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ABSTRACT

The status of the new experimental system is discussed. The results of
an Army Ballistic Missile Agency study have been examined and compared with
those of this project.

A theoretical analysis of the dynamic response of the temperatures of the
Pressurizing gas and container wall has been completed and is presented. The
analysis considers two modes of heat-transfer interaction between the container
and the ambient: (a) convective heat transfer with an ambient at constant tem-
perature; (b) imposed heat flux on the container wall. A container insulated
from the ambient is a special case of (b). Some experimental data are compared
with the analysis, generally favorably.

The experimental apparatus for the study of the boiling of a cryogenic
fluid in a force field of zero and reduced gravity is under construction and is
described. A preliminary analysis of the proposed transient method of measuring
the heat-transfer parameter is given.

The experimental apparatus for the study of heat transfer to a cryogenic
fluid in an accelerating system is under construction and is described. The
orientation of the acceleration vector in the basic test vessel is normal to
the heating surface, but the case with the acceleration vector parallel to the
heating surface is being considered. This will require only minor additions
to the test apparatus.
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I. OPTIMIZATION OF PRESSURIZED-DISCHARGE PROCESSES
IN CRYOGENIC CONTAINERS

A. EXPERIMENTAL PROGRAM

During the last period the new experimental system, discussed in Progress
Report No. 1, May, 1960, has been under construction. It is expected to be in
operation in the near future.

This new design incorporates the following features, namely; a styrofoam
lining inside the top of the container, a floating thermocouple column, 220-v
heaters of wound Chromel A ribbon, and an annular container to enclose the
main test tank to provide a "guard-heater" type of control of the ambient. The
design of the system has been completed and construction is near completion.
Figure 1 shows a cutaway view of the new system. Figure 2 is a detail of the
annular container. TFigure 3 shows a wiring diagram for the 220-v heaters.

A U.S. Army Ballistic Missile Agency reportl concerning pressurized-dis-
charge processes was reviewed and the results given were compared with those
of this project. Upon normalizing the residual densitles to a pressure of 50
psia (a procedure used in this research), the residual density for a given in-
let gas temperature showed agreement within h% of similar experimental results
obtained in this research. The University of Michigan data used in this com-
parison are reported in Progress Report No. 17, August, 1959.

B. ANALYSIS OF GAS- AND WALL-TEMPERATURE RESPONSE DURING THE DISCHARGE OF A
CRYOGENIC LIQUID FROM A CONTAINER

During the last period the analysis of the dynamic response of the pres-
surized-discharge process was revised and completed. In the anal ysis presented
previously, it was necessary to assume that the gas-wall and liquid-wall con-
vection coefficients were equal. In the physical system they differ by a factor
of ten or more and for this reason in the present study it was necessary to
change the analytical model. Two separate cases are investigated.

The basic physical system analyzed is shown in Fig. 4. This consists of
a cylindrical container from which the cryogenic liquid is discharged by means
of a pressurizing gas.

The first case considers the container exchanging heat with the ambient
through a convection heat-transfer coefficient. The second case considers an
arbitrary heat flux imposed on the outer surface of the container. The proper
combination of the separate parts of the analysis, which is discussed below,



provides the solution for simultaneous heat transfer with the ambient and an

imposed heat flux. This combination closely approximates the conditions im-

posed on cryogenic containers on space vehicles where both heat transfer with
the ambient and external heat flux may be expected to occur.

The following assumptions are made: (a) the velocity transient at the
start of discharge of the liquid from the container is small compared to the
thermal transients and therefore is neglected; (b) the axial conduction of heat
is neglected in both the container wall and in the pressurizing gas; (c) the
radial temperature distribution in both the container wall and the pressurizing
gas are ignored, the temperature in each being lumped; (d) average convection
heat-transfer coefficients are assumed to be constant; (e) physical properties
of both container wall and pressurizing gas are constant; and (f) the dynamic
response of the system is introduced by two sources: (i) change in the tem-
perature of the pressurizing gas at the inlet of the container and/or (ii) the
imposition of a heat-transfer interaction with the ambient. The heat-transfer
interaction with the ambient consists of two separate modes: (a) heat transfer
through a convection coefficient of heat transfer with an ambient at constant
temperature and (b) an imposed heat flux on the outer wall of the container.

