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ABSTRACT

Additional experimental data of final mean gas density are presented for
inlet-gas temperatures up to approximately 600°F. Reduction of a portion of
the Saturn data has been completed, with an analytical procedure used for com-
puting the final mean temperature. These are compared with experimental meas-
urements,

The results of a modified integral method are compared with the exact
analytical solution for the pressurized discharge process.

Modifications of the reduced-gravity test facility necessary for opera-
tion at fractional gravities are described. Results and an explanation of the
digital computer program used for data reduction with the transient sphere
calorimeter are described.

Tentative data are presented showing the effect of system acceleration up
to a/g = 18,3 on boiling heat transfer to liquid nitrogen at values of heat
flux between g/A = 5,000 Btu/hr-ft2 and q/A = 20,000 Btu/hr-ft2.

A summary is given of the lumped-system transient in response to the in-
Jection of a highly soluble gas. Experimental data for the injection of ni-
trogen into liquid oxygen and of helium into liquid hydrogen are discussed in
the light of the previously developed theory and the new extension of a vari-
able gas enthalpy flux.

An approximate analysis of the dynamic growth of a single, stationary,
inert gas bubble in a volatile liquid indicates that nonradial liquid convec-
tion due to translatory bubble motion plays a significant role for the ob-
served rapid mass transfer. Experimental apparatus for bubble dynamic studies
is being constructed.

xiii



I. OPTIMIZATION OF PRESSURIZED DISCHARGE PROCESSES IN
CRYOGENIC CONTAINERS

A. Experimental Program

1. ADDITIONAL DATA—FINAL MEAN DENSITY

During the past period, experimental values of final mean density were
obtained for the range of pressurant temperatures from 500°R to 1000°R for
the adiabatic case. This series of runs has been numbered 58 A through M.

A composite curve of the 58 series and the earlier 56 series, as well as an
adiabatic case with inlet temperature ranges of 250°R to 500°R, is shown in
Fig. 1. The performance of the new system during this series of runs was
generally very satisfactory. The system has proven to be quite versatile,
and the desired condition of a step-inlet temperature response at the begin-
ning of discharge has been closely approximated.

A discrepancy still exists between the temperature indicated by thermo-
couple 25 (see Fig. 1) and the essentially identical temperatures indicated
by thermocouples 26, 27, and 28. The results of final mean density are plot-
ted as functions of both the temperature indicated by thermocouple 25 and the
three identical temperatures of thermocouples 26, 27, and 28. It can be seen
that the difference in temperature is about 80°F at a temperature level of
1000°R and about 30°F at a level of 500°R. The reason for the difference in
temperature is not known, but it is possible that the gas undergoes some cir-
culation which brings it into contact with the surrounding cold insulation
before it passes over thermocouple 25. Since thermocouples 26, 27, and 28 do
indicate identical temperatures, it seems realistic to consider thermocouple
26 as indicating the pressurant inlet temperature. It should be noted that
since the theoretical mean density curve is relatively flat in this high tem-
perature region, both temperatures correlate well with the theory. It should
also be noted that the discrepancy 1s less at lower temperatures, so that the
data reported prior to runs 58, which were obtained with the old system (e.g.,
runs 52 to 56) can be considered reliable.

2. EXPERIMENTAL APPARATUS

A schematic wiring diagram of two typical thermocouple circuits which
measure the container-wall and gas-space temperatures is shown in Fig. 2.
Also shown are the complete control panel, on which are mounted the thermo-
couple knife switches and the timing synchronizer; and the inlet-gas thermo-
couple circuit, which is recorded on the Sanborn recorder. The synchronizer



is used prior to each run to record the first timing signal of the Sanborn
recorder on the visicorder recorder. Once the initial reference mark is es-
tablished on each instrument, their timing signals are recorded independently
for the remainder of each run. The gas and wall thermocouples are all 24 ga.
copper-constantan couples except for the inlet-gas thermocouples, which are
30 ga. copper-constantan.

A complete drawing of the piping, valves, and heating wires immediately
preceding the container inlets is shown in Fig. 3. The thermocouples numbered
29 through LO consist of 2k ga. iron-constantan. The purpose of these thermo-
couples is to indicate the temperature of the piping so that this temperature
can be matched with that of the bleed gas by adjusting the electrical power
input to the heating wires wrapped around the pipes. The signals from these
thermocouples are not recorded but only monitored with a Brown millivoltmeter,
calibrated to indicate °F. Also shown in Fig. 3 is the wiring diagram of the
terminal strip between the four Variacs and the heating wire elements.

A Fischer-Porter model 10A1735F rotameter is used in the gas-flow circuit
to enable pressurant flow rates during the bleed period to be matched with
rates during the discharge period. The rotameter purchased indicates directly
pounds mass per minute of nitrogen gas flowing at a temperature of O°F and a
pressure of 60 psia. For any other gases or flow conditions it is necessary
to make specific gravity, pressure, and temperature corrections as given in
Instruction Bulletin 10A9020 published by the Fischer and Porter Co.

A Rockwell Model 800 positive-displacement gas meter has been incorpo-
rated into the flow circuit to provide an additional measurement of the pres-
surant flow-rate. The meter has been modified by connecting a potentiometer
to the indicating dial so that a continuous recording of gas flow can be ob-
tained. The signal from the potentiometer is connected through a switch to
the AC-DC preamplifier unit of the Sanborn, the same unit which records the
liquid level. Since the Rockwell meter is a total-volume flow measuring de-
vice, it is necessary to record only the initial and final voltage level of
the potentiometer, the difference being an indication of the total volume
transferred. The Sanborn unit is used to indicate liquid level during the re-
mainder of the test run. The Rockwell meter has been calibrated using the
Fischer and Porter rotameter and is accurate to within 3%. This meter will
permit a more direct determination of the residual gas mass.

3. FUTURE EXPERIMENTAL TEST RUNS
A number of ambient runs have been obtained and the data are presently
being reduced. The inlet temperature range included ambient to 550°F. These

data will be reported during the next period.

Preliminary investigations are currently in progress to determine the
source of the differential mass which has been observed by other investigators.

2



This differential mass is defined as the mass of gas which is obtained if the
sum of the initial ullage gas mass plus the gas mass introduced into the tank
as pressurant is subtracted from the mass of gas in the tank at the end of
discharge, commonly called the residuvual mass. The residual mass is to be ob-
tained from the thermocouple temperature indications at the end of the run,

as was formerly done for the adiabatic and ambient runs. The mass of pres-
surant introduced was measured using the Sanborn and the Rockwell meters des-
cribed above. The initial ullage mass will be determined by using the liquid-
level indicator, which will determine the initial ullage volume, and by meas-
uring the temperature distribution throughout the initial ullage space with
the floating thermocouples. Because the amount of differential mass is small,
very precise measurements of gas pressure, temperature, and flow rate are nec-
essary. Some difficulty had been encountered in attempting to eliminate the
gas leaks in the system. For the experiments prior to this report period,
these leaks were not significant, but for the differential mass investigation
the leaks must be reduced as much as possible.

4, ANALYSTS OF SATURN DATA
a. Introduction

Experimental data for pressurized discharge of liquid oxygen from a
large tank have been received from the George C. Marshall Space Flight Cen-
ter for the purpose of reducing the data for an arbitrary pressurant inlet
temperature. The data-reduction method described in an earlier Progress Re-
portl is being used. The runs received are numbered 51-44 and 51-54 (non-
slosh runs), and 95-20 and 95-23 (slosh runs). To date, runs 51-44 and 51-
54 have been reduced, and calculations are presently in progress for runs
95-20 and 95-2%. In the following sections the calculation procedure fol-
lowed for runs 51-44 and 51-54 are outlined and the numerical results pre-
sented. Necessary assumptions are stated when made.

b. Calculation of Initial Inlet Temperature of Pressurant

The arbitrary-inlet temperature theory makes use of a series of straight-
line ramps to approximate the actual inlet temperature curve during the dis-
charge period. Application of the theory thus requires a knowledge of the
variation of the inlet temperature, the inlet location being x = O, which is
the initial liquid level in the container. For runs 51-4L4 and 51-54, the ac-
tual inlet temperature (thermocouple T-30) is measured at a significant dis-
tance from level X = O, so that an approximation to the time-temperature plot
is necessary. For these runs, an idealized time-temperature curve is assumed,
as shown in Fig. 4. To determine T " the ullage space is considered an in-
sulated container initially containing saturated vapor at one atmosphere pres-
sure, with subsequent pressurization by the same gas at a temperature Tgi'

The effect of heat transfer from the relatively warm gas to the cold walls



and liquid oxygen during the hold time before discharge begins is taken into
account by a First Law analysis.

To determine the heat flow out of the ullage space during the hold time,
it is necessary to determine a value for the convective heat-transfer coef-
ficient between the wall and the gas and between the liquid interface and the
gas. Since the wall heat-transfer coefficient is governed by a natural con-
vective process, it is first necessary to determine the temperature of the
wall. The heat capacity of the wall is greater than the heat capacity of the
enclosed gas by a factor of 20; therefore the assumption is made that the
wall temperature remains the same as it was during venting to the atmosphere
prior to pressurization. A value for h v can be calculated by determining
the boil-off rate during venting, using ho = 3 Btu/hr-ft2-°R calculated be-
low and using Eq. (9-10b) of Ref. 2, and correcting for an L/D effect with
Eq. (9-13d). The value for h , calculated is found to be 1.5 Btu/hr-ft2-°R.
For Eét’ Eq. (6-68) of Ref. Bgis used, with the top of the tank considered a
flat plate with air flowing over it at a velocity of 10 mph. The solution
yields Eﬁt =1 Btu/hr ft2 °R. Since the tank is not protected from the am-
bient, the effect of a probable build-up of frost can also be included. Ref-
erence L4 lists a value of 5 Btu/hr-ft2-°R for the conductance of a frost lay-
er having air flowing over it at a velocity of 10 mph. Thus, t_  is calcu-
lated to be -160°F = 300°R. This value is used for both runs, 51-44 and
51-5k4.

An approximate value for h w Ccan now be determined using Eq. (7-4a) of
Ref. 2; & value of 3.5 Btu/hr-ft2-°R is obtained. Similarly, h 1 is calcu-
lated from Eq. (7-8b) of Ref. 2 to be 1.0 Btu/hr-ft2-°R. Although these
equations do not strictly apply to this specific configuration, it is felt
that the order of magnitude obtained is reasonable.

The First Law of Thermodynamics is now applied to flow into a closed
container.

