the bubble interface will be greater, the potential for bubble growth smaller,
and the growth rate consequently smaller. This substantiates the need for in-
corporating the translatory motion of the bubble.

A simplified anelysis based on the "falling film" theory has been employed
in predicting the dynamics of a single spherical bubble, initially containing a
nonsoluble gas and having a constant translatory motion through a volatile
quiescent liquid extending to infinity, initially at uniform pressure and tempera-
ture.

2. ANALYSTS FOR SINGLE MOVING BUBBLE
When a gas bubble is injected into a liquid column subjected to a gravita-

tional force field it is accelerated by the excess of buoyant force over the
drag force, until this excess becomes zero and the terminal velocity, u, is
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reached. The shape of the rising bubble and the path followed depend on bubble
size and fluid properties and may be classified relative to a bubble Reynolds'
Number Rep = 2Ru/v' (Ref. 10, p. 10). Above Re = 2, corresponding to R = 0.002-in.
for liquid oxygen, bubbles deviate from the idealized Stokean model of a moving
rigid sphere owing to:

Vibration

Non-sphericity

Wake and vortex shedding
Fragmentation

Slip flow at the gas-liquid interface

The range of bubble size of interest (R~ 1/8.....1/4-in.) corresponds to Rep >
7000 for liquid oxygen.

Two schools of thought have been dominant in the attempts to describe satis-
factorily the mass transfer to moving drops or bubbles without accounting for the
exact velocity profile next to the interface. The "stagmant film" theory assumes
that the bubble is surrounded by a stagnant ligquid film of a thickness which is
small compared with the bubble size. Outside this film the potential for the
transfer process remains constant at the bulk liquid value. The weakness in
this theory lies in the difficulty of determining the effective film thickness
in question and in the fact that motion of the gas inside the bubble has been
observed, indicating that the liquid film probably does not retain its identity.

As a gas bubble rises through a liquid, the gas phase in the bubble is be-
lieved to undergo a toroidal motion such that there is essentially no slip be-
tween liquid and gas at the interface near which the liquid can be considered
in laminar flow. This is equivalent to stating that there is essentially full
slip between the liquid and the bubble. As the bubble rises through the liquid,
the gas phase at the top of it steadily encounters fresh liquid which moves down
over the bubble exposed to the gas until it leaves at the bottom of the bubble.
Under the name "penetration" theory, this concept has successfully been employed
in the prediction of gas absorption from bubbles rising through a non-volatile
liquid. When the exposure time is short the "penetration depth" of the potential
distribution for the transfer process into the liquid is so small that the transfer
may be treated as a transient diffusion process into a falling liquid film of uniform
velocity exposed to a well mixed gas phase. The weakness of this theory lies in
the difficulty of ascertaining the actual average exposure time, the velocity dis-
tribution in the liquid film, and the mixing in the gas phase. The concept of some
surface renewal, however, seems physically meaningful and has been introduced in
a more generalized form by Danckwertsll for analyzing gas absorption from bubbles
in an agitated tank. An average exposure time is arrived at here by considering
the frequency function for the fractional rate of surface area renewal to be ex-
ponential.

The following model is adopted for predicting the transient growth of a
single bubble containing initially a nonsoluble, noncondensing, and chemically
nonreactant gas (component B), rising with constant translatory velocity u
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through a volatile quiescent 1liquid (component A) of uniform temperature Tyt

(a) The rate of mass transfer by evaporation of the liquid component A
into the gas phase is governed by the rate of heat diffusion through a ligquid
film falling with uniform velocity u and having an average exposure time ?e to
the gas phase.

(b) Convective flow perpendicular to the gas-liquid interface resulting
from bubble growth is ignored.

(c) The gas-ligquid interfacial temperature, Ty, corresponds at all times
to that of thermodynamic phase-equilibrium at the liquid pressure and the average
gas composition in the bubble.

(d) Heat capacity and compressibility of the gas phase is ignored, and the
gas is assumed to be well mixed at all times.

(e) The change in bubble size is assumed not to effect the rise velocity
u, which is taken constant to its terminal value corresponding to the initial
bubble size.

On the basis of assumptions (c) and (d), bubble size and interfacial liquid
temperature are uniquely related. The process is considered quasi-steady by
-assuming that the interfacial temperature, Tg, remains essentially constant
throughout the surface for the average exposure time, Eé. This is a reasonable
assumption since the exposure time is short compared with the time for a signif-
icant change of the interface temperature, that is, in the asymptotic stage of
growth. This quasi-steady approach also circumvents the inconsistency of assuming
uniform interfacial temperature when in fact the surface age varies over the
bubble interface.