It has been observed from experimental measurements that the liquid and
wall temperatures below the liquid-gas interface had a negligibly small varia-
tion during the period of the discharge of the liquid from the container. This
results from the fact that the liquid is at a saturated state corresponding to
the initial pressure, and acts as a heat sink at constant temperature. Futher-
more, it has a very large heat capacity and has a low thermal resistance be-
tween it and the wall. Therefore, in the following analysis, heat transfer be-
tween the container and the ambient is assumed negligible for all regions below
the liquid-gas interface. This is accomplished by assuming, in Case I, a con-
stant ambient temperature equal to the liquid temperature below the liquid-gas
interface, and in Case II, an imposed constant heat flux above the liquid-gas
interface only. Thus, in Case I, the ambient moves with the liquid-gas inter-
face, wetting only that part of the container wall above the interface, and in
Case II, the imposed heat flux moves with the liquid-gas interface, affecting
only that part of the container wall above the interface.

In both these cases the difficulty arising from assuming the same convec-
tion coefficients of heat transfer above and below the liquid-gas interface is
eliminated.

The differential equations from the First Law of Thermodynamics with asso-
clated initial-boundary conditions for this system are:

For the Gas:
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For the container wall:

Ot* | po(T* - t¥) - <;>3(T§ S, (2)
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where T? is the saturated liquid temperature and T is the temperature of the
pressurizing gas at the inlet to the container. In Eg. (2), bs(Tg - %)
corresponds to Case I, the moving ambient, where
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and @ corresponds to Case II, the moving heat flux, where
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The method of analysis for both cases is essentially the same and therefore
only Case I will be carried out in detail. The results of Case II will be pre-
sented.

Method of Analysis

Case I - Moving Ambient.—Upon scaling all temperatures to the saturation
temperature of the liquid, the energy equations for Case I become:
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For mathematical convenience only, the above problem can be separated into
the following two problems in which T = T; + To and t = t; + tao.
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To(x,0) = O (21)
to(x,0) = 0O (22)
= 0 (23)
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The solution of Egs. (14)-(18) is obtained by the use of the Laplace Trans-
formation in the timewise domain. The subsidary equation in terms of the gas
temperature, T,, is

aTy . 1 <§ + b, - 22P2) To- o (2k4)
dx v p+b

with the transformed boundary condition

T.(0,p) = Tg/p (25)
where

b = bz + bg . (26)

The solution of the above equation is obtained directly from the methods of
treating ordinary differential equations. It is
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Combining Eq. (27) with the Laplace transformation of Eq. (15), the trans-
formed wall temperature is found to be
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The inverse transforms of Egs. (27) and (28) can be obtained by the use of
a table of Laplace Transforms.2 They are

e}
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I, designates the modified Bessel function of the first kind zero order.
The function V¥, defined by Eq. (31), has been obtained and calculated previously
by Rizika,5 where it 1s presented in graphical form.

The solution of Egs. (19)-(23), which is the main concern of this paper, is
also obtained by the Laplace Transformation method. In this case it is con-
venient to use the Laplace transform in both the time and the space domains.

Taking the Laplace transformation of Egs. (19)-(23) in the x (space) domain
results in the following two transformed equations with the appropriate initial
conditions
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Defining

A(x,8) = tz2 - Tz, (39)

the container wall-gas temperature difference, the transformed container wall
and gas temperatures can be found in terms of A where A is the Laplace trans-
formed (in the x variable) temperature difference. They are
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Taking the double Laplace transform of Eq. (39) with respect to x and O,
and the Laplace transform of Egs. (40)-(41) with respect to ©, and combining,
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The inverse transformation of the foregoing equation with respect to x is

2, by (263
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On the other hand, the timewise Laplace transformation of the energy equa:
tion for the gas, Eq. (19), in terms of & can be written as follows

pﬁg + Vv %%g - b8 = O (Ll )
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(L33 and (44) and sciving for Ta(xip}, subjecting the solu-
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Using the timewise transform, if Eqs. (3%9) and (46) result in the trans-

formed temperature of the container wall, as follows
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Using Laplace ftransform tables® the inverse of Eqs. (46)-(L7) are
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where V¥, which 1s defined previously, occurs with two different parameter sys-

tems (s,9) and (qs, %).
The soluticn of the problem as stated at the beginning is the linear
combination of T, and Ts, Eqs. (29) and (48), and t, and ts, Egs. (30) and

(49).

