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ABSTRACT

{3025

Thermal stratification and self-pressurization of cryogenic
propellant tanks are of concern to many people in the astro-space and
missile industries, A procedure, based upon the Von Karman integral
method, is presented for analytically determining both the liquid thermal
stratification and the extent of the associated self-pressurization. Both

conical and cylindrical geometrys are treated.



* A THEORETICAL MODEL FOR PREDICTING THERMAL
STRATIFICATION AND SELF PRESSURIZATION OF A
FLUID CONTAINER

Methods for analyzing thermal stratification of cryogenic propel-
lants have been studied by several investigators in recent years [Robbins
and.Rogers, 1964], [ Schmidt, et al, 1961], [ Schwind and Vliet, 1964],

[ Scott, et al, 1960], [ Tatom, et al, 1964], [ Tellep and Harper, 1963].
Most of these analyses have been aimed primarily at the temperature
distribution within and the volume oécupied by the thermally stratified
layer. Some have touched on the effect of this thermal stratification on
the ullage pressure [ Tellep and Harper, 1963], but no intensive attack

has been reported on this phase of the problem.

As a part of consultation work on the Centaur project for NASA -
Lewis Research Center, the Cryogenics Division of National Bureau of
Standards has undertaken an analysis which could be used with a geometry
approximating that of fhe ‘Ce_nt-aur' liquid hydrogen tank. The expres s:.ions.
obtained as a result of this analysis can be applied to other geometries '
with only slight modification of procedure. Numerical solutions of the
equations involve numerical integration and/or iteration. These com-

putations are most efficiently performed by a digital computer.

The configuration used to approximate the Centaur shape is shown
in Figure 1. Since the approximate shape included a conical nose which
contained liquid under some operating conditions, the basic analysis
was conducted using this shape. Reduction of the resulting equation to
reflect a purely cylindrical shape is readily accomplished. The approach
used is based upon the classical approximate integral analysis developed
by Von Karman [ 1946] as modified by Eckert and Jackson [ 1951]. Develop-
ment of the equasions was based upon the more detailed model shown in

Figure 2,

* This work supported by NASA -Lewis Research Center, Cleveland, Ohio,



A free convection turbulent boundary layer was assumed with
temperature and velocity variations through the layer patterned after

Eckert and Jackson | 1951], i.e., .

8 =@,,,p-g;f'/
o8-8

and )

The approach used was to equate the vertical component of the change in
momentum flow through the element to the vertical forces acting on the

element, An identity in X results from this procedure consisting of:

oot nse

ézfyﬂ//gé(/?}@c?éz-—.fm?z;ﬁ , - (1)

Substitution for the wall shear stress is made by means of the

Blasius correlation [ Eckert and Drake, 1959, -p. 143].

i
y = 00228 P U 72— )* (2)

Temperature differences experienced between the wall and the
bulk fluid are small for the cases considered here, therefore /0/0 x~/,
if the application of this assumption to arithmetical differences is avoided.
The arithmetic difference has been taken care of by the introduction of t};e

volumetric coefficient of expansion, ﬂ .



Evaluation of the integrals in (1) and substitution for 7, gives

ooy 52/ 005232 RU% (/- g%‘)/
/

= gPRESE(/ - o) —0.0228 RU( 57225 )%, (1a)

For the application intended here, a moderately well insulated tank
is assumed, and it is found that the dominating thermal resistance is |
formed by the insulation so that the heat flux to the tank is essentially
constant. The assumption of constant heat flux and the combination of the
Blasius correlation with the Reynolds analogy [ Eckert and Drake, 1959,

P 20'3]. together with a Prandtl number correction due to Cé)lburn [ Jakob,
1949, Eckert and Drake, 1959, p. 324] results in

coa?y ;ﬁf 0,05332/?0'45('/ = 75‘%‘-)/

- S (2 (- #)

A
— 00228 RU? [ 2 | #
TEconr”

(1b)

It is now assumed that the equivalent veiocity and the boundary layer

thickness are of exponential form as given by

U= C/x”’

and

5=Cz%”



When this substitution is made and the differentiation performed,

. the identity

i " 14

y ,,_
____ﬁyyﬁ- CZC-Z é%”mfy(/_czi.&”

O1824c fsv¥ ° 7 s R
/
27 A 7o -n

(1c)

is obtained,

Comparison of this expression with that of previous investigators
[ Morse, 1962] who used a semi-infinite vertical flat plate model reveals
that the terms involving the ratio x"/R result from the circular shape
configuration while the term incorporating. IR/ S entets because of the

conical shape.

Since this expression is an identity with X as the variaf)le, there
must be equality of the exponents of X . When these equalities are
written for either a vertical flat plate or cylindrical configuration, the
values for m and n are obtainable and consistent with values of 3/7 and
5/7 respectively. When the term resulting from the conical shape is
included, the answer is undefined. As a resuit, the expressions developed

in this paper do not fully reflect the effect of the conical shape.

To obtain a value for the constants (, and CZ , & second
equation is developed based upon a thermal energy balance. Change in
thermal energy through the fluid element is equated to thermal energy

input with the following identity resulting:



[Z/?:G f,mr;i—[éw(ﬁ—/)é/aéz
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(3)

Upon evaluating the integral, substituting for &y , U and & ,

and performing the differentiation, this becomes

t6at6 GFCFpEanty  aim L !
‘U?ﬁ‘ 0/30762ﬂ7?—'

# (ﬂz"—i’l)/;’—)/./ ~0/307 C, %—7/.—:—- /-

(32)

~Again, a check of the exponents reveals consistency except in the case of

a conical shape,

Inserting values for m and n and solving (lc) and (3a) simulta.he‘ously

for C, and Cg yields the following expressions:

O -

and

2= Kk, ,6 ,,,ﬁm ” y  (4b)



where

K, = 22735 ”
Kp = /-0.266762-;-:
K’ = 539. &6
- = IR _ X"
Ke = | + &5 0.18/8 Cg %
Ks = [21].7 ,
- x oR x
Ke = [+ = 5= 02239 C3 %
K7 = 6.0024 .

An iteration procedure will permit determination of CZ , although a good
first approximation can be obtained by assuming a vertical flat plate

‘geometry, thus making A, , A, and Ay equalto 1,

Either of the above methods may be used to determine the constants,

thus providing a description of the boundary layer growth.

Using the developed exiaressions for the boundary layer, a growth

rate for the thermally stratified layer is now determined as

% 5 ”

Evaluating AA ,Agp and (al//az‘)A gives an expression for growth

rate as

24 _ 02928 @mr _ o 5
< 222/ a/azo/?a] (5a)
A 54/2 :

A numerical integration may now be used to produce a relation between

4d and ¢



STRATIFIED LAYER TEMPERATURE GRADIENT

To derive an analytical expression for the temperature gradient in
the thermally stratified layer, it is assumed that the boundary layer decays
completely in traversing the layer. This action is mathematically ex-

pressed as

- Zz
51—6;1(/—4]
and

4=~ 5

where &5, and (], are the boundary layer thickness and equivalent

velocities at the bottom of the layer. (See Figure 3).

An identical procedure to that previously used for setting up a
momentum equation is employed with the result that /0' and /  are

determined to have values of 3/7 and 5/7 respectively.

Establiskment of an energy equdtion proceeds along identical lines
but requires the addition of a term representing energy tra.nsp;)rt across
the inner face of the element. After evaluating integrals, substituting
for Q'W) Uy and &y , and performing any required differentiations,
a differential equation in 955 and Z is obtained. Since it appears
simpler to solve the equation by numerical integration, the equation is
arranged with this in mind and is given as

oE

re0i6 PR YR 5 oy S 2/ 2142
[aswrg, 7]/ #a /%2”9#‘( B BRsE) @
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The above equation enables us to define a vertical temperature
pattern in the stratified layer in the absence of vaporization or condensa-

tion at the surface,

ULLAGE SPACE TEMPERATURE GRADIENT

The approach utilized above can be applied to the ullage space
when modified to reflect variable wall heat flux. Experimental evidence
[ Maxson, 1963] shows that significant temperature increases can occur
in the ullage space under pressurized conditions. As a result, the wall
heat transfer rate will change dué to a significant increase in the inner
wall temperature. It then becomes necessary to describe wall heat flux
as a function of temperature difference, This is accomplished by

assuming a simple linear relation, i. e.,

gw =(la~7) = Gy

. Since Qaﬁ 2 Ga- @& i we.ha;ve Zn'/ :ﬂ(ea —9&4) . Sdbstifution'

of this term for fW and development of the equation yields the differential -

£ utsi .4 2
DB /7 G OF cod?y &f)- Z)7_ _Z
<£ /aazz&a/ﬁ:ui _/am¢755/?(/ i) a0 (1- £)

+ 456 fose(1- £)*-oamse (- £)7/)

_ plagtedaty / A/ Z)oR ()
(G~ G Zozzao/@ AL ] 0B (1 - 5) $F ~aases

+ acoue5(4Z) %ﬁ-f—)i— 27,;%37/5 o

equation

Solution of this equation requires a combined iteration and numerical

integration procedure.



PRESSURIZATION COMPUTATIONS

In order to use the above developed equations to prediét pressuriza-
tion rates, it is necessary to couple the results for the ullage space and
the liquid phase, To accomplish this we look at a differential volume

element described by

2V =mR*dY.

Note that the variable {é introduced here is a variable over the
entire height of the ullage space regardless of whether the ullage stratified
layer has occupied the entire ullage space, (Figure l). The mass contained

in this element is then given by

M = nPRY
and the total mass by

4 .
M=/ PR . (8)
(2]

The fluid mass density, &< , is a function of the local temperature and

pressure, while /A is a function of {ﬂ

Since equation (7) will provide information on Q& as a function

of Z , and therefore of ,W , the total mass may be determined from

# 2
/e = 7//3(\9%,@)[/??5 ~Vr[ ¥, (82)

11
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where {/ includes the region below the stratified vapor layer as well
as the layer where a thermal gradient exists. A combined iteration and
numerical integration procedure must be used. A pressure is assumed
and the expression numerically integrated until the ’computed mass
compares with the known mass from initial conditions or a previous step.
Thé,pressure obtained from this procedure has a matching sa.tura.fion
temperature which is compared with the liquid surface temperature
determined earlier from the thermal analysis of the stratified liquid
layer. If a satisfactory match is not made, then vaporization of liquid or
condensation of gas is permitted to bring the liquid surface temperature
into equilibrium with the computed pressure. The different temperature
patterns which result from liquid temperature greater than saturation
temperature and liquid temperature less than saturation temperature are
shown in Figure (4a) and (4b) respectively. ‘The mass vaporized is added

to the initial ullage mass (determined by assuming saturated gas to'fill

“the ullage at the beginning of pressurization) and the new mass used in

the next step. Computation of the mass vaporized, DMV, is accomplished

by use of the equation
” =,
= - 2
or7, = Z;_é </% (@g & )R 'ZZ/ ’ (9)
o

where Z, is measured from the liquid surface downward and LV

represents the latent heat of vaporization.
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Figure 1. Assumed Geometry
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ACCELERATION

Figure 2. Element Considered For Boundary Layer Growth



Figure 3.

Element Considered For Boundary Layer Decay
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Figure 4. Interface Temperature Adjustment



Nomenclature

A - cross section area

C,,Csom,n, r)/g, - derived constants

- specific heat

- modified Grashof number,

- acceleration

- vapor space height

- substitutional term

- thermal conductivity

- liquid depth

- length of cylindrical tank

-  mass

- Prandtl number

- unit area heat flux

tank radius

- - radius 'a.t.thg liquid 'surfacie‘

- absolute temperature

- time

- local velocity in boundary layer

- equivalent free stream velocity

- volume

- vertical distance in tank

- horizontal distance from tank wall
-  vertical distance from bottom of stratified layer
- volumetric coefficient of thermal expansion
-  half angle of conical nose

- stratified layer thickness

OD N VN R NSRS PISH AN PO

-  boundary layer thickness

17
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temperature difference, T - T

.
% -7
To -T2
Z-Ts
T ~Ts

dynamic viscosity

kinematic viscosity

fluid mass density

viscous shear stress

vertical distance in ullage space

overall tank wall heat transfer coefficient

Subscripts

‘ambient conditions (.éxt-'er_'nal to tank)
* at bulk fluid condition |

in étratiﬁed layer

in the conical nose

at tank wall

in the ullage space

at bottom of stratified layer

pertaining to boundary layer
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I. INTRODUCTION

For a pump fed flow system, the he-d required fo suppress cavitation
is the net positive suction head (NPSH), which is the difference between
total head and vapor head at the pump inlet. In missile boosters using
cryogenic'propellants, vapor pressure is usually a simificant portion of
the total pressure. Liquid vapor pressure will increase in a non-uniform
manner due to temperature stratification resulting from ground hold and
flight aerodynamic heating of the subcooled cryrogenic fluid. The upper
propellant layers usually show a large incre«se in vapor pre .sure, wnile
the lower layers show little or no incre.se (Reference 1). Therefore, the
system operating pressure is often determined by the NP3H requirement at stace
burnout when the warmest propellant is being consumed. If the total heat
input to the propellant were uniformly distributed within the fluid, a
miniﬁu@ inéréase iﬁ thg §afgr pressure woéld result; reﬁuiriné g minimﬂm
ﬁotal’pressuré aﬁd.t@nkage wveight for = given NP3H. Therefore, effeptive )
methods for reducing stratificztion are renuired.

This report describes a progrsm, largely experimentsl, in which three
different techmiques for reducing stratific-.tion were ev&luuted; a) bottonm
heating, b) mixing by means of a bubble-1ift pump, and c) baffles. The
test apparatus employed wes & small tronsparent tonk for nen-cryoszenic fluids
and a 4 foot diameter x 6 foot long vucuum j:.cketed tank for tests with
cryogenic Tluids. The apparatus znd exverimentzl proxran sre briefly des-
cribed in Section II, the results and conclusions in 3Sections III nnd IV,

-

resvectively.



II. EXPERTMANTAL PROGRAM

The first portion (Phase A) of this prosram included approximately 70
tests with water which provided a preliminary evalustion of the effect of
wall~bottom heating, bottom geometry, and various bafile confi urations.
Data included tharmocouple tempersture messurements and some photographic
fecording of flow patterns within altransparent test vessel, The test
vessel was heated by hot water poured intn another transparent tank surrounding
it, 3mall glass microspheres (Emerson and Cummings Inc. Zcco-spheres S-1)
of graded densities were immersed in the water test fluid, and were illuminated
by a planar light source %o provide a means of observing the fluid motion.
Phofographs of the flow fields within the test vessel were then obtained
at several time inerements during the test, as shown in Figure 1.

The second portion (Phase B) of the prozram utilized a 4 foot diameter
by 6 foot tall test vessel, which is enclosed in a 6 foot diaﬁeter by 9 foot
tall Vacudm‘chamber._ This test vessel was designed specifically foriliquid
hydrégen propellant féed and pressurization system tests (Reference 1)
Side—wall heating is accomplished with a heat chamber consisting of four 1qy
absorptivity aluminum reflectors installed within the vacuum annulus which
contain four rows of infrared quartz lamps. Liquid btemperature measurements
throughout the vessel were obtained by means of thermistors to an accuracy
of tO.l5°R. The thermistors were calibrated each day of test by recording
all sensor outputs during a continuoué venting from high saturation pressure
and temperature down to ambient.

The four foét diameter test apparatus was modified as required for each
of the three stratification reduction techniques evaluated, as shown in

Pigure 2. Figure 2a shows the false bottom that was installed to simulate a

23
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convex~inward hemispherical dome. It contained an electrical resistance
heater capable of producing varying heat inputs. Sixteen liquid hydrogen
tests and 13 liquid nitrogen tests were run with this configuration. Wall
heating rates were varied from 0.26 BTU/ftzsec to 0.02 BTU/ftzsec, and bottom
heating rates were varied from 0.042 to 0.013 BTU/ftzsec. The same bottom
configuration (Figure 2b) was retained for the 9 liquid hydrogen tests and

9 liguid nitrogen tests in which the bubble 1lift pump was evaluated. Bubble
pumping rates were similar to those used on the wall-bottom he:sting tests.
Four baffle configurations were evaluated, as shown schematically on Figure Z2c.
These consisted of a single conical downward baffle with three different hole
sizes, and a three baffle confisuration with the'intermediate baffle hole

size, Pour different wazll heating rates were run on each configuration.



IIT. AESULTS

The stratification process, based on the Phase A photo:sraphs and
temperature measurements, is visualized to be similar to that shown on
Figure 3 at the start of heating. With wall heating of a subcooled fluid,
flow starts near the wall, continuing upward to the surface where a larsge
annular vortex forms at the wall-surface intersection. The large annular
vortex near the wall creates a general downward flow in the center of the
tank, penetrating the gquiescent fluid to greater depths as time progresses,
until fluid motion in macroscopic eddies is observable throughout the heated
volume. The time required to obtain this general fluid motion and voftex
intensity is some function of the wall heating rates.

The the Phase A photorraphs, the fluid near the tank bottom was

essentially quiescent until penetruted by the central descending flow.

Temperature measurements taken.dufing this start transient indic:ted that the

volume, without any heating occurring where the central flow pattern had not
penetrated. After the macroscopic eddy motion was observed fhroughout the
wall-heated portion of the test vessel, the temperature-volume profile did
not change in chape, but the temperature incressed uniformly with time at
each longitudinal location throughout the volume. The test fluid did not
approach saturation in the Phase i tests, therefore, photographic data of
the fluid motion as saturation was approached was not obtained. & typical
set of photographs of the stratifying process at different run times is

shown on Figzure 1.

energy -in the fluid was distributed non-uniformly in the upper resgions of the -

25
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The processes described above can be illustrated by heirht {or volime)
vs temperature profiles, plotted for different test {imes us shown on
Figure 4., This data was obtained from a test with ligquid hy:irozen which
approached saturation near the end of testing. 'The start transient of region
1 on Figure 4 shows the temperature or sensible energy distribution in the fluid
to be limited to the upper parts of the volume. As time prosressed, the fluid
nesr the bettom of the test vessel experienced a temperature rise, indicating
Zeneral bulk motion, and a fixed volume-temperature profile shape resulted
during the "quasi-steady state" of region 2. Finally, as the fluid temperature
approached saturation, the volume-temperature profile shuape zmain chhnged
slightly in the lower portions of the volume, as shown in region 3.

In order to evaluate the relative effectiveness of the different strati-
fication reduct%on techniques employed, i1t was necess ry to Qevise a suitable
neasuré of stratifi§ation‘iﬁtenéify..'Thé methbd used HiQided the fiuid'
volume-temperature profile into two distiﬁct narts defined as_the bulk and
the stratified areas, which are proportional to he..t content. The ratio of the
heat input to the stratified fluid (QS), to the he .t input to the bulk fluid
(QB), then becomes u useful measure of stratificution intensity; i.e., the
greater value of QS/QB, the greater the amount of stratification.

The appropriate values of QS and QB are obtained by first plotting the
temperature-volume profile for the desired time increment, and then dividing
the ares bounded by the préfile into éwo parts as shown on Figure Sa. Assuming
constmnt fluid properties for each time increment, the area bounded by the
volume-temperature profile will be proportional to the sensible energy gain

of the fluid. By dividing each volume-temperature profile at the point



where the temperature gradient (dT/dV) approaches zero at about 17.5 ft3
volume, (Figure 5a), two areas are obtained; one proportional to sensible
energy gain in the bulk (QB), and the other proportional to the energy gain

in the stratified layer (Qs). Since the volume-temperature profile curve
shape is approximately constant following the initial transients, the sensible
energy rise of the bulk fluid (QB) becomes a nearly linear function of the
total heat input, in the "quasi-steady state" region on Figure 5b.

The performance of bubble pumping and baffles as stratification reduction
devices -is evaluated by comparing the value of QS/QB for wall and bottom
heating alone, with that obtained when these sdditional devices are used.

For consistency, the comparisons are made for esqual values of total heat
content‘(QT) withinAthe fluid for each of the viriables considered. 4 typical
log-log plot of QS/QB Vs QT is shown on Figure 6a. Since some bottom heating
was always present, a r.tio of bottom. to wall heat inputs (Qb/Qw) was also
used for cross plotting of QS QB vs Qi'data as shown in Figuré 6b. .

Typical volume-temperature data from a wall-bottom heating teét using
the Phase B test vessel (Figure 2a) are shown on Figure 4. Three test data
plots of stratification intensity (QS,QB) versus the ratio of bottom‘to wall
heat input (Qb/Qw) are shown in Figure 6b. It is seen that the stratification
intensity is reduced as the wall heating rate is reduced and/or the bottom

heating rate is increased. The stratification reduction obtained for Qb/Qw

greater than 0.1, and wall heating rates less than 0.05 BTU/ftzsec, was
enough to reduce the maximum temperature of the fluid %o less than that
without bottom heating. In these ranges of wall heating rates and Qb/ag’

increased bottom heating was an effective stratification reduction device,

even though the total heat input to the fluid was greater.
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Equations 1 and 2 shown on Figﬁre 7 are empirical expressions for the
stratification intensity derived from the wall-bottom heating test results,
relating QS/%B as a function of QT, Qb and Qw. Equatiqn 2 requires the use
of Figure Te for determination of the coefficient 8ye

A typical volume-temperature profile obtained from the bubble pump
test configuration (Figure 2b) wifh constant wall heating is shown in Figure 8.
It is evident in comparing Figures 8a and 4; that bubble pumping had a
significant effect on the volume-temperature profile. The pumping, however,
was accomplished using ambient temperazure helium_gas, which resulted in a
gignificant increase in the total heat gain of the fluid. Unforitunately,
the increased sensible energy gain ffom the pumping gas overshadowed the
stratificution reduction effect obtained with the pumped fluid.‘ For values
of total heat content (QT) equal to those of the wall-bottom heating tests,
the s%ratiﬁicatibn ihtensity was re&ueed; but a coﬁsiderable_part of this fptal
heat gain éame from the pumping gas. Increasing the bottom heating'rate waé
less effective in reducing stratificztion for the bubble pump tests than
for the tests with wall-bottom he:ting only. On one test in this series, the
tank top pressure was reduced to 15 psig, resulting in a significant improvement
in bubble pump performance (Reference 2). The 1iquid level for this test was
also lower, and the net result was significantiy lower values of stratification
intensity (Figure 8b).

Results of one of the tests of a specific baffle configuration (Figure 2¢),
showing pronounced effect on stratification, are shown on Figure 9. In
general, baffles were more effective in reducing stratification at short times,
as the wall heating rate was increased, and as the baffle hole size was reduced
%o restrict fluid circulation (Figures 10a and 10b). Bottom heating had an

additive effect to that of the baffles in reducing the stratification intensity.



" Three baffles were more effective in reducing strétification than a single
baffle of the same hole size. These observations were arrived =t by a com-
"parison of baffle test data with the equation 1 and 2 predictions.

Typical fluid temperature ddta obtained during outflow for the multiple
baffle configuration is shown on Figures 1la and llb. The corresponding
volume-temperature profiles prior to outflow are superimposed on the outflow
temperature curves, showing that some fluid henting continued curing ousflow,

and that some fluid mixing occurred.
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IV.

CONCLUSIONS

1.

2.

30

‘Stratification intensity generally is reduced by a reduction in wall
heating rates and/or an increase in boitom heating rﬁtes.

Fluid mixing by means of a bubble-lift pump will reduce the strati-
fication intensify, but in the majority of the tests conducted, the
heating effect of the ambient temperature pumping gas overshadowed
the desired beneficial effect. The use of bottom heating in addition
to bubble pumping did not significantly improve the stratification
reduction effect.

Baffles are effective in reducing stratification for short heating
times, for relatively high wall and bottom heating rates, and when

the baffle hole size is relatively small.
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IRIGCDUCTICN

liquid temperature stratification in rocket thicle cryogenic
propellant tanks is usually undesirable because the hot liquid cannot
be used unless the propellant tank pressure i; increased to meet the
minimum net positive suction head requirements of the engine pump.
Therefore, to minimize tank pressure and vehicle weight it is necessary
to mix the hot and cold liquids. Since any mixing apparatus must be
adaptable to flight vehicles, simplicity and reliability are prime
considerations. A properly designed bubble-lift-pump appeared to have
promise of accomplishing the desired mixing action. A bubble-1ift-pump
achieves pumping action through the bouyancy of fluid whose density
is reduced by injecting gas into the fluid.

During the execution of a NASA contract, NAS8-5208, a study of
cryogenic propellahté stratification reduction, a bubblq—lift-pump was -
Lnstalled énd operated in bbth licuid nitrogen and liquid hydrégen tanks.
Since adecuzte bubble-pump design information was not available iﬂ the
litersture, it was necesssry to study cryomenic bubvle-pump characteristics
with a sub-scale model before designing the full-scale pump. This paper
describes the design and testing of the sub-scale bubble-lift-pump, as
well as the pump used in the stratification reduction investigation.

The effectiveness of the bubble~lift-pump as a stratification reduction

device is discussed in a separate paper (Reference 1).



TECHNICAL DISCUSSION

At the outset a literature search failed to uncover previous
theoretical or experimental work that could be used directly to design
the bubble-lift-pump. Most of the previous work on bubble-1ift-pumps
has been concerned with air bubbles used tg‘pump water in very long
tubes. A typical example is the work of Nicklin (Reference 2). The
airl;ft pump theory of Nicklin does not consider heat nor mass transfer
between the bubble and the liquid. Since a bubble-lift-pump used with
liquid hydrogen or liquid oxygen could involve considerable heat transfer
(depending on the gas injection temperature), and é considerable amount
of mass transfer due to the high liquid vapor pressure, these factors
cannot be ignored.

Another factor that precludes direct application of Nicklin's
work in the de51gn of a bubble-1ift-pump for this partlcular application
" in the assumption that the veloc1ty of the gas relatlve to the 11qu1d

is constant throughoﬁt the length of the tube at

Vm = 035 V gD (1)

where g is the acceleration of gravity and D is the- diameter of the tube,
Reference 3 indicates that the velocity of a given bubble relative to
liguid is

v, = Vo [1 + 8 exp (-1.06 LS/D)] (2)

where V  is the fully developed velocity described in equation (1), Ls
is the length of the liquid slug between the bubble and the preceding

bubble, and D is the diameter of the tube. Equation (2) was derived
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emperically from data obtained in an experimental program and shows
that if the distance between bubbles is less than about 8 diameters,'
the bubble velocity is greater than the fully developed velocity given
in equation.(l). Since the performance of a bubble-pump is a function
of velocity of the gasrrelative to the liquid this variation in gas

velocity must be accounted for in any theoretical model that attempts to

describe the performance.

Other experiments reported in Reference 3 indicate that the entrance
effects in developing flow can extend for as much as 20 tube diameters
from the entrance. The length to diameter ratios (I/D) of the bubble
pumps used in the stratification program were considerable less_than
20, indicating that the flow would not be fully developed before the
bu’bbl,e had traversed the entire length of the tube. For very long tubes
with L/D==> 20, the assumption that the gas.veloéify is-desbribedAby .
equatioﬁ (1) will not seriouslyAlimit the theo?etical analysis. .

The sub-scale pump was designed and tested to investigate fhé
effects of heat and mass transfer, inlet gas momentum, and bubble velocity
on the performance of the pump, and thereby determine the feasibility
of using a bubble-~lift-pump in the stratification reduction program.
SUB-SCALE PUMP

The sub-scale pump -onsisted of a 3 inch diameter tube 28 inches
long flared at the lower end; and a gas injection tube installed in the
lower end. The pump length was set by the size of-;he tank in which
the pump was tested. The pump di wr<ver w3 dictated by available tube

sizes and the need for a length to diameter ratio similar to that of



the full-scale pump. Since it was necessary to measure liquid flow
rate, a trough with a V-notch weir was attached to the upper end of
the tube. Figure‘l shows the sub-scale pump with weir trough attached
to £he 1lid of the test dewar. Gas is introduced thru eigher a 0.040
inch or 0.25 inch orifice. The purpose of the two different sizes is
to permit investigation of the effect of initial gas momentum on the
performance of the pump,

Liquid levels in the trough and in the dewar were measured with
thermistor point level sensors:. The row of dewar level sensors with
protective coverings can be seen in Figure 1. A squafe edge orifice
flow section was used to measure the gas flow rate.

After the data from the first few tests with liquid nitrogen proved
to be questionable, the pump was operated with water'so that the flow
issuing from the top of the riser could be visually observed. It was
discovered that the 1iqﬁid issuing from the riser was agitated so
violently that a pértion of it was being thrown clear of the trough,
therefore, precluding an acurate liquid flow faté measurement through
the weir. To correct this condition, a splash cap was installed over
the pump riser tube, and a screen baffle installed upstream of the
weir to provide uniform flow through the weir.

Initially the pump was tested with water at two different temperatures
to determine the effects of liquid vapor pressure on pump performance.
Then the pump was operated in both liquid nitrogen, and liquid hydrogen
with ambient temperature helium injected through the 0.25 inch orifice.
Finally the pump was operated ip both ligquid nitrogen and liquid hydrogen
with helium injected through the 0.040 inch orificé° The data from

these tests is given in Table I. The feasibility of a cryogenic liquid
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bubble-lift-pump was demonstrated with the sub-scale pump; therefore,
the full-scale pump was designed accordingly. .
FULL~SCALE PUMP

The bubble-pump installed in the stratification reduction test
tank shown in Figure 2 is 32 % inches long, 6 inches in diameter, and
flared at the lower end. The diameter was selected so that at a flow
rat§ of 0.5 ftz/sec, the average liquid velocity would be low enough
that the friction losses are negligible. The arbitrarily chosen flow

rate of 0.5 ft?/sec will circulate all the liqnid in the stratification

‘reduction test tank in two minutes. The length was dictated by the

size of the test tank.
The liquid flow rate was measured with the six 60° V-notch weirs

in the circular weir tray. The peculiar shape of the weir tray was

dictated by fhe<need to distribute the liquid uniformly at the periphery

of a 4 ft. diameter tank. The liquid level sensors in the weir tray are
located to sense the liquid levels for liquid flow rates of 6005, 0.1,
and 0.k fts/sec which is the estimated range of flow rates to effect
mixing in the stratification reduction tests. The liquid level in the

tank is sensed by a series of level sensors placed ¥ inch apart, starting

-1

1 inch below the bottom of the weir tray and extending for 5 inches.
A 0.040 inch diameter orifice was used in the end of the gas supply line
located at the bottom of the-riser tube.

