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A 625 gallon powder-insulated Dewar has been built and appropriately instrumented
to provide information concerning pressurization gas consumption, ullage pressure, liquid
level (ullage volume, indirectly), horizontal and vertical temperature surveys throughout
the test fluid, and lapsed time. Pressurization levels of 25, 75, 125, and 180 psig have been
examined individually. Two techniques—one based on the case of one-dimensional heat
flow in a semi-infinite solid and the other founded on an electrical network analog of the
thermal system—are given for making reasonable predictions concerning liquid-phase hydro-
gen temperature distribution in well-insulated, rapidly-pressurized storage vessels. A ther-
mal analysis is presented which indicates the mechanics of heat transmission and adsorption

An Experimental Study Concerning the Pressurization

in the fluid.

1. Introduction

The so-called temperature stratification phenom-
enon, which has been observed in containers of cryo-
genic fluids under certain conditions, is of sufficient
interest in the field of cryogenic engineering to war-
rant  special investigation. Areas in which the
results of such research may be applied profitably
include those concerning the transfer of liquefied
gases by pressurization, the transfer of liquefied gases
by pumping, and the sealed storage of liquefied gases.
In the first case, the stratification of contents in a
vessel used to supply transfer fluid permits the utili-
zation of subcooled liquid, the properties of which are
desirable from the aspect of single-phase flow charac-
teristics. In the second case, stratification provides
a means to attain, and sustain, Net Positive Suction
Head for transfer by pumping, the absolute magni-
tude of NPSH required here depending upon both
fluid and pump characteristics and the geometry of
the pumping situation. For the final case, the effect
of stratification is undesirable, generally, due to the
accompanying promotion of an excessive rate of
pressure rise in the storage vessel ullage space; the
undesirability is pronounced for sealed ‘“‘no-loss”
transport containers in which the maximum time
permissible in transit is a direct function of the con-
tainer design pressure.

2. Experimental Equipment

An elevation assembly drawing of the 625 gallon
Dewar used in this study is presented in figure 1.
The inner vessel is supported within the outer shell
by means of a 15 in. diam stainless steel cylinder
which is fastened between central portions of the two

1 This work was supported by the U.S. Atomic Energy Commission.

2 This paper is an expanded version of a paper presented at the 1959 Cryogenic
Engineering Conference, Berkeley, Calif., September 4, 1959.

3 Associate Professor of Mechanical Engineering, Colorado State University.
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top dished heads as shown in the drawing. The
diameter of this cylinder was chosen to provide a
manway into the test container for relatively easy
access to the internal instrumentation. Evacuated
perlite is the insulating medium, and filtered vacuum
pump connections are located on both the top and
the bottom dished heads; flanges attached directly
to the base of each evacuation port permit filling and
draining of the insulation space. A static Dewar
racuum of 10 to 15 u is achieved in the cold, hydro-
gen-filled Dewar.
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Essentially all ecritical test components are
attached to the manway cover, thereby providing an
orderly means for placing, 1omov1ng, and examining
internal equipment, when necessary, with a minimum
of difficulty (fig. 2). Houlontdl, bright stainless
steel baffles are soldered to the fill, vent, and instru-
ment lead tubes at regular intervals within the access
cylinder to minimize hydrogen gas circulation and
thermal radiation in this region. One common
method of insulating a zone such as this, which may
be exposed to temperatures approximating 300 °K
on one side and something less than 100 °K on the
other, is to build an evacuated-powder or high-
vacuum insulated plug with a cylindrical stainless
steel wall. However, in the case of a moderate or
high-pressure rated container, the plug must be built
to withstand vessel design pressure—implying rela- ¢
tively heavy plug walls. As a consequence of the
thermal conduction characteristics of various ma-
terials involved, the hydrogen gas-baffle arrange-
ment provides a better heat barrier across the man-
way than would a plug of adequate pressure rating.
For this reason, and for the sake of simplicity and
economy, the baffle construction was used. It
may be of interest to note that the thermal conduc-
tivity of hydrogen gas is approximately one hundred
times that of evacuated powder and one-hundredth
that of stainless steel.

Located immediately beneath the bottom opening
of the access cylinder is a gas diffuser which diverts
the incoming pressurization gas 90° through curled
brass shavings and introduces the stream tangentially
to the underside of the inner shell top dished head.
The diffuser is fed by a 135 in. tube which also serves
as a gas vent when the test vessel is being filled or
depressurized.