Case II - Movirng Heat Flux.-—For the case of the moving heat flux, Egs.
(1)-(5) can be conveniently separated into the following two problems when
the temperature is scaled to the saturation temperature of the liquid:
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where ¢ is defined in Eq. (7). Actually the solution of Egs. (50)-(54) for
T, and t, is a special case of the solution of Egs. (14)-(18) where bg = O
and hence n =1 . This special case has been solved.-

The second part, Egs. (55)-(59) for Ts and tz, is solved in a manner
similar to that used for solving Egs. (19)-(23). The results are
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where ©, s, and ¥ have been defined previously and

o
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The function A(s,d) has been calculated and ié presented in graphical form.

The linear combination of Egs. (29) and (30) with n = 1 and Egs. (60) and
(61) will yield the solution of the dynamic response of the gas and wall tem-
perature of a pressurized container having an imposed wall heat flux.

The combination of the solutions for the moving ambient case, Egs. (29)
and (48) and Egs. (30) and (49), Case I, and the solutions of the second part
of the moving heat flux case, Egs. (60) and (61), Case II, will provide the
solution for the case in which both heat transfer with the ambient and an im-
posed heat flux occur.

Comparison of Theory and Experiment.— Calculations of the results of this
analysis have been carried out for a configuration corresponding to the present
experimental system. This consists of an aluminum (5052) container 12 in. ID
with l/8—in. wall thickness wrapped with two l/52—in. layer of asbestos, around
which chromel A heater wire is wound. The liquid nitrogen is pressurized and
discharged by nitrogen gas at various inlet temperatures. The container is
5 £t long and is discharged in approximately 120 sec.

The principal purpose of this phase of the research is the determination
of the final mean density of the pressurizing gas. For this reason the cal-
culations were carried out for a fixed discharge time of 120 sec. In each case
the pressurizing gas and wall temperature at the end of 120 sec are obtained
as a function of distance in the container. From these, by numerical integra-
tion, the mean temperature of the pressurizing gas, and hence mean density at
50 psia, are obtained.

Because it is not possible, a priori to know the value of the convection
heat-transfer coefficient between the pressurizing gas and the container wall,
it 1s necessary to compare the results of the analysis for several values of
this coefficient with the experimental data. For this comparison the normslized
mean gas temperature (T/Tg) at 120 sec was plotted as a function of the con-
vection coefficient for the case of the adiabatic container, Fig. 5. From
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this a plot, (Fig. 6), of the mean density as a function of inlet gas tem-
perature for various values of the convection coefficient was obtained. By
superimposing the experimental data for the adiabatic runs on Fig. 6, it was
determined that the value of the convection coefficient between the gas and
wall which represents the best fit for these data is about 3 Btu/hr sqg ft. On
this basis all subsequent calculations are based on a gas-wall convection co-
efficient of 3 Btu/hr sq ft.

Figure 7 shows the final mean density as a function of inlet gas temper-
ature for Case I from the theory, the system exchanging heat through a convec-
tlon coefficient with the ambient at constant temperature. In this calculation
the ambient was taken to be 80°F and the convection coefficient between the
ambient and the container to be 2 Btu/hr sq ft. Experimental dats from a pre-
vious report also are shown and discussed later.

Figure 8 is a plot from the theory of the final mean density vs. inlet
gas temperature for Case II, heat flux imposed on the system. In this calcula-
tion the heat flux is a parameter and values for this quantity of 0 (adiabatic
container), 1250, and 2200 Btu/hr sq ft have been plotted.

Figure 9 shows the corresponding wall temperatures vs. dlstance in the
container at 120 sec for Case II, imposed heat flux on containers. Both inlet
gas temperature and lmposed heat flux are parameters.

An experimental check of the analysis can best be made after the new exper-
imental system is in operation. As stated in the first Quarterly Progress Report
for 1960, the present experimental deta should not be expected to correlate com-
pletely with the analysis because of the incompatibility of the experimernt and
analysis with respect to the heat-transfer interaction between the container
wall and the surroundings. The nature of this difficulty was discussed in the
first Quarterly Report and is the maln reason for adopting the new annular
guarded tank design in the experimental system. It is anticipated from the
existing data that the experimental program with no imposed heat flux might
closely approximate the analysis where the exterior of the container is adia-
batic. Existing experimental data corresponding to these conditions are com-
pared with the analysis in Figs. 6, 8, and 9.