Q,+Hm = US@O-Ua (l)

where Q can be expresses as

Q = q(ae) = EéwAwl;wt - T8a+Tg(9_§] + hgrar |1y - Tea*eColll 4o (2)
2 2

=

By introduction of the perfect gas law, Eq. (1) becomes:
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In this equation, the only unknown is T, (6,), as %, and h o are functions
of T (QO). It is necessary to solve this equation bg trial ald error. For
run 51-kk, T_(6,) is found to be approximately 300°R, and for run 51-5k Tg(QO)
= 260°R. A plot of the actual inlet temperature and the assumed ramp, as
calculated above, versus time is shown in Figs. 5 and 6 for the runs 51-LL4 and
51-54 respectively. The actual inlet temperature curve was obtained from the
data plots of the thermocouple numbered T-30 in the series 51 runs.

c. Calculation of Final Mean Density

It is necessary to calculate the variables s, 8 and 7, defined in Ref. 1
as:

0]
1]
=
®
o
<%
=

n o= — (6)

The nomenclature is the same as that used in Ref. 1. To obtain values for
these variables, values of Eé and Eé must be specified.

The heat transfer coefficent between the container and the ambient is
affected both by forced convection due to the 10 mph wind velocity, and by
natural convection due to the large temperature difference between the wall
and the ambient. For forced convection, Eq. (9-3) of Ref. % applies:

(o
Nu = C(Re)

(7)

By evaluating the fluid properties at the film temperature, and since V

= 10 mph, hy is calculated to be 3.5 Btu/hr-ft2-°F. For natural convection,
Fig. 7-4 of Ref. 3 applies; thus b, = 2 Btu/hr-ft-°F. Since these are the
same order of magnitude, a mean value of h, = 3 Btu/hr ft2 °F is used in the
subsequent calculations.

Because of the transient nature of the discharge process, a value for
Eé is very difficult to obtain. For the purposes of this analysis, an over-
all mean value is calculated with use of the standard equations for natural
convection heat transfer. A value for Eé was also calculated with forced
convection considered, but it was found that hg due to forced convection is



negligible for the conditions of flow in these runs. Since the wall tempera-
tures throughout the run were not recorded, fluid properties are evaluated at
a film temperature defined as

Tyr + Tme
Tf = __2—_ (8)
where t_p is determined by
Tt T twp
t = (9)

The value of Tmf is the average value obtained from a data plot of gas temper-
ature versus distance in the tank at the end of discharge. The equation used
to determine Eé is Eq. (7-4a) of Ref. 2:

13p.3gp At /c /2
£ &P <:p€>i} (10)
_pef k /¢

Note that it is not necessary to define a length L since it cancels from both
sides of the above equation. For the term At, two extreme conditions, at the
beginning of discharge and at the end of discharge, are considered. Thus

h L
£ = 0.3
ke

At .
min

Tg(@o) -t (11)

and

At T

max = Tmf " Ywr (12)

Solution of Eq. (10) for runs 51-L4 and 51-54 results in

By mex = 4.5 Btu/hr-ft2-°F

hg min

It

3,1 Btu/hr-ft2-°F

Since the above values are intended to indicate only an order of magnitude,
hg = 5 Btu/hr ft2 °F was selected. For runs 51-44 and 51-54 then, Egs.



(4, 5, and 6) become:

Run 51-Lbk:
X
s = 0.00895 = (13)
pm
5 = 0.00312 [38.7 - x] (1k4)
1 = 0.6227 (15)
Run 51-54
s = 0.0120 % (16)
pm
8 = 0.00419 [38.7 - x] (17)
n = 0.6320 (18)

In the above expressions, ©, the time of discharge, is 88 sec for run 51-LkL
and 118 sec for run 51-54, and the velocity of the interface is calculated
from an average discharge rate. TFor both runs, x = O is taken to be at the
beginning of the cylindrical portion of the tank.

A solution of the mean cross-sectional gas-space temperature versus dis-
tance can now be obtained by a trial-and-error procedure with the addition of
Egs. (12) and (34) of Ref. 1. Eq. (12) in Ref. 1 corresponds to a step dis-
turbance in the ambient temperature, and Eq. (34) in Ref. 1 corresponds to a
linear time-dependent disturbance in the inlet temperature. The trial-and-
error procedure is necessary since the mean density term, p,, appears in both
Egs. (13) and (16) above. A value for pp is assumed, and the gas temperature
distribution is calculated and plotted. The resulting curve is integrated to
obtain a value for the over-all mean temperature, from which Pm is calculated
with use of the perfect gas law. The general procedure is outlined in detail
on p. 28 of Ref. 5. The predicted mean temperatures for the conditions of
run 51-54, with Tg(@o) = 300°R, are shown in Fig. 7, and for the conditions
of run 51-54, with Tg(@o) = 260°R, are shown in Fig. 8. The experimental val-
ues shown are averaged values of the NASA temperature data plots of thermo-
couples A through F.



An evaluation of the assumptions made to obtain the solutions presented
in Figs. 7 and 8 indicates that the value of Tg(OO) has a significant effect
on the resulting solution for the gas temperature distribution. It would be
very desirable to have experimental values of temperature versus time at the
location x = O so that fewer assumptions would be necessary in applying the
theory. To show the effect of Tg(@o) on the resulting gas-temperature distri-
bution, solutions were obtained for a number of values of Tg(QO) between 200°R
and LOO°R for the conditions of run 51-4l4, and are presented in Fig. 9. It
can be seen that for lower values of Tg(OO), the theory more closely approxi-
mates the experimental data.

Calculations for runs 95-20 and 95-23 are currently in progress. Al-
though these two runs were obtained with the tank under conditions of slosh-
ing, the effect of sloshing is ignored for a first approximation. It happens
that for these runs the tank was only partially filled with liquid oxygen so
that the thermocouple in location A is in the gas space at the beginning of
discharge. Thus, the thermocouple can be considered to indicate very nearly
the temperature history for the location X = 0. Solutions will be obtained
and reported using this approximation.

B. Analytical Program

In previous studies,l dynamic response during the process of pressurized
discharge of a cryogenic liquid from a container was investigated for simul-
taneous, multiple, time-dependent disturbances of an arbitrary form in the in-
let-fluid temperature, the ambient temperature, and/or the ambient heat flux.
In the formulation of the problem, the axial conduction both in the wall and
pressurant could be ignored. However, when the interface-temperature dif-
ference between the pressurant and liquid increases, or when the area of this
interface becomes an important fraction of the total surface wetted by the
pressurant, the effect of the liquid temperature becomes equally important,
and through the axial conduction, must be included in the formulation of the
problem, Similarly, the interface condensation (or evaporation) may be in-
cluded; this will be an important extension of the existing analytical studies.

Although as reported previously,6 an analogical procedure has been com-
pleted which includes the effect of axial conduction, another approach-—a
modified integral method—is being considered as a possible method of attack
for future studies.

Again, an insulated container is considered the simplest model for study
in the new analysis. The transient phenomenon is introduced by the tempera-
ture difference between the pressurant and the wall.



As shown in Fig. 10a, application of the radially lumped but axially in-
tegral form of the First Law of Thermodynamics to pressurant-control volume
and wall system results in (for fluid):

Ve ve

d pAdxeT = pAVch - f hPax(T-t) (19)
(@]

a6
o
For wall this application results in

a Ve Vo
- dxec. t = hPdx(T-t 20
T ey fo (T-t) (20)

where A is the cross-sectional area, P the periphery, p the density, c the
specific heat, h the heat transfer coefficient, V the velocity of pressurant,
Tg the inlet temperature of the pressurant, © the time, x the axial distance,
and subscript w the properties of the wall. The temperature of the pressurant
and wall are T, t, respectively.

By introducing by = hP/pcA and bs = hP/pwchw, Egs. (19) and (20) can be
rearranged in the following form:

o ] T(x,0)dx = VI, - blu/; [T(X?Q) - t(x,0) Jdx (21)
Ve Vo
%ﬁL/; t(x,@)dx = bg‘/; [T(x,Q) - t(x,@)]dx (22)

The rest of the problem consists of selecting suitable temperature distribu-
tion for the pressurant and wall. Here, a spatially parabolic but temporally
unknown temperature profile is considered. The temperature of the pressurant
is'expressed in terms of the unknown interface-pressurant temperature, and
the temperature of the wall is given depending on the unknown inlet-wall tem-
perature, as shown in Fig. 10b.

Hence, the assumed profiles, with zero axial conduction on the interface,

can be expressed as
T+(T-f)(X—2-8—X (23)
g 8 L/ I\Ve Vo

4 2
fg[@—@) -1 (24)

=]
i

+
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Substituting Eqs. (23) and (24) into Egs. (21) and (22), and integrating Egs.
(21) and (22) with respect to x, gives

2 d _ _2 _ 1 o
-3 d—O(Tg -f1)0 = Dby |;rg@ 5(Tg £1)6 + = £20 (25)
—
2
%g—@(fg@) = bp E?g@ - g(Tg - £1)0 + = f20 (26)
By introducing the following transformation of variables
Fi = (T - £1)0 ’ Fo = f20 (27)

g

which is vitally important for a suitable solution, Eqgs. (25) and (26) be-
come

dFso
-2 = - 2
3o + boFo boF1 Bbng@ ( 9)

subject to initial conditions
Fi(0) = 0 ; £1(0) = 0 (30)

The solution of Egs. (28) and (29) is trivial, and can be obtained in a num-
ber of ways. Here, the following method is the most convenient. Solving,
for example, Eq. (29) in terms of F1(0),

ve * * —b(@-O*) *
ra(e) = me [ l2ra(eh) - e as (51)

e}

*.
is readily obtained, where © 1is a dummy variable. Then, substituting Eq.
(31) into Eq. (28) results in an integro-differential equation in the form

Ve *

%, -b(6-6
¥y ¢ pF, - }_blbgf (2Fy - 37407 )e ( )d@* = 2pTre  (32)
ae 2 ° 2 g
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The convolutive character of the integral involved in Eq. (%2) suggests the
use of Laplace transforms most conveniently. Hence, multiplying each term
of Eq. (32) by e-PP30 and integrating with respect to time over the interval
(0,») gives

= = 1 = 1 1 _ 5 1
PF1 + D1Fy - 5 b1ba(2F1 - 3T, e (33)
where p is the Laplace transform variasble. Solving Fy from Eq. (33)
= 3 1
2 78 p2(p+d)

is obtained, where b = by + bo.

Following an identical procedure, ﬁé can be obtained in the following
form:

T - 5 1
Fo baT g EETE:ET (35)

The inverse transform of Egs. (33) and (3L4) is

Q *
75&1__ ) _B.FA_ _ f (0 - 6%)5P° ao* (36)
Brme  @ere Vo
which gives
F F 1 -{b1+bs )G
i vl ﬁ—g—r[( l+2)+(b“b2)g'l] o
\5p2Tg @bﬂg

Substituting Eq. (37) into Egs. (23) and (2L4), the pressurant and wall tem-
peratures are obtained in the form

T(x,‘Tc) - Ty _ g_\/ 1 l;é’(bjﬁbz) + (b1+52)0 - %( >K"> :}
g [l+<.;i?>](bl+b2)@
t(xt) _ (3 1 s(Patb2)8 L Ye 1 >
Tg 2/[1+<§§\](b1+b2)@ <:

11
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During the next report period, these approximate temperature profiles
will be compared with the exact theory and the results of analog computa-
tions.