Prior to installation of the pump in the test tank, the weirs were
calibrated with water. This was accomplished by supplying facility water .
to the weir tray to the desired level; and weighting the water issuing
from the weirs in a catch tank.

After the weirs had been calibrated, the gas supply line to the



bottom of the riser tube was installed, and the pump operated with water
to determine the effectiveness of the riser tube splash cap (Figure 2)
in maintaining uniform weir flow. Additional baffling was incorporated
in the splash cap after these tests. Finally, the pump was tested with
liquid nitrogen as shown in Figure 3. At the conclusion of these cali-
bration and checkout tests, the bubble-pump Qas installed in the test
tank. The full¥scale pump test data is given in Table II.
DATA EVALUATION

In order for the data of Tab;es I and II to be of use in designing
the pump for a full-scale flight vehicle some method of correlation must
be utilized. The best method of correlation is a theoretical model
that accurately deséribes the performance. As mentioned before, however,
an adequate theoretical model apparently does not exist. Therefore, it
was necessary to develop an emperical.correlation. After considering
a variéty of different parameters, it was cdncludéd that’the dimensionless
groups shown in Figure 4 provide the best correlation. These groupS'
include the important parameters that would be expgcted‘to influence the
performance of the pump. The diameter of the tube is incorporated in
the liquid velocity factor of the abscissa. The band of data shown in
Figure 4 encompasses ali the sub-scale pump data points except for the
tests in which hydrogen was pumped with helium injected through the
0.040 inch orifice. This was to be éexpected, since the momentum transfer
from the high velocity helium gas to the liquid hydrogén in the riser
tube would be a significant. factor. Converting the momentum trunsfer

to equivalent height of pumped liquid
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where h =~ = equivalent height of pumped liquid

m = weight gas flow rate

V_ = wvelocity of gas in injector

/D = density of liquid

A = cross sectional area of riser tube
the resulting head (0.18 ft. for the sub-scale data of Figure k) is
significant when compared to the pump 1if; height (0.49 ft.). Adjust-
ment of the data points in Figure 4 to include the momentum effects
was not attempted due to the lack of sﬁfficient data.

To convert the gas weight flow rates of Tables I and II to the
volumetfic,flow rate G used in the dimensionless group of Figure &4,

the gas density must be known. This gas density is a function of both

the heat transfer from-the bubble to ‘the liquid, and the mass‘tfansfer

rate of liquid vapor into the bubble. Accurate predictioﬁ of the gas

density as a function of location in the riser tube is very difficult.
To simplify the problem the gas density was estimated by assuming
simple free convection from the bubble surface to the gas within the

bubble; zero mass tramnsfer, and a uniform spherical bubble whose

diameter is 2/3 the diameter of the tube. The assumption of free convectic

should not seriously limit the analysis since there are no forced con-
vection currents within the bubble. However, the assumption of zero
mass transfer will introduce an error, but it may not be of major
significdnce because the error will be essentially the same for all

gas flow rate calculations, and would only result in an upward or down-
ward displacement of Figure 4 by the same amount. The assumption of

constant bubble size is justified by the fact that although the volume



of the. bubble tends to decrease due to the temperature drop, its size

will increase due to the coalescence of bubbles as they rise in the tube.

Using the above assumptions together with the simplified gas velocity
obtained from equation (1) it was determined that the gas would not
reach the liquid temperature before it had traversed the entire length
of the riser tube, 1sc. the gas cooling rate for the conditions of
interest is relatively independent of the liquid properties; i.e.
liquid nitrogen or liquid hydrogen. In view of the foregoing, the
density of the gas in the riser tube was assumed to be constant, and
equal to the calculated value at the vertical mid-point of tne tube.
The gas densitins that were actually used for each calculation are
given in Tables I and 1I, along with other pertinent data used to
calculate‘the dimensionless groups of Figure 4.

‘The full scale data does not appear to cor?eiate with ?he
éimensioﬁless groups shown in Figﬁre Qt Tﬁere are two.éossible ek-.
planations for the scatter of data. First, the tank liquid level
measurements for the full-scale pump were taken at % inch increments,
which can introduce a 10% error in lift height, Secondly, the actual
level to which the liquid rises inside the splash cap of the riser is
unknown. The~éfféctive 1ift height of the liquid is greater than the
level in the weir tray, but the amount of this difference is not
known. The weir tray liquid level was used as the 1ift height because
no better measurement was available. Since the sub-scale data seemed
to correlate fairly well, the failure of the full scale data to
correlate is thought to be due to the low quality of the data not the

inadequacy of the correlation.
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In spite of the experimental errors and differencrs in length-to.
diameter ratios, the correlation shown in Figure 4 could be used for
preliminary design of c¢ryogenic bubble-lift-pumps. Development of
a theoretical model which includes the effects of mass transfer, heat
trar sfer, and variable bubble velocity should yield a more precise
design tool than the emperical correlation shown here, but the additional
effort required was not justified in the program. A demonstration of
the feasibility of % bubble~lift~pump for stratification reduction was
the prime‘consideration, not the optimization of bubble-1ift-pump design.
CONCLUSIONS

The performance of cryogenic liquid bubble~lift~pumps of small L/D
is difficult to predict due to the complication of.méss transfer, heat
transfer and variable bubble velocity. Tests of two different sizes of
pumps indicate that a'bubblewlfft-pﬁmp 6an be used satisfactoriiy-to
pump a cryogeniC'liqﬁid,'and that prelimina;y design.ahd performance
predictions can be accomplished with the aid of the correlation p?esented'

in Figure L.
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TABLE I

SUB-SCALE BUBBLE PUMP TEST DATA

Lift | Liquid Average Average Tigquid
Injector| Height] Flow Gas Flow | Density of [Volumetric |Vapor
Size h Rate Rate Gas in Riser|Gas Flow Tressure
Liquid Gas Inches | Inches ft3/sec 1b/sec 1b/ £t Rate in Risen psia
£t3/sec
. 127°F Water! Nitroged 0.25 |h4.h4 0.0073 | 0.00119 | 0.053 0.0227 2.05
6.38 0.0385 | 0.00457 0.0871
5.69 0.0232 | 0.00283 0.0538
6.44 0.0385 | 0.00490 0.0932
4,65 0.042% | 0.00339 0.0645
2.94 0.0089 | 0.00067 0.0127
| 4,89 | 0.0450 | 0.00381 v 0.,0450 1y
183°F Water 2.88 0.0073 | 0.00030 | 0.048 0.0063 8.02
4.31 0.0271 | 0.00108 0.0225%
5.13 0.0450 | 0.00212 0.0441
3.28 ‘0.0097 | 0.,000l2 0.0086
5.06 0.0400 | 0.00205 0.0426
L,oh 0.0089 | 0.00079 0.0164
6.22° | 0.0278 | 0.00172 0.0357
5.19 0.0089 | 0.00090 0.0187
v 6.48 0.0285 | 0.00200 . ' 0.0415
Nitrogen Helium 0.040 | 4,39 0.0089 | 0.00017 | 0.022 0.0077 12.00
5.88 0.0089 | 0.000h7 0.0214
6.34, | 0,0089 | 0.00053 0.0238
5.60 0.,0455 | 0.00101 0.04L458
5.86 0.0465 "} 0.00122 0.0554
6.11 0.0465 | 0.00123 0.0568
6.36 0.0465 | 0.00133 0.060k
L 39 0.0089 | 0.00039 0.0177
Hydrogen 5.60 0.0465 | 0,000k2 0.0191
5.86 0.0465 | 0.00048 0.0217
6.11 0.0465 | 0.00050 0.0229
| 4,39 0.0089 | 0.,00025 0.0114
| 6.86 | 0.0465 | 0.00045 0.0202
i 5.39 0.0089 | 0.00030 0.0137
v ¥ |[4.89 | 0.0089 | 0.00033 0.0150
Nitrogen Helium 0.25 | 5.39 0,0089 | 0,000%3 0.01k9
5.6k 0.,0089 | 0.0003%6 0.0165
5.60 0.0465 | 0.00108 10,0491
6.36 0.0465 | 0.00130 0.0538
6.61 0.0465 | 0.00151 0.0684
6.86 0.0465 | 0.00157 0.0710
4,89 0.0089 | 0.00043 0.0194
5.1k 0.0089 | 0.00045 0.0204
Hydrogen 7.36 0.0465 | 0.00150 0.0681
5.89 0.0089 | 0.00065 0.0295
6.86 0.0465 | 0.00133 0.0602
7.36 0.0465 | 0.00147 0.0668
, 7.61 0.0465 | 0.00157 0.0711
6.14 0.0089 | 0.00068 0.0306
L | v 6.14 | 0.0089| c.o0072| ¥ 0.0326 Y

NOTE: Test vessel pressure 11.7 psia for all tests.
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TABLE II

FULL-SCALE.BUBBLE PUMP TEST DATA

Liquid Tank Liquid Vapori Lift Gas Average Gas| Average Volumetric
Pressure Pressure Height| Flow Rate| Density in | Volumetric {Liquid Flow
P, Py h m Riser Gas FlowRate] Rate
1b/in“ Abs.| 1b/in2 Abs. in. 1b/sec § in Riser 3LQ
lo/ft G ft“/sec
ft3/ssc
Hydrogen s 12.0 5.28 0.,00342 | 0,084 { 0.0k07 0.05
41.7 17.5 4.28 0.00234 10,084 0.0278 0.05
41,7 23,7 3,78 | ©,00160 |0.084 0.0191 0.05
by.7 1h,7 4,77 0.00335 |0.08h 0.0399 0.10
41.7 19.3 k.27 0.00285 |0.084 0.,0340 0.10
h1.7 13.8 5.28 0.00329 |0.084 . 0.0392 C.05
ky,7 17.0 3,78 0.00215 |0.084 0.0256 Q.05
bi.7 21.1 2.78 0.00167 | 0.084 0.0199 Q.05
41,7 15.2 3.78 0.00217 | 0.084 0.0258 0.05
k1,7 23,3 2.78 0,00135 |.0,084 0.0161 0.05
k1.7 13.8 3,78 0.00125 |0.084 0.0149 0.05
41,7 15.2 3.53 0.00155 | 0,084 0.0185 0.05
k1,7 18.1 2,78 0.00155 | 0,084 0.0185 0.05
Nitrogen .7 19.9 3.78 C.00260 | 0,084 0.0309 0.05
41,7 . 25.7 2.78 0.00196 .| 0,084 - 0.0137 0.05
26.7 13.3 - 4, 2% 0.00296 | 0.054 0.0548 0.1
26.7 S 16.4 4 27 0.00228 |0.05% . | 0.0k21 0.1 .
26.7 12.5 C3.78 000222 | 0.054 0,04311 0.05.
26.7 13,0 3.78 0.00203 | 0,054 0.0376 0.05
26.7 14.3 3.78 0.00138 {0.054 0,0255 0.05
26,7 15.6 3,78 0.00110 | 0,054 0.0204 0.05
26.7 15.5 2,78 0.00095 |0.054 0,0175 0.05
26.7 18.7 3.78 0.00053 | 0,054 0.,0096 0.05
26.7 13.4 %.78 0.00148 | 0.054 0.0274 0.05
v 26.7 15.9 3.78 0.00108 | 0.054 0.0200 0.05
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EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF BAFFLES ON NATURAL

CONVECTION FLOW AND ON SERATIFiCATIQN#

G. C. Vliet* and J. J. Brogan¥¥
Lockheed Missiles and Space Co., Palo Alto, Calif.

Abstract: ,30 2-6

The results of a study on the effect of baffles on natural convection flow
and on stratification are presented. This study, which is expected to be
applicable to cryogenics, was performed with water rather than a cryogen

in a two-dimensional vessel to facilitate optical methods for determining
the nature of the flow. Visudl studies using a Schlieren apparatus and’
temperature measurements using thermocouples were performed. Two geometries:
a vessel with only heated vertical walls and a vessel with a heated vertical
wall and a heated inclined bottom, were considered. )

Baffles on heated vertical walls were only partially effective in reducing
stratification. The effectiveness decreases with time and increases with
the number and size of baffles. The Schlieren studies showed that initially
the Baffles effectively divert the natural convection flow but later the

. Tlow reattaches to the wall above the baffle making the.baffle ineffective.

-In the inclined plate studies significant stratification results only when

the ratio of bottom to wall heat flux is less than or equal to 1, but when
this ratio is 2 or greater there is little stratification. Schlieren studies
indicate that baffles on the bottom have a pronounced effect on the natural
convection flow but there is little effect on the ultimate stratification.

Awthov

#This work was supported by NAS 8-5600.

%  Research Scientist - Aerospace Sciences Iaboratory
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II.

EXPERIMENTAL INVESTIGATION OF THE EFFECT OF BAFFLES ON NATURAL
CONVECTION FLOW AND ON STRATIFICATION

G. C. Vliet and J. J. Brogen
Lockheed Missiles and Space Co., Palo Alto, Calif.

INTRODUCTION

The thermal energy absorption by liquid propellants of space vehicles results
in a weight penalty which occurs from either¥* a loss of vaporized propellant
or an increase in tank weight required to contain the warmer propellant. The
magnitude of the latter penalty increases with the severity of the liguid
propellant temperature variation. Various methods for predicting stratifica-
tion have been developed (Refs. 1 & 2) and it is a logical next step to examine
and evaluate methods of reducing stratification.

Various methods, both active and passive, have been proposed to reduce strati-
fication and one of these, a passive method, is the use of anti-stratification
baffles. An experimental study has been conducted to determine the effect of
baffles on natural convection flow and on stratification. These studies include
the use of the Schlieren and shadowgraph techniques to visualize and assist in

interpreting the natural convection flow, and also actual temperature measure-

ment using thermocouples to determine the magnitude of stratification. These
studies were performed in a small twp-dimensional laboratory scale apparatus
using water as the test fluid. It was not the intent nor was it possible to
scale the fluid dynamics of these tests to the typically large space vessels

,contalnlng cryogeriic fluids but rather to galn a greater understanding of the

effects of baffles with the intention that they may later be applied to a large
space vessel 1if proved attractive. The use of water, although not a cryogenic

fluid, in the small two-dimensional vessel permitted numerous geometry and test
conditions to be investigated-easily.

EXPERIMENTAI: APPARATUS

The experimental tests were performed in a glass tank 15 inches high, 12 inches
wide and 6 inches deep (depth of field). Within this vessel, 6 inch wide elec-
trical resistance heater plates¥¥ (unlform heat flux) were positioned to obtain
the desired geometry In the first series of tests (Vertlcal Plate Tests) two
vertical lO— high plates were positioned 6 inches apart to form the two-dimensional
vessel shown in Figure l(a) Baffles 6 inches long and of various widths were
placed horizontally against each of the heater plates. In the second series
(Inclined Plate Tests) one 8 inch high plate was placed vertically above the top
end of a 6 inch long inclined plate, the bottom end of which was against one end

#Actually an optimum weight penalty may be obtained by a cormbination of venting
plus increasing tank weight to withstand the additional pressure rise.

*%¥0ne mil stainless steel shim stock was used as the resistance heating element.
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of the tank. See Figure 1(b). This configuration formed one-half of a two-
dimensional vessel with a wedge shaped heated bottom. In the inclined plate
tests, baffles were placed on the heated inclined plate. In each series of
tests the tank was filled with water to the top(s) of the heated vertical
plate(s) and d.c. power supplies were used to resistively heat the plates.

Temperature measurements were made with a probe of 12 copper-constantan thermo-
couples and & precision 6 channel microvolt recorder. In the vertical plate
tests the thermocouple probe was positioned vertically in the center of the
vessel. In the inclined plate ~tests the thermocouple probe was positioned
vertically midway between the glass walls and approximately 1/3 the distance
(2 inches) up the inclined plate as shown in Figure 1(b). The visual observa-
tions were made using both the Schlieren and shadowgraph techniques using &
mercury lamp as a light source.

FXPERIMENTAL RESULTS & DISCUSSION

The initiation of stratification in these laboratory tests is somewhat differex
than most cases encountered with a cryogenic propellant. Ordinarily the
vessel containing the cryogenic liquid is vented prior to stratification and a
natural convection boundary layer flow is established at the time the vent is
closed and stratification begins. In these laboratory tests the liquid is
initially stagnant and stratification begins with the heating of the wall whicl
has an inherent transient associated with it. It is felt, however, that the
effect of this initial transient is quickly erased as stratification progresse:

A. Vertical Plate "Tests

1. -Temperature Profile.Méaéurements:

Vertical temperature profiles were measured in the absencé of
baffles and for the several baffle configurations listed below:

(1) One baffle at mid-height on each wall (%, 3, 1 and 2" wide baffle)

(2) Two baffles on each wall dividing plate in thirds (%, %, 1 and
2" wide baffles)

(3) 5 Staggered 1" baffles (2 on one wall and 3 on the other).

(4) Combination of one 1" and one 2" baffle on each wall.

(5) Two curved baffles on each wall (1" radius).

These tests were performed with water and for wall heat fiuxes in
the range 0.5 to 1.0 Btu/ft2 hr which corresponds to a modified
Rayleigh number of ~v 1012,

The vertical temperature distribution for the test without baffles
is presented in Figure 2 with time the parameter. t is seen that

before the stratified region reaches the bottom, the second derivative
of temperature is positive whereas later it becomes negative.



The vertical temperature distributions for four specific
baffle configurations are compared to the case without
baffles in Figures 2 and 3 with time the parameter. TFigure 2
for one baffle at the mid-point of each wall, and Figure 3
for two baffles on each wall show only the cases of i inch
and 2 inch baffles. The profiles of all the remaining

cases measured are not presented because they are similar

to and fall within the range of these four cases presented
herein.

In comparing the temperature profiles in the presence of

‘baffles to the profiles in the absence of baffles in Figure 2

and 3 it is seen that the temperature crofiles are no® seriocusly
altered by the presence of baffles. The baffles have tneir
greatest effect in causing energy to be mixed into the lcwer
regions of liquid initially. ILater the effect is less pro-
nounced. Even at early stages of stratification the surface
temperature is little affected by baffles because the tempera-
ture gradient near the surface generally steepens with baffles
present, apparently due to the shorter boundary layer run with
the baffle present.

Baffle Effectiveness:

Considering that it. is desirable to maintain as nearly a uni-
form liquid temperature as possible, a measure of the severity of
stratification is the temperature moment about the bottom of the
vessel: :
N H' .. A . ) e

Mp = (T-74 )xdx :
Where T & liquid gémperature; Ti 4 initial uniform liqudid
temperature; x & axial height and H is the tank height. However,
to compare the effectiveness of a baffle this temperature moment
will be first made dimensionless with respect %o the uniformly
mixed case:

. MT~%TH2
I= TITe

where T 2 the average liquid temperature. The baffle effective-
ness parameter will be based on a comparison of the dimensionless
temperature moment with a baffle to the dimensionless temperature
moment without a baffle:

E=1- (Mp/MD,)
which on rearrangement becomes:
Mry My (Ty/T)
Mp, - 3 ToEP
non

n
where the subscript "n" refers to the "no" baffle case.
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This parameter has the following significance:
(1) when zero, the baffle is completely ineffective.

(2) when 1.0, the baffle results in a uniform temperature
(i.e. compmetely effective)

(3) if asymptotic temperature shapes are approached with
and without a baffle, then the parameter also approaches
an asymptotic wvalue.

(4) if negative the baffle is deleterious (this is unlikely).

The baffle effectiveness is plotted in Figure 4 only for the case

of two baffles of various sizes on each wall. This figure shows

that wall baffles are only moderately effective in reducing strati-
fication. In the early stages they are most effective but the
effectiveness decreases with time, appearing to approach an asymptote.
For the case of one baffle on each wall the asymptote was approached
much quicker and was smaller in magnitude. Even the best configurations
indicate an effectiveness of only 20 percent at later stages. In
general the effectiveness increases with number and size of baffles,

the best configuration tested being two 2" baffles on each wall.

An empirical correlation of the baffle effectiveness for the cases

of one or two baffles of various sizes on each wall is shown 1n _
Figure 5 ThlS correlation suggests

E = 0.25[ 1+ 2.2e'0'15'e/1\r](%) 0'5(1\'1) 0.

where N = no. of baffles, B/W is the ratio of baffle width to tank
width and © is measured in minutes.

Visual Studies:-

A series of Schlierin movies were taken showing the nature of the
natural convection flow in the absence of baffles andin the presence
of several sizes of wall baffles. In Figures 6 through 8 the field
is 8 inches diameter showing the top 7 inches.of the vessel. The
liquid surface is near the top, a heated vertical wall is seen on
either side and thetaffles used in Figures 7 and 8 are against the
wall near the bottem of the field. The light areas represent regions
of positive temperature gradient in the vertical direction.

In the absence of baffles (Figure 6) the stratification process is
seen to initiate with a rather large surface flow from each plate
which meets at the vessel center and forms a downward moving warm
plume. The plume is quickly arrested by buoyant effects and then
spreads out to form a thermally stratified layer. Following this
initial transient, stratification progresses in a smoother manner



as the stratified layer grows with the supply at its base of warm boundary
layer liguid. The rather thick boundary layer on entering and travers-
ing the stratified region is observed to thin con31derably as it gives

up mass to the stratified region. The stratified layer continues to

grow in thickness until it reaches the bottom of the vessel. A more
detailed description of the mechanism of stratification appears in
Reference (3).

The reason for the relatively low effectiveness of wall baffles is

better understood from the Schlierin movies for % inch baffles shown

in Figure 7 and 2 inch baffles in Figure 8. The interpretations of

the flcw phenomena in the presence of baffles as observed in the Schlierin
studies are illustrated in the sketches of Figure 9. In the initial
stages of stratification the boundary layer below the baffle on en-
countering the baffle is effectively diverted, causing it to flow out

into the bulk liquid where it mixes as it flows upward, as shown in
Figures 9(a) The result is that initially a significant portion of

this warm boundary layer liguid is mixed into the cooler bulk liquid.
However, as the stratified layer near the surface grows due to the
boundary layer flow above the uppermost baffle, the height to which

the ejected boundary layer liquid will rise decreases as illustrated.

in Figure 9(b), since it is arrested by the warmer stratified layer.

As the stratified layer nears the baffle, the natural convection flow

from the baffle is drawn in toward the vertical wall above the baffle

due to entrainment by the boundary layer forming on the wall above

the baffle. At this point, the natural convection flow is soon no

longer ejected by the baffle but rather flows around the baffle, reattaches.
to the wall-and flows upward as shown in Figure 9(c) In general, the
stratification progresses’ toward the bottom.of the vessel making successive
baffles ineffective as each baffle is approached, and the temperature pro-
file created in the vessel results in a thin, slowly moving boundary layer.
There 1s progressively less effect of the baffle on the flow, as the
degree of turbulence observed immediately above the baffle decreases

with time. The boundary layer flows around the baffle and attaches

to the wall with little apparent mass or energy exchange with the bulk
liquid.

In general the larger the baffle the longer it takes for the flow to re-
attach to the wall. For the % inch baffles the reattachment occurred almost
immediately while for the %—and 1 inch baffles reattachment took approxi-
mately 3 and 6 minutes respectively and for the 2 inch baffles the flow
didn't reattach over the 10 to 15 minutes duration of the test. However,
even in this latter case there was only a small effect of the baffle on

the ultlmate teﬂperature profiles as is seen in Figure 3.

Curved baffles were also found to be quite ineffective in reducing strati-
ficdion. . Instead of turning the boundary layer and ejecting it downward the
under portion of the baffle merely fills with warm liquid which thereafter
acts like a flat baffle and the boundary layer moves horizontally outward.
At later times the boundary layer reattaches to the wall above the baffle as
in the case of a flat baffle. A eurved baffle is apparently ineffective in
turning the boundary layer flow downward since much of the kinetic energy in
the boundary layer is lost in viscous shear.
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Similar results are anticipated in larger vessels if the baffles are
scaled to vessel dimensions. The time scale will necessarily change
since stratification rate is a function of vessel dimensions, Ref-
erence (4).

B. Inclined Plate Tests

1.

Bffect of Plate Inclination:

The major portion of the inclined plate tests were performed for an
inclination of 45 degrees with the horizontal, however a few tests
were nmade at varying plate inclination to determine this effect on
stratification. The measured temperature profiles for bottom plate
inclinations of 45, 22, 11, and O degrees with the horizontal are

plotted in Figure 10 in non-dimensional form since the heights of the

vessels varied among the tests. The vertical height is made dimen-
sionless with the liquid height and the temperature difference is

made dimensionless with the difference between the surface and initial
temperature. The profiles shown in Figure 10 are all for the case
where the bottom and wall heat fluxes are the same and equal to 0.9
Btu/ft2 sec and at 20 minutes after start of heating. Note that in
the case of the zero inclination, two heated vertical 10% inch walls,
separated by an 8 inch heated bottom, were used as compared to the
other three cases. It is seen that as the plate angle decreases the
temperature measurements show an increasing tendency toward profiles
which are composed of a uniform temperature region below and a strati-
fied layer above. The non-dimensional profiles for the 22 and 11 degree
inclinations are essentially the same as the case of horizontal bottom.
The case of 45 degree inclination is seen to deviate from this shape
somewhat.

Visual studies using both the Schlieren and shadowgraph show that there
is definite natural convection flow "along" the inclined heated plate
but that the thickness of the flow increases with decreasing angle uncil
when horizontal the energy flux through the bottom simply mixes into

the lower portion of the liquid causing it to have an essentially uni-
form temperature. The ratic of the depth of this uniform temperature
region to the liquid height is approximately equal to the ratio of
energy entering the bottom to the total ‘energv entering the vessel.

vffect of Heat Flux Ratio:

For the case of a LSO inclined bottoxr the raetic g¥ of bottom heat flux
to wall hezt Ilux was varied from 0.5 to 5 to determine its effect on
stratification. Figure 11 compares the measured temperature profiles
for the three heat flux ratios, g¥= 0.5; 1.0 and 2.0. There is essern-
tially no stratification for q*-=.2.0.(and greater) and the degree’ of

stratification becomes increasingly important as the ratio decreases.



The lack of stratification for g¥ equal to 2.0 and greater is apparently
due to the large entrainment of liquid from the bottom into the boundary
layer on the inclined bottom resulting in a low average temperature

of the boundary layer when it reaches the surface. This effectivity rep-
resents a rapid recirculation rate of the liquid resulting in a small
temperature difference from top to bottom. Anderson (5) shows tempera-
ture profiles for a similar geometry but with radiant heating of the
liquid in the lower region of the vessel. The profiles exhibit

a uniform température in the lower portion and a stratified layer

above. For these tests the ratio of the total energy absorbed due to
radiant heating to total wall heating was varied from approximately

0.4 to 1.7. A stratified layer was observed in all cases but became
less pronounced as the ratio increased.

Effect of Heat Flux level:

Tests were conducted for similar heat flux ratios but for heat fluxes
one order of magnitude less, and it was found that the same conclusions
on the effect of heat flux rat io could be drawn. This suggests that
the relative absence of stratification for g¥* 2 2.0 is not due to the
heat flux magnitude, at least in this range.

Effect of Baffles Placed on Inclined Plate:

Since there was observed to be little stratification for heat flux
ratios of 2.0 or greater there is little to be gained by using baffles
under such corditions. The experimental measurements presented in
this section on the effect of baffles are for the case of a L5 degree
bottom and for the rase where stratification was. significant without
baffles, namely, for g¥ o 1.0, '

Several tests were performed for g¥ & 1.0 using baffles in an attempt
to reduce stratification. Two of these cases:

inch baffles perpendicular to the inclined bottom,

i)  two
é inch baffles perpendicular to the inclined bottom,

1
ii) two -é—
are compared to the case of no baffles in Figure 12 at three times
(lO, 20 and 30 minutes) after start of heating. The heat rates are seen
to be approximately the same but not identical in the three cases as is
evident by the areas under the profiles.

The baffles are seen to have very little effect on the ultimate strati-
fication as is evident from Figure 12. The small effect they do have

is to create a more uniform temperature region near the bottom of the
vessel than for the case without baffles. This is similar to the case
of a heated horizontal bottom and heated vertical wall as in Figure 10
where the two very distinct regions are evident. A similar conclusion
resulted for the various tests performed with other baffle configurations
on the bottom.
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5. Visual Studies:

The effect of baffles on the natural convection flow along the héatéd.
inclined bottom was studied with both the Schlieren and shadowgraph
methods.

