ENGINEERING RESEARCH INSTITUTE
THE UNIVERSITY OF MICHIGAN
ANN ARBOR

Progress Report No. 9

PRESSURIZATION OF LIQUID OXYGEN CONTAINERS

J. A. Clark .
S. K. Fenster =
H..Merte, Jr.

W. A. Warren

ERI Project 2646

DEPARTMENT OF THE ARMY
DETROIT ORDNANCE DISTRICT
CONTRACT NO. DA-20-018-ORD-15316
DETROIT, MICHIGAN

June 1958






——  The University of Michigan « Engineering Research Institute

ABSTRACT

During the period April 1, 1958, to May 15, 1958, approximately 300 pay-
roll man-hours and 550 nonpayroll man-hours were spent on the project. During
this period data were collected for the progremmed heat-flux runs, all experi-
mental data were reduced, and several theoretical analyses were conducted on
the interaction of the pressurizing gas with the container walls, residual gas,
and liquid interface.

The mass of the residual gas was computed for nitrogen pressurization and
found to be a function of inlet gas temperature, decreasing approximately 20%
for an increase in inlet gas temperature from -200°F to +110°F.

In addition, Ph.D. thesis work of Mr. Herman Merte, Jr., and Mr. Saul K.
Fenster continued on a full-time basis.
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EXPERIMENTAL WORK

PROGRAMMED HEAT FLUX

To carry out runs with a programmed heat flux, electrical resistance wire
has been wound around the tank. The assembly is made in the following way.

Mylar tape 0.001 in. thick was wrapped around the tank. This tape insu-
lates only negligibly thermally but is an electrical insulator. Helical coils
with a pitch of 3.5/in. of chromel A ribbon (1/8 in. by 0.0159 in.) were then
Placed over the mylar tape. A Jjacket of styrofoam 3 in. thick was placed over
the coils.

For the programmed heat-flux data, two types of runs were employed.

A. The heat flux and boil-off rate were established prior
to pressurization.

B. The heat flux was established subsequent to pressuriza-
tion, simultaneously with beginning of discharge.

One run of type A and one run of type B, with an inlet gas temperature of
110°F, were performed at a power level of 4000 watts (heat flux = 1200 Btu/hr-
ft2) and are now in the process of reduction.

One run of type A, with an inlet gas temperature of 63°F at 1000 watts
(heat flux = 300 Btu/hr-ft2) has also been taken. Reduction of this run has
been delayed owing to the low heat-flux level. The programmed heat-flux oper-
ation was discontinued when a short circuit caused a fire in the styrofoam in-
sulation.

DATA REDUCTION

FLUID AND WALL TEMPERATURES

The temperatures of the wall, the liquid, and gas space have all been re-
duced as °F vs. time in seconds.

The wall-temperature distribution about the liquid-gas interface during
discharge has been plotted for all runs. Representative data are shown in Figs.
1, 2, 3, and 4. These data suggested a theoretical model for the wall-temper-
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ature transient analysis which is included in this report.

Figures 1 to 4 show data for the wall temperatures about the liquid-vapor
interface for both nitrogen and helium pressurization runs. These data are
shown from the standpoint of an observer located at the interface. Two princi-
pal observations are to be noted. First, there is a significant difference in
wall-temperature distribution about the interface when a condensible gas (nitro-
gen) rather than a noncondensible (helium) is used. The general flattening of
the wall temperature in the regions just above the interface for the nitrogen
runs appears to be a result of condensation of that gas on the cold wall. This
effect is not found in the helium runs. The second observation is the relative
constancy of the wall temperature during the time the wall is wetted with 1li-
quid followed by a rapid increase in temperature during or subsequent to the
passage of the liquid-vapor interface. This behavior suggests the existence of
a very steep temperature gradient in the liquid near the interface, something
which is confirmed by the liquid temperature measurements in this region and
which is discussed later in this report. It appears, furthermore, that axial
heat-conduction effects in the wall are of the greatest importance only during
the passage of the liquid-vapor interface and probably are of secondary impor-
tance before and after this time.