The analytical model is shown in Fig, 22. The mathematical formulation of
heat diffusion from a falling liquid film of velocity u and the initial uniform
temperature, Ty, exposed over a distance Vo = U ° g to a gas such that the
interface temperature, Ty, remains constant, is given by

2
u %T; - «a %E'.l‘é
T(0,2) = T, (13)
T(y,») = Ty
T(y,0) = T

when the heat diffusion in the y-direction can be neglected compared with the
enthalpy flux owing to convection.
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The solution being

Ty - T
L = erfc —e— (1)

Tb - ITs \I)-I- (07 y/u

the average heat flux leaving the liquid over the exposure length, y., becomes

Y
q = 1 f ekaTé 1o)dy = (Ty - Tg)k bu (15)
\ VA

Ye L LA

Ignoring the heat capacity of the gaseous phase, this heat flux facilitates an
average molar flux of component A evaporating into the bubble of

T =-p'o-Ts |kau (16)
o) Ve

where 8 = (p”hfg)/(p'Cﬁ). By continuity consideration the average molar flux
is related to the spherical bubble size, R, as

ey n 1 i L_‘- 3 - nﬁ
NA-met<3“R) e (a7)

Introducing next the nondimensional quantities

T = at/RS

P = R/R,

6 = (T - Tg)/Ty - Tg)
xé = (Tp - Tp)/5

and assuming that the exposure time Ee is proportional to the bubble sizeTce =
Ye/u = KR/u, Eqs. 16 and 17 combine to

[P P uRo

RN 2o | (18)

The form factor K relating the average exposure length y. for flow over a bubble
to its radius was taken to K = 2 by Higbie.12 For constant velocity over the
surface of a sphere, however, the analytic value becomes K = 2(x - 2). A rigorous
evaluation including a given velocity distribution over the surface, e.g., that
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resulting from potential flow, is not possible if stagnation points exist.

Equation (15) may be integrated when the temperature variation is specified,
giving the bubble growth either as function of time P = P(T) or, by assumption
(&) above, as function of position Y = u . t above point of injection into the
liquid.

For constant interface and liquid bulk temperature, Eq. 18 describes the
approximate asymptotic growth of a vapor bubble moving at constant velocity in
a boiling, one-component liquid. The result

P(1) = [1+3h (6 - 6) J<uRO)/(naK)T]2/3 (19)

which for vanishing initial size becomes

(ﬂzK)]l/s T2/3

P(1) = [3A(6y - es>]2/3[(uRo)/ , (20)

where Ry can be considered an arbitrary normalizing factor, indicates that a
moving bubble grows with T2/3 compared with /2 for the stationary bubble (p.
31 of Ref. 3).

For the case of gas injection, assuming a linear phase-equilibrium approxi-

mation x = 6 for the dew curve of the ideal binary mixture of components A and
B assumptions (c) and (d) lead to the relationship

P° = 1/(1 - x5) = 1/(1 - &) (21)

Substituting Eq. 21 into Eq. 18 gives

o

p7/2 P
1/(1 - &) - P2

= 2x (1 - By)|(uR,)/ (k) (22)

which for non-zero bulk subcooling, 6y < 1, integrates to

9/2

3/2) = 6>\Owo URo (23)
oK

(1 +w3/2)(1 - w2/2) i
(l _ WSIZ)(l + WOEIE)

In o)

- 2(w

where w = P/P, is thelbubble size normalized with respect to its asymptotic
value, B, = (1 - 6,) /%, such that w, = Py/B, = 1/P_.

(o]
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For the particular case of a non-soluble gas bubble rising through a saturated
liquid (8, = 1), Eq. (22) integrates to

P(1) = [1+ 9 |(uRy)/(n0K) +12/° (2k)

indicating continued growth ad infinitum. Equation (24) can be considered valid
only as long as the change of bubble size does not cause significant changes in
the rise velocity u.