A capacitance probe, hanging from the bottom of
the diffuser, is used to provide the liquid contents
(level) determination—the signal of the probe being
furnished to a direct-reading recorder. Auxiliary
level information may be obtained by observing the
Dewar ullage pressure, by then noting the saturation
temperature corresponding to this pressure on a
hydrogen vapor pressure-temperature diagram, and
finally by locating this temperature in data provided
by the vertical thermocouple rake. Knowledge ol
the liquid surface location derived by the latter
method has proved to be quite precise in the zone
of closely-grouped thermocouples; in other regions,
the precision is understandably lacking.

Further examination of figure 1 reveals a Venturi
tube which is attached to the inlet of the fluid dis-
charge tube to permit evaluation of such a device in
cryogenic media. Results of this work are presented
in another paper.*

In the experimental program, two thermocouple
rakes are utilized—one installed vertically in the
center of the vessel, and the other fastened to the
side wall, capable of sensing horizontal temperature
profiles from zero to 11 in. from the wall at three
distinet levels (approximately 17,49, and 56 in. from

4J. R. Purcell, A. F. Schmidt, R. B. Jacobs, The Venturi tube as a liquefied

gas flow measuring device, Advances in Cryogenic Engineering, 5, pp. 282 to 288 /
(Plenum Press, New York, N.Y., 1960).



the tank bottom, respectively). Figure 3 illustrates
the placement of each thermocouple in the vertical
direction.

The system of differential thermocouples—59 in
all-—is composed of one 36 gage gold-cobalt lead and
an appropriate number of 36 gage copper leads, each
of which passes through a rubber compression-type
seal at the top of the tank. A reference junction
for the entire series of couples is attached to a small
parahydrogen-filled vapor-pressure bulb located be-
low the inlet of the Venturi; reference temperature
information, therefore, is derived from bulb pressure
data and a parahydrogen vapor pressure-temperature
curve. Temperatures, corresponding to the vapor
bulb pressure readings, are accurate to +0.05 °K.

Hydrogen pressurization gas is stored at high pres-
sure in a standard tube trailer of 260 t* free volume,
from which it passes through a preset pressure-
recorder-actuated solenoid valve and on into the
Dewar during pressurization.

3. Test Procedure and Results

In an effort to present the data accumulated from
each pressurization run most descriptively, tests
A-2, A-3, A4, and B-1 have been analyzed graphi-
cally through temperature-time and temperature-
height curves (fig. 4 to 9). Test identification sym-
bols listed above refer to the conditions of table 1.

Tests A-1 through A-4 were conducted in the
following manner: The test vessel liquid inlet con-
nection was sealed off, and the container was main-
tained at % psig for a minimum of 16 hr by venting
into a hydrogen gasholder. At the end of this period
(actually the start of the test day), during which
time the fluid contents had reached an equilibrium
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state, a complete set of thermocouple readings was
taken and recorded as the initial condition. The
vent-to-gasholder valve was then closed, a pressure-
recorder-actuated solenoid valve between the hydro-
gen gas tube trailer and the test container gas
diffuser was opened and pressurization of the Dewar
to a preselected level was effected within 30 sec.
Additional small quantities of gas were generally
required for 15 min after the initial pressurization in
order to maintain the desired pressure level, after
which time the liquid evaporation rate became more

than sufficient to furnish the needed gas. Rather
than disturb the temperature gradients being

established in the test space by continuously releasing
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the gas overpressure, the vent was kept closed and
the pressure was permitted to rise naturally through-

= HT T out the test period. Thermocouple and vapor
\ i ||| THERMOGOUPLE 42 pressure data were recorded every %4 hr for 8 hr.
] | | Termination of the test after 8 hr was accomplished
e i 43 simply by deactivating the recorder-actuated solenoid
S valve and depressurizing the tank to gasholder
= 44 conditions for overnight standby. Gas consumed in
s . [m==r each of the tests listed above was measured by
& ] 46 opening enough tubes in the gas trailer manifold to
5B EEsSe HE= a7 exceed, by a small margin, a precalculated demand;
w e LT the temperature and pressure of this gas were then
a 30 = == —— e Y g
5 =R = recorded, pressurization of the test Dewar occurred
- 1] —T1 50 ’ . op 2
T e . ., and the final trailer manifold temperature and
e 1 se pressure were noted. Knowledge of the fluid
25 = ] 53 capacity of each tube in the trailer, coupled with the
EE e F T 54 pressure-temperature data recorded above, then
== = T 52 - provided information concerning the amount of
== | el ressurizing gas required in each test.
L .
0 172 | fv2 2 2wz 3 312 Pressure build-up test B-1 was effected by com-
Hitkehe pletely sealing off the experimental chamber and
F1GURE 8. Temperature versus time, hydrogen test A-4, 180 | Tecording the necessary data three times a day over
psig. an 80 hr test run.
TaBLE 1.
Test Final Ullage
Initial pressure & pressure b Pressuriza- Liquid volume 4
Test No., pressure (zero time (zero time | tion gas con- volume (including
(zero time) | plus ¥5 min) | plus 734 hr) sumption manway
volume)
psig psig Dsig scf of of
A-1 34 25 46 110 67.2 20.3
A-2 3% 75 102 310 63.2 24.3
A-3 34 125 160 465 59.7 27.8
A4 5 180 (195)¢ 700 57.3 30.2
B-1 3% % 10 56.3 312
4