RESIDUAL GAS MASS
The mass of residual gas (Fig. 5) has been determined at the instant the
tank is empty for all the nitrogen discharge runs, exclusive of the high heat-

flux runs, as a function of the inlet gas gemperature.

Residual Mass of Gas

Inlet Gas Temperature, °F Nitrogen Discharge, lbm
111 1.077
63 1.126
-30 1.171
-299 1.352

These results are slightly changed from those previously reported owing to
a misalignment discovered in the location of the fluid thermocouples.

ANALYTICAL WORK

The analytical prediction of the behavior of pressurizing-discharge sys-
tems requires technical data and procedures for calculating the interaction of
the inlet (pressurizing) gas with the container walls, residual gas, and liquid-
L%as interface, and the conduction of heat along the container walls. With a
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view towards establishing such generalized calculation procedures, certain an-
alyses have been made during this period in which the observed physical behav-
ior of the experimental system has been used to indicate the nature of a theo-
retical model. Accordingly, the following interactions have been studied ana-
lytically and are described in the sections which follow:

(A) axial wall-temperature transient analysis;
(B) gas space and ambient heat-transfer coefficients; and
(C) liquid-gas interfacial condensation.

Because the original intent of the design of the experimental apparatus
was directed principally towards the measurement of the mass of residual gas,
the usefulness of these analyses for data presently collected is limited. In
certain cases considerably more detailed information is required than has been
measured by the present apparatus. This is especially true of analysis (B)
where the measurement of more wall and fluid temperatures are necessary for a
more satisfactory estimate of the local, transient coefficients of heat trans-
fer on the gas side.

(A) WALL-TEMPERATURE TRANSIENT ANALYSIS

In the work described here, analytical descriptions and solutions to the
problem of wall-temperature transients during liquid emptying have been devel-
oped.

Three idealized models of the physical system have been used and are shown
in the following sketches. In the resulting analyses, the system is viewed
from the vantage point of an observer located at the liquid-vapor interface.
From this point of view, it is the container wall which moves, and with a ve-
locity equal in magnitude but opposite in direction to that of the liquid-vapor
interface, when the liquid is being discharged from the container. In this way,
the metal wall of the container may be likened to a fluid flowing steadily
through a heat exchanger, and the equations for temperature developed represent
the temperature history of the fluid (container wall) from the time it enters
the system to the time it leaves. In this way the transient conditions in the
container wall have been reduced to those corresponding to a steady-state proc-
ess.

Analytical solutions for the first two models have been completely devel-
oped and solved and are available. In the interest of brevity, only the solu-
tions to the third have been included in this report.

Model ITII.—The model assumed for this analysis is shown on the sketches
as Model IIT. The coefficients of heat transfer are assumed to remain constant.
The temperature of the vapor is assumed to be described by an "e-power" equation
as follows:*

*A11 symbols are defined in the Nomenclature.
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IDEALIZED MODELS I, IT, and III
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Applying the First Law of Thermodynamics to the region (-o = x = 0), the
following differential equation is obtained:

VA ot _ kA e h. C(t,-t) - hyC(t-t7) (2)
P VA Cp S = %2 tar\tamt) - hrtit-tg) .
This reduces to:
%t dt

SEESC pit = -q1 . (3)

In deriving this equation, an energy balance is made for an element of
length dx in space, whose mean circumference and annular area are C and A, re-
spectively. The container wall flows through this element. Heat exchange oc-
curs between the wall and ambient, and between the wall and the liquid. In ad-
dition, axial heat conduction takes place along the wall.