In Fig. 23, @ = (P - Py)/(P, - P,), which according to Eq. (23) is relative
nondimensional bubble growth for a l/8-in. initial-sized, non-soluble gas bubble
moving through liquid oxygen at 3.1 atm with a constant velocity, u = 0.6 ft/s,
is compared with the previously obtained approximate results (Fig. 47 of Ref. 3)
for a stationary bubble, for a relative subcooling, Aesub =1 - 0y, of 0.2 and
0.4 respectively. The significance of the translatory motion on the bubble growth-
rate appears clearly from Fig. 23. This indicates that after l-sec residence
time in liquid oxygen at 3.1 atm at 178.1°R (A6gyp = 0.2), a 1/k-in.-diam moving
bubble will have reached 91% of its final equilibrium size compared with 52% for
a stationary bubble.

Thus, accounting for the nonradial liquid flow around the expanding bubbles,
the assumption of an equilibrium process utilized in the lumped analysis for the
injection cooling process seems Jjustified. That is, for moderate bubble sizes,
absence of bubble interferences and coalescence, and gas holdup times in the
order of seconds, as normally experienced.

If interference between bubbles is absent an efficiency for the injection
process may be defined in terms of column high or exposure time. However, for
a more general treatment, bubble interference (laterally and axially) and wall
effect must be taken into account. During the next period the axiasl transient
temperature profiles will be examined in liquid columns resulting from the in-
Jection of a non-soluble gas with given initial bubble size.

3. EXPERIMENTAL PROGRAM

Construction of apparatus for the experimental study of the dynamics of
the single stationary bubble is nearly completed. The view tank has been leak
tested and the bubble injector has proved to operate properly. Preliminary
measurements on the injector solenoid indicate that bubble formation times of
5-10 ms are likely to be achieved by a Visicorder connected to the electronic
switching circuit as shown in Fig. 24. The formation time is ad justable through
(a) change of the time constant for the breask-relays circuit (resistor Ry), (b)
change of injector valve stroke and spring tension, and (c¢) change of gas pressure
in excess of the surrounding liquid. The instrumentation will permit recording
of gas temperature and pressure prior to bubble injection, liquid bulk tempera-
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ture, liquid pressure at bubble location, and photographic recording of bubble
size vs. time.

Construction of apparatus is in progress for the experimental study of the
dynamics of a single bubble moving through a volatile liquid owing to buoyancy
effects, the liquid having constant temperature and pressure. The constant tem-
perature and pressure condition is conveniently simulated by suspending the
bubble in a stream of the liquid flowing vertically downwards through a diffuser
at approximately the terminal rise velocity of the bubble. This experimental
model permits visual observation of the bubble from a fixed position in space,
and simulates fairly well the flow field in the liquid relative to a rising
bubble. Figure 25 shows schematically the flow diagram for the recirculation
loop, which has a 34-mm ID glass test section for downflow, terminating in the
view tank with a divergent conduit (61-mm max. ID) above the bubble injector,
from which the bubble to be studied will be injected. A 15-gpm, 80-ft head
centrifugal pump, fed from the lower reservoir, discharges into the constant
head upper reservoir, which has an overflow to the lower reservoir and is
equipped with a 2.5-kw electrical immersion heater. The desired downflow
velocity in the test section is attained by discharging the liquid from the
constant head upper reservoir through a rotary flowmeter and the main control
valve to the lower reservoir. A purification bypass from the pump discharge
line to the lower reservoir contains an ion exchanger equipped with a No. 5
Poro-Klean filter. For degassing purposes the upper reservoir is equipped with
a water cooled condenser coil, and the pressure in the vapor space of the two
reservoirs is equalized through an interconnection line. The system can be
maintained at or slightly below atmospheric pressure by means of an ejector-
type vacuum pump connected to the vapor space of the upper reservoir. All com-
ponents in contact with the liquid and its vapor are of stainless steel or Pyrex
glass and are equipped with seals and gaskets of Teflon or Neoprene.

The instrumentation will permit the recording of liquid pressure, tempera-
ture, and velocity at the test section, as well as the recording of gas pressure
and temperature prior to injection of the bubble. The transient bubble size
will be photographically recorded. A mirror system used also for the study of
the stationary bubble will provide a picture containing two views, 90° apart,
of the bubble in addition to the direct view.

Materials are arriving for the recirculation loop, and the structure for
its support has been erected.
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V. INTERFACE HEAT AND MASS TRANSFER IN A SUDDENLY
PRESSURIZED LIQUID-VAPOR SYSTEM

A, Literature Survey

The dynamics of phase growth has attracted considerable attention in boiling,
condensation, melting, and solidification in which a substance has a transforms-
tion point at which it changes from one phase to another with emission or absorp-
tion of heat. The essential feature of such problems is the existence of a moving
surface of separation between two phases, with the liberation or absorption of
heat on it. Since the thermal properties of the two phases on different sides
may be different, the problem is non-linear and the special solutions must be
determined.