s Test pressure refers to level achieved with tube trailer pressurization gas.
b Final pressure refers to level achieved at completion of test (pressure resulting from combination
of tube trailer gas and gas evolved during test period).

¢ Final pressure after 3% hr.
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4. Discussion

Data obtained from the program described here
were studied and used in several different ways:

(1) Pressurization gas consumption data were
recorded and several attempts were made to correlate
this information; an imsufficient number of vapor-
phase thermocouples plus the additional complica-
tion of irregular vessel geometry due to the manway
volume discouraged extensive work in this area;

(2) Considering system geometry and certain
properties of the test fluid, metal containing wall
and evacuated-powder insulation, a thermal analysis
was made to determine the mechanies of heat
transmission and absorption in the fluid;

(3) A method useful in predicting the change of
temperature with time at amy given point in a solid
was applied to the experimental quantity of liquid
hydrogen—the theoretical results were compared
with experimental information ;

(4) An electrical network analog of the thermal
system was constructed and a comparison with the
theoretical method (3) was made.

4.1. Pressurization Gas Consumption

Information pertaining to the consumption of
pressurization gas, pressure level and ullage volume
i this series of tests is presented in table 1. One in-
teresting observation can be nm(lo from these data.
For a perfect gas—using Boyle’s Law (pV=p'V’)—
the amount of gas loqulrod to elevate the pressure p
im @ known volume V' to a specified level p’ may be
calculated (assuming no condensation, evaporation,
ete.). Results of the four tests reported here indi-
cate that the pressurization gas consumed in any test
can be predicted to an accuracy of 10 percent by
first using the perfect gas relationship to compute a
required volume V of gas at standard conditions,
then doubling the answer. To restate, the amount
of gas needed to pressurize a vessel of this particular
geometry is approximately twice that computed from
Boyle’s Law. Gas temperature, pressurization time
and diffuser configuration should also be considered
in the final analysis. Although the correlation is
crude, 1t may be of some value in estimating the
requirements of subsequent work of this nature.

4.2, Thermal Analysis

Heat transmission into the liquid hydrogen was
considered to occur in the following manner:

(1) The uniform (bulk) temperature portion of
the liquid is warmed by heat transferred from the
containing surface and thence by convection;

(2) The stratified liquid layer is warmed l)\' heat
conducted from vapor above the interface and b.\
con(lons.xtion at the interface;

(3) Vaporization occurs at the outer periphery of
the interface where liquid contacts the warmer
metal.

Validity of these assumptions may be tested by
heat balances using internal energy and apparent
heat transfer information. Taking experimental
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data from the last hour and a half of test A-3 (fig.

5) as an example, calculations indicate a total
internal energy change rate of 53.8 w:
Internal Energy Change Rate
In uniform temperature portion of liquid (l)vl()w
38" . 17.5w
In stratified portion of liquid (above 38’ to 50. 3”) 24. 0w
To raise mass of liquid to be vaporized to satura-
tion temperature____________________________ 6.5 w
To raise mass of liquid to be vaporized from satu-
rated liquid to final vapor state_______________ 22.3w
70.3 w
To cool initial mass of vapor to final state._______ —16. 5w
53. 8w

In determining apparent heat transfer through the
eva('uatod-powdor tank insulation and down the man-
way, a value of insulation conductivity (k=40 pw/c
°K) was chosen such that the heat transmission
computed from Dewar geometry (below) equalled
the computed rate of change in internal energy
(above). The reason for choosing a value of k in the
manner described relates back to some uncertainty
existing in the absolute value of this property, even
with a fair knowledge of material substance, size
and interstitial pressure. The value computed is
within the range of values considered reasonable for
the material.