It 1s anticipated that during the next period the new experimental system
will be operating and will yleld data for all cases this analysis covers, i.e.,
no imposed heat flux, various levels of imposed heat flux, and heat exchange
with the ambient.



II. BOILING OF A CRYOGENIC FLUID UNDER REDUCED GRAVITY

Design and construction of the various components of the reduced gravity
test apparatus has been proceeding. The most critical component from the de-
sign and operational standpoint is the hydraulic buffer which is required to
bring the test package to a stop smoothly in a short distance. A constant de-
celeration of 20 g's, which will bring the package to rest in 2 ft, was selected
as a reasonable value. The maximum design mass of the test package and plat-
form assembly is 100 1lbs. With a terminal velocity of approximately 50 fps,

a resisting force of 1900 lbs is required.

A sketch of the proposed buffer was included in 1960 Quarterly Progress
Report No. 1. Figure 10 is an assembly drawing of the final design. Only one
major departure has been made from the preliminary design, the elimination of
a pre-load buffer piston. Its function was smoothly to accelerate the main
buffer piston before direct contact with the load was made, by means of a heavy
spring. However, the mass of the pre-load buffer piston was not significantly
smaller than the main piston and the possibility of a large shock still ex-
isted. A heavy rubber bumper will be placed over the main piston in an attempt
to absorb the initial impact.

A series of 39 holes drilled in the cylinder wall serves as a variable
orifice configuration. The holes are located so that, as the piston descends
under load, it covers the holes in a programmed sequence to maintain constant
pressure within the cylinder. A light hydraulic oil will be used as the work-
ing fluid.

The buffer system will be instrumented and thoroughly tested using a
dummy load prior to being placed in operation. The orifice holes are tapped
so that the sizes can be varied, should adjustments in the deceleration rate be
necessary.

Electrical interlock switches will be provided to insure that the buffer
piston is fully extended prior to each drop. After dropping the piston will
be extracted manually to its fully extended position.

The buffer assembly is bolted to a poured concrete base which also serves
as an anchor for the guide wires. A framework of I-beams and channels attached
to the upper building structure serves as a base from which the upper guide
wires are suspended. Also attached to this framework are an electrically pow-
ered hoist, the release mechanism, and the counterweight pulleys. Care is
taken to minimize the frictional and inertial influence of the pulleys when
counterweights are used.
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Although it is anticipated that the initial tests will be conducted under
free fall conditions, consideration will be given during the next period to
the retardation of the counterweight. With the use of a counterweight the
terminal velocities will be smaller and the mass less than the main test plat-
form, hence it is not expected to be a serious problem.

Figure 11 is a photograph of the upper support framework and Fig. 12 is
a view of the drop area from this location.

Several different types of release mechanisms for the test platform are
being studied. The main requirements for this device are that the release
take place rapidly without exerting any motion to the test platform and that
the instant of release be precisely known.

A potentiometer type accelerometer with a range of 0-1 g is being pro-
cured to be mounted on the test platform to measure its acceleration. It is
specified by the manufacturer as having a sensitivity greater than 0.01 g and
a time constant of 0.025 sec for a step change in acceleration.

The basic test platform will consist of a back-to-back E-frame weldment
of aluminum I-beams, with the guide wires engaged by eyes at 3 locations.
Figure 13 is a sketch of the proposed platform. The location of the test
package, the gulde wire eyes, the point of suspension, and the buffer pad will
be completely adjustable so that the point of suspension and the buffer pad
will be in line with the center of gravity of the entire assembly within the
space available. Spirit levels mounted on the test platform will aid in the
location of the center of gravity. The drop area is limited to a space 19-1/2
by 46 in. plan dimensions by structural members of the building, but is deemed
sufficient for the scope of this research. The drop height is approximately
L5 ft.

The first experimental apparatus to be installed on the test platform
(Fig. 13) is shown in Fig. 14. The test sphere is held below the liquid ni-
trogen surface by means of a low-heat-capacity aluminum frame. The tempera-
ture of the sphere 1s monitored by the inserted thermocouples as shown.