Applying the boundary conditions,

(a) At x =0, t = t*

(L)

(b) At x = -w, t is finite,

the following solution for t is obtained (for -« = x = 0):

- ~

hgtg + thL! 1/2(m|~fm2_|_)_|.pl)x .\ hgtg + hrty
—_ % = ==

= * -
t € ha+hLJ ha+hL

(5)

For the region (0 = x £ =) the following differential equation is written:

p VA cp %E = kA %;g + hgCltg-t) + heC(tg-t) (6)
= kA %;g + naC(ta-t) + hglltg -Og¥e ™7 -t) . (1)

This reduces to:
%;g - m %ﬁ - oot = e L g, . (8)
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Applying the boundary conditions,

(a) At x

0, t = t*
(9)
(b) At x = ®, t is finite,

the following solution is obtained:

_ hgty + hgtgw e—l/2(\/ m2+4po—m)x
hy +h

t o=t

g

a<9{e—7x _ e-l/EQJm2+Mpo-m)x]

hgty + Mgty

+ . (10)

2 + my -
hy + hg (y 7 - Do)

To evaluate t* (the wall temperature at the liquid-vapor interface), the
gradients of the wall temperature in the regions (0 £ x < ) and (-» = x = 0)
are equated.

A

For the region (- = x £ 0) we have:

a31x
el

ct

= (t*-t_) + t . (5a)

-=C0

Differentiating with respect to x yields:

B e (11)
X

Evalusting the gradient at the interface (x=0) gives:

<?§> = ai(t*-t_y) - (12)
(@]

For the region (0 £ x £ w);
-yx
t o= <ttty - ___ﬁé;____ e 82X 4 ¢ + _:ZZE_Z___ . (10a)
(y2+my-p;) (yZ+my-po)

The gradient is therefore:

Bt Df -agx ')’ZG—)’X

D e T L — X Y £ LA (13)
ox z (y2+my-pg) (7Z2+my-py)
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At the interface, the gradient becomes

<?t R L L. X (14)

%/ ~ (y24my-po) [ (yP+my-po)
7 J

Equating the gradients at the interface, Egs. (12) and (14), and solving for
t¥, the following result is obtained:

T — ‘z;(aZ'V) + a1t_y, + asty . (15)
aitaz (y2+my-po)

A substitution of the system constants into this expression for t¥* reveals
the most influential term to be:

a'lt-oo

ajt+as

Note further that aj; >> as(ai+as~ai) gives the result:
T

This is well supported by experimental data as is anticipated on physical
grounds.

Substituting the value of t¥ as obtained in Eq. (15) into Eq. (12) gives:

(@) s e ) Kleey) oo b (16)
X /o

aitaz | (y®+my-p,)

Again making the approximation that al/al+a2 ~ 1, the expression for the
wall-temperature gradient at the interface becomes:

<§E> i~ _g_@_aﬂ + ao(te-t_o) (- (17)

3x ) (72+my-p;)

As shown by Egs. (11) and (13), the temperature gradient is greatest at the
interface. This is to be expected since the most severe liquid-gas temperature
changes are experienced in the region of the interface.

For infinite interfacial velocity, the gradient becomes zero for all values
of x, indicating that no heat transfer is taking place.

I
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The table below shows a comparison of t* computed from Eq. (15) for two
cases with that obtained experimentally for the 111°F inlet temperature runs.

Case I (a) Case II (b)
t*, Eq. (15) -305.27°F -306.62°F
t*, Experimental -306.67°F -306.67°F
(mean of 3 wall
thermocouples)
Case I (a) Case II (Db)
hg = 2 Btu/hr-ft2-°F hy = 2 Btu/hr-ft2-°F
hr, = 60 Btu/hr-ft2-°F hr, = 60 Btu/hr-ft2-°F
hg = 24 Btu/hr-ft2-°F hg = 12 Btu/hr-ft2-°F
tp, = -320°F t; = -320°F

These results indicate the insensitivity of t* to hg, the gas-space heat-trans-
fer coefficient. The temperature gradient and the wall temperature above the
interface may be expected to be more sensitive to this quantity, however.

It is of interest to examine the behavior of the equations derived for wall
temperature when the extreme conditions of infinite and zero container wall ve-
locities are imposed.

Il

For the region (- = x = 0), an infinite container-wall velocity, when sub-
stituted into Eq. (5) for the wall temperature, yields:

t o=t = t* . (172)

Since the container-wall velocity is infinite, there is no time during
which heat transfer may occur. Hence the wall temperature remains at the same
level as at (-w) throughout the entire region.