Heat Transfer Rate

Through bottom head of test vessel .~ ____ . 107w

Through cylindrical wall of uniform vmp( rature
portion of liquid (below 38'7) _ 14.2 w

Through eylindrical wall of stratified pmtlon of
liquid (above 38" to 50.3"") . ________ 73w

Through vessel wall ~|1noundmg (1])01 ph 1se (above
50.3") . - 81w
Through manway (hydrogen gas ‘and metal neek) __ 135w
53.8 w

Checking premise (1), The uniform (bulk) temper-
ature portion of the liquid is warmed by heat transferred

from the containing surface, and thence by convection:

change rate =~ Heat transfer rate

175 w=24.9 w

Internal energy

Then with respect to the stratified layer, an as-
sumption is made that heat transferred through the
rall surrounding this portion of fluid provides the
energy required to raise the temperature of the liquid,
which is to be vaporized, from the bulk temperature
to a saturated condition.

Internal energy change rate =~ Heat transfer rate
6.5w=T7.3w

An apparent surplus of transferred heat (7.4
0.8=8.2 w), from the two zones (or regions) con-
sidered, may be assumed to contribute to vaporiza-
tion at the periphery interface.

From premise (2), The stratified liquid layer is
warmed by heat conducted from vapor above the interface
and by condensation at the interface:



Condensation rate ~ Internal energy change rate—Heat conduction rate

(interface)
~24.0 w
~]18.5 w

where the heat conduction rate is computed [rom
the gas phase portion of curves /" and ¢ (test A-3)
near the interface.

To complete the account of heat distribution in
the Dewar, from interface up, gas phase temperature
and pressure information over the chosen hour and
one-half test interval is used to calculate a system
mass (gas) increase. This Am is then multiplied by
the latent heat of vaporization of hydrogen, result-
ing in a net vaporization energy value of 8.5 w.
Total vaporization rate, therefore, is equal to the
condensation rate computed previously plus the net
vaporization rate computed above, or

Total vaporization rate=18.5-+8.5=27.0 w

This rate, plus the 5.5 w conducted through the
vapor to the interface, must be supplied from above
the interface and from the apparent surplus beneath
the interface.

4.3. Semi-Infinite Solid

The experimental volume of liquid hydrogen has
been treated as a semi-infinite solid with the liquid-
vapor interface representing a constant temperature
bounding face. Since equilibrium temperatures are
observed throughout the test fluid prior to pressuriza-
tion, and since the plane surface temperature imme-
diately after pressurization is also known (saturation
temperature corresponding to interfacial pressure),
the uniform temperature of the liquid and the sud-
denly-changed surface temperature are known. With
this information, and certain physical fluid properties,
the case of one-dimensional heat flow in a semi-
infinite solid may be calculated.

A solution for the temperature history 7'(z, 6)
must satisfy the partial-differential equation of
Fourier,

or_ o
o0 “ox
By imposing appropriate initial and boundary condi-
tions and proceeding through the necessary mathe-

matical sequence, the desired relationship is found
to be

t—t; 2 (z2va0 .
— ARNN
ti—t Y Jo
where
t=temperature at distance z below liquid-vapor
interface,

t;=saturation temperature corresponding to pres-
sure at interface,

t;=initial fluid equilibrium temperature,

r=distance below interface at temperature ¢,

(stratified layer)
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(vapor to liquid)
—5.5 w

f=time,

a=thermal diffusivity, =k/pC,
k=thermal conductivity,
p=density,

C,=specific heat at constant pressure,
2 f 72yt g—xyin—error  function, or probability
Vr Jo integral.

A primary decision one faces in working out the
mechanics of this problem concerns a somewhat arbi-
trary choice in the value of thermal diffusivity.
Clearly, it must be evaluated at some temperature
between #; and #,. For the case of liquid hydrogen,
the variation in « is not considerable—the value at
20 °K being approximately one-third higher than
that at 31 °K; further, it is Va that is used in this
computation. With this knowledge then, and the
additional stipulation that ', be used as heat capacity
in the diffusivity determination, one may choose es-
sentially any value of « between ¢; and ¢;, run through
the simple mathematics of the problem and arrive at
an excellent approximation of fluid temperature dis-
tribution. In most cases, the accuracy associated
with such a method of choosing « is more than suf-
ficient. If, however, it is desired to refine the calcu-
lation, the initial approximation (above) may be
used to provide basic temperature versus distance
curves, from which any value, or values, of « can be
selected for the final computation. ’

This method of theoretically simulating the actual
physical conditions described previously is not with-
out limitation when applied to liquefied gases of small
latent heat of vaporization and low temperature. An
efficient thermal insulation was used to envelop the
test container in this work, thereby permitting rela-
tively little heat to flow into the fluid. Should the
liquid be submitted to a progressively higher heat
flux, degradation of the established temperature gra-
dients would be noted at some increased value of this
flux due to greater boiling, and hence agitation, of
the liquid. A poorly insulated volume of liquid, fluid
containers utilizing high-thermal conduectivity ma-
terials of construction in shell walls, liners, baffles,
ete., and Dewars in transit, may not be adapted to
this type of analysis.