12



II. BOILING OF A CRYOGENIC FLUID UNDER REDUCED GRAVITY
A. Modifications to the Reduced-Gravity Test Facility

During the!past year and a half fairly extensive data have been obtaine%
for the boiling 'of liquid nitrogen from a sphere under free-fall conditions..™’
During operation several deficiencies in the free-fall facility became ap-
parent, the most serious being the premature release of the test package be-
fore the test sphere had been inserted in the liquid nitrogen. On two occa-
sions this resulted in considerable damage to the test facility.

In order to overcome this particular difficulty, to provide for more con-
venient calibration of the instrumentation, to provide more effectively for
future modifications, and to make the system ready for operation at reduced
gravity (i.e., with a counterweight), the opportunity was taken to rewire the
electrical system extensively and to make the necessary mechanical revisions.
These modifications are described below.

Figure 12 shows the new control panel. The upper section houses the op-
erating switches, interlocking relays, and the various function-indicator
lights for the test facility. The center section contains the thermocouple
circuits, which consist of the copper knife switches and the resistors used
in calibration of the records. In the lower section, housed under a hinged
cover, is the 8662 potentiometer; this is used for calibration of the re-
corder and for direct thermocouple millivolt readings.

Figures 13-17 show the electrical control circuits and Fig. 18 presents
the function of each item in the circuit. The arrangement in the control
panel provides three basic modes of operation, each of which is described
briefly below:

1. ONE GRAVITY TEST SUBCIRCUIT

This condition deactivates the control panel and associated interlocks,
and serves primarily as an indicator during stationary or non-drop type of
tests.

2. FREE-FALL TEST SUBCIRCUIT

In this mode of operation the interlocks associated with free fall and
arresting of the test package are activated. Release of the test package
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takes place by electrically melting the support wire. The solenoid initiat-
ing the drop is actuated by a microswitch attached to a mechanical safety
hook, which is withdrawn at the desired instant of release. This redesigned
safety hook, which prevents the possibility of premature release, is shown in
detail in Fig. 19 and in over-all perspective in Fig. 20. The interlock cir-
cuit prevents the test package from being released by the control panel op-
erator until:

(a) The pit cage door is closed;
(b) The buffer position is withdrawn; and

(c) The safety hook has been withdrawn at the test platform level.

3. ZERO-TO-ONE GRAVITY TEST SUBCIRCUIT

In this mode of operation the interlocks associated with the fall and
arresting of both the test package and counterweight systems are activated.
The test platform, counterweight, and counterweight buffer system are shown
in Fig. 20. When in use, the counterweight is initially located at the lower
level and connected to the test platform via a small flexible cable. Release
of the test-platform counterweight system is made by a solenoid-actuated hook
on the lower end of the counterweight.

The test platform is brought to a stop by the main buffer in about 3
feet of travel, whereas the counterweight is stopped by its buffer in only
8 inches. The difference in stopping distance results in cable slack and
may—if the counterweight rebounds, as is possible with the air-cushioned
buffer—snap the cable. To prevent rebound, four pawls are attached to the
counterweight buffer to engage and hold the counterweight when contact is
made with the buffer. Should the pawls not hold the counterweight and
should the cable snap, a safety device is installed to prevent the counter-
weight from dropping to the lower level. This device consists of a rapid-
action, air-cylinder-operated trap door located about a foot beneath the
counterweight in its uppermost position. The trap door moves into position
when the counterweight closes a microswitch upon making contact with the
buffer.

The interlock circuit prevents the test-platform counterweight system
from being released by the control panel operator until:

(a) The pit cage door is closed;
(b) The main buffer is withdrawn;

(c) The counterweight trap door is ready to operate;
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(d) The counterweight and counterweight buffer are ready; and

(e) The safety hook has been withdrawn at the test platform level.

B. Measurement of Acceleration

In earlier presentations of experimental results,1:6 it was stated that,
based on measurements with a commercial accelerometer, the body forces on the
free-fall test platform were less than 0.0lg. No higher degree of precision
was possible because of the limit on resolution of the instrument.

It was also pointed out that a number of correlations predict that the
maximum heat flux is proportional to (a/g). For (a/g) = 0.01

(%>max (%\: 0.01
()
maxk >.. 1

which compares to the experimental value of 0.41 reported in Ref. 1.

= 0.316

Proper interpretation of the experimental results requires accurate
knowledge of the force field present on the falling platform. Therefore
efforts are being made to measure more accurately the acceleration of the
free-fall test platform.

Initially, attempts were made to obtain displacement-time data of the
test package, using two accurately placed photocells and an electronic time-
interval counter. The photocells were to be placed at variable vertical lo-
cations for data over the entire drop range. But computation of the plat-
form acceleration would have required double differentiation of the dis-
placement-time data, and errors are inherent in such a procedure.

A further difficulty was encountered: Expressing the equivalent force

field present on the falling platform as aapp/g, it can be shown that

aapp/g = 1 - ax/g

where a, 1s the acceleration of the test platform. Since a, =~ g this technique

involves the measurement of a small quantity from the difference of two quan-
tities of near-equal magnitude.
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To overcome these difficulties a simple accelerometer sensitive to very
low values of a/g is being designed. The accelerometer consists of a small
metal sphere enclosed in a housing which is attached to the test platform.
By measurement of the time-displacement behavior of the sphere relative to
the test platform, the force field present on the test platform can be com-
puted directly, as indicated below. After release of the test platform the
sphere is released at a specified time from the upper side of the enclosure,
and the time required for it to move a small preset distance is measured.
For this small distance air drag on the sphere can be neglected.

In the sketch below:

=4
i

= mass of enclosed sphere
X = position with respect to fixed coordinate system
position of sphere with respect to test platform

<
n

“/,Enclosure attached to test platform

Applying Newton's Law of Motion to the sphere:

L& - om E(xty) . In_@2x+d2y (%0)
g0 €0 at2 go at2 at2

If, over a short drop distance of the test platform, one considers that

2
é_§ = g = constant

at2 X

then

2
%;g = g -a, (1)

For initial conditions
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dy _ -
T -0 , 0
integration of Eq. (41) gives
+2
y = (g-2a) — (42)
or
_ 2(ay) .
aapp/g (502 (43)

where aapp/g is the dimensionless effective force field present on the fall-
ing platform and At is the time interval measured for the sphere to move a
set distance, Ay, relative to the test platform.

The magnitude of the error introduced in assuming that ay is constant over
the drop interval At of the sphere will depend upon the magnitude of Ay se-
lected. For example, if Ay = 0.1 inch and assuming that aapp/g = 0,01, then
from Eq. (43) At = 0.228 sec. Over this time interval the test platform will
move 10 inches after the moment of release, and it will move approximately 10
feet just before impact with the buffer. For the latter case the assumption
of constant ay may be erroneous. Correction can be made by using a smaller
value of Ay for measurements of acceleration near termination of the test-
platform motion.

The sphere is held in contact with a metallic upper plate by a 0.002-
inch-diameter nichrome wire and is released by discharging a condenser through
the wire. The drop interval of the sphere is measured by permitting an elec-
trical contact between the sphere and the upper and lower plates to start and
stop an electronic counter capable of time-interval measurements within 10
microseconds.

The accelerometer is currently being installed on the test platform.
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C. Digital Computer Program

With the spherical test surface used for the measurement of boiling heat
transfer data under conditions of free fall, a lumped system was assumed in
the reduction of the data. Furthermore, it was necessary to measure the
time -temperature slopes graphically.

In order to check on the validity of assuming a lumped system in the
transition and nucleate boiling range and also to eliminate the necessity for
graphical measurements of slopes, a numerical solution of the transient con-
duction process in a sphere was programmed for the IBM-709 digital computer.
A finite-difference technique was used, and the experimental time-tempera-
ture measurements near the surface of the sphere served as input data. The
heat flux thus determined can be compared with that obtained by the previous
technique, and the computed center-surface temperature differentials com-
pared with experimental measurements. This program greatly facilitates the
reliable reduction of data and can, with minor modifications, be used for
geometries other than a sphere. A brief description of the program follows.

The flow sheet showing the program logic is given in Fig. 21 and the
actual program, written in the MAD (Michigan Algorithm Decoder) translator
language is given in Fig. 22. The notation used is tabulated in Fig. 23.

The sphere is subdivided spatially into 10 shells of equal radial thick-
ness, and the time interval selected is 1 millisecond. This gives an inverse
Fourier modulus about twice as great as that needed to achieve stability for
numerical computations with the physical system used. Computations always
start with the sphere at an initial uniform temperature.

The entire set of discrete experimental time-surface temperature data
(see Fig. 24) are read and stored in the computer. Since the experimental
time intervals are much larger than the finite-difference time interval,
intermediate values of surface temperature must be interpolated.

Five of the experimental points are taken at a time (e.g., I = 1-5 in
Fig. 24) and 5 constants evaluated for Newton's interpolation polynomial.
The value of C_. is calculated at the central temperature of the 5 data points
(eng., I =3 in Fig. 24). Computation of the transient interior temperatures
then proceeds from the 2nd to the L4th point; the index is then shifted 2
points, and 5 points are again used to determine a new interpolation poly-
nomial. The procedure is continued until all the data have been processed.

When computation of the interior temperatures has proceeded to 2 steps
past the central temperature of the 5 data points, the average temperature
of the sphere is computed for each of 5 steps about the central temperature.
A 5-constant polynomial relating average sphere temperature and time is then
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determined, and the time derivative of this polynomial permits the calcula-
tion of the heat flux from the surface of the sphere.

Figure 25 is a reproduction of Fig. 50, Ref. 1, with the results of the
digital computer output superimposed. This output is based on the same ex-
perimental data from which the hand computations were made. Good agreement
is noted. The cost of data reduction is comparable for the two methods, but
the computer greatly reduces the possibility of errors inherent in hand com-
putations.

Heat flux and the heat transfer coefficient are plotted on linear scales
in Fig. 26 to show the rapidity with which the boiling heat-transfer process
passes through the transition and nucleate boiling regions. In Ref. 1 the
assumption of a step change in h to 2000 Btu/hr ft2 °F results in an analyti-
cal prediction of the maximum centerline-surface temperature difference of
2.3°F. Figure 27 shows the temperature differentials arising within the
sphere for a test run in which the computer was used along with experimen-
tally measured values. The experimental values should be compared with
ti1 - t2 since the surface thermocouple was in fact located about 1/16 inches
below the surface. A difference in the maximum value of 1°F is noted.

Because of the good agreement achieved by using the digital computer, it
is unlikely that data reduction will be conducted by hand computations in the
future.

D. Future Work

Should the measurements of acceleration indicate that the effect of air
drag on the free-fall test package is appreciable, it may be desirable to re-
place the present test package with a more streamlined one. (A more stream-
lined package is currently available.) 1In case of replacement, several test
runs with the sphere under free-fgll conditions will be repeated to observe
if changes in the basic data occur. It is possible that some of the scatter
in the free-fall film boiling data is a direct consequence of the variable
air drag on the test package.