For the region (0 = x = ®), an infinite velocity yields from Eq. (10):
t o= ot = ot . (170)

0

Once again, the constancy of the wall temperature is observed. Further, it
is seen that:

tew = ¥ =ty . (17¢c)

When the velocity of the container wall is zero, the wall-temperature dis-
tribution in the region (-o» = x = 0) becomes:
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(18)

IIA

and for the region (0 = x ®) for the same condition, the wall temperature be-

comes:

Le X
T o=qt* oty - Zyz—“i)—)— e'“/p_ox+ teo + (y22p,) (19)
¢}

These results are those one would obtain for a "static" system, where
there is no motion, in which the wall itself is essentially a "fin" connecting
two semi-infinite regions, one having liquid-ambient heat interaction, the
other having gas-ambient heat interaction.

(B) GAS SPACE AND AMBIENT HEAT-TRANSFER COEFFICIENTS

During the experimental operation certain wall and fluid temperatures were
measured as functions of time. The transient in the wall temperature in regions
well removed from and above the liquid interface resulted from convective heat-
transfer interaction with the pressurizing gas and the ambient and heat conduc-
tion along the wall. This can be described analytically at any point in the
wall by the First Law of Thermodynamics as:

ﬁ__l__[h(t_t)+h(t_t)]+ x (£ (20)
ot T pephx ©F o prep\x)

Except in regions near the liquid-vapor interface, the axial heat-conduc-
tion term (k/pcp)(ézt/axg) was found to be negligible. Hence, for locations re-
moved from this interface:

—gi . [hg(tg-t) + ha(ta-t)] , (21)
T o ¢, Ax
p

where:

p = density of wall material

Cp = specific heat of wall material

Ax = thickness of wall

hg = heat-transfer coefficient on pressurizing gas side

hy, = heat-transfer coefficient on ambient side

tg = mean temperature of pressurizing gas in same plane as t

t = wall temperature

ty, = ambient temperature

T = time
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Equation (21) suggests the possible use of the measured transients in wall
and fluid temperatures in the determination of either hg or hg or both. This
technique is essentially based on recognizing the wall as a calorimeter. Ex-
perimentally, both t and t_, are measured as functions of time. This means that
at an instant of time Ot/dr, t, ty, and tg may, in principle, be known if a
sufficient number of thermocouples have been put into the system. Then if an
estimate can be made of, say, hy, the only unknown is hg which may be obtained
from Eq. (21). On the other hand, if h, cannot be estimated but if it may be
assumed that both hg and hg remain constant over an interval of time, then Eq.
(21) may be used at both ends of this interval to give two equations containing
the two unknowns hg and hg.

This technique has been used on some of the data but as yet without a greaf
deal of success. The tasic problem is the difficulty of obtaining a reliable
measurement of tgc The apparatus originally was designed with other purposes
in mind, and hence only a limited number of gas temperature measurements are
made. This is further complicated by the slow thermal response of the thermo-
couples as they emerge from the liquid and penetrate the gas space. For a con-
siderable length of time following their emergence from the liquid, the thermo-
couples are apparently surrounded with a slowly evaporating film of liquid which
causes them to register the saturation temperature rather than gas temperature.
This phenomenonwas mentioned in the last progress report (page 2). However,
further attempts will be made with this technique %o evaluate its use with the
present data.

For the programmed heat-flux runs, the influence of the ambient is re-
placed with a measured heat flux, (q/A)a° This provides another possibility
for obtaining hg. This case may be described by the following equation for
negligible axial heat conduction:

ot 1
S Tam [hg(tg-t) + (a/A)al . (22)

The problem of tg remains in the use of this result but some advantage is
obtained from eliminating hy as a variable. During the next period an attempt
will be made to use this equation on the programmed heat-flux data.

(¢) LIQUID-GAS INTERFACIAI, CONDENSATION

A problem associated with the discharge process is the heat-mass interac-
tion of the pressurizing gas with the liquid interface. Pressurization con-
sists of the sudden exposure of the subcooled liquid to a condensible gas at
much higher temperature. This results in an immediate condensation of pres-
surizing gas at the interface, causing the interfacial temperature to increase
suddenly to the saturation temperature corresponding to the pressurizing pres-
sure. Two effects result: (1) a transient conduction of heat from the hotter

10
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interface to the cooler liquid, and (2) condensation of pressurizing gas on the
interface.