Initially, the sphere will be at room temperature. Upon immersion into
the pool of liquid nitrogen its temperature will follow a quenching curve as
shown in Fig. 15. If, however, the system is suddenly subjected to zero gravity
at time x within the nucleate boiling region, the heat-transfer rate will de-
crease and a shallower temperature-time curve will result, as indicated by the
dotted curve.

If the internal thermal resistance of the sphere is negligible in compar-

ison with the surface resistance, there will be no significant temperature
gradient within the sphere at any given instant. A measure of the ratio of

13



internal thermal resistance to surface thermal resistance is given by the Biot
Number R ro/k , where r_ 1is the sphers radius. With h ro/k < 0.1, the maximum
variation of temperature within the sphere will be less than 5% of the initial
temperature difference between the sphere and the fluid. Ry using a small
sphere of high corducztivity, the Biot Number will e minimized.

If a temperature gradient is present within the sphere, it will be ob-
served through a difference in the temperatures indicated by the two thermo-
couples, Fig. 14. With ro temperature gradient present, the heat-transfer
analysis is greatly simplified since the system 1s then described by a single
temperature. Ir suzh a czase, a First-law analysis for the sphere having a tem-
perature-deperndert heat capacity can be written as: '

- .
g = & . ,4d thS(t)dt = nd f‘t Cps(t)dt;_d_-}_ (63)
de de ty dt I; to ; dae
or
a4 = m Cpg(t)3E (64)
de
Since also
qa = hAg(tg-ty) , (65)
then
DA (tg-ty) = m Cpg (), (66)
where:

q = heat-trensrer rate from sphere

H = enthalpy of sphere

m = mass of sphere

Cpg (t) = specific heat of sphere, a function of temperature
h = heat-transfer coefficient ‘
A. = sphere surface area
tg-ty = sphere temperature - fluid temperature
6 = time

1k



With the experimental temperature-time data (Flg. 15) and the specifie
heat-temperature dependsnce of the csphere krown (Fig. 16}, the wagpit.des of
a/A, tg-ty , acd b can be found using Eg. (66].

An estimate of tre magnitude of the srhire's femperature charge during
the drop time of 1.7 sec can be obtalned ty essuming an average h and Cpo
The solution to the First Law for thi- case, EQ. (66), is then given by:

t(e) -ty - At _ o (67)
ti - ty Aty

Here Aty 1s the sphere-fluid temperature difference at 6 = 0, and K is
the inverse time constant, h As/m Cp - The temperature ratio At/ﬁto versus
time is given in Fig. 17. Thus, for example, if a l/2-in. radius copper sphere
is assumed to have an h of 700 Btu/hr-ft2—°F, the value of K for use in the
above equaticn is 424 hr=® at 1.5 sec, At/Aty will be approximately 0.084.
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III. HEAT TRANSFER TO A CRYOGENIC FLUID IN AN ACCELERATING SYSTEM

Figure 18 is an assembly drawing of the test vessel to be used with a
cryogenic fluild in the centrifuge apparatus shown in Fig. 19. The hardware
is presently under construction and it is anticipated that assembly and pre-
liminary testing will take place during the next reporting period.

The liquid temperature will be measured at two different levels to deter-
mine if, under acceleration, subcooling is present near the heating surface as
was found in previous tests with water.

It is not conveniently possible to condense the vapor formed during the
boiling process and the liquid depth will be changing with time. To coordinate
the data taken with depth, a small float is to be installed in the test vessel
ad attached to a rod which will actuate 2 or 3 microswitches at preset levels.
The microswitches will impress timing works on either a 4-channel Sanborn re-
corder or a 36-channel "Visicorder."

The decrease in liquid level during a run creates an additional problem.
Since the mass of the rotating system varies, it is not possible to maintain
balance with a counterweight of fixed mass. By using a counterweight incor-
porating a contalner filled with water, it is possible to maintain dynamic
balance by discharging the water at the same rate that the liquid nitrogen
is evaporated. Compressed air, connected to the counterweight through the
upper hole in the shaft shown in Fig. 19, can be used for discharging the wa-
ter through the lower hole. Calculations indicate that the center of gravity
of the test vessel changes less than * 0.1 in. from the full to empty condi-
tion. The counterweight geometry will be arranged to give a similar condition.
Figure 20 is a sketch of the proposed counterweight.