Data will also be obtained with the sphere under frictional gravity, mak-
ing use of the counterweight system.

A flat plate disc heating surface, currently available, will then be
used to study the influence of surface orientation under fractional gravity
conditions.
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III. HEAT TRANSFER TO A CRYOGENIC FLUID IN
AN ACCELERATING SYSTEM -

The skirt-guard heater in the test vessel has been repaired and steps
taken to minimize the possibility of further burnout.

The test vessel was installed in the centrifuge to obtain boiling heat-
transfer data with system acceleration. Difficulties were encountered in
obtaining temperature measurements. It was found that portions of the ro-
tating iron wires inserted in the mercury commutator rings had become coated
with some type of deposit which served to partially insulate the wires. After
3 years of operating the centrifuge, the deposit is probably an accumulation
of surface scum on the mercury. Because the electrical insulation on the
wires connecting the mercury slip rings to the test vessel appeared in ques-
tionable condition, the wires were replaced.

Opportunity was also taken to recalibrate the thermocouples by vapor-
pressure measurement in a pure nitrogen liquid-vapor equilibrium vessel. A
slight deviation from the previous calibration was observed.

Several tests were conducted under acceleration with liquid nitrogen in
the test vessel but with no power input to the heaters in order to become
familiar with operational procedures.

A. Test Procedures

Since the present centrifuge has no facilities for transferring liquid
nitrogen to the test vessel while under rotation, the test vessel must be
filled just prior to rotation and measurements +taken while the
liquid level remains high enough for safe operation. Thus the mass of the
rotating test vessel will change with time. A counterweight filled with
water was designed in such a manner that by a programmed discharge of the
water, dynamic balance could be maintained at all times. However, it be-
came apparent that it would be difficult to synchronize the rate of dis-
charge of water with the boiloff rate of liquid nitrogen. The counterweight
is now adjusted so that dynamic balance is achieved with the test vessel half
filled with liquid. The unbalance occurring when the test vessel is full or
near empty has caused no difficulty in operation.

A styrofoam float with a scale indicator is installed in the test ves-
sel for liquid-level measurements. Since this reading can be made only under
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non-rotating conditions, a single heated carbon resistor is used in conjunc-
tion with a milliammeter to indicate, under rotation, when the depth of the
liquid reaches approximately 1 1/2 inches.

The center-heater temperature is measured with respect to an ice point
by a thermocouple located 1/16 inches below the surface, and the surface tem-
perature obtained by extrapolation from this reading. A second thermocouple
in the heater surface serves to check temperature uniformity. Iiquid tem-
peratures are measured at 1/4 inches and 1 5/16 inches from the heater sur-
face. A differential thermocouple is installed between the underside of the
heater and the lower guard heater. This has always indicated differences of
less than 2°F with no power on the guard heater. Another differential thermo-
couple is installed between the heater surface and the skirt guard heater.
The differential is maintained at less than 1°F by adjustment of the power
input to the skirt-guard heater, and reduces heat loss by conduction from the
skirt estimated to be less than 3% of the total main-heater power input. The
locations of the differential thermocouples and guard heaters are shown in
Fig. 76 of Ref. 1.

A vent tube was added to the test vessel to carry the boiloff vapor to
a point near the center of rotation in order to avoid a pressure change with-
in the vessel during rotation.

Liquid nitrogen purity was measured at least once during each test, with
the impurity assumed to be oxygen.

In each of the test runs the heat flux was held constant while the ac-
celeration was varied. In order to establish the effect of acceleration
more accurately, particularly when boiling characteristics change with time,
a set of readings has been taken at a/g = 1 before and after each change
of acceleration.

B. Test Results

Tests had been conducted at 3 values of heat flux with accelerations up
to a/g = 18.3, when a short circuit developed in the main heater. Upon dis-
assembly it was found that the screws connecting the heater assembly to the
inner vessel sidewalk had become loose, with the possibility that a leakage
of liquid nitrogen from the inner test vessel could have occurred. How this
may have affected the results is uncertain, since the leakage path is out-
side the lower heater container. However the results presented below should
be considered tentative until additional data are available.

Since liquid level could be measured at only one point while under ro-
tation, the levels shown are derived from the one measurement in conjunction
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with float level readings taken immediately preceding and following rotation,
and are the best estimates possible.

RUN NO. 21. gq/A = 10,150 Btu/hr-ft2

Figure 28 shows the temperature data taken as a function of elapsed time.
The decrease in the heater surface and fluid temperatures with decrease in
depth is noted, indicating the influence of a decrease in hydrostatic head.
However, the values of (Tg,,.pgce - Tgat) remain almost constant.

To indicate more clearly the influence of varying liquid depth, the
temperatures and local saturation temperature differences are plotted in Figs.
29-%2 for each acceleration. At the left of the figures the heater surface
and fluid temperatures are plotted along with computed local saturation tem-
peratures. At the right of the figures the differences between the measured
temperatures and local saturation temperatures are indicated. Note that
(Tsurf - Tsat (local)) is not influenced by small changes in pressure.

Figure 33 is a composite plot of local saturation temperature differences
as a function of acceleration for a particular depth of liquid. With reference
to the upper curves, Tg. ,pp - 'I‘Sat increases with an increase in acceleration,
whereas the superheat of the liquid dec¢reases. It is also noted that with
time, a small shift in the data occurs at a/g = 1. This shift is eliminated
in the lower curves by plotting only changes between the values at a/g =1 and
higher accelerations.

RUN NO. 22. q/A = 20,100 Btu/hr-ft2

The data for a higher heat flux in Figs. 34-29 are presented in the same
manner as the comparable data for run no. 21. In Fig. 34 the heater surface
temperature undergoes a period of instability after the initial acceleration.
A gimilar phenomenon has been noted in other test runs, but as yet no expla-
nation can be given.

As with run no. 21, Fig. 40 shows that (Tgurr - Tsat (local)) increases
with an increase in acceleration.

RUN NO. 23, q/A = 5,020 Btu/hr-ft2

Figure 41 is the time-temperature data at a low level of heat flux. An
instability after the first rotation is again noted. In accounting for the
rather severe shift in temperatures after rotation at a/g = 18.3, it was found
that the nitrogen vapor efflux had been accidently directed at the mercury
channels, with non-uniform temperatures probably inducing extraneous EMF's.
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Figure 42 is a composite plot of the saturation temperature differences
as a function of acceleration. Tg ¢ - Tgat €Xperiences a slight rise and
then a decrease with increasing acceleration. A similar phenomenon observed
with water (Ref. 7) at low values of heat flux was attributed to the increas-
ing contribution of non-boiling convective heat transfer.

In each of the test runs above, the liquid is superheated somewhat at
a/g = 1 and the superheat decreases with increasing acceleration. Also, for
example in Fig. 41, at accelerations above about a/g = 6 the liquid attains
a uniformity in temperature. At the highest acceleration of a/g = 18.3 the
thermocouples indicate that the liquid nitrogen is saturated near the heat-
ing surface and superheated at a distance away from the heating surface. The
bulk-liquid temperature thus tends to be near the saturation temperature at
the heating surface. With water (Ref. 7) it was found that the bulk-liquid
temperature tended to be closer to the saturation temperature corresponding
to the liquid-vapor interface, and somewhat subcooled at the heater surface.
The difference in behavior is thought to be caused by the difference in ex-
perimental techniques. With water, the vapor generasted is condensed and re-
turned saturated to the bulk liquid. The reflux assists in maintaining the
bulk liquid at the saturation temperature of the liquid-vapor interface.
With liquid nitrogen, the vapor generated is removed from the system com-
pletely; and since intense convection is present due to acceleration, heating
the bulk liquid from below would tend to keep the bulk-liquid temperature
near that of the liquid at the heating surface (i.e., near saturation).

C. Future Work

After the main heater has been repaired, additional data will be ob-
tained at various accelerations and values of heat flux up to approximately
q/A = 30,000 Btu/hr-ft2 in the same manner as that presented here. A num-
ber of tests will also be conducted at a/g = 1 but with various values of

heat flux to serve as a base for comparison with data of the system under
acceleration.

It is planned that an auxiliary heater will be designed for installa-
tion in the present test vessel to study the effect of acceleration for the
case where the acceleration vector is parallel to the heating surface. A
preliminary sketch of the proposed heater was given in Ref. 5.
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IV. INJECTION COOLING
A. TLumped System

1. INTRODUCTION

In a previous study6 the lumped-system analysis of the injection cool-
ing process was developed to a generally satisfactory form. A summary is
given here for the complete system transient in response to the injection
of a highly soluble gas, and the previous analysis is extended to include
variable gas enthalpy flux.

2. SUMMARY OF THE SYSTEM TRANSIENT

For a full understanding of the system-transient behavior in response
to ambient heating and a period of gas injection, a summary is given for the
general case of the injection of a highly soluble gas. The quantitative des-
cription is based on the analysis and nomenclature presented in Ref. 6, and
the form is such that account can be made for a variable gas enthalpy flux
and arbitrary equilibrium approximation. Figure 43 shows a schematic of the
six characteristic stages of the thermal lumped-system transient.

a. Ambient Heating
Assuming the system initially contains subcooled pure liquid of compo-

nent A, the ambient heating causes a linear system temperature rise accord-
ing to

Oe
1l
s}

(Lh )

If the satur§tion state is reached, boiling occurs along the walls of the
column, and @ = O,

b. Liquid Displacement Transient

As discussed in Ref. 6, p. 18, a nearly constant gas hold-up volume is
established in the gystem after gas injection is initiated. There is ex-
prerimental evidence® that the duration of this liquid displacement transient
is short compared with the period of gas injection. TFigure 4l shows the 4if-
ferential pressure measurement over a fixed length of an experimental column8



during gas injection. Although it has not been substantiated that the upper
pressure sensor was at all times covered by liquid-gas mixture, the data are
indicative for at least the initial transient. This stage of the gas injec-
tion is considered to have no effect on the system temperature.

c. Gas Injection with Only Liquid Phase Present

If the saturation temperature is not reached when gas injection is initi-
ated, all the injected gas of component B is absorbed in the liquid until the
liquid composition has reached that of equilibrium corresponding to the pre-
vailing system temperature. This process is associated with system heating
rather than cooling, according to Eq.(U45) [cf. Ref. 6, Eq. (11)]

6 = A1*L2 (p i)+ B (45)
1 + K7

d. Gas Injection with Two-Phase Equilibrium (Evaporative Cooling)

This phase of the injection process has been the main object for the
previous investigation since it provides the desired cooling. The transient
is approximately described by Eq. (39) of Ref. 6:

1 1
E[T + F] o7 . 1+ 1LZ [- ¥+ C]
1+ X [- JLe = A« =T 22, X + B (h6)
1+ KZ (EQ>P PR mTTea ez )J
X

e, Back-Flow and Mixing

When gas injection is terminated, liquid (comprised essentially of pure
component A) flows back from the reservoir and fills the column, undergoing
some mixing with the liquid remaining in the column. If the liquid in the
reservoir is colder than that in the system, some cooling is produced in the
upper portion of the system. However, within the frame of the lumped -system
analysis, full mixing is assumed such that the back-flow—being of short
duration—results in a sudden temperature drop, as illustrated in Fig. 43,

If the reservoir temperature is 6r and gas injection is terminated when the
system is at temperature ©p, the resulting temperature O3, following adiabatic
mixing, is determined from

G2 - 65 G L1+ 1z (47)
O3 - 6, 1-G-62 1+Kz

In Eq. (47) the gas hold-up volume has been based on state 2 (Fig. 43) rather
than on the asymptotic state; hence Vo /Vp = G(1 + 1/X2)/[1 - G(1 + 1/%s)], or
with the linear approximation for the dew-curve, 0 = X, VG/VL = G/(l -G - 02).
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It should be noted that Eq. (47) is not necessarily valid if 6, > 62, since
the resulting temperature 63 in this case might exceed the boiling tempera-
ture of the mixture.

f. Ambient Heating of Subcooled Two-Component Mixture
Following the mixing, the lumped-system temperature rises linearly ac-

cording to 6 = B, until the saturation temperature ©4 is reached, correspond-
ing to the liquid composition

Z, = 1 -4 _ Z2 (48)

B4 1+ G(1 +1LZ)/(1 -G - 02)

g. Ambient Heating of Saturated Two-Component Mixture (Fractional Distillation)

Subsequently the rate of temperature rise owing to ambient heating will
be reduced, since the more volatile component B distills off the mixture. Dur-
ing this process the liquid composition is assumed to be that of phase-equi-
librium corresponding to system temperature. Since the volume of vapor formed
is small, the lumped-system temperature can be described by Eq. (46) for
A =0:

E(=+F
1+__<}l(_2-a_z) 6 = B (49)
1 + KZ aep

Eq. (49) indicates that the rate of temperature rise may be reduced by an order
of magnitude.

The injection of gaseous nitrogen into liquid oxygen is an example of
injection cooling for which a non-condensing gas of high solubility is used.
The average (lumped) system temperature for Experiment No. 93-29 reported in
Ref. 9 is plotted in Fig. 45. The experimental data indicate the occurrence
of most of the stages discussed above, though the back-flow and subsequent
ambient heating are not fully substantiated. Lack of detailed information
on reservoir conditions have prevented quantitative comparison with theory.
However, stages C and D of the injection transient have been compared with
theory, using the integrated forms of Egs. (45) and (46) respectively and em-
ploying linear equilibrium approximations [cf. Egs. (31) and (3%2) in Ref. 6].
The observation that the experimental cooling rate exceeds the predicted
rate seems to indicate that the gas-to-liquid mass transfer rates are insuf-
ficient to establish equilibrium compositions in the liquid phase. Liquid-
to-gas mass transfer, however, occurs at a rate sufficient to create a net
cooling effect.

While the axial temperature distribution in the liquid oxygen in the
column shows a temperature drop of about 1°F from bottom to top for the case
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of helium injection, the difference is nearly 3°F for Experiment No. 93-29
(Ref. 9) for nitrogen injection. Hence a significant axial concentration
distribution can be expected to exist in this case. The shortcomings of the
lumped analysis can be circumvented by predicting an effectively attainable
average liquid composition, formally given by a non-equilibrium value of e€.
Governing factors would be injection pattern, gas flow rate, and system geom-
etry. An empirical correlation may be possible when sufficient experimental
data have been reduced. However, bubble dynamic studies are expected to per-
mit theoretical correlation either by extending the lumped-system model or by
considering an axially-distributed system. For Experiment No. 93-29, Fig.
45, a value of € = 0.17 gives good correlation compared with the equilibrium
value of 0.33%3.

In view of the particular application of the injection cooling process
it should be noted that the use of a highly soluble gas is undesirable for
the following reasons:

(1) Only low subcooling can be attained.

(2) Subsequent to gas injection and liquid back-flow, a saturated two-
component mixture is soon established (stage g), and this facilitates
flashing when the pump suction head is imposed on the system.

(3) The two-component mixture formed in the system may have undesirable
properties.

The use of a soluble gas seems applicable only if advantage is taken of the
liquid exchange with the reservoir. Hence, if gas injections of very short
duration are performed-—which prevent considerable contamination of the liquid
but are sufficient to displace a reasonable fraction of the liquid out of the
column—a satisfactory subcooling can be obtained, provided no structural
damage results from liquid hammer effects.

3. VARIABLE GAS ENTHALPY FLUX

In the previous analysis6 the gas enthalpy flux appearing in the property
group C = AhB/hng = cﬁ(TBi-T)/hng was assumed constant. This assumption is
nearly correct for small temperature changes in cryogenic systems if the ini-
tial gas temperature, Tg;, is that of the ambient. However, when the injected
gas is precooled nearly to system temperature and its heat capacity is not
negligible, C must be considered a variable. Assuming the molal specific heat,

cﬁ, of the gas to be constant, C can be written in terms of the constant C'
defined by

c = 8 _ cB(Ty - Tp)
hegn hrgn

(g -0©) = c'(eg - 0) (50)
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where Op = (TBi - TB)/(TA - TB)°

Hence, for the asymptotic temperature for low solubility of the injected
gas, Eq. (35) of Ref. 6 is replaced by

(1 -c) B/A+C' (g - 0)
1+ B/A + c'(eB -09)

Xy (51)

If the linear equilibrium approximation, x = 6, is retained, 6, is determined
from

1+ B/A+C'(1+ 6p) (1 - G)B/A + C'eB
o2 - = Op + o 0 (52)

Under the assumption of linear equilibrium approximations and dilute so-
lutions the approximate transient solution, Eq. (41) of Ref. 6, is replaced

by

M - 6 © -0y M- o 6 - 617 A

In - In = t (53)
01 - 017 6 - 07 ©O1 - O77 0o - 617 1 - ¢E(1 - F)

where O and O11 are the roots in Eq. (52) and the property group
M= [1+cEF]/[1 - €E(1 - F)].

The cooling of liquid hydrogen by the injection of gaseous helium pre-
cooled to liquid hydrogen temperatures is an example where variable gas en-
thalpy flux may be considered. Based on tentative phase-equilibrium data,
however, a correlation of experimental results from the recent measurements
by'Schmidth indicates that consideration of the enthalpy flux variable
causes a change of only a few percent in the asymptotic temperature.

In general it has not yet been possible to obtain satisfactory correla-
tion between the lumped-system analysis and the available experimental data
for the hydrogen-helium system, except for the case of low subcoolings. The
tentative phase-equilibrium data, obtained from vapor-pressure data for the
pure substances, is believed to be inaccurate in the region of high relative
subcooling. For future work, reliable measured equilibrium data seem to be
required, especially near the region of solid-hydrogen temperatures.
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B. Bubble Dynamics

1. INTRODUCTION

An outline of the studies anticipated in connection with the injection
cooling process is given in Ref. 1, p. 40. A study of the discrete proc-
esses of mass and heat transfer to the rising bubbles of the injected gas
is necessary for the development of an analysis of the axially distributed
system. By this extension of the lumped analysis, the assumption of an
equilibrium process is shifted from the macroscopic level to the microscopic
level, viz., from instantaneous equilibrium throughout the system at all
times to thermodynamic phase-equilibrium at all times at the bubble inter-
face.

First the dynamics of a single bubble and then ensembles of bubbles
will be studied. As the limiting case for very high transfer rates, the
motion of the bubble with associated nonradial fluid flow can be ignored,
and the bubble dynamics can be approximated by that of a stationary bubble.
When transfer rates are small, however, the translatory motion of the bubble
needs to be considered.

Analytical and experimental studies are currently in progress for the
dynamics of a single bubble, initially containing a nonsoluble gas and having
no translatory motion in the surrounding volatile liquid.

2. ANALYSIS

The first stage of bubble dynamic study is stated as follows in Ref. 1,
p. 51: '"The dynamics of a single spherical bubble having no translatory mo-
tion and containing a nonsoluble, noncondensable and chemically nonreactant
gas and the vapor of a volatile liquid of infinite extent which surrounds the
bubble." The physical model discussed in Ref. 1, p. 51 ff. and in Ref. 6,
p. 33 ff. will be extended to include the assumption that the composition of
the gas phase is uniform at all times. This is a reasonable assumption if
the rate of mass diffusion in the gas phase is high compared with the rate of
heat diffusion in the surrounding liquid. The uniform gas composition in
conjunction with phase-equilibrium requirements at the bubble interface re-
lates the bubble size directly to the interface temperature. The problem is
thus reduced to that of spherical bubble growth, governed by heat conduction
and convection in the surrounding liquid, and having a prescribed initial
size and varying interface temperature.

The heat diffusion problem is solved with the aid of source theory, as

outlined in Ref. 6, p. 28 ff. The following general approximate solution is
obtained, relating the differential change of the interface temperature, dTS,
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and the corresponding differential change in bubble size, dR, [Ref. 6,
Eq. (51)]

) R(y) R(y) dy (54)

=-\[E7§' R(t) /T - v

where the property group & = (hfgv')/(c'v”), y is a time between t = O and

t =t, & is the thermal diffusivity, T, is the bulk temperature of the 1liqg-
uid far from the bubble, and a dot ( ) signifies differentiation with respect
to time. Any variation of TS is retained in the subsequent integration from

t =0and R=R, tc t =t and R = R. Introducing the nondimensional quantities

a(Ty, - Tg)

T = am/Rg
P = R/R
0 = (T -1p)/(Ty - Ty)

Ao (Tp - Tp)/8

where Ty - Tp = (BT/Bx)p is the slope of the linear approximation to the dew
curve, integration of Eq. (54) gives

V7 2o (0 - 0g) B(7) H[\ P(y) Ply) dy (55)

T

Noting that the integral is a convolution, Eq. (55) may be written,

=

27 M(0y - 0g) P = (P2) *_‘/-; (56)

For constant interface temperature and initial zero bubble size, Fq. (56)
describes the approximate bubble growth in a boiling, one-component liquid.
The solution P = 2\+J7T, where N = (7/2)(6 - ©g)Ay, is easily verified by
substitution and Laplace operation on Eq. (56). When the interface tempera-
ture is an arbitrary function of bubble size, numerical integration is nec-
essary. By introducing an additional approximation, however, Eq. (56) can
be linearized and closed-form solutions obtained. Considering the gas phase
an ideal mixture and assuming a linear phase-equilibrium approximation for
the dew curve, x = @, continuity considerations give:

peo- 2 - 1 (57)
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Substituting Eq. (57) into Eq. (56) gives

2YT M [/ - (1 - ) Jp = (B2) *W/_% (58)
Eq. (58) is linearized by the approximation
2 M(6p - 0g) = 22[1/p3 - (1 -6,)] ¥ a/P - 1P (59)

where a and b are constants. Thereby Eq. (58) can be operated on by Laplace
transformation, resulting in the closed form solution

_ o~/ & _,8 \‘, 2 Y
P(t) = V/ {zb 1)« exp b7 . erfc bvr; (60)

Figure 46 shows the interface temperature versus bubble size as given by
Eq. (57) for different values of the initial bulk liquid subcooling, AGgy
=1 -6y + (6p - 6g) being the potential for bubble growth, this ceases when
Og = Op, giving the asymptotic bubble size as

P, = 5—'1—___...._
-y
Hence, a nonsoluble gas bubble would grow continually if injected into a sat-

urated liquid (6p = 1) extending to infinity. As the subcooling is increased
the asymptotic size rapidly decreases towards unity, the initial size.