It was felt that to be effective in reducing stratification the baffle
should divert the natural convection flow along the inclined surface out
into the bulk liquid. Shadowgraph pictures presented in Figure 13
show how well this is accompllshed.by verious baffle sizes and orienta-
tions. All cases are for gl = U4 gff = 2.4 Btu/ft2 sec.¥* and a 45°
inclined bottom. Figure lg?a) shows the flow in the absence of baffles
while Figures 13(b), 13(c), and 13(d) for %4 and 1 inch baffles re-
spectively show the influence of baffle size on the flow for the case
of two baffles perpendicular to the inclined wall. It is seen that the
baffle must be greater than % inch to effectively dlvert the flow. Since
the boundary layer thickness appears to be between 2 and 1 inch these
pictures ihdicate that the baffle must be at least as hlgh as the
boundary layer thickness to effectively divert the flow. Three 1 inch
perpendicular baffles shown in Figure l3(e) appear to be less effective.
It was found that baffles placed perpendicular to the flow were more
effe;tive than vertical baffles as seen by comparing Figures l3(c) and-
13(f). -

It should be noted that although the visual studies indicate certain
baffle ‘sizes and orientaions to be quite effective in diverting the
flow outward into the bulk liquid, the temperature measurements indi-
cate that this is not effective in reducing stratification. . That simi-
lar profiles result with and without baffles in the bottom is interpreted
in the following manner: with baffles in the' bottom a boundary layer
forms on the vertical walls creating the usual stratified region and
the energy entering the bottom is mixed by turbulent action into the
unstratified fluid, similar to the case of a heated flat bottomed vessel.
In the absence of baffles there is a gross fluid circulation in the
vessel due to the natural convection flow along the heated inclined
bottom of the vessel. However, the average temperature increase of this
fluid is small (due to the large circulation rate) and the circulation
ig therefore confined to the region below the stratified fluid which is
formed by fluid of higher average temperatures in the boundary layer
near the vertical wall. A similar temperature profile therefore results
with the minor difference that in the latter case there is a very
shallow temperature gradient in the "unstratified" region.

Similar results are expected in larger vessels but additional tests
on larger scale vessels are advised. Furthermore, baffles in the
bottom of a draining vessel may have merit and should be investigated.

¥A similar flow field was.-observed for the case where g¥ = 1.0.
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CONCLUSIONS

Baffles on heated vertical surfaces are found to be only moderately effective
in reducing stratification,and mainly early in time. Their effectiveness
decreages with time and increases both with number and size of baffles. The
degree of stratification in vessels with heated bottoms is a function of the
ratio of bottom to wall heat fluxes, decreasing as this ratio increases.
Baffles on inclined bottom surfaces of heated vessels effectively alter the
fluid dynamics but are found to be ineffective in reducing stratification.
When baffles are scaled to vessel dimensions similar resulis are expected

in larger vessels, however the time scale will be different since stratifi-
cation rate 1g a function of vessel size. GSimilar stratification reduction
tests in larger vessels for confirmation of these conclusions as well as an

investigation of the influence of baffles in the bottom of draining vessels
are recommended.
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FIGURE.6
SCHLTEREN PHOTOGRAPHS FOR STRATIFICATIO.
WITHOUT WALL BAFFLES. qy & 1.0 BTU/FTSSEC.

FIG. 6(a) - 20 SEC.

FIG. 6(b) - 27 SEC.

FIG. 6(c) - 4O SEC.

FIG. .6(d) - 1 MIN.

FIG. 6(e) - 14 MIN.



 FIGURE 7
SCHLIEREN PHOTOGRAPHS FOR STRATTFICATION
WITH % INCH WALL BAFFLE. g~ 1.0 BTU/FTZSEC.

FIG. 7(a) - 20 SEC.

FIG. 7(b) - 40 SEC.

FIG. 7(ec) - 1 MIN.

FIG. 7(d) - 2 MIN.

FIG. T(e) - 2% MIN.
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FIGURE 8

SCHLIEREN PHOTOGRAPHS FOR STRATIFICATION
WITH 2 INCH WALL BAFFLE g 1.0 BTU/FTZSEC.

FIG. 8(a) - 1 MIN.

FIG. 8(b)‘- 2 MIN.

FIG. 8(c) - 3 MIN, -

FIG, 8(da) - 4 MIn.

FIG. 8(e) - 10 MIN.
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FIGURE 13(f)

FIGURE 13(e)

FIGURE 13(d)

ONE 1 INCH
VERTICAL BAFFLE

THREE 1 INCH
PERPENDICULAR BAFFLES

TWO 2 INCH
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FIGURE 13 (Cont'd) - SHADOWGRAPH PHOTOGRAPHS OF FLOW WITH BAFFLES ON INCLINED PLATE
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TRANSTENT LAMINAR FREE CONVECTION HEAT AND MASS
TRANSFER IN TWO-DIMENSIONAL CLOSED CONTAINERS
CONTAINING DISTRIBUTED HEAT SOURCE

. by -
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Ann Arbor, Michigan
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“pransient yaminar FPree Convection Heat and Mass
Trahsfer in ?wo~Dimenaional Closed cOntnigers
Containing Distribuited Hoat Source®

by

Buscsein Z. bargak t2

Abstract
(3027

The transient laminar free convection heat and mass transfer
in two~dimensional rectangular containers containing volume
heat scuvrces is studied. The mementun and the continuvity ogua=-
tions are coupled to obtain the vorticity transport eguation,
which is imtegrated numerically using the finitg-difference

approximpation. Results of ¢he calculatioa& show that for small

Rayleigh's numbhers the steady state is reached through .zmooth
velocity and terporature transients. For lazce Rayleich's
nunmbers wvelocity and temperature oscillations were predicted
after a periecd of time from the bheginning of the transients.

Autter

l. A publication from the Beat Transfer Laborateory, Department

of kMechanical Enginsering,. Univexsity of Hichigaa, Ann Arbor,
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2. Graduate Student, Department of Hechanical Eangineering,
Univergity of Michigam, Ann Arbor, Michigan



Introduction

In recent years the natural. convection heat and mass trans-
port im veasels containing distributed heat sources received
considerable interest owing o its importance in connection with
nuclear Zeactozs .

Up to the present time, exact sclutions exist only for scmc
simple models such as the case wheze heat is genevated between
two vertical £lat plates whose height and length are lazge come
pared to their scparation, or the case of an infinitely long
cylindezical containers with interanal heat generation (l). Howe
ever, approximate soclutions for containers with finite length
exzist. In such solutions some assumptions regavding the flow and
the tempezature distzibuticn pattexns are nocessary. These
assumptzens, waich are necsgsazy due to the ccmbleaaty of the pzoe=
kiem, may oz may not be zealzst=c. A typical anproxamate soluttion
is that obtained by Hammit: {(2). Some aspects of such approximate

etheds, thelr shortccomings and the validity of the simplifying
assumptions will be diécussea later.

Our tesk is to examine the naturve of the f£leow and of the
temperature distribution, without zesorting to any simplifying
assumptions regarding the bchavior of the rlow pattezn or the teme

perature distribution,

The nethod of £inite~difference approxiration has been chosen

to obtain the temperature and velocity distributiocns., The use of
this methed will enable us ¢o exarineg the pature of the velocity
and ﬁempe?atura transients that take place, as well as the steady
state solutions. It chould bé mentioned that it has been estabe

lished that the method of f£inite~difference appzoximation yields
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solutiors which agree satisfactorily with esac: solutions,
provided that provisions are made for the stabildiey, coﬁaxatency
and convergence problems {3,4). <Yhe exmmination of the stabile
ity, consistency and eonvexgehce questions is leyond the scope
ef this paper. However, the readex is raferred to references
3,4, and S wher2 these pcints are thorouvhly discussed.

The geometry of the contoiner and the corner and end effects
make the assumption of boundary layer flow invalid. This is part
ularly true for small length to radius ratios,where the end effec
cannot be neglected. For this reascn, the full Navier-Stokes
equations were used. In such cases the concept of boundary layer
and boundary layer tiickaess 48 applied to flow over fiat surface
cannot be applied, Howevero in this paper the term "boundary
lgyéf‘;hickness is used to ;dent;fy the distanca from the tank
walls at which the velocaty component parallel to the wall is eqt

to zero,

Reproduced from C
bispt available copy. ¢




analgﬂasﬂ_ﬂﬂﬂal

A ‘o dimensional rectangular containey of width, 2 a and
height b, vhich is £illed with a fluid centaining a
vniformly distributed heat source, is coensidered. The boitom
and top of the coantainer are assuned to be insulated. The con=
tainer is initially at a temperature T_. Beginning from this
condition, heat is suddenly generated at a uniform rate q°''
BTU/hir=cu.£t. The walls of the container ars assumed to ke Kept

at the initial temperatuze Qo. The ¥ and y axes are located

T

ag shown in the Figure. Heglecting
regaure terms and the dissipation }
!
0

function in the energy equatiou and

agguming constant £iuvid properzties 3 L

N as]
ezaept in the body force tevm, the . 1 I*_,—’ . d
diszerentaa& equatzoaS‘ae- bing Che

phenomena. aras
The x- mementum eguation

2 2
2U _ g _ 2P DU L 2L {1)
P";t"'{‘ +9'b\‘}“‘J b’/!+/(31— )

The v pomentum cquaiion

RSy (2)

ST 3T L, 3T 4 BT W7 (3)
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The Contintity eguation

8l B (4)
5 +——-—-—) = 0

Boundary Conditions:
{a) Velocity boundary conditions
The no slip condition at the tank walls gives:
©U(0,3,t) =u(b,3,t) = (z,0,t) =0
2:(0,3>¢) =2(b,3,t) =2(=,0,t) =0

Fzom the gecmetric symmetry with respect td the y-axis, the

hastd

following boundary conditions are cbtained:

-.é_‘-c— “,O’t =0
2 ¢ )

(k) Thermal boundazy conditions:

"}_1 R,0,t) =0
‘oa{ >t)

2-(0:3.2) === (b:d, )

Initial Conditions

T(ﬂ.’-;é;o)'-‘-"?;

U(2,4,0) = 2(%x,4,0)=0



Reduczion of the governing diffsrential equationws

AP SO

The method of soiuition veed here fellows that of referencs
{3}. The veadsy is reforred te that reference for a conplsts
discussion of thiz method.  Only a brisf descrintion of the com=

uraticonal procedure wlil be given.

¥

Bguavions (1} to {4} can be put in a form which is suiteble

o

for fimive-qifferende computation &3 fellows:

ey

o

£ 5

¥ farentiating the x-momentuwn emquation w.r.t.y and the y=
mozontom egquation «-r.t.x and combining both eguations te eiimin-
arve *he prassure Loams, rkiag inte ccﬁaiécration that the fluid
properLies ave agsumed to be constant, except in tha body force

tarm, the following differvential aguation is obiaiaad:

M _ 22 A > (B4 w: Y g
f.s!;(-’—.., )a)"'ubz(b az)+%'n§(§3 sx c 9%y
2 2 -‘
R S X o 2 ( U 2y
/w]. szt 3y a:'c) T ERREY: >z '} £5)

Singe the pressuse variations sre emuli. then density changes will
e largely due bto tempearature chasges. Accordingly., the doansitly
p could be clesaly approrimatsosd by:

P=F(1+B(7-T)) (&)

vhetre £, ard T are raferance deasity and terpavaturs vhich

ara the initial valuss 1a this case. 33 i8 the coefficienc of

thermal expangion.
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At this point it may be expedient to introduce the following
substitutions to tramsform the differential équations into the

non-diménsionalized form:

=X H \=—-°—‘-- N T3 = 2%b
U=33U 2=2-7 3 7‘7.;,.-1—-#3“‘8
2
t= 28 5 mebX 5 Yeay
U-2¥ S Va-2¥ (7
Y X

vhere Y is tho stream functioa.
Substituting (6) and (7) ia {3} and (5), the following

equations are obtained:

y 2
% &_‘b‘{’ > ¥ 35” -
Z’(b X +>)’2)-‘ Y bx(bz dx2 ayz)
b 2 3 2 2 2 2 2, v
Y > (a ¥ A __,0 a’ » (a°2¥ ¥
5SS w( bz Ixz T byz) r by MY ax;(bz TN )+
(8)
¥ o )]
»y2 b2 zxz ayz
2 2% 38 Y 3 _ g al % Y ()
bY'4 Y 3X LY Y bz X% Y2
/ “, . 5 /
vhera Q= (£ 34 )/ (hveb)
Bquation {8) car be written in the following form:
> 2~ 37,;- _ P | %
= +U +V = r[, + bz zxzﬁ' 3y2 (10)
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where

a’ Y . v
W = e bxz+ >y 2 (11)

By the above transformation equations 1,2,3 and 4 in u, v and
T are xeplaced by equations (?), {10) and (11) in &, wand ¥ .
The foxm of the latter system o0f eguations is more suitable for

solution by Finite-difference approximation.

Boundary Conditions
The velocity boundary conditions given before give rise to
the following boundary conditions for the stzeam function and
the vorticity w.
W(8:Y>Z8) =W(1Y,8) = WX, 0,2) « ¥(Xx1.8)=0

2 (X, 0,Z) =0

Threa mora boundary conditions for the vorticity at the wall,

bottom and top of the container are regquired. It turned out to

be diffecult to f£ind an ewplicit expression for the vortiecity at

these locations. Fortunately the method of solution enables us
to evaluate the vorticity at the solid boundary after each time
gtep. to ba uscd in determining the verticity inside the demain
of interest at the rext step as will be explained later.

The boﬁndary conditions of the dimensioniess temperature 8,

can be expressed as follows:

8(X 1,%) =0

38 (o, =28 17,9,Z7) =28 _(x,0.2) =0
28 (o ¥.8) =3 (1) z) 3 (x )
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and the initisl conditions become:

8(X,Y,0) = W(X,9,0) = ar(X,),0) =0

Pi 3iffo e ecquations, stabilit nts

Using 'Eaflor's series expansion the partial differential
equations (9), (10) aad (11) are approximated by finite-differ-
ence equations as f£ollows:
l=- The time derivative is represented by forward diffcrences
accerding to the following:

Wf _ f(Z+07T) - f(g)
Bt - AZ (12)

2« The nonlincar texms (/-gg— o VRE , U2% ana V2 are

*9 X Y.

. . ar¢
linearized by considering U and "V  to be known ana"taken egqual
to their values at the past time increments. Tha derivatives %2-4

%’3‘ . 353(""-_- ard —‘-‘5-?‘);’:- are approximated by forward Qiffevences if

the coefficient velocity component is negative and are represented
by backward~tifferences if the coefficient vslocity is positive.

For example, if ¢ >0 . then:

Q) o fmd)-fleony) (13)

ig (<0, then

:; - ’r’(x-mx‘;i)»f’(x,a} . (14)



«aere the function f in this case stands for either 6 or 7
Similar formulae can be writiea for %‘;— depending upon the
sign of the velocity component V. at the particular nodal point

censidered.

3= The second oxder derivatives are approximated according to

tha- following equation:

f ;E(X+Ax,3)-2ﬂ’"’a)+F(X'Ax’a) (15)
XZ (ax)?

> f
YL
of eguation (2}, (10) and (11) can be repiaced by a system of

Similar expression can be written for .2 ccordingly each

lingar algebraic equations. Implicit finite-difserences are used

; 3 rmded ) 28 - %y
to approximate the partial derivatives - , 33 o ’;xz and “%Tz
In such a reggz:esentatiom the values of the variables on the right-
hand side of (13) . .&143 and (15) are taken at the advanced time- "

level Z+AZ . The resulting set of algebraic equations are solved

using the Gauss=Seidel iterative method. On the otherhand, explicit

DA -

differences were used to approximate the derivatives 3 5y

%z%_ ¢ and 3%@"5- « In this case the valuas of the variadbles on
the zight~hand side of (13), {14) and (15) are taken equal to
those at the time level & , which aze known. 3In this case the
vozrticity can be calculated explicitly at each nocdal point. The
£inite-~difference approximation procedure used in the enorgy
equation could have been used in the vorticity eguation or vice-
versa, but the pzocedure of solving the vorticity equation chosen

in this paper is more convenient, because of the difficulties
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encom;"cereé in obtaiziing ihe required boundary conditions for
the vorticity at the soiid boundaries, as it was discussed
before. |

The above described procedure of representing the terms
U-ﬁ: and V-’,;-;—’-' is necessary in order that the computational
procedure used be stable. :The value of the time increment used
in the calculation should satisfy the stability reguirement imposed
by the computational procedure used in solviag the vorticity
equation. According to the stability analysis of refereace (3)
the time increment should be taken such that the fc?.lcm‘.ﬁg inegqual -

ity is satisfied at all nodal points,

2 [Ueig] | 1Vas)
/(bz(Ax)z m N + oY ) (16)

o .limitationa on the time increment are imposed by the céﬁputa-
tional procedure used to calculate the temperature distribution.
The reader is referzred to reference (2) for more discussions
of stability and convergence.
According to the above discussions, the system of partiale
diffezential eguations (9), (10) and (li) can be approximated by

finite-differences as follows, for the case whea U220 V2o

6:::2._9".’:_*_ (/‘-)j 9":7.“6‘:“2‘ + V‘}j e.e‘:j‘ ec';i‘-’. = Q 4
LHT HLX LY :

. PR 4 . L LN /e
al 6::;:,{ -2054 + 0., " 8,441 -26.,4 + 0,41 (17)
b? (ax)% o (ay)?



W&,j W&)J + a ar‘;a m-‘)d + v 241“;1 Z’f‘c,J-—l = P’ e‘ld+‘ b 6‘:1"‘_‘_

az AX ay 2y )
oF zesd ~2oisd + Pinind e =2 W + W -
+
fr [ (ax)*® (4Y)2 ]

(18)

. 2 g2 Waf - Weand Yo g4l =2 Worg + Wi d -l

2,}", = [+ Ay : od c
“d =% (a%)3 ¥ (a7)2 (19}

The prime rafers to the value of the varizbles at time level

(7+ 4%) and the unprimed variables cozrespond to those at the

tinae level @ .

The Procedure of Calculation is as follows:

1)

2)

2)

%)

Bguation {17} is solived for the temperature distribution,

using Causs-Seidel Method of iteratioa.

The calculated values of ©° arxe used in eguation {18) and

the vorticity ® is calculated at each intexior acdal point.

Equa%,on {19) is used %o calculate the styeam functicn at ceach
‘interior aodal point. The biock=-Iterative method, as explained
by zreference {6}, is used for this purpose baciuse it i3 moze

ol

efficicnt than other iterative pethods.

The calculated values of ¥ at the interior acdal points
aze used to evaluate the vorticity at the solid boundaries

laccardiag to eguation {1i). Taylor's series expansion is used
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to ohtain expressions for the vorticity at the soclid boundaries
in texms of the stream function at the neighboring poiﬁtn. ‘For
exznple at X=0, the vorticity at the bottom can be calculated
according tos

o _a’ 3W(sx.§)-w(z2643)
%20,d b2 2(ax)?

Similar exprassions can be obtained for the vorticity at the
other solid boundaries,

DRigguzgion of Resulis
Calculations were carzied on for two levels of heat genera-
4 6

tion Q equal to 10 - and 10 . The Grashoff number based on the
cantainer height and the maximum difference between the centre-

linc and ﬁhgtwall temperatures are 3°5'x 10§ and 1.05 x 1070 rea-
poctively, while those based on half the width are 7x10°and 1.6x10°,
zespectively. The value of Prandtl nurber equal to four and a = 0.5
foot ware used in both ruas. The ratio a/B was taken equkl to
0.125 and 0.25, respectlively. The velocity and temperature dis-
tribution at different axial pozitions and 4’ fferent times for

the first case are shown in Ficures {l), (2) and {(3), while those
for the second rurn are shown in Pigures (4), (5), (6) and (7).

The results obtained in both cagses show that the velccity dis-
tributien is not of Qe boundasy layas tvpe. On the contrary the
boundary layer fills a large portion of the cross-section of thé
container. The shape of the velocity profiles cobtained agrees with
that obtained experimentally by Wilkie and Fisher, (7). However, it
is not in agreement with the shape of the velocity profile poastulate
by Lighthill and used by Hammitt, in which it is assumed that a corxe
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of censtant velocity moves upward at a lower velocity, vhile
the flm.d moves downward in a2 small region acar the boundazy
at higher velocities., Howevey, such a flow pattern takes place
only at small valves of time as shown ir Figure (9<b). The
same conclusion could be reached by examining Figure (56), where
the vélociﬁ;les near tha boundary are higher than those at the
center line for small values of time.

The shape of the radiazl temperature distribution obtained
also agrees with those of Wilkie and Pisher and also with those
obtained experimentally by Hommitt. ILarge temperatere gra&ienﬁé
exist near the wall particuiasly for high Gzashoff numbers. The
temperature near the center line is lower than that near the walls
cutside the boundazy laycr. This is pa::tiaulazl‘y aoticable for
h:z.g"l Grashoff numbers where high Véloc'? tieg éxist. E‘his means .
that near i:he center line ﬁ:ore heat is renoved by convacm.oa than
is being generated.

The results obtained for the velocity and temperature cﬁisﬁzi@
bution show that, except rear the end regions, the boundary lavey
and@ the shape of the velcocity profile bacame very rapidly estabe
lished.

Iz is vezry intervesting to aotice that for low Grashoff numbers.
a2 time steady flow patiezn has been reached through smooth velocity
and temporatuze traunsients, Figure (3). Or the other harnd, for
hich Grashoff numbers, the velocity and temperatnre begin to oscillate
as ghown in Piguves (6) and (7). The fact that the amplitudes of

the oscillations are bounded and rewain unappreciably changed over
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a long pariod of tima, suggests that this oscillatory phenomencn
is a natural stability phenomenon and that it is not a mathematge
ical stability problem. This conclusion is supported by the fact.
that the amplitude of these oscillations are larger near the center
line, whers the shear stress is zerc, and smaller near the wallsg,
while it is negligible at the corners vhere the damping effect
of the wall shear stresses is appreciable as shown in Figure (6).
The oscillatocry phenomcna can be explained by examiniag the
nature of heat transfer mechanisms in free convection. Iaitially
and for short poriods afiter the introduction of the transients,
conduction is the dominant mechanism of heat transfer. This
would lead to large tranzverse tomparature gradients. The axiste
ance of large temperature gradients will accelerate the velocity
transients. For large Rayleigh's numbers, greater velocity
response rates and hicher velocities are expected. In such casae,
the natuval convection effects will become appreciagble after a
short pezi.gé from introducing the iransients. Thae result of these
effects will be a docrease in the transverse temperactuze gradients
due to heat transfer by fres convection from high temperature to
low temperature regicons. The decrease in the transverse tempera=
ture gradients would lead to a decrease in the velocity. The
daczease in veloccity means less heat transfer fyom the hot to the
cold £luid zegions_,, vhich will zesult in hicher transverse temper=
ature gradients. '
The above described thermal and velocity intsractions result
in a ecyclic increase and decreaze in veloclty and temperature..

In the casg of small Rayleigh's number conduction accounts for
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-«rger percent of the heat transfer across the contalner, alac
the magnitude of the velocities will be small. Both of these

factors account for the absence of osgecillatioas for small
Rayleigh's numbezs,

Such oscillatory transients were predicted anélytically by
Zoiberg (8) for transient free convection in a heat generating
fluid confined between two infinite parallel plates.

in his anaiysis of matural convaecticn in long containers
having a volume heat source, Woodrow (1) suggests that, in the
zegions not neaxr tha ends, a uniform vertical temperature grad;
ient exists. His pzrediction was confirmed by the expewimental
regules of refezence (7j. The same conclusion couvld be reached
by exarining the resulis obtained by the author. In Figure (8)
the azial temperature distribution at coastant values of ¥
equal’to,o;s and 0.9 shows that such canséantfaxial-temperaﬁnre
graﬁaertm éexist,

. Tho auther was unable to make comparison betweaen ﬁhe experia
mental and theoretical values of the velocities and temporatures
because of the unavailzhility of the first. For the latter reason,
calculations were made using a somavwhat zough grid size, using

Az = AY = d.,l, The vasults of the calculations using a
gough grid will give gualitative information about the nature of
the temperature and velocity tzansients as well as the shape of
the velocity and temperatucs profiles, sinces their magnitudes arxe
usually affected by the grid sizes, but the flow pattern usually
remains the same, Figure {(9-a). Should the absclute magnitudes
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£ the temperature, or any rzelated ﬁunctioa..be of interest, then
calculations gheould be cazzied cut using smaller grid sizes.
Finally, an interesting question regarding whether the
chapa of the velocity distribution near the boundary could be
fairly predicted by this methed and to what extent, is cxamined.
If the boundary layer thickness, aluvaough speaking about koundary

layer fiows in ¢his case is not coxregt, is large compared to

&
i
;

the grid size. then the shape of Tthe velocity in the o

44

ime, as ghown in Figure {l) On the other hand, if thal thickness
ig smalier than the chosen gzrid size, then that grid sige wouvild
not give an accurate pradiction of the shape of the velocity dls-

tribution neay the wall., &malier orid sxses'szoulu e meed in

" 3 3 =75 iy Yol 2 . -y e g e
such ¢aseB. This i3 i?" case vwhere ohe Srashois %.Ashx iB Righ,
FAE mmye, - o - - e e - ) - o, ™ 'y
Pigure {4-b). & close cxamination of Figure {(£4-a) shows that near
che end regions imye the houndary layer i hicker, the ghape of

zouch gzid size do not predict the ghape of the velocity profile
ckness aecar the middis

ch3,
saction of the tank heoicht is emall comparaed to that near the end

2

is clecayr that the smeller

=l
rf‘o

regicng. Fromn Figuzes {9-=a) and (S«b)

czid sizes cive B betier prediction of the velogity distzibution
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" half the width of the container

the initial height ox the liguid

conztant pressure specific heat, BTU/lmeF.
Grashoff number = 9{3(73—72)0122

the acceleration of gravity, ft/secz
thermal conductivity, BTU/hr £t ©r
pressuce

Prandtl number = %

s Tpom Y
GoPry

N

Ravlieigh nnvhes, §
Beat generation, B?Ufhr/fis

Dimensionless heai genervation term

gemp R

time, zec. :
x&compaéént of the velocity, ft/sec

y~component of the velocity, f£t/sec

dimensionless x-component of the velocity

dimenzionless yrcowmrenent of %he volocity

axial distance, £t

dinengionless x

transverse, or nozmal distance measured from center line, £t

dimensionless y

ot Ny | VY
b® daz ¥4°

thermal diffusivizy, ftzlsec

coefficient of thezmal expansion
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density, 1bm/ft>

P

1 viscosity, ibm/ft-sec

¥  kinematic viscosity, ft%/sec

& dimansionless time

6 dimensionless temperature

¥ stream function

Subscripts

i,3 denoteé position in the space grid
© denotes initial conditions

w wall

Superscript

n dei;otes the time level, ¢ =m.aT

{ )° refers to time level g+4¢&
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NOMENCLATURE

half the width of the container

the initial height of the liguid

constant pressure specific heat, Btu/lbm°F

Grashof number = gﬁ(TS-TO)as/vz

the acceleration of gravity, ft/sec®

latent heat of evaporation or gondensation Btu/1lbm
thermal conductivity, Btu/hr ft °F

pressure

Prandtl mmber = y/o

Rayleigh number (GrPr)

heat flux at the walls of the tank per unit area, Btu/hr/fta

tem?.‘R

time, sec

x-component of the velocity, ft/sec
y~component of the velocity, ft/sec
dimensionless x-component of the velocity
dimensionless y-component of the velocity
axial distance, ft

dimensionless x

transverse, or normal distance measured from center line, ft

dimensionless y
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. a® 3% |, ¥y
VTR W

O thermal diffusivity, £t®/sec

B. coefficient of thermal expansion
p density, lbm/ft3

B viscosity, lbm/fﬁ/sec

v kinematic viscosity, ftZ/sec

¢ daissipation function for two-dimensional ilncompressible flow is

given by
2 ‘ 2
A oV, u
o= u<gx> +<:§x * oy,

7 dimensionless time
© dimensionless temperature
¥ stream function

N an eigenvalue

-

Subscrigts
¢ cold wall

g vapor
h .hot wall
s saturation or liquid surface

i,5 denotes position in the space grid
o denotes initlal conditions
w wall,

Superscript

n denotes the time level

124



ABSTRACT

[302%

The two-dimensional, laminar, transient, natural convection heat and
mass transfer in a closed rectangular container with a free surface is
gtudied. The x-momeuntum, the y-momentum, and the continuity equations are
coupled to obtain the vorticity transport equation, which is integrated
numerically using the finite—différence approximation. The problem of
stability, which is associated with the difference equaticns, is studied.

The convergence of the solution of the difference equations so that of the
~differential equation is examined. Results of the calculations for different
boundary conditions are given. Comparison of the theorevical results with

two experimental measurements from the literature indicate qualitative

agreement. _ A #‘
_ _ vinevy”
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I. INTRODUCTION

This report presents the initial results of a program of research deal-
ing with transient, free convection inside closed containers. The problem
reported is the first phase of a program directed at an understanding and
prediction of fluid behavior in closed containers subject to various dis-
turbances, including those of ambient heat flux, change in wall temperature,
pressurization, change in gravitational field, and liquild discharge. The
objectives of the general program are the prediction of transient velocity
profiles, temperature stratification, and pressure histories in such con-
tainers.

The present report treats laminar transient free convection in a two-

dimensional container having a liquid-vapor -interface. Transient pfbcesses

are introduced by a sudden increase in the tehperature of ‘the container wall ~

and by a sudden application of heat flux to the externsl surfaces of the con-
talner. For a system at constant pressure and at normal gravity the result-
ing transient flow patterns and temperature strat;fication are computed.

The problem is formulated from the complete Navier-Stokes eauations
coupled with those from the First Law of Thermodynamics and the Conservation

of Mass. Boundary-layer approximations are not made since the geometry and

boundary conditions invalidate complete boundary-layer flow and require addi- .

tional momentum considerations not usually found in boundary-layer calculations.

Reduction of the governing equations is done by numerical procedures using

Preceding page blank
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an IBM 7090 digital computer. BSpecial attention is given to the proble@ of
convergence and stability of the numerical solution.