In the case of melting and solidification, the problem of phase growth is
frequently referred to as the problem of Stefan. The movement of the interface
is characterized by the well known x(t) = onat law (radius grows as square root
of time), which also represents the growth rate of phase in boiling and condensa-
tion.

In boiling heat transfer, the transfer of latent heat from the boiling sur-
face to the liquid is related to the formation and growth of vapor bubbles. In
addition, heat may be transferred through the vapor bubble by mass transfer, i.e.,
some of the heat used to vaporize the liquid near the base of the vapor bubble
is carried as vapor to the bubble cup, where it is transferred to the liquid bulk
by condensation of the vapor. Thus both heat and mass transfer occur at the
bubble surface. This indicates the similarity in mechanism between the bubble
growth and the interface heat and mass transfer in the pressurization of the
cryogenic fluids.

Lord Ray'leighl5 was the first to formulate the process of bubble growth or
collapse as a problem in the hydrodynamics of an incompressible increased fluid.
Plesset modified the Rayleigh equation by adding a surface tension term. The
approximate solutions for the bubble growth in the asymptotic stage in pure
ligquids were obtained by Plesset and Zwickl? by the "thin thermal boundary layer,"
and by Forster and Zuberld by '"the point source theory."

For the dynamics of phase growth in a two-phase system of unequal densities,
Chambre17 studied the influence of radial convection on spherically symmetric
phase growth controlled by diffusion. Serivenl® formulated the equations govern-
ing spherically symmetric phase growth in an infinite medium for the general case
and then simplified them to describe growth controlled by the transport of heat
and matter. Exact solutions of the equations are obtained for conditions typical
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of bubble growth in the nucleate boiling of pure materials and binary mixtures.
The effect of radial convection resulting from unequal phase densities is estab-
lished. Yang and Clarkl9 modified and extended the source theory first proposed
by Forster and Zuber by regarding the bubble growth in a binary solution as a
simultaneous operation of heat and mass sinks on the bubble surface. The results
agree very well with those obtained by Scriven. The idea was also applied to the
bubble growth of the presenting gas in the cryogenic fluids.

For the phase change in a suddenly pressurized one-component liquid-vapor
system, Thomas and Morse2 obtained an exact solution for the mass flux of con-
densate or evaporate across the interface. The interface is assumed to be at
the saturation temperature corresponding to the pressure of the pressurant. A
similar study was conducted by Knuth,21 where it was shown that: (1) If for each
phase the specific enthalpy of the initial state and that of the saturated state
corresponding to the system pressure is small in comparison with the latent heat,
then the expression for the evaporation or condensation rate may be written in a
simple linearized form; and (2) If the system pressure is not close to the initial
pressure of the fluid, then the heat flux in the liquid phase dominates the heat
flux in the vapor phase.

B. Formulation of Problem

An insulated container is partially filled with multi-component liquids at
T', the saturation temperature corresponding to the gas pressure Po‘ Then
suddenly a pressurant consisting of the same components as the liquids is in-
troduced into the container, instantaneously changing the gas pressure to E; and
its temperature to T;. This change in the pressure level is accompanied by con-
densation or evaporation in which the latent heat is absorbed or supplied. As-
suming both the liquid and vapor regions to be semi-infinite in extent, the study
is aimed at the solution for the heat flux and the mass flux of condensate or
evaporate across the interface and the temperature-time history of the vapor and
liquid regions.

According to the characteristics of the system considered, the classifica-

tion of phase dynamics shown in Table III may be made. The following assumptions
-are imposed on the solutions:

1. The densit& p, specific heat Cp, and thermal conductivity k are constant
for each phase and each component. This is a reasonable assumption if tempera-
ture variations within each phase are small.