(61)

The approximation given by Eq. (59) is shown by the dotted lines in Fig.
46. TFor the cases of the nondimensional subcooling A@gyp, being different
from zero, the constants a and b are fitted to satisfy the conditions

P = 1: 6g = O
P = P : Oy = ©y
This gives
2N,
o - 0% (62)




As seen from Fig. 46 the approximation becomes less and less satisfactory
as the subcooling decreases. For the case of a saturated bulk liquid,
ASgyp = O, only the initial bubble growth can be approximated by a single set
of constants a and b, for example, satisfying the two initial conditions

P = 1: @S = 0
P = 1: o (on [1/P% - (1 -6p)]) = o {a/P - DP}
) dP ° dP
This gives
a = }\0(5 + @b) = J-l»)\.o (62-1-)
b o= A (3 -6)) = 2n (65)

Relative nondimensional bubble growth, Q = (P - P,)/(P, - P,), where
P, =1 and P and P, are given by Egs. (60) and (61), is shown in Fig. L7.
The relative bulk subcooling AGg,p = 1 - Op 1s a parameter and an arbitrary
value of Ay = 12.6 has been chosen which corresponds to liquid oxygen at
184°R and 1.3 atm. As the subcooling increases a certain fractional growth
is attained in successively shorter nondimensional times. The absolute time-
constant for the discrete process of bubble growth is thus seen to decrease
with increasing subcooling and decreasing initial bubble size. At the same
time the absolute bubble growth also decreases [cf. Eq. (61)]. However, the
integrated heat transfer per unit gas volume injected initially decreases with
increasing initial subcooling and increasing initial bubble size, as seen from
the expression for a single bubble of initial volume Vp:

o _ (4/3) - x (B® - R3) -+ (hey/v")
VB (4/3) =« - R3S
or
v P3 -1 (66)
hngB

For the case of finite subcooling, where the approximation in Eq. (59) holds,
the variable bubble Nusselt number Nub = hRO/k becomes
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Q

Nu(T) = % ST {En[(% - 1) - exp 21 - erfc bW[?]} (67)

where the coefficient of heat transfer, h, is arbitrarily defined by
q = h . (kxB2) . (Ty - Tg) (68)

Figure 47 indicates the slow relative growth for small subcooling and
reasonable (1/16 inches to 1/4 inches diameter) initial bubble size. Since
for liquid oxygen a = 0.00073 em2/sec, T = 0.0073 corresponds, for example,
to t =1 sec and Ry = 1/8 inches. The relative growth also expresses to
what degree the equilibrium composition and size is reached at any time.

Despite the many assumptions made in the present analysis, the order
of magnitude and trend of the results are considered representative for the
growth rates of stationary, inert gas bubbles in a volatile liquid. In
view of the satisfactory results obtained from the lumped analysis, which
assumes instantaneous equilibrium, it may be concluded that the translatory
motion of the bubbles with associated nonradial convective flow in the liquid
plays a significant role in the transfer of mass and heat.

3. EXPERIMENTAL PROGRAM

Construction of apparatus is in progress for the experimental study of
the dynamics of a single bubble having no translatory motion. Figure 48
shows the apparatus. A view tank 1 x 1 1/2 feet, constructed from stainless
steel channels and having Pyrex glass sides, holds the volatile liquid,
which is heated by a 1-kw immersion heater. The bubble injector and a
l/8—inch copper tubing coil gas preheater are mounted on the tank 1id, which
can be sealed to the tank top to permit operation at pressures slightly dif-
ferent from atmospheric pressure. This arrangement also permits a controlled
atmosphere to be maintained over the liquid.

The bubble injector is shown in detail in Fig. 49. A 6-V, DC, 2L-oz
solenoid L with adjustable core stop K for the plunger M, is mounted on the
top plug E in the cylindrical 1 3/& inch 0.D. brass casing H. The solenoid
plunger M is connected to the valve P, which is seated near the tip of the
nozzle R by means of the spring S. Gas from the preheater coil is supplied
at the fitting T to the inside of the casing, which is sealed at all Jjoints
with O-rings and which can be vented to the atmosphere through a 1/h-inch
tubing soldered to the top plug.

Through an adjustable electric switching circuit the solenoid is ener-
gized for & short period of time, during which a gas bubble is formed at the
nozzle tip. AdJjustment of valve stroke, energizing of time and voltage,
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spring tension, and gas pressure permit the desired initial bubble size to
be attained. By pickup of the induced voltage drop over the solenoid coil,
the plunger motion can be monitored by a high-speed recording instrument,
giving information on the bubble injection time. Two nozzles with matching
valves are being made which have nozzle diameters of 1.5 mm and 3.0 mm re-
spectively. The bubble growth subsequent to injection will be recorded by
high-speed moving pictures. The case of a nonsoluble gas will be studied
first, using nitrogen injected into nitrogen-saturated distilled water at
various subcoolings at near atmospheric pressures.

The bubble inJjector is nearly completed and materials for the view
tank are arriving.
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M\
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(WALL RECEPTACLES,CEILING LAMPS ETC)

UPPER LEVEL AUXILIARY PANEL SUB
CIRCUIT

ZERO GRAVITY TEST SuB CIRCUIT

_ﬂ C-2-NC CIRCUIT CASCADING CONTACT

ZERO TO ONE GRAVITY TEST SUB CIRCUIT

[
l— ONE GRAVITY TEST SUB CIRCUIT —

S-2
TEST SuB CIRCUIT
SELECTOR SWITCH

Pig. 13: Reduced gravity electrical
circuit. 120 VAC supply.
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Fig. 14. Reduced gravity electrical circuit.
240 VAC supply.
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Relay

M-1

M-10
M-11-LA
-RE

M-12-TA
-RE

Name

Air Service

Cascade

Burn Wire

Safety Interlock

Safety Hook

Safety Hook

Enclosure Door

Buffer Piston

Upper Level Ready

Counterweight Trap-
door Ready

Trapdoor Action
Latching

Trapdoor Action
Latching

Relays

Contacts

C-1-NO

C-11-LA-NO
C-11-RE-NO

C-12-LA-NO
C-12-RE-NO

Function

Interlock for air with fractional

gravity

Energizes free
" 1"

1"

circuit

fall circuit

" 1"

fractional gravity

Close contact to release test

package-free

In series with
Actuates L-5-R
In series with

In series with
Actuates L-6-R

In series with

In series with
Actuates L-T7-G
" L-7-R

In series with
Actuates L-8-G
" L-8-R

In series with
Actuates L-9-G
" L"9"R
In series with
Actuates M-10

Reset for M-10

In series with
In series with

fall

M-k

Sol 3

M-11 LA
Sol 1 and 2

Fig. 18. Reduced Gravity Electrical Circuit-——Nomenclature.
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Relay

M-13

M-1k

M-15-H

M-16

Counterweight Trap-

Name

door Ready

Counterweight Ready

Trapdoor Extended
Indicator

Burn Wire Release

S5-2

5-5 .

S-u

DPST

SP3T

SPST

DPDT

SPST

SPST

SPST

Contacts Function

C-15-NO In series with Sol 3
C-13-NO Actuates L-11-G
C-135-NC " L-11-R
Cc-14-NO In series with Sol 3
C-14-NO Actuates L-12-G
C-1h-NC " L-12-R
C-15-NC Actuates L-13-F
C-16-NO Provides release signal
Solenoids

Function

Trapdoor Air Action Valve
R " Exhaust "

Counterweight Release

Switches
120 VAC Supply
Sub circuit selector
Air pressure switch
Upper level ready
Remote test package release
Actuated by safety hook

" "  enclosure door

Fig. 18. Continued.
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Switches

No. Type Function

S-8 SPST Actuated by buffer piston

5-9 DPDT Tower Level auxiliary release
S5-10 SPST Trapdoor trip

S-11 SPST Trapdoor test

S5-12 SPST Trapdoor ready

S5-13 SPST Trapdoor circuit reset

S-1h SPST Trapdoor reset

S-15 SPST Counterweight ready

S-16 TPST 2k0 VAC Supply

Indicator Lights

No. Function
L-1 120 VAC ON
L-2 240 VAC ON
L-3 Air Supply ON
L-4-G Upper Level Ready
-R " " Not Ready
L-5-G Release Circuit Closed
-R " " Opened
L-6-G Safety Hook Withdrawn ’
-R " " Not Withdrawn
L-7-G Lower Enclosure door closed
- R n " " Open

Fig. 18. Continued.
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L-13-F
L-1k
L-15

L-16

Buffer Piston Ready
" " Not Ready

Upper Level Ready
" " Not Ready

Trépdoor Circuit Ready
" " Not Ready

Trapdoor Ready
" Not Ready

Counterweight Ready
" Not Ready

Warning - Trapdoor not reset
1 g operation
Reduced gravity operation

Free fall operation

Fig. 18. Concluded
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Fig. 19. Closeup view of safety hook.



Fig. 20. View of test platform and counterweight.