As implied in preceding paragraphs, the represen-
tation of a quantity of liquefied gas by a semi-infinite
solid is interesting and apparently feasible. The
method has been applied to the reported experimen-
tal data with excellent results. Test data were not
completely analogous in that the bulk fluid tempera-
ture shitted slightly with time, due to the combined
effects of heat transmitted into the liquid from the
containing wall and compression of the liquid, and
also because of the fact that the interface temperature
shifted somewhat during the test period as a result of
the pressure increase in the mnonvented Dewar.
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However, these deviations had only a secondary
effect on the problem. A comparison of theoretical
and experimental values for the 125 psig test (A-3)
reveals the following information (see fig. 10): Using
an interface temperature of 30.8 °K and a liquid
bulk temperature of 20.3 °K a temperature difference
of 10.5 °K has been established. For distances
greater than 3 in. below the surface of the liquid, and
for any time between zero and 8 hr, the mazimum
deviation between theoretical and experimental work
is 0.3 °K, or 3 percent of the temperature span,
while the average deviation is less than 0.1 °K. The
first 3 in. beneath the surface are affected more by
an increase in interface (saturation) temperature
with time and by the slight increase in volume of the
liquid, so that a direct comparison here is likely to
show the greatest error. Kven so, the maximum
error is seen to be less than 1.5 °K.

4.4. Electrical Network Analog

In order to evaluate more directly the effect of
bulk and surface temperature shift previously men-
tioned, some time was devoted to the use of an
electrical analog as a means of most conveniently
examining this shift. Also, the ability to physically
observe experimental phenomena requiring 8 hr
being simulated electrically in a few seconds is of
considerable interest.
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The electrical analog is based on the equation

2
%%7=RLO?D_:§ (compare with the Fourier equation
2
aa—%’=a% previously mentioned), if distributed

constants are used in the circuitry. Using lumped
constants—that is, conventional resistors and capaci-
tors—the error is slight if reasonable consideration
is given to circuit construction. It is seen from the
above equations that voltage is analogous to tempera-
ture in the thermal circuit and that the electrical
diffusivity 1/RC corresponds to the thermal diffusivity
a. In the overall circuit, it is not necessary to define
resistance and capacitance individually—only the
product which determines the time constant and
thus the ratio «/1/RC, or «RC. This ratio is gener-
ally quite large (approximately 20,000 in the present
case) due to practical limitations of the ecircuit.
However, the advantage of such a circuit is under-
standable in that the curves are plotted very rapidly.

Results obtained by this technique were exactly
comparable with those achieved by the method of
the semi-infinite solid. Unfortunately, circumstances
did not permit further refinement of the circuit to
provide for the gradual shift of bulk and surface
temperatures with time; it is hoped that this may
be accomplished in the near future.

5. Conclusions

It is evident from the preceding paragraphs that
reasonable predictions can be made concerning liquid-
phase hydrogen temperature distribution in well-
msulated, rapidly-pressurized storage vessels.

By treating the liquid as a semi-infinite solid, one
may foretell the temperature history, temperature
gradient and heating rate of the stratified fluid
portion beneath the liquid-vapor interface; where
numerous succeeding initial and boundary condi-
tions are to be imposed in the manner of trial and
error, where these conditions are to vary with time
for any one given situation, or where a variation of
thermal properties must be taken into account, the
electrical analog method may be modified to per-
mit more rapid solutions.

Additionally, if heat flux through the containing
vessel wall is known, bulk liquid temperature rise
may be predicted in a very rough manner.

Finally, it will be noted by the curves presented
here, and by theory, that an increase in ullage pres-
sure—hence an increase of interfacial temperature—
results in the transfer of more heat to the stratified
layer, the quantity of which is calculable using the
method of the semi-infinite solid. Knowledge of
this may serve as one criterion in the optimization
of pressure level within a liquefied gas storage or
transfer system.

(Paper 65C2-58)
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