Combined with the experimental program presently under way, these re-
sults will aid in the establishment of criteria for the onset of transition
flow in the container, the start of surface boiling, and will be useful in

formulgting the solution for the case of turbulent convection.
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II. REVIEW OF THE LITERATURE

In the past, considerable effort has been given to the study of natural
convection heat and mass transfer. Many problems have been solved under dif- -
ferent conditions of geometry and arrangements. These studies have been of
an analytical as well as an experimental nature. An extensive survey of lit-
erature showed that the problem of natural convection in closed-end tubes
with a free surface has not been considered analytically, however, some prob-
lems with related geometries have been considered. The extrapolation of the
results of these studies to other geometry can give misleading results owing

to the complicated nature of transient free-convection phenomena.

A. ANALYTICAL STUDIES

The case of a‘ve;ticél element immersed in an infinite fluid initially ‘
at rest has received the most attention of many investigators.° The time-
steady laminar flow equations were first solved by Pohlhausen25 for air.
The experimental results of Schmidt and Beckman2 are in good agreement with
Pohlhausen's soluticn. Later, Ostrachgo solved the same problem using num-
erical methods with high-speed digital computer fdr different values of
Prandtl number ranging from 0.0l to 1000,

The transient free convection from vertical flat plates, with and without
appreciable thermal capacity and variable fluld properties, has been studied
8,29,30,33,3k4

by different investigators for different boundary conditions.

. 16
Leitzke 6 considered the steady-state natural convection between two
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parallel, infinite flat plates oriented in the direction of body force in
which oge plate is heated and the other is cooled uniformly. The measured
temperature distribution across the fluid is in good agreement with the the-
ory. A generalization of the same problem was carried on by Ostrach,eo’21 in
which the plates are maintained at constant temperatures not necessarily
equal, and the effect of heat sources and frictional heating was included.

As anticipated, the effect of heat sources and viscous heating increases

the temperatures and the velocities between the plates. The transient free
eonvection in a duct formed by two infinite parallél plates with arbitrary
time variations in the wall temperature and the heat generation was studied
37

by Zeiberg and Mueller.

The two-dimensiocnal steady-state convection in a long rectangle, of which

,
e

"the two long sides are vertical.boundaries held at different temperature

130

and the two horiéontal bounda}ies either insulated or have linear temperature
distribution, was considered by Batchelor.l He did not solve for the veloc-
ity or temperature distribution, but hé considered the determination of the
yate of hedt transfer between the two vertical boundaries and the type of
different flow regimes that occur for a given value of Rayleigh's number and
aspect ratio. For Rayleigh's numbers less than 105, Batchelor uses a power
series expansion in terms of Rayleigh's number Ra for the dimensionless tem-
perature © and the stream function. On substitution of the power series in
the governing differential eguations and equating coefficients of the 1like
powers of Ra, the prcblem is reduced to the solution of a series of linear

partial differential equations. The Nusselt number, defined as



NU = (q/A)y/K(Tp-Te)
is estimated to be of the order
-8 2
NU = £/d + 10 Ra ,

‘where d is the distance between the plates and [ the height of the duct.

For the case of £/d + o, he argues that for the regions not near the ends
the temperature and the stream function -take their ésymptotic values, which
are given by the solution of two infinite parallel plates, one heated and
the other cooled. For infinite values of Ra, he postulates that there is
an isothermal core having constant vorticity. He found that the governing
equations for the general case could not be represented by a polynomial of
small degree nor could they be haﬁdled by the Oseen type of linearization.

Poots26 solved the same problem haédled-by_Batchélori He obtained a

»numerical solution based on the use Qf orthogonal polynomials for thé ;olu-
tion of the governing differesntial equations. 'Fol‘owing Batchelor, the
stream function and the nondimensional temperature wers assumed to be repre-

sented by the complete double series of orthogonal functions

(v o]

o
0 = % }; App sin nmex sin mmy
=1l m=

—~.L

and
v = z Z Brm¥n (X)¥n(y)
n=1 m=1

13]



where the A and B are constants which were evaluated numerically. The govern
ing differential equations were reduced to two éoupled algebraic equatiéns to-
be solved simultaneously. The fun¢tions Xn(x) were chosen to satisfy the
fourth order Sturm-Liouville system and the orthogonality property. The method
of solution is tedious, and the calculations are practically impossible for
Rayleigh's numbers greater than 10* and aspect ratios greater than 4. The re-
sults for Rayleigh's number 10% and aspect ratio unity are shown in Fig. 1h.
There is an isothermal core -having uniform temperature; there is also a con-
stant vorticity in the core. In the region between the core and the cavity
walls, the temperature and the stream function oscillate once near the core
and then tend smoothly to their appropriate values at the cavity wall. The
boundary "layer is continuous betveen the wall and_the core.

Liéhthilll8 examihe@.n;turai convection flow% generateé by lafge.centriff‘
ugal forces in a tube closed at one end and open at the other end to an
infinite reservoir, where the tube walls are maintained at a constant tem-
perature. Such a situation exists in cooling gas-turbine blades. He pre-
dicted that one of the following three regimes may exist, depending upon the
product of Grashof number and the radius-to—lenéth ratio of the tube. The
assumed flow regimes are:

1. Similarity flow. For small values of this product, i.e., for large
values of length-to—radiusbratio for a given Grashof number, the boundary
layer fills the tube. The velocity and temperature profiles are fully de-
veloped. He predicted that for this type of flow, the velocity and temperature

distribution are similar at each section of the tube, only their scale is
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ncreasing as the orifice 1s approached. Assuming that the velocity and
tempefature vary linearly along the tube, he concluded that there is an
aspect ratio for which the temperature changes from its value at the orifice
to the value at the bottom. Extending the tube beyond the length determined
by the above ratio, the édditional length is filled with fluid at rest at
the wall's temperature.

2. Boundary-layer type of flow. For high values of the product of
Grashof number and radius-to-length ratio, i.e., for short tubes, the flow
is of boundary-layer type.- Iﬁ the extreme cése, when the boundary layer
'fills a negligible portion of the tube area, the flow approximates the free-
convection flow up a flat plate.

3. Non-similarity regime. This is the type of flow predicted to exist
for Qélues of length-to-radius rgtio which Lie'bétWeen the.values correspond-,
ing to the firét and thé third case. The boundary léyéf fills ailérge‘portion
of the tube section. He used the Squire technique to solve the first and the
third cases.

Hammitt9 considered the case of a closed vertical cylinder with internal
heat generation. He used the Lighthill technique, modified fo account for
the heat sources. The agreement between the calculated and measured values
of Nusselt's number is not good. This is probably due to some of the inev-
itable assumptions which are made: (1) small inertia forces compared to
buoyancy and shear, (2) radial extend of the temperature and velocity boundary
layers is the same, (3) the boundary-layer approximations spply. The first

assumption is wvalid for large Prandtl numbers; the second is valid for
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Prandtl numbers near unity. The disadvantage of this method of solution is
that it is in capable of detailed examination of the end conditions.
. X . 22
Following lighthill, Ostrach and Thornton  consldered a geometrically
similar case with a linear wall temperature. In Ostrach's paper, as well as
in Lighthill's paper, attention was given to the stagnation of natural con-
vection flows at the closed end. The same problem considered by Lighthill

was solved by Ievy,l7

using integral methods. He assume that the upward
flow consists of a layer of thickness & near the wall, the remainder of the
tube being filled with cold fluid flowing downward. He assumes three regimes
of flow Similar to those postulated by Lighthill. If the tube length is less
ﬁhan or equal to a length £, the stagnation region does not exist and the
gpflow convective layer increases with x. For axial distance x > 1:, €

" reaches 8 éonstant‘ﬁélue d, and such a flow‘occufé fof.ll <x< Is. For
x > 1o, there is a gtagnation region at the cloééd section of the tube.

Romonov,28 also using integral techniques, solved the same problem con-

sidered by Lighthill and levy. His calculations agree with those of Lighthill
for infinite Prandtl number, but they differ considerably for Prandtl numbers

near unity. The measured and the calculated temperatures are in a good agree-

ment for different wall temperatures.

B. EXPERIMENTAL STUDIES
A large number of experimental studies héve involvgd flat plates immersed
in an infinite fluid at rest and either heated or cooled. 1In general, there

has been good agreement between theory and experiment. Considerable exper-
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imental work has been done in the field of natural convection in tubes and
fencloéuresa This work has concerned specialized applications and particular
configurations. Most of the experiments were in connectiod with cooling gas-
turbine blades and nuclear reactor applications. Although most, if not all,
of these Uxherinments are not applicable to this stuéy, they will be helpful
in indicating the general trend and the type of experimental equipment re-
quired.

Probably the most comprehensive experimental studies of natural con-
vection in thermosyphons are those conducted by Martinl9 in an attempt to
check the theoretical work of Lighthill. #His results agree qualitatvively,
although the measured heat-transfer coefficients are nearly twice as large

as those predicted by Lighthill. The three regimes predicted by Lighthill

were identified from measurements of heat transfer rates. The heat transfer

o
.

rate waé greateét for large wvalues of theproduct of Grashof number an@ thé
radius-to~length ratio. The rate was highest at the bottom of the tube,
which indicates that there—is boundary-~layer type of flow. At small values
of the product, theheat transfer varied linearly from the orifice to zero at
the bottom of the tube, from which Martin concluded that there is a similarity
regime., A region of instabilities, characterized by nonsinusoidal oscillatory
flow, occurred between the above two steady regimes.

Siegel and Norris3l shed some light on the oscillatory flow mentioned
by Martin by exploring the air flow patterns in the space between two heated

wide plates, closed at the bottom, open at the top, and insulated at the sides.

For spacing of 0.28 of the plate height, the flow pattern was symmetric, with
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upward flowing boundary layers near each plate surface and downflow in be-
tween. When the spacing was reduced to 0.21 of the height, the flow pattern
became asymmetric, with half the cross section occupied by upward (near one
plate) and the half near the other plate occupied by downward flow. For
smaller spacings, the asymmetric pattern presisted with periodic non-sinu-
soidal reversal in flow direction and temperature fluctuations.

»Curren and Zalabakh conducted an experimental investigation to determine
the effect of length-to—diameter ratio of closed end coolant passages on
natural-convection water cooling of gas turbines. They reported no signif-
icant difference in the heat transfer for the different length-to-diameter
ratios investigated ranging from 5:1 to 25.5:1. For the largest length-to-
diameter ratio, 25.5:1, the boundary layer fills 87% of the tube cross

-

section.

36

The visual stﬁdies of Sparrow and Kauffmen’~ of freé convection of
water in a narrow vertical enclosure, cooled at the top through a copper
su;face and open at the bottom to a heated reservoir, revealed that the

flow pattern is not steady. No region of the enclosure is permanently a
region of upflow or of downflow. The size of the wvarious upflow and downflow
regions varied along the length of the enclosure at a given time. The num-
ber and size of upflow and downflow regions also varied with time. However,
end effects were observed, and a continuous dqwnflow took place in a 3/4-
inch band adjacent to both walls. Generally, the dominating character of the
flow was instability.

10,11,15

Hartnett, et al-, studied the free-convection heat transfer for
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the geometry postulated by Lighthill, but with a constant heat flux at the
-tube wall and water and mercury as working fluids. The effect of inclining

the tube was also investigated. Temperature oscillations of the same nature

as those reported by Martin and Siegel and Norris were observed. Contrary to

the results reported by Curren and Zalabak, the heat transfer was considera-
bly influenced by lengfh«to—radius ratio. A decrease in length-to-radius
ratio from 22.5 to 15 results in approximately 100 percent increase in the

Nusselts numbers.

2
Skipper, et El'!i studies the natural-convection flow pattern in viscous

0il in rectangular tanks heated at the center by vertical coil heater. The

flow pattern consisted of a narrow éhimney of hot oil rising vertically around

and above the heater surface, and a horizontal layer of hot oil at the free
'surfgce Sepéféted by afsharp<vertica; gradient frog the remaining cold oii
beiow. The hot oil layer had é smail veftical tempera%ure.gradiegt, wiﬁh
maximum temperature at the top. The hot oil layer at the surface became
increasingly thick with continued heating. The hot oil was found to flow
downward at the walls of the tank, while there were suggestions of circulat-
ing currents at the side of the rising chimney. The flow pattern shown
suggests that a vortex was formed at the free surface near the center line
where the hot rising chimney is bifurcated and spread horizontally along the
surface. Eichhorn6 observed similar vortices. These vorticigs were formed
at the free surface of water near the walls_of a cylindrical tube 2 inches

diameter and 5-inches long, uniformly heated at the walls and open at the

tbp.
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Some of the literature pertsining to the problem at hand will be men-

tioned later in this study where its application is more important.
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IIT. THEORETICAL ANALYSIS

A. FORMUIATION

1. ©Statement and Physics of the Pfoblem

A closed container is partially filled with a cryogenic ligquid. Ini-
tially the liquid and the vapor which fills the ullage volume are assumed
to be in equilibrium at the temperature T,, the stauration temperature cor-
responding to the initial pressure Py. Previous tests indicate that boil-
ing due to heat leaks from the ambient 1s a surface phenomenon only; vapor
bubble formation is confined to very near the surface; the rest of the liquid
does not contain vapor bubbles, and a small change in the ullage pressure is
- sufficient to cause boilihg'toiceasle.13 From this initial -condition~9 the
Wail of the vessei is assﬁmed t§ ﬁnéerééxa step ch;nge in temperature or is
assumed to be subjected to a uniform heat flux. Simultaneously, the pressure
'in the ullage volume is changed to P4, which may be equal to or greater than
Py. The measurements reported in Refs. 3 and 7 indicate that the interface
temperature rises very rapidly to Ty, the saturation temperature correspond-
ing to the pressure Py in the ullage space for these conditions. Buoyant
forces, caused by density wvariations in the liquid, set up natural convection
currents. The liquid-vapor system tends to adjust to the new non-equilibrium -
condition by transferring mass and energy across the interface. The controll-

ing factor is the interface temperature, and each region transfers heat in-

depéndently of the bulk temperature of the other region. An imbalance of the
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heat transfer st the liquid-vaepor interface is counterbalanced by a phase

change, i.e., either transient evaporation or cendensation occurs at the’

interface. In this analysis, the problem is formulated in its general form,

taking into consideration the interaction between the ligquid and the vapor

phase. Ister the problem is simplified, meking it tractable for analysis

without seriously impairing its utility.

2. General Model

Consider a rectangular two-dimensional tank of width 2a and height h.

Vapor
e (o) = b
i Liquid
!
/4-)\ 1
X | g A7
N |
i |
, |
j-— i‘l“_“‘.‘:.—"-’-'"‘:::: {" eI y T “‘]‘
i |

The initial height of the liquid is b,
and the depth of the vapor is c. The
origin of the coordinate system is
tgken,at the middle of the tenk bottom
with x positive in the diréct;on of the
liguid. The g-level is sufficiently
high so that the effect of surface ten-
sion can be neglected. The location of
the liquid-vapor interface at any one
time is given by x = X(t). The two-
dimensional transient conditions will

be considered.

The differential equations governing the velocity and temperature dis-

tribution in the liquid and vapor regions are:
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The momentum equations:

The x-momentum equation:
u du du dp
-_— 4+ - + - = = -
“@1-, "X "a;) " X

3e3--80 36 D)

The y-momentum equation:

where, ¢ = dissipation function (see Nomenclature)

The continulty equation:

dp , O(pu) , 3(pv) _
3 ok Ty - °

(1)

(2)

(3)

(1)
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Initial conditions:

T(x,y,0) (5)

I
OP‘B

Tg(X:Y;O)

u(x,y,0) = v(x,y;0) = uylx,y,0) = vylx,y,0) = 0 (6)

Boundary conditions:
(a) Velocity boundary conditions.
Assuming the no-slip condition to prevail at the tank walls, the follow-

ing boundary conditions are obtained:

ulo,y,t) = ulx, x a,t) = 0 (7
'v(‘o,y,t) = v(x, +a,t) = O (8)
wgling ) == B (Fs-8) ey

ug(x, * a,t) = vg(x,ia,t) = vg(h,y,t) = 0 (105

Agsuming zero shear stress at the liquid-vapor interface, the interfacial

boundary conditions could be stated as:

wWEyt) = wye) = 2 (11)
N ox,y,t) = D& (X,y,8) = O (12)
5= Y s 3% A :

From the geometric symmetry of the configuration with respect to the y-
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axis, it is assumed that the y-component of the velocity vector is zero at

the axis of the tank and that the x-component of the velocity is an even func-

tion of y, i.e.,

v(x,0,8) = O (13)
e (x,0,t) = O (1k)
dy

(b) Thermal boundary conditions.
The bottom and the upper surface of the tank are either insulated, sub-
jected to a uniform heat flux, or kept at a»constant temperature. The walls
are either subjected to a uniform heat flux or kept at a constant temperature.

Cwing to symmetry, the temperature will be an even function of Y.

(1-) "a"T"' (X;d:t) | .= §Eg (X,O)t)' = 0 (15)
dy . oy
(2) - 8. é‘l];' (OJth) = éT_g (hJY;t) = 0
Ox Ax
© T | oz |
b, k —}Z (O;.Yﬁt) = kg 'é;g (h’y’t" = (q/A)W
c. T(o,y,t) = Tglh,y,t) = Ty (16)
T : Mg 1
(3) -a kS (x tat) = K g}ﬁ (x, + a,8) = (a/A)y
b. T(x,  a,8) = Tg(x, t a,t) = Ty (a7
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(4) - a. T(x,y,t) = T (Xy,t) = Tg

oT or
b. a’(b,y;t) = ’a;'g (b,Y:t) = 0 (18)

Any case considered in this work is a combination of the thermal boundary
condition, given by Eq. (15), and one of each of the other three boundary con-
ditions given by Egs. (16), (17), and (18).

Applying the conservation of energy across the interface

dax G N [or
p hfg(\a"{) = K(%X- (X;.Yﬂy - kg <—a~;{g (X,y,tD (19)

In addition to the boundary conditions stated above, we have the equation

of state P = f(p,T) for the vapor region. Also, an overall energy and mass

balance, consideriné ?he‘system composed of the vepor and liquid fegions,~ié
automatically satisfied by any exact solution; it provides a means of checking
assumptions or simplifications introduced later in this analysis. As another
check on the solution, the net rate of fluid flow across any section of the

a
liquid tank is equal to zero, i,eo,h/\ udy = O
-8

3., Simplified Model

Due to the complexity of the problem, only the liquid region is considered,
for which a simplified model is adapted. In reality, the amount of evaporation
or condensation is small; therefore, the interfacial displacement is neglected,
and the interface is assumed. to be alﬁays at x = b. The pressure of the vapor
is considered to be constaht; consequently the interface temperature is con-

stant. Constant fluid properties u, CP’ ¥ and p are assumed. Density varia-
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tions are allowed in the x-momentum equation only. The pressure terms and
the dissipation function in the energy equation are neglected.

Initially the pressure throughout the tank is the hydrostatic pressure.
The variastions in pressure and density caused by the fluid motion and tem-
perature gradients from initial values are expected to be small. Therefore

the following assumptions are introduced:

L]
|

P, + P!

and

kel
[l

o t P

where P, is the initial hydrostatic pressure, P' the change in pressure from
the initial vglue, po initial density, and p' the change in densi@x.

Since ﬁhe‘pressure variations a;e small, thé density changes due.to
pressure are negligible, and density variations are caused.mainly by temper-

ature changes. Then p' can be closelLy approximated by
Pl = p - Py = Py B(T,-T) (22)

where B 1s the coefficient of thermal expansion.

Similarly,

oP op*

S - " P&t (23)
® _ pp!
5 " S (%)
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Substituting the above expressions in the momentum equations:

The x-momentum:

~ u, _ du @, (R
ooty e B@E) o

The y-momentum:

v dv dv dp* gy %
GGy - -G B (6)

The continuity equation:

-gx-"-)l+ %—;— = 0 (27)
The ehe?gy équation:, ._
2 2 :
i T o foT ¥
§§+u§£+v§;_0@x2+8y2/ (28)

The substitutions necessary to reduce the above differential equations

t0 nondimensionalized forms are:

ob a
- Py v = -—V
u oz U 5 -
volb a2
T, = t o= ==
To T Bgat ’ a
x = bX s ¥ = &Y (29)
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S . Substituting Eq. (29) in the differential equations, differentiating
the x-momentum equation with respect to y and the y-momentum equation with
respect to x, combining the two equations, and introducing the stream func-

tion, the following equations are obtained:

8a6+\l; L ov.d /% 3%y, 9%

3]
or\pZ 3X%  JYZ/ oY ax 2%E T NE) T §{

2 ; 2 /o2 N2
ao 2 a2 %y | DR L P [fR2 Ay ay2>] (200)

= TECE Lb?— B2 32 T v T AR 0

and

%, % _orw _ ad%, % (30)
d3r oY OX OX oy b2 9K2 oY@

X
The initial conditions
o(x,¥,0) = © (31)
¥(%,¥,0) = 0 (32)

“and the boundary conditions are:
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Ny 2 My - '
’l’(xil)'r) = aX(X:lr) = BY(X’l,T) =.0 (35)
‘!"(O:Y;-) = aX(O:Y;T) = BY(O,Y’T) = 0 (51*)
W(1,Y,7) = 2¥(1,v,7) = V(1,11 = o (
ALy L, T = 352 21,7 = -5?-2- 2L, T 35)
Vo = Shom - oo = o (36)
oG a0
—a-)-(-(O,Y.,'I’> = S?(X:O:T) = 0 (37)
g%(X,I,T) = Gr* , or
o(X,1,7) = 6y (38)
@(l:¥37) = .Qs ,‘or ‘g’g(l;Y;T) = O" (39)
where:’ .
ar* = (a/b)Pr gpa’(a/A),] (&v®) (40)
0 = %(TS'TO)Pr gpa3/v2 = (a/b).Pr.Gr (k1)

From the above system of equations and boundary conditions, clearly U,

V, and © are functions of x,y,T,»a/b, Pr, Gr, and Gr¥.

B. THE SCLUTION
The nonlinear, fourth order system of Eg. (29a) and (30) is not amenable
to mathematical treatment using classical methods. Furthermore, Ostromovzh

and Batchelorl found that neither the successive gpproximetion method nor the

series expansion is suitable for handling such a system of eguations for any
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arbitrary Pr and Gr. Taerefore it was decided to employ a numerical method
for the solution; the finite—diffe}ence approximation was chosen for the work
in this report. The advaantage of this method over other numerical methods is
that the boundary-layer assumption is no longsr necessary. Instead, the full
Navier-Stokes equations can be solved. The results obtained by this method
can be used to check the wvalidity of the simplifying assumptions made by

others.

C. FINITE-DIFFERENCE APPRCXIMATTONS
The fourth order, nonlinear system of Eq. (29a) and (30) is transformed

to a second order, nonlinear system as follows:

Iet
3 a 62\!! ?.a’aw
Vo oo (42)

Upon substitution in Egq. (29a), the following-equation is obtained:

Sw . .. Ow ow ele] fa® 3% . v :
-B—T--*-U-a—i-f- V—a-‘?- = Pr—a-i;- 'Fr(TL—EWT 6!‘2] (43)
0 30 0 af 0% 3% .
—— I — 7 — w —d —
> Vs ' b° X2 Y2 (bt)

By definition, w is twice the negative of the vorticity, and Eq. (43) is
known as the vorticity transport equation. ¥For convenience U and V are sub-
stituted for o¥/dY and - OV/dX. By this transformation, the system of Eq. (30)

and (31) is reduced to three second-order, nonlinear equations which are
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easier to handle by difference methods compared to the two nonlinear, fourth
order Egs. (29a) and (30).

The differential Egs. (42) (43), and (4k) are approximated by a system
of difference equations. Each first order term in Egs. (43) and (4k4) can be
expressed in forward, backward, or central differences. The choice of the
type of difference approximation is determined by whether implicit or ex-
plicit difference method is desired and by the stability requirements, to be
discussed later. From' the beginning of this analysis, explicit methods were
felt to be more suitable for handling Egs. (L43) and (L4L4), because the principal
interest is in transient phenomena for small physical time. This'implies that,

for better accuracy, small time steps should be used from the beginning of

>

computation. Desinberre” showed that explicit methods are éuperior to impliecit
methods as far as ac;uracy is éoncerned; he also found that the accuracy re-
quirement restricts the size of the time increment, in the case of implicit
methodas, to values smaller than requiréd by stability considerations. When
explicit methods are used, the nonlinear terms U(ow/3X), Vv(ow/dY), U(d0/3X),
and V(36/0Y) have to be approximated by forward difference when the sign of
the velocity is negative, and by backward difference when the velocity is
positiveg55 Central differences are used if implicit schemes are desired.
Since the velocity components change sign in the domain ofinterest, four dif-
ferent sets of finite-difference equations are required, and the appropriate
set of equations at each location or nocdal point is determined accordingly.

The four sets of difference equations corresponding to differential Egs. (43)

and (44) are:



(i) U0, V>0

—kh5a

l,J"Wi,j + 0 WirJ-wi'l;J + ¥ wisj—wi,j"l
AT 154 AX 'd AY
To » wn ,« . 2 - - 'y . 3 - » Y
= Pr ° 154 © l:J"l + Pr _a;_ Wl+l J 2W1 J l"l]t] + WlLJ+l 2W1;J ;J l
AY b2 (AX)2 (ay)2
A e SRS U e 5 O SN WO e O
e SN 1,3
AT ’ AX ’ AY

8% 0541,3-93 370515 . 91,5+1-%91 5%01 51

= (L46a
(ax)< (ay)2 )
(i) U0, V<O f ]
V1,37V, Vi,37Vi-1,] Wi 3+17Vi g
* UL Yy g s
o , AX : NG
[ 2O, 2 - ey .. ~ L L
s opp 21,379,301, 5 A3 a1, 578N 5TV 1,5 Y, 5BV gty g1)
= e .
g 1,J° 1zJ + Uy 3 e} i,J -9i. 1,3 4y . @izj+l_gigj
A7 »d AX 1,4 AY
- a2 gl'fl J-2Q1 J-rQ] -1, N 04 L 341 2@1’3.‘.@1"]_1
b2 (ax)2 (a1)2 (46p)
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(ii1) U0, v>0

W's s=Ws = Ws Wi W s =W
— 3,97, oy, AL Ly L0,
AT 1sd AX 1sd AY

e'; ;-0

AY b2 (ax)2 (aY)2

©'1,3791,5 . _ %i+1,37%,3 v 91,57%1,5-1
AT 154 AX 1,4 AY -

2 Q9. =20. ++0. s saq=20: 40,
ia__ Ol+173 291,J+ol—l,J + gi)J+l 291; J+Ol,:]"l
b2 (ax)2 (AY)2

(iv) U<0, V<O

AR I e U SO £ W e U0 S - O L R B
i,d i,d
AT ’ ’d AY

Qs 2w, s 2OWs W . o s =2Ws . s
= Pr 1,4 l;J"l + Pr[i— W1+l)J 2w1,3+‘w1"1)3 + WlsJ+l 1)j+w1’3"a

(b5c)

(46c)

H H 2 ’ :
- 9'3,57C",5-1 8% W41 378y g*Wi1 5 Wi, 541725 5ty o501
Pr + Pr = + 5

AY b2 (8X) (AY)

O 501 . ©141,37%1,3 7 - O; 3+17°1,3

——elE 4+ Uy g i)y =P
AT ’ AX ’ AY

_ 2% 0141,57%01 %05 1,5, O1,5417895,5%0 51

b2 (ax)2 (ay)2

(u6a)



" The prime refers to the value of the variables at the present time step,
and the unprimed variables correspond to those at the previocus time step.

The two-dimensional space domain of interest is bounded by O g X £ 1,
-L£Y < 1. Only the region to the right of the x-axis is considered because
of geometrical symmetry with respect to this axis. The integers i and j de-
note the x and y position respectively, with 1 = 2, j = 2 as the origin,

X =(i-2), sx and Y = (j-2).

D. STABILITY AND CONVERGENCE

The method used in this section follows that Qf‘Refs; 27 and 12. The
theoretical background for the method may be found in Ref. 27, which presents
an excellent discussion of the subject.

Stébility is a necessary condition for the solution of the difference
equations to converge td the solution of the diffefential equations as the
size of the increments Ax, Ay, and At tend to zero. In other words, it is
important to identify the behavior of the approximation error as the size of
the increments goes to zero and to establiéh the restrictions to be imposed
on the difference equations in order that the error will tend to zero as the
increments Ax, Ay, and At go to zero. This requifes that there be no un-
limited amplification of the error as the computing cycles become infinite
in the limit.

The Von Neumann method of stability analysis is used in this problem.
This method is strictly valid for constant-coefficient difference equations

while the eguations involved have variable coefficients U and V; however,
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very good approximation for the stability criterion is obtéined by treating
the variable coefficients as constants throughout the analysis and then let-
ting the variable coefficients take on their most adverse wvalues in determin-
ing the restriction on the time increment size. The fundamentals of the ap-
plication of this method of stability analysis aré best illuétrated by the
problem in hand. The method will be applied for the case U >0, V> 0. The
stability criterion holds irrespective of the sign of U or V. The absolute
value of U and V must be used in the equations or inequalities describing
the stability criterion, and the appropriate differénce equations must be
used according to the sign of U and V, as described earlier.