Assuming this interaction to be similar to that of transient heat conduc-
tion into a semi-infinite solid, estimates have been made of the temperature
distributions in the liquid and the amount of pressurizing gas condensed.

Figure 6 shows the temperature of the liquid in regions below the inter-
face at times of 1/2, 1, and 2 minutes following pressurization. The signifi-
cant result of this is the predicted steep temperature gradients which exist in
the liquid below the interface. That is, at the end of discharge (© = 2 min-
utes), only that region of the liquid less than 1 in. below the interface has
increased in temperature by more than about 4°F. At 6 = 1/2 minute, only that
region within 1/2 in. of the interface has increased in temperature by more
than 4°F. This suggests that the bulk of the liquid is essentially uninflu-
enced by heat transfer with the pressurizing gas during discharge. These steep
temperature gradients in the liquid have been observed (see Figs. 3 and L,
Progress Report No. 8), and have the character described in Fig. 6. Further-
more, it might be expected that inlet gas temperature would have no significant
effect on this progress, which appears to be the case from the measurements re-
ported in Progress Report No. 8. The presence of these steep gradients in tem-
perature in the liquid assist in the indication of the passage of the liquid-
vapor interface from measurements of the response of the liquid thermcouples.

While the liquid is essentially uninfluenced by the gas, the liquid af-
fects the gas by providing a cold surface on which the gas may condense. From
the above results it is possible to estimate the amount of gas which condenses
on the interface during discharge. This estimation assumes that the effect of
the condensation does not alter the movement of the interface owing to a build-
up of condensate. This will be reasonable if the amount of condensed gas is
small, which it appears to be.

From the First Law of Thermodynamics it is seen that the heat effect of
condensation, Q, at any time 6, results in an increase of enthalpy H of the 1li-
quid. Hence,

o0
Q = mhpg = f (h-h,) dm
(o]
o0
= b/\ cpo(t-to) Adx
(o]
o0
= o cp Altg-to) f t-to ) ax . (23)
0 ts4b

s

Now, by heat-conduction theory:

11




——  The University of Michigan .« Engineering Research Institute

t -to x

_ _ T 2L
ot 1 erf o \/-OE (2k)
Thus,
00 x x
mhee = pocp A2 Jose (tg-tg) k/P (}—erf 5]35) d<?J&5> s (25)
o g
or,
m = 20 Cp A JE’S (tS'tO) f erf C¢ d¢ . (26)
heo o

Now, Carslaw and Jaegey in Conduction of Heat in Solids,* give

Jf erf cf a9 = 0.564 . (27)

o}

Hence,

m o= 1.128 2 %0 A (t.-t) Voo (28)
heg

For liquid nitrogen with the following properties:

p = U7 lbm/ft3 tg-ty = 2L.6°F

cp = 0.49 Btu/lbm-°F 6 = 2 minutes

k = 0.123 Btu/hr-ft-°F hee = 77 Btu/lbm at 50 psia
o = 0.0535 ft2/hr subscript o = initial condition

subscript s = saturation condition

the amount of condensed gas is 0.0764 lbm. This is negligibly small.

¥Clarendon Press, Oxford, 1950, pp. 371, 373.

12
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MERTE'S THESIS:
A STUDY OF POOL BOILING IN AN ACCELERATING SYSTEM

A. CURRENT STATUS OF WORK
1. Experimental Apparatus

The construction of the basic experimental apparatus by the sub-contractor
is approximately 75% complete. Difficulty has been encountered in milling the
32 slots (0.008 in. wide by 5/16 in. deep) in the copper surface for the heater
ribbons. About 75% of the associated instrumentation furnished by the Univer-
sity has been received.