2. Effects of natural convection do not exist.

3. At the moment of pressurization, the interface temperature immediately
adjusts to the saturation temperature Tggt corresponding to the system pressure
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TABLE III

MODELS FOR INTERFACE HEAT AND MASS TRANSFER IN A MULTI-COMPONENT SYSTEM

Liquid Gas
Model Heat Transfer Mass Transfer Heat Transfer Mass Transfer
1 No No Yes Yes
2 No No Yes No
3 No No No Yes
L Yes No Yes Yes
5 Yes No Yes No
6 Yes No No Yes
T Yes No No No
8 No Yes Yes Yes
9 No Yes Yes No
10 No Yes No Yes
11 No Yes No No
12 Yes Yes Yes Yes
13 Yes Yes Yes No
14 Yes Yes No Yes
15 Yes Yes No No

Pg. This contradicts the kinetic theory of gases in that a net mass flux is
realized only if there exists a difference between the interface temperature

and the saturation temperature corresponding to the vapor pressure at the inter-
face, or if there exists a difference between the vapor pressure at the inter-
face and the saturation pressure corresponding to the interface tempe rature.
However, these differences are believed to be small and may be neglected in the
analysis.

L. The mass diffusivity‘ﬁ for each phase remains unchanged.

5. Ideal vapor and liquid phases are assumed.

With these assumptions, conservation of energy and mass on each phase give
the following differential equations for general case, model no. 12 of n-component
system.

(a) Temperature distribution

In vapor region:
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In liquid region:
alI” ale
= T oS3 (26)
(b) Concentration distribution
In vapor region:
! dcy v 920
—gil +u" 3% = ﬂ_"l.' axgl for i = 1,2,...,n-1 (27)
In liquid region:
3¢ 3¢y
a-t_l = B’i'a?l for i = 1,2,...,11—1 (28)

It must be noted that T", T' and C{, Ci represent the transient components
of temperature and concentration respectively. Since the governing differential
equations expressed by Egs. (25) through (28) and the boundary conditions ex-
pressed by Eq. (30) are all linear in nature, the dynamic characteristics of the
system will not be affected by the initial distribution of temperature and con-
centration in the system. This statement would not be true if the absolute

velocity of the vapor as expressed by Eq. (32) were a function of temperature
or concentration.

The origin of the axis is fixed at the initial position of the liquid-vapor
interface. x is positive in the direction of the vapor. The absolute velocity
of the liquid is O. The velocity of the vapor is obtained from the equation of
continuity and the conservation of mass across the interface as follows:

" p' - p" ax

u = - —“57~—— ot (29)

where X(t) is the location of the interface at any instant t. As in cases of
melting, solidification, and bubble growth and collapse, it is considered that
for the present problem the movement of the interface is also characterized by
the square-root-of-time law, that is

x(t) = ona't (30)
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where A is a constant characterizing the interfacial movement and is positive for
condensation, negative for evaporation. Then the velocities of the interface and
the vapor may be expressed respectively as

dX o'
o = A J:;- (31)

and

The initial and boundary conditions are given by

T"(x,0) = T'(x,0) = T (332)
T"(w,t) = T" (33Db)

T'(=,t) = T (33c)

T"(X,t) = T'(X,t) = T, (334)

k' w - k" él%}((x—’ﬁ = hfgp' g—f (33e)
ci(x,0) = Ciy (33f)

C"(o,t) = C4" (33g)

c'(-2,t) = cf (33h)

Ci(X,8) = Cig , Ci(X,t) = g (331)

(333)

dt " o'

B i (xe) g 301 (LY) pég[?ﬂxﬁ)_(HC&tj
ox X

Equation (3%e) represents the condition for the conservation of energy across
the interface under the assumption that the heat of mixing, kinetic energy terms,
etec., are negligible. Therefore this equation signifies that the net heat flow

29



across the interface corresponds to energy evolved or required for the phase
change, hego' (dX/dt). dX/dt is the absolute velocity of the interface, positive
for condensation and negative for evaporation. p'(dX/dt) is the mass flux of
condensate (for positive value), or of evaporate (for negative value). Similarly
Eq. (33j) represents the condition for the conservation of mass across the inter-
face.

In order to couple the temperature and concentration distribution, it is
necessary to introduce an additional boundary condition using the third assump-

tion; that is:

The temperature-concentration relation may

be expressed by the equilibrium condition (34)
with Cig = fi(Tg, By)
" 1
cfy = £, B

C. Solutions

Chapter 11 of Ref. 22 indicates that the similarity variables

X
n' o=
ﬂ()'t
(35)
n X
T‘l =
2ya'"t

may be used to obtain an exact solution to Egs. (25) and (26). Introducing these
variables and u" as expressed by Eq. (32) into Egqs. (26) and (26) yields

dZT " p r p " Q T d "
+2" + =——— N | |=— = O
dn"g T] pH a" d,rllv (56>
a=T! aT'
+2n' = 0

The general solutions in dimensionless form for T" and T' which satisfy Egs. (36)
and (37) and the appropriate initial and boundary‘conditions represented by Egs.