The solution of the difference equations can be written as a Fourier

series, the form of which 15227
Wing _ ;Z }:Q(n) ei(le‘*‘KzY) (47)
’ K7 K2
Q§n‘)j - Z § “(n) ei(K1X+K2Y) ()4.8)
’ Ky Ko

where K; and Kp are integers, n is a superscript denoting the nth time periocd,
and £ and u are functions of Ki and Kp. Substituting the system of Egs. (47)
and (48) into Egs. (45a) and (46a), the following equations are obtained after

some algebraic manipulations:
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©~
+1 K s . ,
Z g(n ) g(n)@ﬁag oKX as © iKoBY | as JIK18X | as elth@

(a+1) ] 1 (K1 X+K oY)
s K

+ a ; = 0
—
VN (a1 1K 18X SiKAY C 0 iKae¥ ] 1K oAY
[J “( )_ u(n)<;1+cere Ki8X | g o TRE ¥ ca iK1k | cs K2 %)
Ki Kz ) ‘

x °i <K1X+K2Y)

From the above equations, it is concluded that the difference equations are

satisfied if

n+l n -iK,AX -iKsAY , iKsAY iKsAY
E( )1= E( ) R as e 2%t . ) 2 + 85 € 2 ;>4zas n

a}+a2 e
S 0 (k9)
and
“(n+l) _ “(n) . o~ 1K18X. ca i AN ca RESTS O cs eiKgAY) )
where:
o -1 @8 G e e et D v

a2 Pr_ . lug 50N .,

g2 = \pZ (ax)2 AX
Pr le jl

= + A

o Qay)g AY > T
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ag = o5 2= AT
4 b2 (AX)2
At
a = P
® T an)2
er = 1_(22_ 1,2 +M+HLJDAT
_ b (aX) (AY) AX AY
. a? _ , 1Ui3),.
2 (b aX)2 AX
1 .,,Via
= -+~ =zl A
c3 <lAY)2 Y _:> !

a b=4
[ed = - LAT
4 Qb AX))

AT . .

No definition has been given to ag since it has no effect on this analysis.

The system of Egs. (49) and (50) are of the form:

: D (k1K) + are 1™ (Ke,Kz) (51)

]

(me2) )

(n+1)

5 a1 E(n)(Klsz) + azo M(n)(Kl,Ke) (52)

i

In the matrix notation, the above equalities can be written as
¢ (n+1) £l a e (n)
i
u(nt) N\az1 a2 uln) (53)
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The quantity between the first parentheses on the right-hand side of Eq. (53)
is called the amplification matrix. The Von Neumann condition necessary for
stability is: lk maxl < 1, where N pgx 1s the largest eigenvalue of the am-

plification matrix. The eigenvalues are given by

a1y~ 812

agz1 apz-M

Substituting the wvalues of a31, 812,...€tc. in the above determinant

and solving for A, we get.

Ny = ay +oap enTKABY L -iKaAY L IKGAX o 3KoAY (54)

Ne = cq + cp e TRAK 4 o omiKalY o QKK 4 o G1KAY (55)

The coefficients ai, 82,+.<,¢35c2..setc. all are positive except &; and c3,
which may be positive or negative. The largest absolute values of A3 and Ay
occur when all the terms in Egs. (Sk) and (55) are real, i.e., when K1AX

K18X = K24Y = 2x then,

Nlgax = 81 taztagtagtas (56)

= + + + +
Ne oy ¢y tcgt+teg teg +ces (57)

Substituting the values of aj, 8z,+vvy; C1lyene,Cs in N o

|

N gy = Mega, = 1 (58)
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Therefore, we can conclude that A ., Will not exceed unity and will not im-
pose any stability restrictions. If there be any restrictions, they are t6
prevent the minimum velue of A from becoming less than -1.

The minimum of the eigenvalues occurs when KjAX = KoAY = n and 'is given

.‘by
A = 83 ~ 8p - 83 - ug - asg
min
N2 pip T C1 - C2-C3 -C4 - Cs
or

e
'—'
|

2 P U.' Vs 2
min = 1-2 m(e Pr(baAX) +2 (é)a + L‘Afl_ +-LJ;JJ-> (59)

Az . o= 1-2 AT(EQaAQE + (A2 PRI f-‘-‘-’ﬂgﬁ-‘— ' (éo)'

min Y)< AX

Therefore, for lxl < 1, the following inequalities should be satisfied:

2a® - 2 ug, gl o 1w gl \
A + + all 4 L <1 61
TQZ(AX)Z (AY)2 X 2y /= (61a)
2 P luy 5 vy
g r 3,3 1Vi,9
—_) + 2 + + < 1 61b
ATG‘ O I ol 5 D* (610)

Equations (6la,b) are requisite for stability. For values of Prandtl
number less than unity, inequality Bq. (6la) is more restrictive and, there-
fore, should be-used.» For higher values of Prandtl number, inequality Eg.(61b)

must be used.
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The numerical solution is carried as follows:

1. The temperature distribution is first calculated using Eq. (L5);

2. The advanced values of temperature Q' are used in Eq. (46) to cal-
culate w';

3. ‘The stream function is calculated at each time step, using Eq. (h2).
The solution of Eq. (42) is done numerically, using successive row relaxation

36

followed by successive column relaxation.
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IV. RESULTS

Calculations have been carried out for the case of a container with an
insulated bottom whose walls are subjected to & uniform heat flux, and the
liquid surface is maintained either at the initial temperature Ty, at a tem-
peraturé, T,, higher than Tb, or is adiabatic. The last case is expected to
‘approximate the transient convection in the liquid when exposed to a non-
pressurized gas. Different levels of heat flux were considered, ihcluding
10 and 1000 Btu/hr/ft2.

For these calculations, the fluid-properties chosen were those of liquid
nitrogen initially at atmospheric pressure,’the initial saturation tempera~-
ture Qas.ihO°R..:The fluid properties were éféluated'at.a tempergtﬁre ghual
to the average of the initial temperature and the ligquid surface temperature.
The values of the liquid properties were taken from Ref. 38 and are summarized

in Table I. The height of the liquid b, is 1 ft, and the width of the con-

TABIE I

FLUID PROPERTIES

Thermal diffusivity o, £t%/sec 8.62 x 1077
Thermal conductivity XK, Btu/hr/ftZ-°R 0.0775
Kinematic viscosity v, ft2/sec 1.68 x 1078
Coefficient of thermal expansion, B, °R™* 1.3%3 x 1072
Prandtl number .91
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tainer is 1/2 ft.

The flow pattern for the case of a constant wall heat flux of 10
Btu/hr/ft2 and liquid surface maintained at initial temperature Ty is shown
in Figs. 1, 2 and 3, using a 21 x 21 grid corresponding to AX = AY = 0.05.
These results show the streamline pattern at different time levels—50 sec,
2 min, and 5;6 min respectively. An interesting streamline pattern is ob-
served at the free surface. For a short time after the beginning of heat-
ing, the boundary layer rising along the container walls turns smoothly
changing its direction from upward to downward flow (Fig. 1). The downward-
moving particles near the rising boundary layer reverse direction and join
the upward flow, thus giving rise to the vortex near the free surface. The
fluid away from the edge of the boundary layer flows ne;rly to the bottom
of the container, whgre it joins the ug%ard—mpving fluid. .For greater times
foliowing the introduction of the transient, the st?éamlinesvnear thé free
surface show the presence of fluid ogcillations (Figs. 2 and 3). These os-
cillations first form near the wall, their amplitude grows with time, and
they move towards the centerline of the container. The calculations show
that this oscillatory phenomenon is repeated with time in the sequence de-
scribed (Figs. 2,3,4, and 5).

The effect of increasing the level of heat flux on the flow pattern is
clearly shown in Fig. L4, whigh shows the flow pattern obtained after heating.
for 51 sec with a wall flux of 1000 Btu/hr/ft® and the surface temperature
maintained at the initial temperature T,. The comparison between Figs. 1 and

4, which correspond essentially to the same time, shows that the oscillatory
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streamline pattern develops earlier for high heating rates than the low
heating rates. Except for the latter effect, the flow pattern at the higher
heating rates has the same characteristics as that for the low heating rate.
The magnitude of the velocities, of course, is higher for the higher heat
flux.

Thg streamlines for the case of a constant wall heat flux of 1000
Btu/hr/ft2 and adiabatic interface are shown in Fig. T.

Figures 8 and 9 show the streamlines and the isothermals, respectively,
obtained at 1000 Btu/hr/ft% wall heat flux and the interface temperature
maintained at 160;R, which corresponds to the saturation temperature for a
pressure of 45 psia. The axial temperature gradient in the boundary layer
is negligible for aBout TO pgrcent of the container height at & time of 48
sec,. At the upper portion of the éontai%;r, near the free.surface, the axié}
temperature gradients are considerably greater. On the 5ther hand, the
transversal temperature gredient is greater at the lower portion of the tank
and becomes smalier near the free surface. The temperature distributionAex—
hibits the same character in all the cases analyzed. These phenomena éan‘be
explained as follows: for small times, the fluid near the container walls
flows upward in a thin boundary layer. In its upward movement, the hot fluid
entrains some of the cold fluid at the edge of the boundary layer. This
heated boundary layer is discharged at and just below the free surface, where
its transverse velocity is highest. To satisfy continuity, the heated fluid
which is discharged at the free surface causes the colder fluid to move down-

ward, thus producing a series of horizontal isotherms. With time these
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igotherms_penetrate further pelow the free surface. At the lower portion of
the container, the transversal temperature gradient is very high near the
wall and negligible in the remainder of the container. It is smaller near
the free surface, where the boundary-layer flow is discharged. The thermal

boundary layer fills the entire cross section in this region.

A. THE EFFECT OF GRID SIZE

Calculations were made for the case of constant wall heat flux of 10
Btu/hr/ft2 with the fluid surface at its initial temperature, using 21 x 21,
16 x 16 and 11 x 11 grids. The streamline patterns are shown in Figs. 1-1,

6. The oscillatory pattern is obtained in each case, but it is on a smaller
scale for the 11 x 11 grid. The axial velocity distribution obtained at a
given~time is plotted for various axial positions in Fig° 10. The values oOb-
taineé using 16 x l6'ané 21 x Ei are in close agreeﬁent. Figﬁre 10 shows that
the difference between the values obtained using different grids is greafer
‘near the wall and at the center line; otherwise they are in substantial agree-
ment.

Figure 11 shows the dimensionless wall temperature at a location x = .6
plotted again;t dimensionless time. The deviation‘is greatest for small times.
The difference decreases with time and is practically negligible for dimen-
sionless time of 0.003, which corresponds to about 3.6 min.

Figure 12 presents the velocity at different locations as a function
of the grid size. Examination of this figure reveals that the velocities

change monotonously with the grid size. Their values are expected to converge

163



to the true solution for a number of divisions of the order of 30 x 30. This
is seen from the extrapolation shown as dotted lines in the figures. The
rate of convergence is slower near the boundary and at the center than at in-
termediate positions.

The computations were done on the IBM TO90 digital computer at the Com-
puting Center of The University of Michigan. The machine time required to
complete the calculations and to print the results for U,V,T,w, and ¥ every
20 steps is 1.7 sec per time step for the 11 x 11 grid. The corresponding
times for the 16 x 16 and the 21 x 21 grids are 8 and 11 sec, respectively,

-for printing the results every five steps.

B. COMPARISON WITH EXPERIMENT
" An iﬁvéstigation.of the li@eraﬁuré on natural convection_showed:that~
’ féw bresent reéults are applicable to those reported here. These include
the work of Eichhorn6 and S. K. Fenster, et gl.,7 there 1ls other litefature
concerning flow phencmena in free convection, but, except those cited, none
included systems with a free surface.

Bichhorn conducted visual studies of the natural convection laminar flow
of water using an electrically heated cylinder 2-inches diameter and 5-inches
long. His results are shown in Fig. 13. The magnitude of the heat flux was
not given. From the discussion it is concluded that the results represent
the unsteady state.- Figures 13a and 13b show the flow pattern observed at
high heating rate; Fig. 13c shows that obtained at low heating rates. At low

heating rates, the streamlines assume a damped-wave shape. At high heating
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rates, annular vortices repeatedly form near the free surface, roll up until
a certain size is reached, whereupon they move away from the cylinder, and
another vortex vegins to form. The comparison of Figs. 1-8 Qith the results
of Fig. 13 shows that the shape of streamlines observed agrees with that ob-
tained from the theoreticgl solutions'presented here.

Fenster, et al., studied experimentally the transient phenomena associ-
ated with the preésurization of liquid nitrogen initially boiling at constant
heat flux. Although the initial temperature distribution agrees with that
assumed in this analysis, the initial velocity distributiocn does not. At any
instant after pressurizafion, there was no difference between the temperature
at the‘tank centerline and midway between the centerline and the wall at an
axial location below 0.6 of the liquid height. These results ;adicate that
thé isotherms ar; horizontsl in‘the core of the tank, which ‘agrees with the
caiculatéq isotherﬁs shown i; Fig. 9.

Temperature oscillations of the'type shown in Fig. 9 were also obtained
by Poots26 for the steady state solution of the temperature distribution in
a two-dimensional closed cavity. In this case, the walls are kept at a con-
stant temperature, one wall hotter than the other, and the upper and lower

surfaces assume a linear temperature distribution. These results are shown

in Fig. 1lb.
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V. CONCLUSIONS

The equations describing the transient, two-dimensional, laminar, nstural
convection in a rectangular closed container having a vapor-liquid interface
have been solved using explicit finite-difference approximations. The velocity
and temperature distributions indicate that, for small time ﬁeriods, the flow
is of a boundary-layer type, except near the bottom and the liguid-vapor inter-
face. No indications of numerical instability were encountered. The size of
the time increment was restricted to small values by stability consideretions
Based on the method of Vbﬁ Neumann. However, a small time increment is de-
sirable in order to obtain accurate transient results at small time.‘ On the
-othér hend, if steaay state results ;re desired, the ﬁuﬁgér 6f cdmputations.
using the explicit method wi;l be’large for fine grids and for systems hgving
a high heat flux. The machine time méy be of the order of 2 hours in this
case,i2 and the use of implicit methods would be superior. However, the ap-
plication of implicit-difference methods to this problem and to problems with
other geometry is being continued.

The results obtained using the present method agree qualitatively with

related cases reported in the literature.
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APPENDIX

COMPUTER PROGRAM

The computer program used for the cases of constant wall flux or constant
step change in wall temperasture and the interfacial temperature specified is
given on the‘following pages. The program is written in MAD language. The
symbols U,V,T,W,T,,T4,k,A, and B are the same as in the text. The meaning

of the principal symbols which are not defined in the program are given below:

Dx = Ax

Dy = Ay

DT = AT

M = No. of divisions in the x-direp?ion

‘N = ﬁb. Qf.divisions in the y-directian

GA = Acceleration due to gr;vity

SF = Stream function

ST = The value of the stream function at the previous time step
W = The value of W at the previous time step

WL = The value of W at the advanced time step

TL = The value of temperature at the previous time step

NT = Total number of time steps

NE = DNumber of interations

TJI = Dimensionless wall temperature T, for thé case of step change in

wall temperature

TI = Dimensionless interfacial temperature.
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HUSSEIN Ze BARAKAT S265F 026 300
RUSSEIN Zs BARAKAT S265F 020 ___3Q0

3COMPILE MADSEXECUTEsDUMPsPRINT OBJECT»PUNCH OBJECT

DIMENSION U(2000+DIM) sVI20C0aDIM) o TL(2000,0IM)2T{2000,DIM}s

15T(200090Im)95F(20009DIM)»WL(ZOOO,DIM)sN(ZOOO,DIM)sDI(lOu)v
L El110G1eENL100) s FL100)

VECTOR VALUES DIM=2s1,0
INTEGER la.doMoNaNT eNEaNIaN2ZsN3sIleldel ‘f_:ﬂ&_’_ﬁlC_,_JZ__,;ﬂ_’Jjﬁ_gL\Q,____

I N7sN8
EXECUTE FIRAP,

START

READ AND PRINT DATA
VIM2)=N+2

EXECUTE ZERO.(U(&;Z)-Q-U(M+2,N+Z)9V(£s£)oo~V(M*2!N+C]!T(l’l)-
oo T iMt2oN+2) s Tl {)lol)eaell {M+ZaN+L) 95T (292) 00 ST litrisN+L) s

2OF (232) 00aSFIM+2sN+21 9 Wi292) eaowW(M+29N+2) s WL (292)e0eWl (M+2y
3N+2) 91 (1) eeekE 1(N+Z),Ul(J.)oooDI(N‘fé.)vl‘(l)c-oF(N'l‘Z’ sEJ(1lees

4 EJ(M+2))
Te=1C

T5=75

uVUN“‘OJURF

A=A
N=K

TIME=C
NI=0

DX=1e/M
DY=1o/N

I11=M/2
J2=Ns2

R=A0OVERB .
DX2=DX3xDX .

DX3=DX2¥DX ]
DY2ZDYHEDY :

Dy3=pyYe*by
DXY¥Y=0X2/0Y2

DYX=DLY2/DX2
Bl=2ex{1+DXY)

BJ=2e% (Le+DYX)
Cl=CA#PR*BEITAXGOURI ¥ (AsPea ) FR/R/AEW/NEw_

THROUGH ZZ,FOR J=3s1lsJeGah+1
El1(23=0 ;

clld)=le/(BU-EL (I~

.
4
THROUGH NVaFOK 1= 3 2levaint]
£EJ(2)=0 ’
Edli)=laszlblofdli=)l))

THROUGH THETAA»FOR 172slsl eGoii+2
ULl eN+et=T 11

NTC=0
DNIC=NT 4L

THROUGH bEHHFOR J=22slsJelalts
T lmt2ad)=T1

BErn

T(M+25J)=T1
THRGUGH ALEFEFOR 12291 slsGem+t]

ALEFF

TOIaN+2)=TL(Taivr e ) tce~CL1F U 3/70Y i uilosew T lloNny ;)=
LTLCI aN+2 )YV /U LA TR TORRIRF (VL (4 oM = L-SALiAJ_ELgl Lla=ls

ZhNt2))/DX2
T e N+ 2 Y =0 U3t 2 o

TAarUUGH AALEF or U [=ZslsleGeri+
THROUGH AALEF s T OR J=cslsdelainr]
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I+DT3#(TL (I s J+1) =2 *TLATIsJ)+TL(LI»J=11)/DY2
TAlad)=T(32d)

AALEF

T(ls1)=T(3s1)
T(1s]1)=T(1s3)

THROUGH XXsFOR I=1slsleGen+]
THROUGH XXsFOR_J=1slsJeGeNt2

XX

TLIT»J)=TUIsY)
WHENEVER NTCel eN4s TRANSFER_TO BBACK

BACK

NT=NT+1
THROUGH SIGMASFOR 1=131s1leGelMtd)

S IoMA

TARQUGH SIGMASFOR J=1lslsdeGelN+2
TL laJd)=T(1lsJ)

WHENEVER NTeGeNLsDT=DTL
SMAXZL

THROUGH GAMMASFOR 1=3s191eGe (M+1)
THRCOYGH GAMMASFUR J=3s1sJeGe(N+])

WHENEVER PReLel
SERKR*2 e /DX2/PR+2e/PRIDY2+eABSe ULl s J) /DX+eABSeV I J) /DY

CTHERWISE
STRAR¥ a /OX2+2 e /DY 2t aRAnSeiulis J)/CAteAnSey il /oy

ENS OF CONDITIONAL
WHOENEVER SMAX . Cel

GAMMA

SMAX=5
ENO_OF CONMDITICNAL

SN=DT*SMAX
WHENEVER SNeGeleall=le/ MAX

TIME=TIME+DT
THROUGH SFHLFOR.  J=1s1eJeGaN+?

T(M+25J)=T1
IL(M+243=T1

THROUGH ALEFsFOR =291y lete (M+1) .
Tl aMN+2 1 s Tt LI aN+ 23 +2 aFxCld 0L 4O +TC#0T %2 e3¢l Tt {1 oh+1 1=

ITLULoN+23) /DY2+TC*OT #R¥RFATLAI+LsN+2) =2 #¥TL(ToN+2)+TL {1y

SMNE23 YV LK D

THROUGH UELTASFGR I=291l9leGe (M+])
THROUGH DELTASEQR U=2 3l s daGalN+l]

WHENEVER U(1lsJ)eGE.O -
Il (led)s=Tl {(I1=10sJ}

OTHERWISE
SreTi (Tela ll=Ti {lad}

END OF CONDITIONAL
WHENEVER ¥V (IsJ)eGEQ

CT=TL{lse)=TL{I»J~1)
OTIHERWISE

CT=TL{IsJd+11~TL{1yJ2
END OF CONDILTIONAL

TULsJ)STLULs ) +DTH(TUI+1sd) =2 T (1aJ)+T(1=19J)) ¥R¥R/OXZ+LT*
JT (Lo di 1) =2 0% T (i)t T o d=1)) /YUl o) Rl LIZRX=V {1 J)RL 15

2T/DY
T{1le.i}=T (32

(W)
m
-
-
x>

TCEs1)=T(1I93)
Tl aN+21=T(3sN+2)

TU1s1)=2T(391)
WHENEVER NTeGeNSEPSLN3I=EPOLNG

THROUGH YYsFOR I=391sleGeM+1l
THROQUGH YY sFOR J=3slsJenvelit]

W{leN+2}= =TM®U(IsN+1)/0Y
W2 )= TiM¥V (39 J) /DX

WHENEVER U(IsJ)eGEWD
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D= W(lsJ)=W(I=19J)})/DX

UTHERWIGE .
=W (I+1leJ)=W(I9J))/DX

END OF CONDITIONAL

WHENEVER V(13J)eGEeC
C=in{lad)=af Lo =132 700Y

OTHERWI SE .
Cell{Tedtl)=willad) )Ly
cNv OF CONDITIONAL

Dzlw(l+led)=20% Wl{loJi+w(l—1eJ11/DXZ
E=(W(lsJ+1)=2e%W(lsJ)+wtlsd=11)/0Y2
wh(laJdd=wl o ) +DT(RK*REDHLIXPRAPRFIDIH# (T (I ad)=T{IaJd=1112/DYX
I=UA L s J)RDTHB~V (]I s )AL THC

Wl {leN+2) = wilsp+sd

Y WLiZsJd)=w(2sJ)
NiE=0
JJ NE=NE+1-

WHENEVER NEsGalié —
PRINT RESULTS NEsnCs nNisiiiEsor{dsc)eeedr (Mrasintl2) s5T (292
1. soeS (Mt aN+Z ) s RMAX
TRANSFER TO EE
Ebhis OF CONDITIONAL
i=2
11 =1+l
la=1
THROUGH LML EQR. _J=32i0.deSeNt]
DI =(ST(I=1sJ)+STUI+19J))RDYX~DY Wb (19J)

FE(2)=9 ‘
L L FOy=(DICH+F (=111 *ET L) .
: THROUGH I NSEOR . JzlaladalaN=1
I=14
HahNt2=.J

SFUIsH)=ET(H)*SF(1eh+14+F {)
ST{1eH)=SE L] gH) :
WRENEVER JelLeM+1sTRANSFER TO 11
1=2
=ie) J=J+]
La=.1
THRUUGH MMsFOR I=391sle0Cei+1
DICI =0T (T a dm1V+ST(]e s3I ®OXY=OX2uwi {1901

Fl2)=0
MM FOI)=4nIl d+r U= a0l
THROUGH NNsFCR I=lslsleGelM—-1
NI
rEm+ 2~ 1 }
B ) SEAHe )=l (H)#*Sr{ti+]sJi+F (i)
WHENEVER JoeLeN+1s TRANSFER TU riH
RMAX =0 — ——

THROUGH AARSFOR I=3slslelaM+i
THROUGH LAASFUK U232 taslelent]
WHENEVER (( I=8e) /1i8={1=4)/NO) et o0 oANDe {(J—4e)s/N8-1U—4&)/NB)
l'E.Q
R3=eABS e ({SF(LsJ)+1eCE-20) /(5T (IsJ)+1e0L=30))
WRENEVER_RMAX el e K3y RMAR=RS
AAA END OF CONDITIONAL
WHENEVER RMAX_«GefFoLNG
THROUGH LLIFOR I=55lsleGeiitl
THROUGH LL9FGR J=3sisJeleiNt]
LL STUTsd)=SF (1 sd)
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TRANSFER TO JJ
QIHERWISE

CONTINUE
ENDR _OF CONDITIONAL

THROUGH ALPHASFOR [=1lslsleGea(M+2)
THROUGH ALPHASFOR J=lalarJeGe (N+2)

ALPHA ST(I»J)=SF(1sd) ,
' THROUGH BETASFOR 1=23slsleGa(M42)

THROUGH BETASFOR J=29lsJeGeN+1
SE(M+3Is ))==SF (M+]l e Jd])

UCTsd)={SF(TsJ+1)=5F(15J)) /DY
BETA VlaJl=s(SE (1) =8F [+1aJd)) /DX

WHENEVER NTel. oN2sPRINT RESULTS NTsDTHTIMEsU(292) 000
JULH+2aN+2) 9V 292) eoaViMtZalN+2) o T{1sl)eeeT (MtZ2eiN+2) siNC s
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WﬂENEVER NTOsEeQ
UR==U(I192)/20

THROUGH DAL sFOR J=3s1sJeGe (N+2)
SAL UR= URTU( (1)

PRINT RESULTSE NTH»DOTsTIMESURSUIZ292) eeaUlMitZaN+) s
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QTHERWISE

CONTINUE
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WHENEVER TZeGe2 s TRANSFER TO GEEM .
WHENEVER T(JI1aN+2)e0eT3sTRANSFER TO LAMBA

QL WHENEVER NIl N7 e TRANSEER .JQ HACK

TﬁROUGH AASFUR I=3s1sleGeM+l
IHEGUGH_ AL _oFOR _Js3eledafaltl:
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leofall
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R22 o ARSallT T o) =TL (T oddd/TL (I o))

WHENEVER R1eGetPSLUN «UReRK2eGeERPSLNZSTRANSFER TO BACK
AD . ENMD_OF "CONDITLONAL
LAMDA 1z=M/72

i iR3=eU( 1342172,

THROUGH LAMSFOR J=3s1sJeGe{N+2)
LAM UR3=UR3+J(13s.J)

PRINT RESULTS NTOTsTIMESURIsU(232) eeelilM+ZaN+l)
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CONTINUE
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INTRODUCTION

Helium solubility in liquid hydrogen at subcoolcd temperatures and &t
normal pressures is extremely low, being proportional to liquid temper-
ature, Hellum dilution in slush (11qn1d-solid) hydrogen, on the other
hand, can be expected to be appreciable., There is no information avail-
sble on . the adsorption of helium by gas-solid interfaces of the sollds
in slush hydrogen, Thils paper introduces an initlal hypothesis concerning
it. Also introduced is the hypothesis of helium desorption cooling of
slush hydrogen., The latter, if observed, would be the antithesis tc the
hydrogen stratification phenomena, Accordingly, slush germination via
desorption cooling under supercooled conditions of storage 1s here
postulated to anticipate triple-point anomalies in future exploratory
investigations with slush hydrogen., That 1s, such data masy very well

show variances with the normally singular triple-point of hydrogen.

. The concern over the solubility of helium in liquid hydrogen has been
not unlike that of nitrogen solubility in liquid oxygen. Both of these
gaseous absorbates are commonly used as purgants and pressurants. Any
solubility carryover and evolution would somewhat handicesp propellant
utilization (because of early onset of cavitation), Accordingly,
propellant dilution with these inert'gases does preclpitate apprehen-

sions over nozzle flow control and metering systems sensitivity.

Helium solubility in saturated and in subcooled liquid hydrogen is
considered to be low for the normal range of pressures concerned.

Refer to Table I.
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When considering mixtures of liquid-solid (slush) hydrogen, however, a
. new concern arises over the slush dilution counterpért of liquid solu-
bility, namely slush adsorption. Appreciable adsorptivity conceivably
exlsts at the surface of the hydrogen solids, In storing and transferring
slush the necessary high parfial prersure ratio cf hellum to slush hydro-
gen could create a pronounced dilution of hydrogen. From Figure 1, it

may be noted that sluseh exists only at the triple point tempersture of
24,9°R and pressure of 1,0209 psia. No solubility/adsorption data
whatsoever exists 1In this regime, This adsorption hypothesis is intended

as s research apprcach leading to acquisition of such data,
BRIEF GENERAL THEORY OF ADSORPTION

The adsorption of gases by solids is a surface property. Adsorption is
Basically an exothermic process because the molecules of the helium must

' %ﬁve less freedom in the adéofbed state thah they do in the gaseous state,
In ordinary prectice the phenomenon would seem to be the special ﬁroperty
of a few porous solids, such as charcoal, silica.gel, or activated alumina;
but more careful investigation shows that the surface of every solid can

g8sorb a thin layer of gas, often nc more than one molecule in thickness.
HYDROGEN ADSORPTINN HYPOTHESIS

Hydrogen sclids appear to be crystalline and they are conslidcyed to have
a sharp melting point rather than a softening range. Therefore, such

solids have many interfaces, and physical adsorption is to be expected.

The basis for such postulation is derived from Figure 2, where a singular
anomaly of data plotted appears to be significant, Specifically, it is
to be noted that in the subcooled liquid range of 24.9 to 36.5°R, only

the low pressure (15 psia) parameter deviates with an opposite slope.
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This.indicates an incresse in the solubility rate with decreasing temper-
atures until the slush hydrogen (triple point) temperature of 24,9°R is
reached, At this point the pseudo curve in Figure 2 is shown to express
& radical increase in adsorptivity. Its te?minal magnitude will depend
on the qpaiity (solids content) of slush, the dispersion of the solids,
and their crystalline characteristics. Upon solidification, the acti-
vity of the helium molecules decreases with temperature and adsorption
accordingly wlll diminish, In Figure 2 the decreasing helium solubility
with increasing temperatures in the subcooled state for the anomaslous

15 psie parameter occurs possibly because of an exothermic mechanism,

The reletionship between the solubility and adsorption capabilities.for
the various states of hydrogen are presented quelitatively in Figure 3.
The slush quality (solids content) effect on the variation of adsorption
-is particularly notable, Again one must be reminded that this Is a
pseudo mechanism that here 1s béing introduced in 1ieﬁ of data that

might even prove otherwise,
DESORPTION HYPOTHESIS

Desorption or helium evolution is the converse to the solubility and
adsorption processes. In an isentroplc expansion, such as may occur
during depressurlzation of hydrogen storage in space, the adsorbed
,‘helium is presumed to desorb &s shown in Figure 4. During such desorp-
tion conditions in hydrogen venting, the evolved helium gas 1s likely
y to induce Joule-Thomson cooling of the hydrogen involved. TFigure 5
’, presents this mechanlism, which can occur in a temperature regime well

below the helium inversion temperature.
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It i8 here postulated that when Joule-~Thomson cooling of helium does
develop during a desorption process, & supercooledvslush hydrogen
condition would occur vwherever subcooled hydrogen conditions exist,
Accordingly, slush hydrogen would germinate at these supercooled
points, to be detected at variance with the characteristic thermo-
dynamic conditions of the triple péint state, Such could be considered

the antithesis to the hydrogen stratification phenomenon.