2. Theoretical Considerations

The theoretical aspects of the effect of acceleration on boiling heat
transfer is proceeding along two directions:

(a) Existing correlations have been modified to take into account the ef-
fect of an acceleration. The correlation due to Rohsenowl for nucleate boiling
is as follows (modified):

crIx e, [ a/A 250 ’]0.33 CrH, 1.7 ’ (29)
hrg ur, heg "\ (or-oy) ell+e/g) K,

where a is the difference between the absolute acceleration on the system and
that due to gravity. The insertion of the acceleration term (l+a/g) is justi-
fiable since the expression in which it appears has been shown by Fritz“ to be
related to the diameter of a bubble at departure from a heating surface. TFritz'
derivation is based on the solution of Bashforth and Adams? of the equilibrium
of bubbles in a force field. The magnitude of the force enters the solution in
combination with other properties as a parameter. However, in deriving the
above expression, the assumption is made that the product f x Dy = constant
(where f = frequency of bubble formation, Dy = diameter of bubble at moment of
departure from the surface). This has been shown to be approximately true in

a gravitational field by Ja.cob,LL but may no longer be valid with an accelerating
system. The experimental data should clarify this. A correlation for peak heat
fluxes has been developed by Zuber? and with the modification is:

(a/A)m ) (pL-pv) 1/4 V-:L/z
e T [ ] )T oo

15
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This expression indicates that, with an acceleration of 10 g, for example, the
peak heat flux would increase by a factor of about 1.8.

(b) Attempts are being made to establish a new relationship which, in con-
Junction with the experimental data, may reveal more information on the phenom-
enon of boiling, particularly as regards the departure of the bubble from the
heating surface.

B. EXPECTED STATUS AS OF JUNE 30, 1958

(a) Thermocouple assemblies to be constructed and calibrated.

(b) The manufacture of the flat plate heater to be completed and
assembled. The assembly will involve cementing the heater
ribbon-mica laminations into the 0.008-in. slots.

(c) A small stainless-steel drum has been procured and stainless-
steel immersion heaters will be obtained to make a de-aerating
unit for distilled water.

(d) Partial assembly of the basic experimental apparatus and as-
sociated instrumentation.

REFERENCES

1. Rohsenow, W. M., A Method of Correlating Heat Transfer Data for Surface
Boiling of Liquids, M.I.T. Technical Report No. 5, July 1, 1951.

2. Fritz, W., "Calculation of the Maximum Volumes of Vapor Bubbles," Physik
Zeitschrift, 36, 379 (1935).

3. Bashforth, F., and Adams, J., Capillary Action, Cambridge, 1883.

L. Jacob, M., Heat Transfer, Vol. I, John Wiley and Sons, Inc., New York, 1949,

5. Zuber, N., On the Stability of Boiling Heat Transfer, ASME Paper No. 57-HT-L.

1k




——  The University of Michigan + Engineering Research Institute

FENSTER'S THESIS:
TRANSTIENT THERMAL RESPONSE OF A STEP-PRESSURIZED
BOILING LIQUID NITROGEN SYSTEM

A. CURRENT STATUS OF WORK

The calorimeter tanks have been received from the fabricator and the instal-
lation of the instrumentation has been initiated. The primary electrical con-
trol equipment and switching, guard-heater-control equipment and switching, and
power-measuring equipment and switching have been mounted and wired. The in-
stallation of thermocouples and heating ribbon has been begun.

The heater-control system and design will permit variable heat fluxes up to
12,500 Btu/hr-ft2 to be attained through the walls of the primary boil-off and
pressurization cylinder. The response of the boiling liquid nitrogen system to
a rapid pressurization will be investigated as a function of magnitude of pres-
surization and heat flux.

During the course of preparation for the experimental work, certain techni-
cal problems related to low-temperature research were encountered. A good elec-
trical insulator was required to isolate the electric heating ribbon from the
cylinder walls, and at the same time withstand the extensive low temperatures
of the system. Such a substance was found to be mylar tape.

To be sure of accurate location of thermocouples located in the liquid ni-
trogen, a stainless-steel cage was designed and fabricated for position and sup-
port. It is expected that any uncertainty as to location will be eliminated.

B. EXPECTED STATUS AS OF JUNE 30, 1958

It is expected that experimental operation will be begun with some data col-
lected by the end of the next period.
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