(3%a), (33b) and (33c) are
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T' - T %
——= = A'(N)|L + erf ____:] (38)
Too - Too l: QJOC“D >

T"' - T X ANp' - p") Jo
():J'—'__ = A”(}\.) eI‘fC + (p " p ) —'_V (39)
Too - Too oot o] (07

The integration constants A; and Az are determined by Egs. 33d and 3%e as

8maerfe(ymh) + ome
AT(N) = z e e (30)

2 eyms
e erfe(yph) +ogq e A2 (1 + erf))

Y=
e - 5pA(1 + erfh)
A"(N) = — T = (41)
e " erfe(yph) +0Te- YT (1 o+ erfi)
where
{Thr
g
= —— - Lo
S c, (T - T)) (h2a)
_oel|el 42D
7T - pn \an ( )
(pc k)n
op = |—E—— (Lee)
(pC k)"
D
The interfacial temperature Ty at x =2\]a't is
T, - T}
S > = A'(N) (1 +erf\) (432)
T = T
Similarly, the similarity variables
! X
Y '
. AR
(4k)
nl_v _ X
1 - 1
2lft



and u" as expressed by Eq. (3%2) may be introduced into Egs. (27) and (28), yielding

aZcy p' -p"

+ 2 1" = 0 )_{_

anj2 E‘i * ‘ :l an} (43)
20 acy
L Lo =L - o (46)
dniE 1 dn!

The general solutions in dimensionless form for C; and C” of the i-th component
are obtained as follows; they satisfy Egs. (45) and (h6) and the appropriate
initial and boundary conditions, Eqs. (33f) through (33j):

Ciw - Ci , Met - p") [o
22 2 _ pi(\)erfe — 5" (&7)
Cj_oo - Cioo 2I t pn i
cl - ¢!
A7 Zie o p ()1 + erf X (48)
Cn Cv 1
io = Ciw ol it
1
where
ci. - Ci N
B.(N) = 15 L (49)

i T (o . ar
(I Cioo)(l + erf A ]ﬁi>

C’-’ - Cz!
_ is 1o
D;(A) = (50)

; a”  AMp' -p") [af
¢l - ¢! erf x‘7+—7—-7.‘
(Cto i Jorfe [ B8 P B}

The relationship between A, Cls, and C' is

F oL 5[5

: , BT
(Qis - Ciw)e i -
xa' (n &%
1 + erf =T erfec (A =
ﬁi 0 ﬁ.)

1

Forn |& (ELS_ - Ys | (51)
Bi pn p,

32



The interfacial concentration of the i-th components at x = 2k]a't is

.
oo ¢l —
—-”m——-—ly—ﬁ = 5i(>\.) erfc Q\ -p—:, g—:—,)
Ciw = Ciw " \F;
, - . (52)
J - . 1
9%§_~_9££ = B, (V) <% +erf X %%—)
C'_'LOO - C]'_oo \ 1 J

A\ can be obtained by coupling Ts as expressed in Eq. (43) and Cis as expressed
in Eq. (52) according to the relationship expressed by Eq. (34), which gives the
constant characterizing the interfacial movement.

The total interfacial mass transfer Np is

t
aX
Np = p' jp =4t = p'X(%)
J dt
o)
(53)
= 2N\p' Ja”t
The equations for interfacial heat transfer, which may be written as
g/A = -k (OT/0x), are obtained as follows for the liquid and gas regions:
/m) a0 (50
k'(T£ - Té) o't
2
(a/m)"  _ A"y -(OTh) (55)
k"(T) - T!) o't

D. Special Cases

1. ZERO CONDENSATION RATE (A = 0)

This particularly interesting special case, N = O, is the case separating
condensation from evaporation. For this case, Egs. (33) and (39) reduce to
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T' - T!
= = A(0)(1 + err X )
Ty = T 2|a!t
TH - T" %
% - = A"(0) erfec
Too - IIloo 2ja"t
where
1
A'(O) = 7 1
1 + (pCpk)
{(oe)”
1
An(o) =
(oCpk )"
1+ |(eCpk)
1
(pCpk)

The interfacial temperature as obtained from Eq. (43) is

Tg - T

T - T!