Any such hydrogen slush snomalies and thermodynamic variations from
helium adsorption could handicap slush production and propellant

utilization control.
CONCLUSIONS

With these adsorption/desorption hypotheses it is implied that explor-

" atory wqu will reveal anomalies and phenomena, sqmewhﬁt‘det?imental tq
the space use of slush hydrogen, However, this may be construed, it‘is
apparent that research effort and implemental instrumentation development
is overdue in work at and around the triple polnt of hydrogen.- Because
helium is a prominent adjunct to the handling and storage of slush hydro-
gen, it also appears that such concerted research and development be

directed to flight-type sensing lnstrumentation and controls.

In formulating the hypotheses of this paper, various.thermodynamic
processes were probed with pseudo data and quasi conditions. This was
principally for the purpose of presenting a realistic approach in apply-
ing research logic in what can be used in a plan to define exploratory

tests and instrumentétion requirements,
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TABLE I

HELIUM ADSORPTION DATA [DEFICIENCIES

ADSORBENT FLUID HELIUM DILUENT

SOLUBILITY ADSORPTIVITY

(Below 100 psia)

LIQUID NITROGEN (SATURATED) NIL (0.2% MAX.) —
SUBCOOLED NITROGEN NIL (0.1% MAX.) —_—
(65% SUBCOOLED)

SLUSH NITROGEN  — UNKNOWN
LIQUID HYDROGEN (SATURATED) NIL (0.9% MAX.) J—
SUBCOOLED HYDROGEN NIL (0.35% MAX.)

(L5% SUBCCOLED)

SLUSH HYDROGEN —— [wavsavomy |
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SELECTING LIQUID LEVEL TRANSDUCERS
FOR CRYOGENIC SERVICE

ABSTRACT

Point level transducers locate the vapor/liquid interface by
detecting.a difference in magnitude of the property between the vapor
and liquid phases. The transducer respectively converts the presence
of vapor or liquid into an output signal which is binary (i. e. either on
or off). Knowledge of the transducer position and its mode of indication
(vapor or liquid) can permit accurate location of the cryogenic fluid
interface.

Several commercial transducers operate by using different
properties of the vapor and liquid phase of a cryogen. Several have

shown a resolution of the liquid interface of 0, 020 inch or less in

liquids z}iﬁrogén and hydi‘oge'ﬂ.

Selecting the most suitable transciucer for an application from
those available requires knowlédge of the use environment. The
accuracy desired, the mechanical and electrical needs of transducer
system and system measured, all require proper matching., The user
of a liquid level transducer should know if the transducer is pressure or
vapor velocity (temperature) sensitive. We present guidelines to help
the user select a suitable checklist for transducer evaluation.

This work is continuing, and further unpublished details may

be obtained from the author .
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ANALYTICAL AND EXPERIMENTAL STUDY OF STRATIFICATION
IN STANDARD AND REDUCED GRAVITY FIELDS

E.Y. Harper, S.E. Hurd, A.M. Levy, D.M. Tellep

ABSTRACT

| 3230

Temperature stratification of a subcooled fluid in a cylindrical tank subjected to a uniform
sidewall flux is studied both analytically and experimentally. Using an integral technique,
a closed form solution for the stratified layer growth and liquid temperature rise is

obtained for both the laminar and turbulent boundary layer flow regimes. The solution

‘is based on the assumption of time-invariant dimensionless temperature profiles in the

stratified layer before the layer reaches the tank bottom. The solution identifies the

significant dimensionless parameters which govern stratification.

Stratificatioﬁ experiments were carried out in three different vessels with six different
fluids. The experiments demonstrated the utility of noncryogenic experiments in the
study of propellant stratification. The tests covered a modified Grashof number range of

108 to 10 4

and thereby simulated conditions in large cryogenic tanks over a wide range
of gravity levels and heat flux conditions. The experiments demonstrated that the
dimensionless temperature profiles in the stratified layers were time-invariant over the
complete range of Grashof numbers tested. The shape of the dimensionless temperature
profile determines a parameter defined as the energy integral which is an empirical

term in the anaiysis. The energy integral was determined over a wide range of modified
Grashof numbers covering six orders of magnitude (108 to 1014) and was found to be incie—

Athar

pendent of the Prandtl Number.



.A correlation has also been developed which extends the stratification predictions to

times after the stratified layer reaches the tank bottom.
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Gr*
Gr*

Gr
X

o3

Ra

Ra*

NOMENCLATURE

specific heat, Btu/lbm °F

gpB qH4/k v2 , modified Grashof number based on H

g B qx4/ k vz , modified Grashof number based on x°

g B (Tb - TW) XS/Vz , Grashof number based on x
local acceleration, ﬁ;/sec2
standard acceleration, ft/ sec2

height of liquid surface, ft

q/( Tb -T,) heat transfer coefficient, Btu/ft2 -sec -~ °F

Ofl 6 dn, energy integral

thermal conductivity, Btu/ft - sec - °F
hx/k , Nusselt number

ucpﬁ{, .Pfandt'l number

wall heat flux, Btu/ft2 - sec

tank radius, ft

er Pr , Rayleigh number

Grk Pr , modified Rayleigh number
temperature, °F, °R

time, sec

x-component of the boundary layer velocity, ft/sec

fluid velocity, ft/sec

coordinate parallel to tank wall, measured from tank bottom, ft

coordinate perpendicular to tank wall, measured from tank wall, ft
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NOMENCLATURE (Cont'd. )

z coordinate parallel to fank wall, measured from liquid surface, ft
B coefficient of volumetric expansion, 1/°R

A stratified layer thickness, ft

) boundary layer thickness, ft

n z/A , dimensionless distance from liquid surface

6 (T - Tb)/ ( TS - Tb) , dimensionless temperature rise
U dynamic viscosity, 1bm/ft—sec

v kinematic viscosity, ftz/sec

o density, 1bm/ft3

. vt/H? , dimensionless time

%y Vt:O/H2 , dimensionless time at which A/T = 1
SUBSCRiPTS

b liquid bulk

0 time when A/H = 1

s liquid surface

w heated wall



INTRODUCTION

Stratification is defined as the development of temperature gradients in a contained fluid
as a result of external heating. Stratification is assumed to occur because a free-
convection boundary layer carries the heated fluid at the wall to the top of the tank,
forming a growing layer of stratified liquid which is at a higher temperature than the

bulk.

’f‘his phenomenon is of particular importance in cryogenic propellant tanks, and it may
have a significant effect on vehicle design and operation. In particular, the design of
venting devices, pressurization systems, insulation systems, propellant feed pumps,

and tank structures may be substantially influenced by propellant stratification. In order
to ensure reliable designs, and to avoid excessive penalties due to conservatism in

: predic-ti'on methods, a sound .analytical model"'and experimental data applicable to thg

conditions of interest are required.

In the present study, stratification of a subcooled fluid in a cylindrical tank subjected

to a uniform sidewall heat flux is considered. Since the wall boundary layer is assumed
to be the primary mechanism for propellant stratification, a review of the flow regimes
for free-convection boundary layers will be given, and results will be presented to
indicate the range of boundary layer parameters characteristic of cryogenic propellants
in standard and reduced gravity fields. An analysis will then be outlined which utilizes

an integral technique to obtain a solution for the development of the ‘stratified layer and
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for the associated liquid temperature rise. Finally, the results of stratification experi-
ments conducted in noncryogenic fluids will be presented and compared to the analytical
model developed.

FLOW REGIMES FOR FREE-CONVECTION
BOUNDARY LAYERS

ONSET OF CONVECTIVE MOTION

The problem of the onset of convective motion for horizontal layers of fluid has been

2,3,4

studied extensively by Rayleigh1 and others These studies indicated that the

significant dimensionless parameter is the Rayleigh number given by

88T,

_Tw?x3 (ucy) _

Ra = er. Pr = T

and that convective motion is established for values of the Rayleigh number greater than

1100 to 1700. The x appearing in the Rayleigh number is here the layer thickness.

For situations in which the fluid is bounded by verticgl surfaces, there has been no
detailed analvtic or experimental work to determine the onset of convective motion.
Grober. et al‘.s, suggest that a critical value of the Rayleigh number of 1700 may be
assumed to mark the beginning of convective mqtion m a fluid bounded by vertical sur-
faces. In this case, thé X appearing in the Rayleigh number is again the layer thick-

ness.
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For a vertical flat plate, it is possible to use the data obtained by Schmidt and Beckmannﬁ
to compute an approximate value of Rayleigh number when a laminar boundary-layer
structure can be discerned. The Rayleigh number is between 430 and 16,000. The x

appearing in the Rayleigh number is the distance from the leading edge of the plate.
BOUNDARY LAYER TRANSITION

A laminar free-convection boundary layer is established on vertical surfaces at a
relatively low Rayleigh number. This laminar boundary layer persists as the Rayleigh
number increases, until at some critical value the flow becomes unstable and the
boundary layer becomes turbulent. As with forced convection. transition from laminar
to turbulent flows does not occur at a discrete condition but probably takes place over

a range of Rayleigh numbers. The literature on free convection5 7.8 suggests
Rayleigh numbex}s at transition for free—conve_ctioq boundary layers wifh_a uniform wall

9

femperature ranging from 0.7 x 107 to as high as 2 x 1()9 & A transition Rayleigh

number of 109 is most often quoted.

The Rayleigh number as given above incorporates the conventional Grashof number that
is defined on the basis of the temperature difference between the wall and the bulk fluid.
In most applications of interest, the heat flux to the propellant is the known quantity
rather than the temperature difference. When the heat flux is known, the analyses of
Refs. 9, 10, and 11 indicate that the modified Grashof number Gr* is the proper

dimensionless parameter. The modified Grashof number is given by

4
Gr* = g.@ﬂx_ (2)
X k vz
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The two Grashof numbers are related in the following manner:

Gr; = er NuX 3

Sparrow and Gregg9 have pointed out that the modified Grashof number plays the same
role for the case of a uniform wall heat flux as the conventional Grashof number does

for the case of a uniform wall temperature.

For laminar free-convection boundary layers on vertical surfaces, the local Nusselt

number as obtained from Saunders12 is

1/4
Nux = 0.43(er Pr) / (4)

Combining Egs. (3) and (4) and using a transition Rayleigh number of 109, a modified

Rayleigh number at transition of 1011 is obtained.

The fact that transition occurs at Ra = 109 and Ra =~ 1011 is in part confirmed by
the data of Dotson13. Dotson's data for air follow the laminar prediction by Sparrow
and Gregg9 at values of Ra™ upto 0.7 x 1011. In addition, the discussion of Sparrow

and Gregg's paper by D. P. Timo® confirms the transition value of 1011.

MODIFIED RAYLEIGH NUMBERS FOR CRYOGENIC PROPELLANTS

The magnitude of the modified Rayleigh number was evaluated for liquid hydrogen and
oxygen for a wide range of accelerations, for characteristic lenghts of 1 and 10 ft, and
for heat fluxes of 1, 10, and 100 Btu/ftz—hr. The 'res'ults of the calculations are shown

in Fig. 1.
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Since the values of Ra* for liquid hydrogen and oxygen are comparable, the discussion
applies to both liquids. For boost-phase conditions, g/ g, is of the order of one and

3 to 1018 for the conditions examined;

the modified Rayleigh number ranges from 101
therefore, the wall boundary layers will be ehtirely turbulent. Under reduced gravity

conditions, the modified Rayleigh number is decreased but is still sufficiently large for
free-convection boundary layers to persist; the boundary layer may be laminar, rather
than turbulent, parﬁcularly at the bottom of the tank. For example, at an acceleration

‘of 10_6 g/go . the bottom foot or two of the tank will be well into the laminar boundary

layer regime, while at the top of the tank Ra* is large enough to ensure turbulent flow.

In order to develop a model for predicting stratification under a wide range of accelera-
tions, it is necessary then to consider a range of modified Rayleigh numbers extending
into both laminar and turbulent flow regimes for the free-convection wall boundary

Tavers.
INTEGRAL ANALYSIS

The model used for the analysis of stratification is shown in Fig. 2. A cylindrical tank
is assumed to accelerate along its longitudinal axis, with a uniform and time-independent
sidewall heat flux to the liquid. For a subcooled liquid, the energy transfer at the free
surface is negligible. In the stratified layer, the temperatures are independent of radial
and azimuthal location. Below the stratified layer and outside the boundary layer, the
temperature is constant aﬁd equal to the initial bulk temperature of the liquid. The tank
radius is considered to be Iarge'éompared with the boundary layer thickness. The most |
significant assumption made in the analysis is that the stratified layer is characterized

by a dimensionless temperature profile which is invariant with time The analysis is
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restricted to times when the thickness of the stratified layer is less than the height of

the liquid.

With these assumptions as energy balance yields

t 0 A(t)
2nRH(J)'th=nR pcpof (T - Ty) dz (5)

An energy integral which represents the average temperature rise in the stratified layer,

normalized with respect to the surface temperature rise, is now introduced:

1
I = fedn (6)
(o]

where 6 is a dimensionless temperature rise and.n is a dimensionless distance from

the liguid surface givén by

- T
z

b
o = -T. 0 T T A® (7)

T
Ts b
Since it is assumed that the energy integral is invariant with time and the sidewall heat

flux is constant, an expression in dimensionless form for the surface temperature rise

is obtained {rom Eqgs. (5) and (6}, .

T, - T,  2(H/R) ¢y .
qH/E ~ IPrA(t)/H ®

where @H = vt/ H2 is a dimensionless time. The assumption that the energy integral
is time invariant must be justified experimentally and the value of the energy integral

must be empirically determined.
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Since the surface temperature rise depends on the fraction of the liquid stratified.
A(t)/E . the next step in the integral analysis is to obtain an expression for the struti-
fied layver growth from a mass balance. For a liquid of constant density the continuity

equation may be written as

[ v.%aa - o (9
A
where v is the fluid veloeity measured with respect to a fixed reference irame. and n
is the outward normal to the control volume enclosed hy A(t) . A(t) represents the
area which encloses the stratified layer as shown in Fig. 2 by a dashed line. When

expanded, E¢q. (9) becomes

(0]
2nR[[ udy} - (+R2 - 2’~R6)x=H—;\(t)d‘—c}1{g -0 (10)
e x=H-4(t) | o '

where u is the x-component of the boundary layer velocity.

If. as before, it is assumed that 6 is much less than R .,

0 v
T
lfow]  mw o
x=H - A(t)

The problem of evaluating A(t) is then reduced to that of obtaining an expression for
the volumetric flow in the boundary layer. Solutions f{o the boundary layer equations
for both laminar and turbulent free-convection were used to obtain expressions for the

volumetric flow for the case of a uniform wall heat flux.
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For laminar flow, Sparrow and Gregg9 have obtained an exact similarity solution to the
boundary layer equations. The following equation expresses the volumetric flow in a

boundary layer of unit width:
[ udy = 3.62 u((}r;f;)l/5 F(w) (12)

The value of F (<) may be obtained as a function of Prandt! number from Sparrow and
Gre'gg's numerical solution. For Prandtl numbers between 1 and 30, the following
approximation of their results is used:

0.436

(Pr )O. 388

F(w) = (13)
From Egs. (11), (12), and (13), an expression for thekg‘row'th of the stratified layer is

obtained corresponding to the exact laminar boundary layer solution:

5

1/5
. , (Gr¥)
Aalt) _ ;Ui - 0.530@)(,) ~_H°
“H 0.388
(Pr)

(14)

A solution for a turbulent free convection boundary laye‘r with a uniform wall heat flux
was obtained by Morse10 using the velocity and temperature profiles employed by
Eckert and Jau:kson14 in their solution for a uniform wall temperature. Morse's
solution is not strictly applicable for Prandtl numbers different from one. A modifica-
tion of his solution has been made to extend it to higher Prandtl numbersl5. The modi-
fied analysis, which employes the extended Reynolds analogy used by Eckert and

Jackson 14 , yields
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Gr* 2/1
J’udy = 0.326 —2 s 57 (15)
Pr2/3 2/3
6]

1+ 0.443 Pr

Then, the expression for the stratified layer growth becomes

7

At uy %u Grl T

_ri{_l = 1-|1+0.0924 (E) 2/3 2/3 (16)
Pr 1 + 0.443 Pr

The liquid surface temperature rise may now be computed using Eq. (8) and the appropri-

ate expression for the stratified layer growth. Eq. (14) or (16).

It should be noted that the turbulent prediction requires infinite time for the stratified
‘layei‘ to reach the tank bottom, while the laminar expression predicts this occurrence

in finite time, aé one. would expect.  The turbulent preéictiori, however, become’s‘ less
valid as the stratified layer approaches the tank bottom, since as A/H — 1, the boun-

dary layer becomes laminar.
EXPERIMENTAL STUDIES

A series of stratitication experiments were conducted with several fluids in cylindrical
containers to obtain basic data and evaluate the analytical prediction method. Although
interest in the problem of stratification arises mainly in connection with cryogenic
propellant tanks, the phenomenon ‘of stratification is not unique to cryogenic liquids and
its study can profitably be pursued with other liquids once theoretical considerations are:

available to establish the simulation laws.

223



The use of noncryogenic liquids for stratification experiments greatly reduces test costs,
makes possible greater flexibility in control of test conditions, and considerably simpli-
fies instrumentation. It also makes possible the achievement of laminar free-convection

boundary layers, thus simulating stratification under reduced gravity conditions.
OBJECTIVES AND PLAN OF EXPERIMENTS

A primary objective of the present experiments was to determine the validity of the
assumption of time- invariant dimensionless temperature profiles in the stratified layer,
and to establish the magnitude and functional dependence of the energy integral on the

modified Grashof and Prandtl numbers.

In order to obtain stratification data corresponding to low gravity conditions in cryogenic
tanks,_ tests were conducted with mpdified Grashof numbers in the range from 108 to 101.0
Since tghe modified. Grashof numbe.r 1s proportional to the tank height to the foufth power,
these relatively small Grashof numbers were most easily obtained by using a small

tank. TFor this purpose, a tank was constructed from a block of wood with a 3~inch
diameter hole in the center. A strip of 0.001-inch thick stainless steel shim stock was
fastened to the inside wall of the tank and was used as a resistance heater to supply a

uniform heat flux to the stratifying liquid.

0 4

An intermediate range of modified Grashof numbers, from 2.3 x 101 to 1.5 x 101 , as
well as a Prandtl number range from 4.5 to 32, were covered using six different fluids
in a 9. 75-inch diameter tank. This tank was made from a thin-walled (0.025 in.)

cylinder and was placed in a radiant heating facility and uniformly heated with a con-

centric array of tungsten filament quartz lamps.
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A third facility used to obtain stratification data was a 10.75-inch inside diameter
pressure tank which utilized a resistance heater like that in the 3-inch diameter tank.

In this tank, data have been obtained for modified Grashef numbers ranging in excess of
10 14 by actively pressurizing the liquid, thereby subcooling it: Large heat fluxes, with
correspondingly high wall temperatures, were then imposed Without the ncecurrence of
nucleate boiling. Another objective was to conduct tests with a fluid which has a Prandtl
number close to one (that of liquid hydré)gen). This was accomplished by subcooling water
at temperatures ranging to 370°F in the pressure tank. Also, in the pressure tank it was
possible to run stratification tests which were immediately preceded by a period where-
in the fluid was simultaneously heated and vented near its saturation state. This initial
venting procedure allowed the boundary layer and bulk flow fields to develop prior to
active pressurization and the initiation of stratification. Data obtsined from these tests
were used to gvaluqte the effect of trapsient .flow field development upon the results .

obtained from the 3-inch and 9. 75-inch diameter tanks.

The three test tanks described above had flat insulated bottoms. Thermocouples,
mounted on nonconducting probes, were used to measure fluid temperatures along the
cylindrical axis of each tank. The 9.75-~inch diameter tank was also instrumented with
wall thermocouples in order to determine whether or not boiling occurred and to check
the method used for calculating the wall temperature. | More details on the facilities

are given in Ref. 16.

All tests were conducted with aspect ratios (H/R) of 2.3.
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EXPERIMENTAL RESULTS

All fluid properties used in the graphical presentation of results were evaluated using
the mean mixed temperature of the fluid in the stratified layer. To be consistent with
the model used for analysis, time was measured from the instant the surface thermo-
couple first sensed a temperature rise. Heat fluxes were determined by graphically
integrating the temperature profiles. Figure 3 shows some temperature profiles which
are typical of the data obtained in all three tanks. In parts (a) and (b) of the figure, two
sets of profiles obtained in the pressure tapk with water are shown. These two runs
indicate the significant change in temperatu;re_ profile shape apparently caused by a
change in the modified Grashof and Prandtl numbers. ’I‘Wo sets of temperature profiles
obtained with trichloroethylene in the 3—indh and 9. 75-inch tanks are given in parts (c)
and (d) of the figure. A signifigant dependence of profile shape on Grashof number aloflé .
is evident. The Prandtl nuﬁber was the éame in both tests. Tflese general relation-

ships appear to be independent of the fluid or tank used.

Before a comparison of the data with one of the predictions can be made, a suitable
boundary layer transition criterion must be indicated. The previous discussion of
boundary layer transition established a value of 1011 as characteristic for the modified

Rayleigh number at transition. When {ransition occurs halfway up the tank wall, at
x = H/2 , then Gry Pr = 1.6 x 1012 .

X 1012 have been compared with predictions for turbulent boundarylayers , and data for

Data for which Gr;I Pr is greater than 1.6

which Gri“_I Pr is less than 1.6 X 1012 have been comparegi with laminar boundary layerx

predictions.
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. It was necessary to calculate wall temperatures for the 3-inch diameter tank and the

pressure vessel in order to determine whether or not boiling occur_red. The boundary
layer analyses of Refs. 9 and 10 were used to calculate the temperature difference across
the boundary layer at Verticalwlocations corresponding to the axial thermocouples. The
wall temperature profile was then determined by adding the boundary layer temperature
difference {o the corresponding measured bulk temperature. The accuracy of this method
was confirmed by wall temperature measurements obtained in the 9. 76-inch diameter
tank. All the results presented in this paper correspond to times before any point on the

tank wall reached the liquid saturation temperature.

The stratified layer depth, A(t) , as a function of time can be obtained from the temp-

- erature profile plots by noting the intersection of the curves with the z-axis. In Fig. 4

228

the dimensionless form of the stratified layer depth, A(t)/H , is compared with the pre-

.c‘iiction.based on the exact laminar bbundary iéyer solution (Eq. 14). In some of the

3-inch tank tests the bottom of the tank was at a higher temperature than the initial liquid

temperature because of heat stored in the tank bottom from a previous fest. As a result,
some of the profiles obtained from tests in the 3-inch tank were greatly distorted by

heat conducted from the tank bottom into the bulk fluid. This distortion made a determina-
tion of the experimental value for A (t)/H almost imposéible. Although all of the data

obtained in the laminar region are shown in Ref. 16, only data which were considered

to be well defined are shown in Fig. 4. In order to extend the Prandtl number range of

stratification data, tests were run using a calcium chloride-water solution (Pr = 10)
and a glycerol-water solution (Pr = 30). The measured stratified layer growth for
these runs was much less than that predicted by the exact laminar bouhdary layer solu-

tionm. Furthermore, the divergence from the prediction appeared to become greater
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as the Prandtl number was increased. Since the reason for this deviation is not entirely -
understood at this time, it must be concluded that the exact laminar stratified layer growth

analysis is valid only for fluids with Prandtl numbers between 1 and 8.

In Fig. 5, experimental valueé for the stratified layer depth for which Grri_"I Pr is
greater than 1.6 x10 12 are compared with the modified turbulent prediction (Eq. 16).
The prediction curve bounds the lower side of the data. An attempt was made to corre-
late the data on the‘basis of a transitional analysis‘u, since transition from laminar to
turbulent flow in the boundary layer occurs in most of the tests. This attempt did not

succeed in reducing the scatter exhibited by the data.

Figure 6 gives the dimensionless form of the stratification temperature profiles which
were presented in Fig. 3. This figure shows that the temperature profiles are, in fact,
similar (ttme-invariant in dimensionless form) as assurhe;d inthe analysi§ In other
words, it has been confirmed tﬁat the energy integral is a function only of Gri‘_} . P;' ,
and H/R'. The value of the energy integral, which is indicative of the tempe'rature
profile shape or of the energy distribution within the stratified layer, was obtained for
each run by graphical integration of the dimensionless profile. Examination of these

data revealed no apparent dependence of 1 upon Prandtl ‘number, leaving the modified

Grashof number and aspect ratio as the correlation variables.

The energy integral is plotted as a function of modified Grashof number in Fig. 7. Data
have been obtained for a range of modified Grashof numbers which covers more than six

orders of magnitude, extending from 108 to over 10 14.

The filled symbols in Fig. 7
represent runs in which the venting procedure, described pfeviously, allowed the

boundary layer and bulk flow fields to develop prior to the initiation of stratification.
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‘The data obtained from these runs indicated that the initial boundar layer and surface

spreading transients did not have a significant effect upon the results obtained in the

" pressure tahk. It has been assumed that this evaluation of transient effects is valid for

234

Tresults obtained from the 3-inch and 9. 75-inch diameter tanks.

Experimental values for the liquid surface temperature rise are compared with the
predictions in Figs. 8 and 9. Almost all of the deviation between data and prediction in
these figures can be attributed to the difficulty encountered in accurately predicting the
stratified layer growth.

CORRELATION OF STRATIFICATION DATA FOR TIMES

AFTER STRATIFIED LAYER REACHES TANK BOTTOM
The integral analysis cannot be used to predict the results of stratification for times
after the strétiﬁed layer has. reached the'tank bottom. Since this rébresents an'imi)or-’
tant time of interest, an attempt to correlate the available data has beén made. ~To

obtain such a correlation, two assumptions, suggested by the data, were made.

it was assumed that the dimensionless form of the surface temperature rise, (TS - Tb)/
(q H/k) . is a linear function of the dimensionless time divided by the Prandtl number,
<1>H/ Pr . The second assumption suggested by the data was that the surface temperature
rise can be approximated by the mean mixed temperature rise for very large values of
@H/ Pr . These assumptions result in the following expression for the surface tempera-

ture rise after the stratified layer reaches the tank bottom:

¢
(Tg = Ty) "\ ®u H) Ho (1 -1I)
(QH/E) - z(ﬁ)ﬁ * Z(E) Br 1 (17)
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" where ¢y is the dimensionless time at which the stratified layer reaches the tank

0
bottom. The value of ¢HO may be obtained from available boundary layer Aanalyses for
both the laminar and turbulent flow regimes. From the exact laminar boundary layer
solution,
0.388

] (Pr) -
= 1.59 (18)
(H/Ry (Grg)

Pu
0

Laminar

Since the stratified layer never reaches the tank bottom in the modified turbulent analy-

sis, an arbitrary value for A(t)/H of 0.95 is taken for the evaluation of ¢g - Thus
: 0

*n = T (H/R) Gr* (19)

2/7
_ 5.75(pr)2/3 (1 + 0,443 Pr2/3>
©|Turbulent H

In.the above expressions for ';PHO , ail fluid broperties' sh<;uld be’ e\}aluéted at the
reference temf)erature corresponding to the time ¢’H0 . The data available for times
after A(t)/H = 1 are presented in Figs. 10 and 11. Most of the deviation between
the data and correlation.can be traced to an inaccurate prediction of d)HO . As time
becomes large, the terms containing ¢Ho become relatively .small, and errors in

these terms become less significant.
CONC LUSIONS

The closed-form solution, based on an integral analysis, for predicting stratification of
subcooled fluids in cylindrical containers with uniform sidewall heating identified the
basic dimensionless parameters as: the modified Grashof number, the Prandtl number,
the tank aspect ratio, and a dimensionless time. It thus was extremely useful in

planning the experiments.
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The experimental results verified a princ;ipal assumption made in the analysis that the
nondimensionél temperature profiles in the growing stratified layer are time-invariant.
The nondimensional profile shape appears to be a weak function of Prandtl number and
a strong function 6f Grashof nur_,nbér for a given tank aspect ratio. Correlation of this
functional dependence allows explicit prediction of the liquid temperature rise. The

14

correlation has been made over a range of modified Grashof numbers from 108 to 10

for an aspect ratio H/R = 2.3.

The experimental results generally confirmed the stratification analysis in terms of

the stratified layer growth and the liquid surface temperature rise.

The initial conditions that exist in a vented cryogenic tank were simulated by conducting
stratification tests in a pressure vessel with initially saturated water at Prandtl num-
bers near one. . The results indicate that boundary layer and surface spreading transients .

. do hot affect the shape of the temperature profiles.

For times after the stratified layer reaches the tank bottom, when the integral analysis
is no longer valid, the experimental data has been successfully correlated by an empirical

extension of the analysis.