DIMENSION X(100),Y(100),X1(100),Y1(2500 Y1DIM),X2(100),
1Y2(121,Y2DIM),X3(100),¥3(121,Y3DIM),T(100),TN(100),TA(100)
INTEGER I,J,K,L,N,R,S,SM
START READ DATA
PRINT RESULTS N,DS,RHO,DR,TC,SM,VA,RO,X(1)...X(N),¥(1)...Y(N)
1, TL
THROUGH LOOPB ~FOR I=3,2,I.G.(N-1)
THROUGH LOOPC . FOR J=I-2,1,J.G.(I+2)
X1(J)=X(J)
LOOPC Y1(J 1-2)=Y(J)
THROUGH LOOPD, FOR K=I-1,1,K.G.(I+2)
THROUGH LOOPD, FOR J=K,1,J.G.(I+2)
LOOPD ¥Y1(J,K)=Y1(J,K-1)-Y1(J-1,K-1))/(X1(J)-X1(T-K+I-2))
A=Y(I)
B=A+340
C=A+%20
D=A+300
F=A+280.
CP=0.0406+k4 .1E -4*B-1 .625E -6%¥B*C*1 .OL1E -8%B*C*D-L .145E -10%B*C
1*¥D¥F+9.0925F - 12*B*C*¥D¥F* (A+260 . )
CQ=RHO*DR*DR*3600 . /(TC*DS)
M=CP*CQ
P=(X1(I+1)-X1(I-1))/DS
THROUGH LOOPB FOR L=1.1,L.G.P
WHENEVER I.G.3% .OR.L.G.1,TRANSFER TO PSI
THROUGH LOOPE, FOR S=1,1,S.G.SM

LOOPE T(S)=Y1(2,1)

PSI TI=X1(I-1)+L*DS
T(1)=Y1(I-2,1-2)
Z=1.0

THROUGH LOOPF FOR J=(I-1),1,J.G. (I+2)
Z=2%(TI-X1(J-1))
LOOPF T(1)=T(1)+2*Y1(J,J)
THROUGH LOOPG FOR S=1,1,S.G.SM
WHENEVER S.E.1
TN(1)=T(1)
OR WHENEVER S.L. SM
DRR=DR/(RO-(S-1)*DR)
TN(S)=(T(S+1)*(1.-DRR)+T(S-1)*(1.+DRR)+(M-2.)(T(S))/M
OTHERWISE
TN(S)=(6.%¥T(S-1)+(M-6.)*T(S))/M
END OF CONDITIONAL
WHENEVER .ABS.(TI-(X1(I)-2.*DS)).L.0.00010
Y2(S,1)=TN(S)
X2(1)=T1
R=1

Fig. 22. Digital Computer Program.
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OR WHENEVER .ABS.(TI-(X1(I)-DS)).L.0.00010
Y2(8,2)=TN(S)
X2(2)=TI
R=2
OR WHENEVER . ABS. (TI-X1(I)).L.0.00010
Y2(s,3)=TN(S)
X2(3)=TI
R=3
OR WHENEVER .ABS.(TI-(X1(I)+DS)).L.0.00010
Y2(8,4)=TN(S)
X2 (4)=T1
R=b
OR WHENEVER .ABS.(TI=(X1(I)+2.*¥DS)).L.0.00010
Y2(8,5)=IN(S)
X2(5)=T1
R=5
TD=Y2(1,3)-TL
LOOPG END OF CONDITIONAL
THROUGH LOOPH,FOR S=1,1,S.G.SM
LOOPH T(S)=TN(S)
WHENEVER .ABS.(TI-(X1(I)+2.*DS)).L.0.00010
THROUGH LOOPL,FOR R=1,1,R.G.5
SUM=( (SM-1.).P.2¥Y2(1,R))/2.
THROUGH LOOPJ, FOR S=2,1,S.E.SM

LOOPJ SUM=SUM+( (SM=S) .P.2)*Y2(S,R)
TA(R)=3.%¥3UM/((SM-1.).P.3)
X3(R)=X2(R)

LOOPL Y3(R,1)=TA(R)

THROUGH LOOPK, FOR K=2,1,K.G.5
THROUGH LOOPK, FOR J=K,1,J.G.5
LOOPK Y3(J,K)=(Y3(J,K-1)-Y3(J-1,K-1))/(X3(J)-X3(JT-K+1))
TG=Y3(2,2)+(2.%X3(3)-X3(1)-X3(2))*Y3(3,3)
1+(X3(3)-%X3(1))*(X3(3)-Xx3(2) )*¥3(4,k4)
2+(X3(3)-X3(1))*(X3(3)-%x3(2) )*(X3(3)-X3(4) )*¥¥3(5,5)
Q=RHO*CP*TG*VA*3600 .
VECTOR VALUES YIDIM = 2,1,50
VECTOR VALUES Y2DIM = 2,1,11
VECTOR VALUES Y3DIM = 2,1,11
PRINT RESULTS X2(3),Y2(1,3),Y2(2,3),Y2(11,3),CP,Q,TD
END OF CONDITIONAL
LOOPB CONTINUE
TRANSFER TO START
END OF PROGRAM

Fig. 22. Concluded.
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CP
cq

DR

TC

RHO

RO

TA(R)
TC
TD

TG

Specific Heat of Sphere
p(Ar)Z x 3600

k(A®)
Ar = Radius Subdivision
A© = Computational Time Interval

k = Thermal Conductivity of Sphere
Index on Input Data Points
Temporary Index on I

" 1" "mnon

Index on P

(1) (5600)

a(A®)

Total No. of Input Data Points

No. of Computational Steps in Computation Interval
Heat Flux

Index for Temporary Storage

p = Density of Sphere

Outer Sphere Radius

Index of shells of Thickness DR in Sphere
Max. no. of Sphere Subdivision

Subcomputation for Average Sphere Temperature
Average Sphere Temperature

k = Thermal Conductivity of Sphere

Temperature Difference between Sphere Surface and Fluid Saturation

Sphere Average Temperature~Time Gradient

Fig., 23. Notation Used in Digital Computer Program.
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TI = Time

TL = Fluid Saturation Temperature
T(S) = Temperature of Shell S of Sphere
TN(S) = Predicted Temperature of Shell S of Sphere
VA = Sphere Volume-Area Ratio
X(I) = 1Input Data Time
Y(I) = 1Input Surface Temperatures
X1(I) = Input Data Time in Temporary Storage
Y1(I) = 1Input Surface Temperatures in Temporary Storage
Y2(S,R) = Temporary Storage of Temperature
X2(R) = " " " Time
Y3(R,1) = Temporary Storage of Temperature
X3(R) = " " " Time

Fig. 23. Concluded
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SURFACE TEMPERATURE

HEAT FLUX CALCULATIONS
¥ USE CENTRAL COMPUTED POINTS

——~

.2 3 4 5 6 7
O] o OMPUTATIONAL STEPS
O]
HUTIE T o
0]
~ COMPUTATIONAL
INTERVAL

—~————POLYNOMIL INTERVAL—

(I)
g <.DATA INDEX
NO

TIME —

Pig. 24{ Computational Procedure for Digital
Computerx Program,



q/A , BTU/hr - ft2

108
8
D TEST 10-D (LUMPED SYSTEM)
6 : " ||-B 1] "
" 16-B " "
TEST 10-D DIGTAL COMPUTER SOL' N
4 " 16-B " " /Y l:‘k o]
a A 3
t/
/ X \
2 /A (o]
% |
®
A
A
10 r
[0}
8
LOJ
6 5 o
A‘ G
/d N
Y
4 A
/ . %
2
A
A /
16
i 2 4 6 8 10 2 4 100

- °
( 8 fL) F

Fig. 25. Comparison between data reduced by hand
by Digital Computer.



2000 40000

{m —{38
1800 ' “‘ 36
l 34
/|| ’
1600 —H 32
', . \r A —{30000
1400 |
| B " 28
’ \c —26
1200 p % } 24
\\ o 22
1 1000 !‘ 20000
i‘;—. \ —18
S 800 A\
o

»
8
F-N—— q—~
L ———T
<
1 L
@ 8 ~ rs
84d/A- BTU/ hr-ft?

’//é{ AN \\\\\
N \ 2
| ° 4] T\\
~~
0 2 - S 8 o iz 13
TIME — SEC.

Fig. 26. Variation of heat flux and heat transfer
coefficient with time. Test 16-B.

(o]




40 —

+— T+
0// \o\
) s N + + LUMPED SYSTEM
o / o COMPUTER SOUN,
< 30 N
~N
'_' ' 1 {
L | ] ‘
g | |
I + I
~N |
> 20 \
}_
m
l —
<
~N
O
lop———1— —
;P/
0o _DO
o—___-(fz" '|)
+—’—(f||- fg)
30
X— —(ty-t))
B —— AT
o MEASURED
L 20
(o]
. "
—
< -
1.0
.
0
0

*S - 1L ,OF

Fig, 27: Comparison of Temperature differences within
sphere, Test 16-B.



: 9'9 =6/t TIZ ‘ON NOY
TIAOLYAIAWIE| NO HLdIQ andi| 40 IdINIMIEANT " 42 INNODIH

jmme

H

-+
Lo

st

NRERN S had

R

I
inut

\

BEAgEs upas
T

1

T
.

+
i

T

AN

{
AN

1T
4

jSEas o8

1

11
17T
s

T
-

T
1
1

; ;

t
1

ue

iy

ry

Eas o8
T
1
:
T

.S

1

T

0

QNI L

HiH o+
B ERe fra

jo—

oS

1

e

D@

rrlﬂm%}ﬁi—rt

% sunna R

T
+1

I
INUNR RN




ol = b/o 1z o no
n;wuok/\umaiml_, NO  RI4ACT n:j@.:_ Elo) MUZMDJH_ZH . m EElaLIE

M I W*mvv(u_»um&w .MMPJ.MI M.\,O@{I._h_m .NZ S : . j q &Q

b ! S IR S R
WAW .“ Lvﬁ - \

) . R 4

SERES NS SUEIEI R SO S K

| J
_Jml

-4

L

L

Ive

N R
SN
Q ..

e
1

EFEN-CEN

IR
-
o
A
$
|
<3
N4

il )

T

!

i

1

|

T

' ;

‘ i

I

I

. ! Tl
AVUNIIE R W
i
i -
i ! i ..
oo ! i o .
[SESURSIS S SN SN SN N
T i N i . W
! - | | i
T T T L1




Spl = E/o 7 roN woyy
TRHOLYH IS ] NO {id3 g Q@] 40 EUNIATANT o a4
N

"SH w\éﬂ 44%%1, a_ao T @
UL,.L..EM?% S

Jhr. uf\okm mnzd; = b
REA RN L N R

| w . ﬁm%ﬂg‘nﬂm M;.Om%% mku.mu‘ IR T T ] FPEIDS T SEER m_,o&q_ﬁwmumﬁ INT T T T
e R , S R e o W!:xv:w-‘l};w},,...,V.Tx; rs,. ﬁ, SRR S RN q,,l...
: * ‘ 2 L . 7 ” Vo @ i
” _ " | . ! ! o
i i i _, ,
A . w * . o .- S SR
m ! i “ : ~
S DR S S R U S N J ,
R N
— A»- " W - - — - By .\.nw — -
. | i m
SR ,‘ T ‘ _
I , _ o ] - !
: | | | i : ;
j i | ;
_ T —
| . _ ] ; :
- ‘ TR NS S DR S - y — ;
H > | ! :
. u B S o , o6t
- IEE N . . o e el _.x NS RN N - [N TN ERENSSRRES KN
w | | | ! S | | SR
W T e S S N —leg | “ L
| : . i i ! : T )
SS RN SNUCI S > L S EEEES RS SUNUN NN MNRREE 08 NN S N _ O O SR N i R T SRR R
Hy \f ; & & C : Mxm S ! ! : ~- LR S
Y v AV i i ol : i : i - m
- A i i < ! ! . i 3BV al
~ _ (& ! M . ! M M . : A EE
U DR S RN IO S SO SESEESESS TR RS SO OO SN S N SO NNE SRR UUUUE SO SUESY SUUE DURUE TS SRR FUUEY EE S IO N
m , | m ol R B
! i : ! ! ,ﬁ ey 11 : _ : & i e
+ + : " : ’ L94' ¢ Anus ; | : i | H
| ! H “ | : | m b | i w : ! “
Rt ik S S - i - e | i ‘ﬂw,?ﬁ:-l.,.: e R TRCEI SR Sws S .-w. e i B
! “ | , “ | | | ! . __ I ! I
; : _ N : I ¥ : T T —|eote
: : ,, ! R L
IR S S (R S NN M ST U U S SN S SR SUUIG SO SN ALY MRS SO S e e ]
+ - : | , ! o P .
! i i A \.\>,\ ! 4 Lo
i A | ! I o A ” N
,wu mﬁv ﬂ\‘T u?s.&. Qe =1 SRS SN Uy O Sff USRI DU U T S NASRN RITIN B .
Hy : _ | g -
| “ _
[
_|