For concentration distribution, Egs. (47) and (48) reduce to

- 4(0)

cy - C!
—%E————%— = D;(0) erfe
Yy - Clo v 2
c{ !
2= - (o) <1 +ert
i joeo
where
C! - C.'oo
B;(0) = —2—=
Cio = Ciw
cy! -ci
is o
Di(o) = " \
Ciw - Ciw

3L

"

it

X

o[Be

(56)

(58)

(59)



The interfacial concentration of the i-th component as obtained from Eq.

(52) is

CY, - C}

ico is
o - Gyl = D;(0)
6
oo (65)
cy, -cr— 1
10 oo
The combination of Egs. (54), (55), (58), and (59) gives
T Ty
(a/a)' = (q/p)" = (66)

Fa;[ 1, j]
1 "
J(pCpkff i(onk)
Equation (66) indicates that in this special case the heat transferred
toward the interface in one phase equals the heat transferred away from the
interface in the other phase.

2. CASE OF (pCpk)’ >> (pCpk)"

For a large number of practical applications, the magnitude of

(pCpk)"
(pCpk)"

is small in comparison with unity. Therefore Eq. (40) may be written as

{7h, N
A'(O) - - fg

c (T - T!)e N2

For this case A may be found by the combination of Egs. (43) and (67). In
addition to a small

(pcpk)"
(pCpk) "

)

"2
if N is sufficiently small such that e'h and (1 + erf A) may be approximated by

unity, then A\ may be obtained by the substitution of Egq. (67) into Eq. (43) as
Cp'(Tq = T)
= RS e
A = = (68)
\Fthfg
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This expression is in agreement with N\ obtained for the same case by the
source theory, which will be presented in detail in the next progress report.
The approximation as expressed by Eq. (68) is good especially for small values
of the temperature difference T! - T!. If T/ - T; is considerably large, the
interfacial movement will be rapid and the approximation given by Eq. (68) will
deviate more from the exact solution. As indicated by Eq. (68), N = O when the
interfacial temperature Tg is equal to the liquid temperature T, or when

Dl oy
heg

The substitution of Eq. (68) into Eq. 53 yields

201C " (Tg - T2)
Ny = P *p °s ot (69)
Jﬁhfg

which is a linear form for the interfacial mass transfer rate.

The analytical expressions derived in Section C will now be used to carry
out some illustrative applications to one- and two-component systems.

3. ONE-COMPONENT SYSTEM

The governing differential equations for this case are Egs. (25) and (26).
The appropriate initial and boundary conditions are expressed by Egs. (3%a)
through (3%e). Equations (38) and (39) give the transient temperature distribu-
tion in the liquid and gas regions respectively. A\ as obtained from Eg. (43),
with Tg assumed as the saturation temperature corresponding to E; is substituted
into Egs. (52), (54), and (55) to determine the total interfacial mass transfer
and the interfacial heat transfer for the ligquid and gas regions.

4. BINARY COMPONENT SYSTEM (Components 1 and 2)

The governing differential equations are Egs. (25) and (26) for temperature
distribution and Egs. (27) and (28) for concentration distribution. The appro-
priate initial and boundary conditions are expressed by Egs. (33a) through (333)
with i = 1. The transient temperature and concentration distributions in both
liguid and gas regions are expressed by Egs. (38), (39), (47), and (48) with i = 1.
Equations (43) and (52) respectively represent the temperature and concentration
at the interface. A\ in Egs. (38), (39), (43), (47), (48), and (52) has to be
determined by the equilibrium conditions between the interfacial temperature and
concentration; that is Tg, C4, and Cg as expressed respectively by Egs. (43) and
(52) must be coupled by the equilibrium conditions at the interface. For example,
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the Ty - Cg relationship may be approximated linearly as follows, for a system
consisting of one component in gas phase and two components in liquid phase.

Cia - Oy = (352) (T4 - T pa) (70)
P
or
Cle - CL = (gg—é)p (T} at - Ts) (11)
at x = X(t). Then A is determined by Egs. (56) and (57), into which Egs. (L43)

and (52) are substituted. That is,

B1(N)(Cle - cim)é + erf A \l?)

ocq

) (SE_D [T, - Tg sat T Al(k)(jg - T!)(1 + erf A)] (72)
P b

E. Approximate Solutions

Approximate solutions obtained by the uses of the source theory and the
integral method will be presented in the next progress report. A comparison
between the exact and approximate solutions will also be given.
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