The fact that theoretical and experimental results are given in terms of dimensionless
parameters permits application to a wide variety of conditions. It is significant to note
the difference between stratification of subcooled fluids under standard-gravity and
reduced-gravity conditions. It was pointed out that, for cryogenic propellants, the
tank wall free-convection boundary layer will persist under reduced gravity conditions
but that it may be laminar rather than turbulent. For the same heat flux to the propel-

lant, the surface temperature rise will be faster under reduced gravity conditions than
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under standard gravity conditions. The reason is that the mass flux in the wall boundary
layer is reduced with a reduction in acceleration; hence, the incoming energy is contained
in a thinner, and therefore hotter, stratified layer. This result indicates that stratifica-
tion data obtained at standard gravity do not in general apply to reduced gravity conditions

unless attention has been devoted to proper scaling of the test,

The present study of subcooled stratification in a cylindrical tank with sidewall heating
is being continued to determine the effect of tank aspect ratio and to consider combined

sidewall and bottom heating.
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ORBITAL TESTS TO INVESTIGATE THERMAL BEHAVIOR OF CRYOGENS
UNDER WEIGHTLESSNESS

by Juan C. Elirzalde

ABSTRACT | 30 3 )

This document presents the resultis of a study of orbital tests to
investigate pressure rise, boll-off losees and relsted thermel problems
of cryogenic propulsion systems near weightlessness. The problems whose
solution is sought are defined, which lemds to a concrete 1ist of test
objectives, a.ppiicable to 8 wide spectrum of miesions. BSignificant as-
pects of tests are discussed, such a‘lg acceleration levels, similarity, .
container size and shApe , test duration, thermel environment, et;:., _u'
well as details of a possible test package, in an effort to clarify the
nature, scope, femgibility and implementation of this type of test.

Finnlly, guidelines for the preparation of & meaningful program of or-

A vtlor

bital tests are given.
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1. INTRODUCTION

A large number of space missions of immediate interest require storage
of ecryogenic propellants for fairly long pericds. High-energy upper stages,
lunar and planetary missions require that cryogensa be coneerved_for periods
of hqurs to months prior to englne firings. However, the thermal processes
in a two-phasge fluid system in zero or low gravity are not well understood;
and pose problems which seriously affect the feasibility of those missionsa.

The radical changes in gravity-dependent heat transfer mechanisms
(convection, boiling and condensation) under weightlessness coupled with

r

the "zero-g" configuration of the liquid and vapor phases, give origin to

temperature gradients in the fluld which cannot be predicted with normal-

gravity analytlical and experimental data. These gradients affect in turn

the pressure in tanks gnd, thefefore;.the design and operation of open and
blosed.syste;s. . .

Every study of cryogenic storage in space that the author has ﬁad
the opportunity to read assumes isothermal fluids. The "optimized" results
thus obtained, including comparisons of active versus péseive systems and
calculations of insulation and tankage weight, are likely to be grossly in
error. It is hoped that the following discussion will sufficiently emphae~
size the inadéquacy of "equilibrium thermodynamics" to design cryogenic
systems.

As in most engineering problems, dboth analytical and experimental
work is needed to understand the thermal processes in a cryogenic tank
during coast. A realistic analytical model of fluid thermal behavior, un-
available at present, must be developed. In addition, the simplifications

inherent to such model require experimental evidence to achieve reliable

247



design of cryogenic systems. In well insulated cryogenic tanks, tempera-

ture changes are very slow, with the consequence that the usual zero-g

test methodé (drops, aircraft parabolas, sounding rocket trajectories)

provide periods of weightlessness that are too short to investigate those

phenomena. Long-duration orbital tests are probably the best, possibly

the only means of obtaining the required information. This document pre-

sente the results of a study on the nature, scope, femsibility and imple-

mentation of such tests.

iI.
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STATEMENT OF PROBLEM

A. Forms of Storage

The problem that concerns us here is the storage of eryogenic
propellants in a space vehicle. We want to conserve propellants
safely and with small losses during the coa.st periods preceding en-
gine firings, and do it with acceptable weight penalties 1n insulation:

and tank structure. .To help see the problem in its preper perspective,

-let us briefly review the possible forms of propeliant storage.

Single-phase storage (subcritical liquid or supercritical fluid)
would avoid the uncertainties of liquid/vapor configurations in zero-
g and provide ease of operation. However, weight penalties are very
high; with suberitical liquid, a small increase in temperature results
in a very large increase in pressure, requiring thick-wallegi tanks;
with supercritical fluid, the storage pressure is very high (e:bout
200 psis for Li,, 800 psia for 2) , and the unusable gaseousa resid.uall'
are very large. Supercritical stomgé is advantageous where fairly
small amounts of fluid are involved, but for large propellant tanks

structural welght may be prohibitive.



Three-phase storage ("slush") is, like initially subcooled two-
phase storage, a means of increasling the thermal capacity of the
system by displacing 1ts reference point to lower temperature levels,
Aside from the reduction in tanx and/or insulation weight that can
be thus obtained, it does not appear that the thermal problems for
these systems are different from those found in saturated twu-phase
systems, a condition that, glven sufficlent time,vis reached by
three~phase systems anyway.

Two-phase storage has the advantage of relatively swall and
1light tankage, while it presents the usual "zero-g" probiems found
in liquid/vapor systems. Justifiably or not, two-phase storage of
cryogenic propellants hmas been the cholce throughout the industry
" for every space nission, present and planned. Therefore, the ther-
mal problems invslved merit a cloéer'look;. Ventedidr unvented
systems are considered, depending on amount of fluid and miassion
duration. The thermal problems associated with both schemea are
discussed in the following section.

B. Closed (Unvented) System

The main uncertainty in the non-venting scheme is the rate of
pressure rise in the tanks. Usually it is assumed that the liquid
is at uniform tempersture, with all the mass acting as aAheat sink,
and with the tank pressure being simply the vapor pressure corres-
ponding to that average temperature. Temperature (and pressure)
rise 18 then determined by heat input and thermal mass, and the in-
sulation 1s sized so that the squilibrium vapor pressure does not

exceed a prescribed value, compatible with tank strength. Resulta
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obtained in this fashion are probably unduly optimistic, since the
real conditions in the tank are likely to be quite different, We
¥now from analytical and experimental studies that a cryogen in a
closed tank under nommal gravity may be heavily "stratified,” par-
ticularly if heating through bthe lateral walls 1s greater than
through the bottom (Refs. 1, 2, 3). This 1s due to the formation
of a warm boundary layer which deposits strata of warm liquid next
to the ullage space. Under low gravity, as we will see later, it
appears that this behavior still exists and the fluid would be
"stratified." Even if the fluid were perfectly weightless, with
no buoyancy forces to sustain convection, 1t would present the tem~
perature profile of a solid heated at ome of 1ts boundaries. Ilarge
' tEmperaﬁure dtfferences within the fluid could be expected in this
case (Ref. #). 'feﬁperature gradients %ill then be found in the
liquid during coast, with soﬁe regions warmer and some colder than.
in the uniform temperature case. Since the pressure in the tank
corresponds to the temperature of the liquid/vapor interface (Ref.
5), the pressure could be lower or higher than for uniform conditions,
depending on whether bthe ullage is located in "cold" or "warm" re-
glons of the liquid.

A serious situation, however, arises if thé ullsge 1s in contact
with the wall. In this case, the low heat capacity of the vapor re-
sults in a'rapid increase of pressure in the tan%. Although
condensation would tend to decrease the pressure, a warm layer of
1iquid forms adjacent to the liquid/vapor interface, so that for all

practical purposes the ullage behaves as an isolated system. The
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warm l1iquid interface and low conductivity of the liquid result in
an effective "insulation" between the waru vapor and the bulk of the
liquid. ;

Figure 1 is an example of the importance of these problems.
It shows the increase in tankage weight as a function of maximum
interface temperature in a cryogenic tank, taking saturated condi-
tions at 14.7 psia as a reference. It can be seen that very small
gradients in the liquid result in very large welght penalties,

It should be mentlioned that low-g tests with liquid hydrogen
in Aerobee eounding rockets indicate that a pressure rise quite
different from that predicted for uniform conditions does indeed
take place,

C. Open (Vented) System

‘A number of devices havé been designed or proposed for venting
of cryogenic tanks under weightlessness. BSome of them are 1ntendéd
to position the ullage in a predictable location so that the vent
can be located there. To this category belong screens, cylinders
or similar surfaces making use of "capillary" (surface tension)
effects, and dielectrophoretic devices. Ceﬁtrifugal separators and
expansion valve-heat exchanger combinations, on the other hand, could
operate without ullage control. Although most of these devices
appear to work well when the ullage is large (30% or more of tank
volume), it is not clear that they will do so with the smaller
ullages which are desirable to reduce tank size and weight. It would
then be necessary to settle the propellant by thrust applicatioan to

permit venting without liquid losses. The question then arises of
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how much propellant is required for this thrusting. Continuous

venting to maintain a constant pressure in the tank requires, of

course, continuous thrusting. This may be provided by an auxiliary

rocket or propellant boil-off, but in either case the propellant
requirements are excessive except for missions with a few hours'
coast.

Internittent venting appears less costly, and is frequently
proposed for longer missions. The vent valve would have "open"
and "close" settings, separated by a few psia. When the "open"
level is reached, the valve opens and venting of the vapor qccurs
until the pressure decreases to the "close" level. The pressure
rise taking place between venting periods will be essentially the
" same process as tha.t described for the non-ventlng case, with the
result that the frequency of the venting cycles will be e.ffected
by the fluid ‘temperature profiles and ullage location. In addi-
tion, upon opening the venting valve, the pressure in the tank
‘decreases and the liquid becomes locally superheated. The heat
absorbed between venting periods and stored as sensible heat will
probably be liberated in a mass boiling process, which, unless
properly regulated, may result in flashing or bdoil-over. The in~
tensity of boiling will depend on the pressure drop rate allowed
- by the valve and the temperature gradients in the liquid.

An exception to the above consideration may be & vent valve
consisting of an expansion valve and heat exchanger, which relies
on cpoling of the propellant mass by the expanded venting fluid,

either 1iquid or gas. The successful operation of this device
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depends on liquid stirring or some form of enerygy transfer so that
heat extraction can be felt in the whole tank and not only locally.
The preceding discussion, although Just a bare outline of the
uncertainties faced by the designer, should make it evident that
many important problems must be solved before cryogen-propelled
vehicles for lunar and planetery missions can be launched. Long
duration orbital tests should provide many of the answers.

ASPECTS OF ORBITAL TESTS

Ao General Conslderations

The scope of a program of orbital tests with cryogeﬁs strongly
depends on the available experiment carrier. To be sure, the test
pacimge lmposes some requirements on the carrier, mainly on orbit
élti;ude 1o assuré low aerodynamic drag,:and on tuhbling_or_spinning
rates to maintaip low acceleration levels. If the ca;rier is adle
to meet the latter, the package may renain with it; otherwise,’it
will have to be ejected and provide its own attitude control during
the test period. Conversely, the capacity and number of carriers
affect the size and weight of the package, variables to be investi-
gated, and possibly such aspects as telemetry and test fluid. The
following sectlons are intended to supply the criteria for selection
of & carrier and of test objectives towards a rational program.

The complexity of thermal phenomens in very low gravity coupled
with the difficulty of obtaining experimental data in such environ-
ment results in very limited knowledge in the field. Basic investi-
gations are certainly in order to gain insight into these problems.

However, the urgent need for design criteria strongly suggests the
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conduct of englneering experiments to provide it. The type of test

discussed in this document 1s conceived to supply data useful to
the designer, even though it may not always give us a full under-
standing of the thermal processes lnvolved.

3. Missions of Interest

The tests should attempt to reproduce, with due consideration
to scaling effects, the conditions of cryogenic vehicles to be de-
signed in the near future. They include:

1. High-energy chemical upper stages

7-10,000 lbs. class
30-40,000 1bs,. class
2. Lunar vehicles
Logistic vehicles (one-way transit)
High-éﬁergy'Apollo (lunar fendezvoua)
Direct manned vehiéle (landing and return stages)
3. Satellite inspectors
4. Planetary vehicles
Me.in deboost stages
Descent and landing stages
Return stages

5. Radioisotope powered vﬁhioles

These missions are representative of most applications of
cryogenic propellant storage, and should help to decide on test
conditioﬂa.

C. [Test Objectives

Detailed consideration of the problems discussed in Part II
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leads to a clear ldentification of program obJectivéa. _Basically,

tests should be almed &t providing data for reliable two-phase

storage of cryogenic propellants. Primary objectives of the tests

should be to determine:

1.

2.

T.

Pressure history in a closed cryogenic tank near weight-
lessness. Actual pressure rise rather than isothermal
fluid values must be known to design tankage and insulation.
Boil-off losses and frequency of venting cycles in a vented
tank. This information is needed to establish total pro-
pellant needed for a mission, accounting for boil-off, asa
well as additional impulse if settling of the 1iquid were
required prior to venting.

Depending on carrier capacity, schedule and number ot
flights, secondary obj)ectives would be aeiected from the.
following list.

Effect of mcceleration on pressure and boil-off.

Effect of ullage size on pressure and boil-off.

Effectiveness of ullage-positioning dévices, particularly
for small ullage. Screens, conical or cylindrical structures
and dielectrophoretic devices may be included.

Practical means of eliminating or reducing tempemature gra-
dients in the fluid, such as stirring or spinning a tank
equipped with mixing baffles.

If propellant settling is required tq assure venting with-

out liquid losses, required thrusting level and duration
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should be established, ms determined by size and distribu-
tion of bubble population.

8. Allowable venting rate to avoid boil-over.

9. Effect of sloshing such as may be caused by re-orientation
maneuvers or residual oscillations due to engine shut-off
perturbations.

10. Checking of scaling laws to permit extrapolaetion of test
results to larger tanks.

11. Perforﬁance of expansion valve-heat exchanger vent system.

12. Evaluation of cryogenic insulation techniques.

D. Acceleration

To decide on the acceleration level for a test, we must first
’reviem the accelerations experienced b& the fluid in a sgpace vehicle.
Table I is & summary of typical external forces acting on a space
vehicle during coast and the resulting accelerations. Actual values
will vary for each vehicle, of course. To compare orders of mag-
nitude, we have taken as an example a typical vehicle for a manned
or logistic lundr mission, of the 100,000 lbs. class and about 20 ft.
in diameter. On the basis of the table, we can categorize missions
from the standpoint of acceleration during coast, as follows:

a) Continuous low thrust, a/go ~ 104. (Examples: stages in
which boil-off is used for attitude or ullage control, and
radioisotope powered stages).

"b) Low-altitude orbit, a./go ~ 10‘6. Probably limited to short
parking orbit phase of miasions.

¢) High-altituie orbit and transfer orbit with oriented vehicle,
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.-«1/50 w~ J_()_J. 1o this category belong most cryogenle missinns
now Leing plannced.

d) Interplanctary missions with advanced orleatation systems,

a/g, 107 and lower.

To these we could add. the case of tumbling vehicles, which 1s,
however, unlikely due to therwal control ani guidance considerations.
It must be noted that thrusting, drag and radiatlon pressure
generate uniform acceleration fields, while rotation due to attitude

control results in variable, divergeﬁt fields.

We should now see what is the effect of these acczleratlon levels
on gravity-depeadent processes.

First, let us examine the effect of acceleration on the distri-
butlon of liquid and vapor in a tank. Norma.lly, hydrcstatico regimes
are defined in terms of the Bond number, which is the non-dimensional
'ra.tio of gravitational to surface forces:

2
LL a

v

p
Bo =

If Bo is greater than unity, the gravitational forces (1iquid
"weight" for a given g level) dominate and the 1iquid is settled, with
an interface more or less curved depending on the acceleration. This
is what we may term "low gravity" behavior. If Bo is less than unlty,
surface tension dominates and we have the typical "zero g" behavior,
with the ullage possibly no longer "above" the liquid. Experimental
work by Massica et. al. shows that this eriterion works quite well

(Ref. 6). The change of regime at Bo = 1 is only approximate, of
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course. Only for Bo > 1 or Bo << 1 we can be sure that we have
elther gravity-dominated or surface tension-dominated type of
behavior.

A somewhat different criterion of hydrostatic 'beha.vior' can be
adopted. If, instead of Bo, we take the ratlo of actual forces,
pLVLg/aLVﬂD, which can be called Bo*, we avold the use of the rather
arbltrary characteristic length L. This is advantageous if the
1iquid height is very d_ifferent from the tank dismeter, as, for in-
stance, 1in a tank where little liquid is left. Figure 2 shows the
boundary between gravity- and surface tension-dominated regimes

(Bo" = 1) for LA, and LN, 4n cylindrical tanks for two different

2
percentages of liquid volume. The figure helps to visualize the
fact that "zero-g" hydrostatic behavior is reached at widely dif-
ferent mccelerations for different tank sizes.

"Regarding natural convection, the character of the procese is

described by the Rayleigh number

aBATL3 E}f_

v2 k

Ra = Gr Pr = (

»

Viiet et. al. (Refs. 7 and 8) use a modified Rayleigh number Ra
vhen it 1is more convenient to correlate similar cases in terms of the

heat flux through the wall father than wall temperature;

k
n
Ra* } aBq ZL cpu
x
kv
The regimes are given as:

*
Ra <1 : conduction~dominated transfer

1< Ra* < 105 : viscous flow throughout vessel
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* .
1.05 <Ra < 1011 : laminar boundary layer

*
Ra® > 107t

¢ turbulent boundary layer.

These limits apply to the case of heating through lateral walls and
uniform acceleration field. Where bottom heating end/or non-uniform,
divergent acceleration exist, the regimes may be different. In any
event, we should try to achieve convection similarity between actusl
vehicle and test by having epproximately the same order of magnitude
for Ra.*.

Finally, let us consider boiling. There ie no evidence that
boiling will occur for the very low heat flux found in well insulsted
eryogenic tanks. Aircraft testa with liquid hydrogen reported by
Sherley (Ref. 9) showed that, for the duration of the "zero-g" maneuver
(about 10 sec.), the lowest heat flux at which nucleate boiling was
.'o'bserve‘d was 250 BTU/hr-ftg, while & typical value for a fo11-insulated
tank 1s 1 BTU/hr"ft20 Of course, boiling may occur for lowei' heat
fluxes but, due to resiciﬁal coﬁvection, require for its inception
longer periocds than were avallable in those tests.

When there is nucleate boiling, data from Reference 9 indicates
that there is practically no difference in the bolling curves for
132 in very low and normal gravity. It bas been suggested that this
is 8o because the dynamic forces associated with bubble formation
are larger than gravity-induced buoyancy forces. More rigorously,
one should consider all the forces relevant to the pool boiling
process: bubdble dynamic, surface tension, and buoyancy forces. If
either the buoyrncy or the dynamic force is greater than the surface

tension force as the bubble grows, one may conclude that the bubble
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will detach from the wall. Further, if the dynamlc force is much
greater than the buoyancy force, the process should be relatively
insensitive to gravity. Adelberg (Ref. 10) presents a bubble Froude

number, ratio of dynamic to buoyancy forces, and gives the approxi-

mate expresaion

3 Rmax
Fr,_ ~
B at 2
ma.x
vhere Rt maximum bubble radius (break-avay size)
tmax :  time required for the bubdble to grow to the size Rmax'

In this expression, Rmax and tmax should be ¥nown from experimental
data (probably inexistent) of computed with some of the theoretical
relations proposed by various authors (Ref. 11).

Unlike hy&rb§tatic behavior and.convection, boiling phenomena
are not diréct1y~éffecféd by -container sizé**.' S0, in a test;, we
should try to have the same acceleration and heating levels as in
the actual vehicle. If this is not possible, we should evaluate the

bubble Froude number; if Fr, >> 1 for both vehicle and test, accel-

B

eration is probably not critical and we can use the same heat flux;

*For instance, for bubble growth:

L

. LAT t%
By py V7O

6o 1/3
b« Ly XAT
wax " | Wi -py)  q

D

A small container may result in greater curvature of the heating surface,
more rapid pressure rise or restrictions in convective currents, which
might affect bolling.
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ir FrB >> 1 4is not met, and the same acceleration cannot be provided,
boiling correlation does not appear possible. Of course, the above
considerations assume that boiling does occur, but it may well be
that, for the low heat flux found in most applications, this will
not be the case.

In sum, we have seen that, in selecting the acceleration for a
scaled test, we have to consider the Bond number, Rayleigh number,
and poesibly bubble Froude number. An inspection of their expressions
shows that it is not possible to satisfy the equelity of the two (or
three) numbers simultaneously. For instance (41f we assume the same
fluid), for a 1/10 scale test container, we could match the Bond
number with an acceleration in the test 102 times greater than in the
actual vehicle. But_tpen, to mgtch the Rayleigh number, we would re-
quire an Acéélenaéion ldh times gre;pér. . The aitﬁat;on would ﬁe'even
more complicgfed if we were to test with a différent fluid. ‘However,
it may be sufficient to select the test conditions so that we have
the same regimes as those of the actual vehicle. The following pro-
cedure is proposed:

8) Use as a test fluid the propellant of interest. Then we

can write

(Bo*) vehicle _ (aL?) vehicle
(Bo*) test (aL?) test

(Ra*) vehicle _ (aIF) vehicle
(Ba*) test (aL‘*)‘ test

b) Belect a and L so that we have the same convective and

hydrostatic regime.
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¢) Use the same hea’t flux as in the actual vehicle,

d4) In case there is boiling, and if for the vehicle Frp >> 1,
try to select a so that this 1s also the case in the test.

E. Test Fluid

We have seen in the preceding section that eimilarity consider-
ations favor the use of the propellants of interest for testing.
Hydrogen, oxygen and fluorine, proposed for many cryogenle vehicles,
should be preferred. Of these, hydrogen 1s of the greatest interest
because:

a) For unvented tanks, structural weight penalties due to
higher-than-predicted pressure increase would be severe
for large hydrogen tanks.

b) For vented tanks, each pound of unpredicted hydrogen boil=
off would'render‘uselese'Beveral poﬁhds oquxygen or fluorine.

vSafety co;siderations might prévenﬁ use of these fluids for

tests on certaln carriers. If so, tests with liquid ditrogen, al-
though less desirable, may still yleld useful informaticn, mainly
for two purposes:

a) to show if pressure rise and/or boil-off are substantially
different frqm those predlcted for isothermal fluids.

b) +to check results obtained with analytical models, so that
thege can be refined ahd used with more confidence to pre-
dict bvehavior of other propellants, -

Use of a non-cryogenic fluid is also Justifiable on the same

grounds, with the restriction that the liquid de at saturation

temperature. However, testing with the real propellants remains as

the most attractive possibility.
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F. Container Size

In Bection D we have discussed already the similarity consid-
erations that affect the size of the container. In addition, there
is the hard fact of carrier ca.pé»c:lty, which will place an upper
1imit on package size. Aside from these factors, & relatively large
contalner has several advﬁntages: |

a) it avoids the distortion of thermal processes due to "crowled"

conditions in the tank. For exa.mplé » bubbles growing and not
yet detached from the walls may touch the main ullage and be
"absorbed” by it due to a proximity not found in a resl tank}
and the convective currents or boundary layer may not have
enough space to develop as they would in larger vessels.

b) for a given temperature gradient, temperature differences

in the fluid will be larger .a'.nd -more easily detected by in- '
strumentation. ' |

¢) larger amounts of liquid permit a test of longer dumtion.‘

Cryogenic propellant tanks may range from 2 to 20 ft. in
diameter, but the 5 to 10 ft. sizes are more frequently proposed.
Models of 1 to 3 ft. dia_meter would be of reasonable size and weight,
provide fairly long tests, and possibly avoid serious distortion of
thermal processes. Models much smaller than 1 ft. are, we feel, of
questionable value for the type of test discussed here, although
probably quite adequate for basic resesrch.

If the carrier capacity or number of £lights permit it, two or
more containers of different size should be tested under the same

conditions, to establish the validity of the similarity reasoning
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of Section D and permit more confident extrapolation of results to

full-size tanks.

G. Container Shape

Container shape should affect the thermal processes in very low
gravity. For one thiné, the ullage location and shape, as determined
by minimum energy consideratisns, is different for containers of
different shape. This results in different temperature prefiles in
the fluid, as well as in a different apportionment of heating between
the 1liquid and vapor phases. Also, boundary layer development, if
we have such & regime, will be affected by the curvature of the wallis.
Ideally, then, we would like to investigate the shapes usually pro-
posed for cryogenic tankage: cylinder with hemisphericﬁl or
spheroidal caps, sphere, spheroid and perhaps toroid. In practice;
and for the sake. of economy, 1t may be preferable to investlgaté
tﬁorouéhly one shape, probably a cyliﬁder, and run one test under -
the same conditions of acceleration, heating and propellant mass
for other shapes of interest, to aseess the magnitude of the dife
ference in pressure rise and boil-off.

H. Thermal Environment

In Section C we have seen that it 1s desirable to have for the
test the same heat flux as in the vehicle. Most missions of interest
require storage of cryogens for several days and have propellant
tanks well isolated from the environment with foil insulation. Each
mission has a different heat flux profile depending on orientation,
vicinity to the earth or planet, maneuvers for mid-course corrections

or navigation, etc. However, the thermal lag of the insulation and

267



surrounding structure results in relatively smell and slow variations
of heat input to the fluid. A possible speciasl case is a vehicle

8o oriented that the sun shines almost permanently on one sidé, 80
that there is a pronounced difference in heat flux between the "hot"
and "cold" sides of the tanks.

For a meaningful simulation of actual conditiona , the following

methods are proposed for the tests:

a) If the test carrier or ejected test package bave an atti-
tude control system with sun-seeking capability, the test
container may be exposed to the same environment as the
actual vehicles. Conditions in the tank may be measured
with the package aligned with the sun vector. Then & pro-
grammed change of attitude may orient the package with one
gside facing the euil,. *Eo‘estab}ish the irif;tuencé of uneven
heating. This apprba.ch' has fhe disadvﬁntage of requiring A
a rather complex attitude control system and logic, as well
ag restricting the possible test carriers.

b) A more atiractive method is to have a.very well insulated
package, so that external heating is lower than in the
actual vehicle, and provide the desi:fed heat flux with
heaters applied to the tank or to an intermediate radiating
wall. This method has seversl advantages: it imposes no
restrictions on package or carrier attitude; it permits
varying the heat flux to investigate its effect on fluid
conditions; and, by proper wiring, it permits checking the

effect of uneven heating with no change in paclage attitude.
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Although an external power source would be necessary, the
very low heat flux values and small container size would
require reasonably low power.

I. Ullage Space

We have seen t.lma.t:~ the location of the ullage epace may have &
major influence in tank pressure, depending on its location with
respect to the walls. This location is in turn detemined, among
other factors, by the ratio of ullage volume to tank volume. For
very small acceleratlions, the equilibrium conflguration of the
ullage 18 & sphere submerged in tﬁe liquid;* However, as the ullage
volume grows, its diameter may become larger than the tank's smallest
dimension (the diameter in an elongated cylindrical tank, for in-
stance) and thg sphere becomes two hemispheres bounding a central
section in contact with the walls; The vapor can then be heated -
directly and tank pressure should increase rapidly. On the other
hand, 1f 'the a.ccelez_'ation confines the ullage against the wall, a
small ullage is likely to result in higher pressure, due to itas low
heat capacity and, more important, to the s_ma.l]. liquid/va.por inter-
face area on which condensation takes place. It may well be that
an appreciable reduction in the rate of pressure rise could be ob-
tained with a moderate increase in ullage volume.

It i8 of interest, therefore, to investigate the effect of
ullage size on the conditions in the tank. In a test, this can be

accomplished by filling the vessel so that we start, for instance,

*Reynolds (Ref. 12) predicts that a wall-bound ullage will be found even
for very small accelerations.
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with 5% ullage. As tpe test progresses, successive venting cycles
increase the ullage size, so that we cover the range from an almost
full to anvalmost empty tank. Between venting cycles, we reproduce
the case of pressure rise in a closed system for the various vnlﬁes
of ullage volume, and we can also see its influence on venting fre-
guency and boil-off losses.

Ja Tegt Duration

Usuaily, "zero-g" tests end with the "zero-g" period, whether
= Iree fall, alrcraft trejectory or sounding rocket fiight. For an
crsatal Test, the period of weightlessnese is praciically indefinite,
£0 the test ends instead when all the cryogenic fluid hees been bolled
off. Figure 3-shows test duration for spherical vessels of various
dilameters. originally 95% full with liquid hydrogen or liquid oxygen,
'und for typical heat fluxes. It has been éséﬁmed that ali,the.heat
imput %o the fluld results eventually in boiling losses,

4 long duration test permits changing ithe test conditions %o
snvestigate the effect of some variebles on thermsl processes, such
=9 heat flux, sccelerstion and Qenting rate. The end of venting
periods is a convenient time to change the vayiabies. The maximum

boil-off losses in each venting period (if no 1iquid is lost during

veniing), are approximately given by ~

My Gy (T, - Ty)

— 23

My Ty

where T2 and Tl are the saturation temperﬁtures corresponding to the

"open" and "close" pressure settings of the vent valve. Bince TQ-Tl

1s only a few degrees for low pressures, the fraction of fluid lost
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in each venting period is small, so we would have a fairly large
number of "test periods” with the same initial pressure.

K. Analytical Correlation

Obviously, the usefulness of the tests will be much greater if
test data could be cbrrelated with analytical results obtained with
a mathematical model. To the writer's knowledge, a model of eryogen
behavior in very low gravity 18 unavailable at present. The compli~-
cations of ullage location in very low gravity and the variable,
divergent acceleration field found in rotating or oscilleting ve-
hicles makes questlionable the epplication of available models to the
"zero-g" case. The very thorough review of stratification phenomena
by Clark (Ref. 7) does not mention any such model. This writer is
engaged at present with some associates in & study of a suitable

.énalyticai model which, with éome fortuné, would enable corfelation
of future test data.