—

I

o S
b — - —




SERTy

vl |

NGO

z 2

Hid2y A

‘v 1z
i A0

ON N

TONAOTA zH

—

c &

mua“é w mb\mmxmjdm@ E.umﬁ

N1

v

I

ERZEL

AN0BI4
mjmi m;oﬁq HIJ

JRTT

do

R - | B B T .u, L
J#L.F. W I.ﬁ |B. S N AN “ m Q I L€ Aw i .
T X < 1 : :
! i ; | !
U SN . T 2 2 i o d :
e = e M LI RO . ,, :
, , EL W : : :
: Lo ! " m
L. — ~> w e bt - “a. -t 4 .v.» B
! i N ,. ! i ! o
4 ! : ! ! : ; oty
1 ; f i T - 1 AV Ay
i : ) 1 H
! ! ! , : o
T i i M ! “ ! i
: . o .” { ] !
! ! ! . _”J.*
- _ S ORI O A A
) _ q | | B DR
; T ) ! LU
' i X i ! | A 4
: S g b e i.i.iﬁ;.r!f;-; I N b
' . | ‘ . . : N
, i ! o : N A i
i ! i . H ~ i
T — Tt < g R
i ; ! ; ! _ : ; N ; ! )
i : i i ; . - P 4 i t ! i : : L
- S — I S S e e Bl e Rl S SRS e ) S S T A et
. ! i : ! ! ; i L~ : i ; ' i ot
| i | t | N e al ! : . S 5 N -
“ , . i | I ! M ‘ | . ,v . ;
; ‘ “ ; ] ] gt b ; “ m . ~ Av i
- S T e e B SR
: L~ A _ » | ! | Tl _. , | | . Y " e
i . i : o I : | ! I : : : Yiier
Bt I NN DU : i i SIS IESEEI NS N el RN DU ]
i i ¥ : i i : i i ' : 1 :
.ﬂ. L ” g ” , ! i i ; “ “
: : : ! : all : : : .
. _ ] : ! i on ; i m : i
! j ! ; % ) ” : o ! . . S
— o - g - —d - — i — e — W S U V- ———— -~ — S . - —— e — - SRS S SUN IR B S
| : | | | | | m | S R
i S N B 1 ' ' ! ! . : | i
: J ; w | ; i Vwles
“ v i , w _ . I w _ M
——— . - —t- — ek En e B i St e it —t SUTRS SR DR — ~ —— S S
- “ ] _‘ i : i : ; ! ; | :
IR S — — ; , o : ; : i X =
4 : — N ==2 : : :
s H ..myo.&,q N“\: wm as& QAo & N | Co
) ! O i i , j A i
mi m%mq §, T. ahil a0 @ Lo SN IS PR
” u ! ; i i
4 uim__ moﬁuo, JMALYEH @ i _ . h
A o I ' !
, : : Sk -
= x*U T ! i | [

“nid -

i X H
| | ] ]

e o

.@m+ ol =¥

S

[




GR=B]Ed
HOSEN HU

P8% |l L b

_*‘4 ]

afe{ mbiehs ludicgre] Sedoshes i lumed D

L0 SRR PRRE ERRRE R Nt EE RN EORRt RER EEaan ] i " s S s EENd A I O
B 5

Tl L e

oo

K3

t

R e
D

S e

e R

A BERE FTET
S i o R

i st e e i) S et EE I et el

R SRRl SRR EETRE O o

Figure 33 . CompositE ProT For Liguinb DEPTH C©F 25 INCHES
Run Ne. 21



SAAOLVAIAN

oy = B/r

31 NO

T

Hld3)

22
\..:JG.J

‘O NOY
40 ADNIAOANT |m,m.

H.

.ﬂ.

T

4.

AN

A0 N

o
Sy
e

by fee LD

ST ]

de




o = b/m 27 oy NOY
SHAOULYAIAWT ] NO HLBG < D17 40 IIWNIANT " ge FA0D1 4

] T T T T™ - T -

ol ¥zuway mncay wiadatn | ] | 0 ‘wm_wdmm._,mwm%.mi; noay, Hiaan N

\.W R N / ‘

PO

|

S A0ty e T T N Y2 A R At

BRI B B

B
j
_v
I}

|
B B .H ; -:.A_T,..;y S
! i

— -

|
!
i
-
i
;
i
7
i
i
T
|
|
i
i

SN SRS RN IS, « A 55 - BN
f
0o

i,
i
si-i |
|
A
!
L

}L B
v
o
&
—~
i

aq o

P

<
>
2%
Pt
| 1‘%. S
i

o : P
o= (Awbe)

d;—dWB:

ST
BRI}

BOPY (NS O S

S H[anps

Ev
<
::\l
=

T

LS

3

}...

o

2
g

& !
R ESEE) RN BE 1 IR S0t KRR SRS R0 HEH SUREE REUEE IERRS A ‘ ' S RN
Ww.i.rmnn.um_§m~.m.&i‘m~ Q..D.@Jv @ ; RN Eoe i 1 1 N S 1 My, - ..M..imfl C

PR

<
b
Bt
VI
ﬁf ‘
R
a2
= o
ek
D
1
~:\<lﬁ_<
|
.
|

fi

=2
»
[
- §
[

|

Pt




co =b/vp 2z ‘on NOY
STVOWVAILNIL NO HILRT QODIT] 40 IDNBONAN| © /e FAC D

o4 e T T AT LY rrm.‘. tr,
dnoky| niaEo NG

Dlas

T
i

o o
PRST _ [RI B +
Pl FER) ehs
& : eid S del
ne N'¢4. Apgrgeey-
M PR, N
Tipdis e
4H4 jorn '
Tt i
4
seaslsees ™ F
i 13 ey
aul T g S gk
- -yt +
LTm FryeH Pl ;
Hith i
assusnaave .
SR8 SRk : . i
Sphe= ' : :
sufissaun i
masa s +
T H- T
fsagasdss

i
o
-t

L
ut

R,

2 :
[EREE PUSES BRASEREN . T
Lx.vfﬁ IDURS DR AR :
QEERS SRADE DRIDS RE pu : e
PR 100001 Tanus Sat i
A7 R PERS B T T p T
’ i1 g L ; jaugs
A . jptas
N i T
I M ; [P
IREN PRSRE B H .vmﬁ.r
b e
o1 .
i
L,M.l
+
L 1
B o
FP IR S _ :
e S OB A




L'bl = B/p 22 "ON ™oy
STVOLYNIAWT_| NS SRAISEC] QIOdN 40 FONINTANT © g 3anDi4

SRS REESS 5. I R WONT —THH SEH o 1 S ESERY B35S o0s1 FEnct ERUEY EERSE Shbe] BESSE a2 is E4s RHEESREVERCELMEGI R CE & Nz REEE ERESE EERE ERERS RRERY Ruy
SESTRESSE PRSI RASEY BETHE BRCES FERUN RREEY CERES ERUSE PED sERRN EALASE EESTE SERES EREEY RNSSE FRSEY EERSY ERSS FECSY SECE SUCESFATS IESSS ENUYS FHUDS SRRDY RETI RERSS FETRS SUUES SET0S FEUt EECES SRRTS RERTN PURSE SRSSY IREs

R

bl e e e e e

R
o

g

,,‘.;
TRl
\
|
4

BN

W
r\*\\ S R R B R

X

: ‘$ ERRES DTS S SN SN SN I DN I I
.

B S =) R A SRR 230 TSR SR IS

AP Y DA . m . ’ R R P N I I N D SN I N T D o o
RIS I O IR TS I B I . RS S S [ PRSE PUDES SSNEE ERRES REREY I it . b .\«\QH«H

A
T
ul
>
I5)
<
ey
=
|
Lo
R I’
I
&
=t
o
2
4
SIic!
3

......
1

PR PR . m’
r \N;\All_.ru.m‘lw

{1%5
B
: .1.'}'". *
R EEEES i R
o
g
-
|

(4



c'gl = b,p 22 'ON nNOY
SIAVOLYAZTAWZ ] NO H1Id3q a0 20 IINHOTAWNT © g FANHiA
T T [adenk dasbay. mngay Mudalink L]l b ok ey seay plEQINT ] )

S S Eo Nt s F B R 1

5 S T o S O O 0 e UL e 5 0 A 1 s

)y

e T Av.w.i@lrrtlblr BISSEEN B

EREI EUREY EESRE Fon - 2t S S RS DUEDNY KRR ERE Y EENES FURSY RURT EREET DESEE EUTS! BEESE SENEY ISSE) UERET FERNE FEUY FUNNS FURRY NS 10
1

S R e g ﬂ e

B JUUEE B

; . N
! o Ty [
L SN SN S

Lo SEEe
by

el Bit

-

DS GRIBEENE SRS S

TR
S S

B TR

e -

—

gk
{
i
| Fo [ Givod) 5
|
!
|
|
|
L

S B

B aee et St

s By 2o -Reavardundin @) el b b ] ]
vl B : B [0 IV D o R EREEE SE S .

nd
5
&
B
¥
0.
o
s
—
]
9

N
H
L]
t
)
x
N
Y
Ry
p
N
1}
<
N
\v




k=

i

o 4
s

BTO/

=Tk

o
‘e

ATIE

T
|2
{4~

g
-
-

S

€

CEL

v _(vy
i
PN

OF Z.5 INCHES

PLor For Liguio DerTH

CoMrosiTE

Figore 40

o No, 22

r_z



pEas
Ti

1

1
+
1

1t =+

e s 3
-

e s s P

1S BEN

S

L 215 £3°8 g =a g

Tl

DRSS B

5

AT

a4

]

| =2 hel S

ot e

e
I

t
fhod

S E A GRAY




P
—&—PERIOD OF GAS INJECTION

s 3

t

a. ambient heating

b. liquid displacement transient

C. gas injection with liquid phase present only

d. gas injection with two-phase equilibrium

e. liquid back-flow from reservoir. Mixing

f. ambient heating of subcooled two-component mixture

g. ambient heating of saturated two-component mixture

Fig. 43: General lumped system temperature transient in
response to ambient heating and a period of
injection of a highly soluble gas. - Schematic.
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