To extend the study of the effect of acceleration on boiling of cryogenic
fluids, provision is being made for installing a platinum wire heater in the
test vessel to obtain heat fluxes up to the burnout point. Precise measure-
ments of current and voltage drops across a known length of the wire will per-
mit the calculation of heat flux and wire-surface temperature. This requires
a stable d-c source of up to 30 amp on the rotating member.

Tests have shown that the carbon brush-copper slipping assembly presently
installed is not suitable. The electrical d-c resistance varies during rota-
tion and is believed due to an uncontrollable deposit formation on the slip
rings. Although this variation is small the use of the platinum wire as a
resistance thermometer dictates a permissible variation in current of less
than 1 milliamp with a total current on the order of 25 amp.
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To achieve a stable method of power transmission to the rotating assembly,
two concentric channels were machined in a horizontal plexiglas piece and filled
with mercury. Two 1/8-in.-diameter Armco Iron rods formed in a circle are in-
serted in each channel, one stationary and one rotating, to provide the necessary
electrical contact. A cross section is shown in Fig. 21. Armco Iron was se-
lected as it has low electrical resistance and is not attacked by mercury. Upon
testing this assembly, it was observed that the current still was not sufficient-
ly stable, both during rotation and nonrotation. Subsequent research has attrib-
uted this to the non-wetting characteristic of mercury on iron. It appears that,
with the large passage of current, the electrical resistance of the film at the
iron-mercury interface is highly unstable. The reduction of this resistance re-
quires intimate contact between this iron and mercury (i.e., complete wetting).

Success in wetting has been achieved by plating an iron rod with zinc. The
mercury and zinc form an amalgam, and upon removal of this amalgam the mercury
remains in contact with the iron. This principle is now being extended to the
assembly presently constructed.

Design calculations are being made for a cylindrical heater configuration
wherein the acceleration vector will be parallel to the cylinder axis and heat-
ing surface. It is anticipated that the test vessel described above and under
construction will be directly applicable to this particular study, requiring
only the insertion of a suitably instrumented cylindrical heater into the fluid.
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NOMENCLATURE

cross-sectional flow area, ftZ
cross-sectional area of contalner wall, ftZ

surface area of sphere

BgP -2
pcA

hg p -
T hr-1
P o)

KOPO s hr- 1

p'c'Ay

be + bs , hr-1

heat capacity of gas, Btu/lbm °F

heat capacity of wall, Btu/lbm °F

heat capacity of sphere, Btﬁ/lbm °F

sphere heat-transfer coefficient Btu/hr ft2 °F
gas space heat-transfer coefficient, Btu/hr ft2 °F
ambient heat-transfer coefficient, Btu/hr £t% °F
enthalpy of sphere, Btu

modified Bessel function of first kind zero order
inverse time constant, hr-t

mass of sphere, lbm

inside perimeter of container, ft

outside perimeter of container, ft

Laplace transform variable in time

heat transfer from sphere, Btu/hr

Laplace transform variable in space
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NOMENCLATURE (continued)

q imposed heat flux on container, Bru/hr £t

le
W
t(x,6) wall temperature, °F

tg-ty sphere-fluid temperature difference, °F
t"tﬂ initial sphere-fluid temperature difference, °F
T(x,0) gas temperature, °F
Ty,ty; 1liquid temperature, °F
V  interface velocity, ft/hr
x axial space coordinate, ft
& =bof0 - %)

A(x,8) wall-gas temperature difference, °F

©® time, hr

¢ _ an
p'c'Ay

o gas density, lbm/ft3

density of container wall material, lbm/ft3

8
A(s,d) =f ex O 10[2(85*)1/2}6.6*
(@]

&/m _ &F
¥(ns,2) =/ /n e M I, [2(sb*)1/2 190X
nJy )

_ba
b2+b3

19



NOMENCLATURE (concluded)

Superscripts

Subscripts

a

the Laplace transform of the function with respect to either
time or space.

the Laplace transform of the function with respect to both
space and time.

temperature in degrees Fahrenheit absolute (temperatures with-
out superscript star are scaled from the liquid temperature,

).

ambiert temperature

inlet gas temperature

spatial mean value at © = 120 hr

3600

20
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