IVv. TEST PACKAGE

In this section we describe in some detall a possible test package
t0 implement the type of orbital test under consideration.

The container is a triple-wall vacuum vessel of cylindrical or
spherical shape. The inner wall is stainleas steel, compatible with LHQ,
and & relatively poor conductor, to decrease the influence of conduction
elong the walls on fluid teuwperature gradlents. The middle wall is copper,
to prsvide fairly uniform radistion heating of the inner vessel, but made
in two halves with a thermal barrier interposed between them to enable .
uneven heating of the fluid. Between the middle and outer walls foil in-

sulation is pléced, about 1.5 inches thick. The vacuum vessel is required
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for control in the atmosphere, where the insulation would be otherwise
ineffective, and to permit installation of the expefiment on the carrier
well before launch with little or no fluid loss.

Heaters capable of dissipating up to 5 v.'za.tt‘.s/ft2 are applied to the
copper wall and permit accurate knowledge of heat input to the vessel.
Inaccuracy in the prediction of heat leaks from the enviromment is of no
consequence because they are small compared to heater power. The heaters
are wired so that it is possible during the test to heat only half of the
container.

A vent valve with "open" and "close" settings of 40 and 30 psia, re-
spectively, is used. This range should permit fairly long "test periods”
between venting cycles. The valve allows a very slow decrease in pressure
to avoild hoil~over. Va.lxa:es with different pressure settings and vent rates
may be in'stalled. in other packages. The vapg"r ia vented -.i_;hr‘.)ug‘n'-a. T to
avoild impua.rt'in'g' spurious accelerations to tize package. | For "on.e‘o:f the
tests, the heat exchanger type of valve may be inétalled to evalua.te’ its
performance.

The vessel 1s mounted on & gpin table driven by pressurized gas
which 18 activated on command to ascertain the effect of spinning the
vessel and resulting fluld mixing on vessel préssure. This may be re-~
placed by a stirring mechanism in the fluld for the samecpurpose.

The instrumentation consistg of:

a) Three accelerometers to measure accelerations along three perpendicu-

*
lar axes.

*Units of the pendular type are available which can measure 10-3 to 10.5
g's with + 2% accuracy. Another type, using an electrostatically floated
mass 1s being developed which can measure down to the 10-7T g's level and
possibly lower.
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V.

Pressure transducers (two, for redundancy).

Platinum resistance temperature transducers (number dependent on
container size), mounted on the outer surface of the inner container.
Open/closed signals for valve operation.

Current meter for heater power dissipation.

Calibrated orifice or turbine flowmeter.

TEST GUIDELINES

The preceding discussion suggests guidelines which should be of help

in plaoning a program of orbltal tests. Clearly, a number of reasons

ranging from new technical findings to available funds may dictate changes

to these guidelines. Yet, they may prove useful, if nothing else, as a

starting point for further discussion.

1. Basic objJectives of the tests are:

&), Pressure hiétory in a closed container.
b) Boil-off losses and-frequency of venting in an intermit-
tently vented container.

2. Identify the missions for whose support the tests are intended,
and determine the expected range of important variables, such
as acceleration and heat flux. "Cryogens in zero g" is much too
vague an objective for the tests.

3. Determine test acceleration levels (in conjunctiqg with»contéiner
size) on the basis of similarity éonsiderationa, to have, as far
as possible, the same regime of heat transfer mechanlsms as in
-the actuai vehicle,

, Orbit altitude must be chosen 80 that acceleration due to air
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T.

10.

drag is compatible with test objectives. In.most cases, orbits

no lower than 300 N mi. will be necessary.

Use the propellants of interest as test flulds whenever possible.
Within the limits imposed by similarity, use test containers as
large as carrier payload capacity permit, if possible not much
smaller than 1 ft. diameter.

Select test carrier on the basis of requirements 3 through 6

above. An alterpnative 18 to have a test bed, elected or boosted
into the desired orbit, with its own attitude control, telemetry
and power supply systems.

If welght allowance permits it, test simultaneously two or more
containers of different size.

Reproduce in the test as closely as possible the heat flux into

the actual tanks. This can probably-be more conveniently ‘
accompiished with internal he?ters in a heavily insulated cont;iner.
Start the test with a small ullage space, so that in the successive
periods between venting cycles the range from almost full to

almost empty tanks can ﬁa investigated.

Plan the number of tests and test procedures to investigate the

effect on pressure and boil-off of as many as possible of the
following variablest

a) Acceleration

b) Heat flux

¢) Ullage space

4) Container size

e) Container shape 275



£)

Fluiad

g) Venting rate

12. In addition to the basic test objectives under 1,

investigation of:

a)
b)
c)
a)
e)
£)

Stirring or spinning to "homogenize" fluid.
Expansion valve-heat exchanger vent system.,
Ullage control devices.

Sloshing

Thrust for propellant settling.

_Insulation techniques

consider

13. Genernte a sultable analytical model for correlation of test

data.

VI. - CONCLUSIONS -

Orbital tests are the best and perhaps the only method of obtaining

urgently needed experimental data for the design of cryogenie propuléion

systems 1n very low grsvity.

meaningful engineering data.

Buch tests appear feasible and should provide

A Bmall number of tesis with a package of

ressonable size and weight would cover a wide spectrum of missions and

variables. It is hoped that this paper will stimulate the planning and

conduct of such tests.
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NOMENCIATURE

acceleration

®
]

Bo Bond number

[}

CD = drag coefficient

Cp = specifié heat at consiant pressure

CV = gpecific heat at constant volume
D = dlameter
FrB = bubble Froude number

g = acceleration of gravity on earth

()

Gr = Grashof number

= orbit altitude

= thermal conductivity '

H

.HV = heat of vaporization‘
k
L = characteristic length
M

=‘ma.ss

o
[ ]

pressure

7

Prandtl number

q" = heat flux

= radius of curvature in circular motion
= bubble radius

Rayleigh number

= modified Rayleigh number

o Fu® oo .
]

o time

T = absolute temperature
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W = welght
o = thermal diffusivity

B = coefficient of thermal expansion

AT = temperature difference between heater and bulk fluid
ik = dynamic viscosity
v = kinematic viscosity
p = density
o = surfece free energy (surface tension)
SUBSCRIPTS

L = of the liquid
T = total
" V¥ = of the vapor

w = gt the wvall
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STATIC AND DYNAMIC BEHAVIOR OF THE LIQUID-VAPOR
INTERFACE DURING WEIGHTLESSNESS
by E. W. Otto |
Iewis Research Center
ABSTRACT 130732
The problems encountered in attempting to operate systems contain-
ing a free liquid-vepor interface in a weightless environment are sum-
merized. The literature reporting the research applicable to or directed
toward solutions for these problems is reviewed. Results of the research
defining the configuration of the interface as a function of liguid prop-
erties and system geometry are discussed. The results of experimental
studies of the dynamic behavior of the interface in response to changes
in gravity level, to outflow disturbances, and to acceleration disturb=-
ances ére presenéed. This study places éarticulér-emphasis on determina-

tion of the scaling laws.that permit prediction of the interface behavior

HuTter

as a function of model size.



STATIC AND DYNAMIC BEHAVIOR OF THE LIQUID-VAPOR
INTERFACE DURING WEIGHTLESSNESS
by E. W. Otto
Iewls Research Center
1. INTRODUCTION

The increasing sophistication of space vehicles and thelr missions
has subjected an increasing variety of liquid-vapor systems containing a
free interface to a new environment--that of zero gravity. On the Earth
these systems rely almost invariably on the body force created by the
Earth's gravitational fleld to separate and locate thg liquid and vapor
in a consistent predictable mamner. Thus, liquids settle to the bottom
of tanks, vapors separate from liquids and can be vented off if necessary
at the high poiﬁtg in systems, and freeiconvectipn and.buoyancy e:feéts,
assist in the trénsfer of heat, Ih a zero-gravity or weightlessven;irog-
ment, however, the gravitational or acceleration body forces are sbsent,
which introduces a number of gquestions concerning the behavior of the
liquid, both static and dynemic, and the effect on hest-transfer phenom-
ena. This paper presents a survey of the various problem areas in the
liquid-vapor systems to be used aboard spacecraft and a review of the
literature reporting the research applicable to or directed toward the
solutions for these problems. The results of experimental studies of the
behavior of the interface in response to changes in gravity level, to out-
flow disturbances, and to acceleration disturbances with particular em-

phasis on the scaling laws governing the phenomena are also presented.

X-52016
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2, - PROBLEM AREAS -
2.1 Propellant Tenk Systems

A schematic diagram of a typlcal space vehicle propellant tank sys-
tem is shown in Fig. 1(a). Main propellant tanks contain a large, free
liquid-vapor interface that is subject to s nﬁmber of disturbances, such
as heat gain and acceleration perturbations, as shown.

The primary function of a propellant tenk system is to store the
liquid in readiness for use by the engine., Thus the behavior of the
interface and the propellant in response to the various disturbences will
be important to the engine restart operation. If these perturbations are
sufficiently severe, they may move liquid completely away from the ares

of the pump inlet, thus meking it necessary to collect the liquid by ac-

- celeration of the vehicle along the thrust axis before attempting to re-
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start tﬁe éngine. Even if the liquid is over the inlet.ﬁhere is the'pfo—
blem of a limited quantity of liquid being available to the pump due to
the possible pull-through of the liquid immediately gbove the tank outlet
and the consequent ingestion of excessive vapor.

The heat gained by the tank may necessitate venting during long
storage conditions. The required frequency of’venting will depend on the
effect of the zero-gravity environment on the heat-transfer mechanism.
The success of the venting operation will depend on the behavior of the
liguid in response to the disturbances. It may be necessary to collect
the Iiquid and vapor before each vent cycle in the same manner as for the
engine starting operation.

The perturbations of the attitude control system, if sufficiently



severe or if in resonance with the natural frequency of the surface, mey
cause liquid to move over the top of the tank and down the other side.
Aside from causing trouple with venting procedures and possibly'pumping
operations, this liquid ecirculstion constitutes a shifting center of
gravity of the vehicle and may cause severe stability problems in the
attitude control system.

2.2 Space Power Systems

A schemaﬁic diagram of a typical space power system is shown in
Fig. 1{(b). Two free liquid-vapor interfaces normally occur in these sys-
tems, one in the evaporator and one in the condenser, The behavior of
these interfaces is complicated by the addition of ﬁeat in the evaporator,
the removal of heat in. the condenser; and the probeble impact of droplets
at high velocity on the interface in the-condenser.

The principai fluid dynamic problems in theseusystems are the évqid-
ance of liguid carryover from the evaporator to the turbine and of vapor
carryover from the condenser to the pump inlet. In a normal gravity or
equivalent acceleration environment these problems are avgided by proper
elevation and orientation of the various components. In a weightless en-
vironment where the stabilizing effects of bquancy are absent, however,
‘liquid and vapor carryover may become difficult to avoid. The situation
may be aggrevated by random accele?ation from attitude thrustors, drag,
crew movements, etc. Further complications will come from the loss of ob-
vious positional stability between tubes of evaporators and condenéers em-
ploying multiple tubes and from possible changes in heat-transfer mechanisms

in the tubes.
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2.3 Life Support Systems

A schematic dlegram of a typical configuration of a life support sys-

tem employling a suberitical or 1iquified storége system for the oxygen is
“shown in Fig, 1(c). Two large, free liquid-vapor interfaces occur iﬁ
tﬁese,systems, one in the oxygen supply tgnk and one in the water receiver
tank. A third ligquid-~vapor interface is found in the water separsator.

The problems in the tank systems are similar to those encountered in
the main propellant tank except that here the principal problem is to pro-
duce or wvent vapor from the tank without loss of liguid. TIn the case of
the oxygen supply tank this vapor is generated by tﬁe addition of heat,
and any changes in heat-transfer mechanisms will become important as in
the propellant tank system and in the evaporator of the space power system.
In additién, because fhe heaf must be added to the liquidlin prder to
generate vapbr, the configuration, location, and dynamic behavior of the
ligquid will be important in designing the heating system. The accélera—
tion perturbations imposed by attitude thrusters, drag, crew movements,
etec. will cause movements of the liquid in each tank similer to that in
the main propellant tank.

The separation of water or water wvapor from a moving gas stream is
usually accomplished by impingement of the alr stream against a cooled
surface, which condenses the water vapor. The water then drains by gravity
to the receiver. 1In a weightless environment the draining setion is lost
and other means must be found to remove the water from the condensing sur-

face.
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2.4 Fuel Cell Systems

Figure 1(d4) shows a typical fuel cell system using oxygen and hydfo—
gen, both stored in s iiquid state. The problems encountered in this sys-
tem are the same as those of life support systems.

2.5 Miscellaneous Systems

The principal fluid dynemic problems in weightlessness have féen il-
lustrated in the previous discussions of the variousrsystems. These prob=-
lems occur Lo a greater or lesser extent in all space vehicie systems con-
tainipg liguid and vapor. There are certain zero-gravity problems, how-
ever, that are nct fully covered by the previous examples and that have
been receiving and will continue to receive a great deal of attention--
nemely the biomedical problems. Those asﬁects of the biomedical problem
that involye a }iquiﬁ-faﬁor_interfége are sﬂbjept‘tO'the_same flui@ be~-
'Haviér descriétion as for mechanical éysteﬁs, aithough they are probably
not subject to the same soiutions. Many of the biomedical problems appear,
however, to be related to the effect on individual cell behavior of the
loss of molecular body forces, which is beyond the scope of this paper.

2.6 Summary of Prcblems

Despite the great variety of systems, the'fiuid behavior problems
can be resoived into a few basic categories as follows:

1, Interface Configuration

a. Shape and location of the interface
b, Separation of liquid and vapor
2. Interface Dynamics
3. Pool Bolling Heat=Transfer Mechanisms

4. Evaporation and Condensation FPhenomena
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It will be found convenient to discuss the fluid behavior phenomena ,in
terms of these broad categories. In the following section a review of
the analytical and expe;imental research studying these phenomena will be
made. This is not intended to be an exhaustive review but a broad treat-
ment to aguaeint the reader with the genersl state of the art. Meny of the
references cited contain extensive bibliographies with which the subject

mey be pursued in more detail.



3. RESEARCH EFFORTS
3.1 Discussion of Analytical Concepts
In studying the change in fluid behavior or basic mechanisms be=-
tween l-g and O-g, one is led to examine the change in forces or force
levels in going from one gravity field to the other. In general, the
forces acting on a liquid are the inertial forces and the intermolecular
forces, which are exhibited in the form of the surface-tension forces.
Under l-g or earthbound conditions a liquid in a container is resirained
from accelerating freely in the gravity field. Under these conditions
the inertial forces predominate, and only small effects of the surface-
tension forces are noticeable. Typically, the effects of dominant inertial
forces are the shaping of liquids in tanks, the weight of the liquid, the
f hydrostatic preééﬁre of* liquid columng, the rise of vapor bubbies in liquids
odue to buéyancy, and the convectgon éurrénts in liquids és a result of .
heat inputs. Although the surface-tension forces are small in comparison
with inertia forces at 1l-g, their effects are still observable in the
meniscus of liquids in contact with solid bodies and in the capillary rise
or depression in small diameter tubes.

When a ligquid or a system containing liquid and Vapor'is allowed to
accelerate freely in the local gravity field, the inertia forces disappear
and the surface-tension forces remain. These forces are dominant in deter-
mining the equilibrium configuration and the liquid configuration dynamics,
end they play a larger role in the heat-transfer mechanics, Research con-
cerning the behavior of fluids in a weightless environment has there-

fore involved study of surface-~tension or surface-energy phenomena and of
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their effect on fluild behavior.
3.1.1 Early History of Surface-Energy Studies
The history of the study of surface-tension phenomena can be traced
as far back as Leonsrdo da Vinel and Sir Issac Newton. It was Young,
however, who first estsblished the theory by demonstrating how the prinei-
ples of surface tenslon and contact angle can be used to explain a great
neny cepillary phenomena. The theory was put on a firm mathematical
foundaﬁion by Laplace and later PoiSson. Further developments were made
by Gauss, who applied the principle of conservation of energy to the sys-
tem and obtained not only the equation of the free surface but alsc the
conditions of the contact angle. Other earlier investigators include
Dupre, Rayleigh, Gibbs, and Plateau, who utilized soap bubbles and other de-
"vices.to determine the equiiibrium configuration.of»liquids. Later in-.’
Vestigations.were carried outAby Langmuif and Harkins in the United States
and by Adem and Burdon in England
3.1.2 Iiquid Contact Angle
Consider a liquid in confact with a solid surface as shown in Figo‘Za
The free surface energies at the solid ligquid-vapor interfaces may be
represented by the surface-tension forces actiﬁg inkthe direction of the
surfaces. The angle at which the liquid meets the solid surface, measured
in the liguid, is the contact angle.
For the liquid to be in eqﬁilibrium with the solid.surface, the
surface-tension forces st the solid liquid-vapor interfaces mﬁst be in

balance parallel to the solid surface. Therefore,
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Oyg = 075 + Oy; COS O (1)

and

T =
- vs A
9 = cos'l'—-j;'-=—i (2)
vi

where Oyg, Ojq; and 0; are the surface tensions, or surface energies,
of the vapor=-solid, liquid-solid, and vapor=-liquid interfaces, respec-
tively, and 6 is the contact angle, (Equation (1) is known as the
Young-Dupre equation.) It is observed that the contact angle depends on
the magnitudes of the three surface-tension forces., When (5vs - ng)/ng
is between O and 1, the contact angle lies between 0° and 90°, =nd the
common convention is to call the liquid a wetting liquid. If, however,

(o

s GZS)/UVz lies between O and -1, the contact aggle will lie be~

tween 90° and 180°, and the liquid is said to be nonwetting liquid. The
céntact angle shoﬁld remain const;nt in an& gravity field, inclﬁding a
welghtless environment, because the iﬁtermolecular forces that are ex-
hibited in the surface=-tension forces are independent of the level of the
gravity field.
3ele3 Pressure Difference Across the
Iiquid~Vapor Interface
Although the property commonly referred to as surface tension is an
energy, it behaves in every way like a tensiocn and tries to make the sur-
face as small as possible. Thus a drop of liquid tends to become spheri-
éél, and the tendency of the surface to contract increases the pressure in-
side the drop. Becawse the pressure everyvwhere inside the drop is the same,

this pressure difference between the inside and outside of the drop is the

291



pressure drop across the interface and is given by the following expres=-

sion:

&P = 7 (3)

where R 1is the radius of the drop or more generally the radius of curva-
ture of the interface for a spherical interface. This expression is found
everywhere in the literature and is simply derived by equating the surface-
tension force acting along a meridian circumference to a pressure dif-
ference times the circular area enclosed by this meridian circumference,

If the interface is not spherical, the pressure drop is given by the more

general equation

AP:G(%+§;.) (4)

.3,144 Diménsibgless:Parametgrs

Dimensionless paramete;s havé been employed in the fieid of fluid -
mechanics to describe behavior similarities between systems of different
size and to define different behavior regions. For instance, Reynolds
number and Rayleigh number define the conditions required to obtain simi-
lar flow and convection current characteristics, respectively, in dif-
ferent sized systems, and they also define regimes of different behavior.
Other dimensionless parameters that have been found useful in the field
of fluid mechanics are Grashof number, Prandtl number, Froude nunber,
Nusselt number, Mach number; etc. These parameters are useful to the
theorist in providing an insight into the basic behavior mechanism and
useful to the engineer when studying the behavior of full-sized systems

through the use of models.
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Two dimensionless parameters that are useful in the field of cap-
illarity are Bond number, the ratio of gravitational or” acceleration
forces to capillary or surface-tension forces, and Wéﬁer number,.the
ratio of pressure br inertia forces to surface~tension forces. These
parsmeters are defined in terms of the physical constants of the system

as follows:
Bo-<2 Y2 _ola _pgp (s)

2.2
Fi  (Pressure drop)(Area) 1/2 oV'L

We = FZ oL oL

where o 1is the liquid density, L 1s a dimension characteristic of the
system, a is the acceleration imposed on the system (equals 1-g when at
rest on Barth), and 'V is the local flow velocity.

Bond number (Eq. (5)) defines the acceleration or gravity regimes in -
which either accele}ati;n or capillary forces dominate. For instanéé;
when the Bond number is larger (greater than one) acceleration forces
dominate, whereas when the Bond number is small (less than one) the
surface-tension forces will be dominant in determining the fluid mechanisms.,
Bond number should also be useful in predicting the critical acceleration
of the liquid gas interface,

Weber number (Eq. (8)) defines @he behavior of the interface in the
presence of flow forces, When thé Weber number is large the flow forces
predominate and the capillary forces are insignificant, whereas when the
Weber number is small the capillary forces will shape the interface. By
rearranging the expression for Weber number an indication of the transi-

tion time for zero-gravity phenomena, such as interface formation or wave
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period, may be obtained:

0.2 \2 1,3
We = £ V°L = % (T) L = %'Eg (7)

1/2
T:(—‘l— / 13/ (8)

Weo
The wvelue of Weber number will be empirical depending on the specific
configuration.

Reynolds [1] has portrayed the various hydrodynamic regimes as a
function of Bond and Weber numbers as shown in Fig. 3, which is taken
from his work. A new dimensionless parameter is introduced in this

- diagrem--nemely, the Froude number, which is the square root of the ratio
of Weber number to Bond number. It defines the bouﬂdary between the
inertié‘dOmigated regime épd the acceleration dominated regime. * This ,

diagram provideé a useful ‘means of visualizing the several hydrodynamic
regimes as defined by the several dimensionless parameters. ’
2.1.5 Effect on Facility Requirements

Several types of zero-gravity facilitles have been proposed such as
drop towers, airplanes, balllstic rockets, orbiting vehicles, and drops
from balloons, helicopters, and canyon bridges.- Each of these involves
the technique of free fall, or equilibrium with the local gravity field,
to obtain a zero-gravity environmént. Of these, the drop tower employing

a drag shield around a freely~-floating experiment, the airplane flown on

a ballistic trajectory, and the ballistic rocket have been the most used.

The study of the various aspects of fluid mechanics in zero ‘gravity

requires zero-gravity facilities with different characteristics. TFor
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instence, the bubble behavior produced by heat transfer is a high speed
phenomenon, and only a short-time facility such as a drop tower is re-
"quired. On the other hand, if the heat-transfer characteristics in a
system are being studied, as in a closed propellant tank, a facility of-
fering several minutes of zero-gfavity time is’required, such as a bal-
listic‘rocket. The study of forced convection mechaniés, or the behavior
of evaporators or condensers, requires relatively short times such as are
available in drop facilities or airplanes. In these studies, the intér-
face is generally so small that smgll perturbations of the order of a
few milli~-g's ére not important as indicated by the Bond number criterion.
In studying the behavior of large liquid vapor interfaces as in models of
propellant tanks, however, the acceleration level provided by the faci;ity
becomes important as ﬂoes the initial disturbance. If the zero-gravity
time is long enough for the initial distufbance“tb damp ouf or be neéated
by a collection and release maneuver, however, it becomes less of a coﬁ-
 sideration.

The expressions for Bond and Weber numbers (Zgs. (5) and (6)) can
be used to provide an estimate of the zero-gravity time and maximum
gravity level allowable in a facility to perform interface studies. A
plot of the predicted interface formation time and allowsble acceleration
or g level as a function of model éize is shown.in Fig. 4. The allowable
acceleration level results from the expression for Bond number using an
experimentally determined Bond number near one with L corresponding to
the radius. The interface formation time is obtained from the expression

for time developed from the Weber number relation using a Weber number of
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one and an experiﬁentally determined characteristic length (L).- The most
slgnificant aspect of Fig. 4 is the low acceleration or g level required
for interface experiments in the 2- to 20-inch range (the most desirsble
model range). This requirement also implies that the initisl disturbance
shall be low. It is this acceleration and disturbance requirement that

has prevented the successful use of airplane facilities for interface ex-

periments‘even though thelr 15-second time has been very attractive.



3.2 Interface Configuration
3.2.1 Shape and Location of the Interface .

The configuration of the liguid-vapor interface under weight;ess
conditions has been studied analytically by several investigators.
Benedikt [2] and Reynolds {1]* have calculated exact solutions for the
configuration of the interface between parallel plates as a function of
the gravity level or Bond number and, from these calculations and the
principles involved, have inferred the configuration of the interface in
other geometries. Li {3] has used the principle of the minimization of
the free surface energies to predict the.interface configuration in many
geometries. All these analyses indicate that the interface configura-
tion is primarily dependent on the contact angle and that during weight-
lessness the liquid vapér interface tends to assume a constant curvature
éurface that intersects the tank wall at the-contact éngle.

The results of the calculations for the configuration of the inter-
face between two parallel plates as obtained by Reynélds are presented
in Fig. 5. The calculations present the interface configurations for a
relatively wetting liquid (contact angle; lOo) and a relatively non-
wetting liquid (contact angle, 140°) each at a series of Bond numbers
from zero (true weightlessness) to‘infinity (essentially representative
of 1 g). At a Bond number of zero the interface is a surface of con-
stant curvature intersecting the wall at the contact angle. The contact

angle determines whether the surface is concave or convex. The incressed

*
Reynolds indicated that he also found the calculations in the works

of Rayleigh.
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distortion of the surface from its constant curvature configuration as
Bond number increases is apparent.

The results of the calculations for the two-dimensional case may be
used to infer the configuration in three-dimensional geometries. Fig-
ure 6 shows the predicted configuration‘for cylinders and for spheres as
a function of the contact angle and for the volume fraction of liquid in
spheres. These predicted configurations are for a Bond number of zero.
Five general configurations are shown for spheres ranging from an im-
bed&ed vapor bubble for all fillings at zero-degree contact angle 1o an
imbedded liquid mass for all fillings at the hypothstical contact angle
of 180°. The curved line indicates the combination of contact angles
and fillings at which the interface is flat as depicted by the center
diagram.. The diagréms cn either side of genter are genefally represen-
tative of the coﬁfigurafions oﬁtained for the combiﬁation of contaet

angles and fillings in the surrounding area. The configurations pre-

dicted for cylinders do not show the end effects that would be encoun-

tered in tanks with normal ends. For tanks with hemispherical ends, the
configurations may be inferred from the configuration for spheres.
Experimental verification of the predicted interface configurations
has depended heavily on a suitable zero-gravity facility. The author
and his colleagues conducted a series of experiments |4 and 5] in the
NASA Lewis Resgearch Center 2.3-second drop-tower facility that verified
the predicted configurations. These experiments were conducted using
ligquids wi?h three different contact angles in spheres, cylinders, and
cones at several different fillings. The results for the range of con-

ditions can be represented by Fig. 6; however, photographs of several



interface configurations are shown in Fig. 7. Clodfelter [6] has re-
cently used the 1l.85-second drop facility at Wright Field to confirm
some of these results and has extended the work to show some interesting
end effects in flat-bottomed cylinders.
3.2.2 Separation of Liquid and Vapor

Although the analytical and experimental results indicate that the
interface configuration can be predicted for simple containérs given the
contact angle and ullage volume, the location of the liquid and vapor is
often undesirable from the standpoint of reliable pumping and venting.
This is especially true for a wetting liguid (typical of most propellants
currently being considered) in spherical or nearly spherical tanks, be-
cause the location of the wvapor bubble is random. Under these conditions
reliable pumping snd venting cannot be assured, and a substantial portion
of the zero-gravity{research effort is qoncentratéd on methods of obtain-
ing reliable separétion of the liquid-dhd vapor. |

3.2.2.1 Acceleration Fields

The method that is in use at the present time is the creation of an
acceleration field by the use of ullage rockets. Although this method
gppears to work well, it becomes heavy~if more than a few engine starts
or venting cycles are required. Spinning the propellant tank has been
proposed as a means of separating liquid and vapor but has not received
much serious consideration. The‘use of an acceleration field to separate
liquid and vapor, however, appears practical in the case of liquid sepa-
rators, in evaporator tubes, and possibly in condenser tubes. In the
case of liquid separators, energy from the gas and liquid stream would

be used to create a centrifuge action to separate the liquid. In the
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evaporator and the condenser tubes, a spiral tape ingerted in the tube
has been proposed. BEvans [7] studied such a geometry by using bubbles
in water and found the separation good.

3.2.2.2 Capillary Baffles

The anslyses for defining the configuration of the interface indi-

_cated a reduction of system energy as the interface changed from its

normal gravity configuration to the gzero-gravity configuration. It
therefore appeared promising to- study the ability of tank geometries
providing appreciable changes in surface energy to position the liquid
and vapor in ‘acceptgble configurations. A simple configuration that
probably has occurred to most investigators in *he field and has been
suggested and analyzed by Reynolds [1] is a tube mounted over the pump
inlet concentric with the vertiFal centerline with holes around the
bottom to allow fluid transfef'betweeﬁ'the tank and the tube‘asvshowﬁ’in
Fig. 8(a). - An snalysis using Either surface energy or'capillafy pressure
drop can be made, which shows that a wetting iigquid should rise in the
tube when the tube diameter is less than one-half of the tank diameter
and Tall if it is greater than one-half of the tank diameter. This be-
navior is a positive demonstration of the tendency of the surface energy
to minimize [8]. BRBecause of this minimization of the surface energy, the

liquid then takes the configuration ir weightlessness shown in Fig. 8(b}.

ot

he iet, while the

4

The liquid is maintsined over the arez of ump. in

vapor is meintained in the area of the vent.

The author and his colleagues have studied the performance of this

geometry in a series of experiments in the drop tower [8 and 9] and in

. the MA-7 spacecraft [10]j. A desirable characteristic of this geometry



in spheres and to some -extent in cylinders is its ability to recapture
the liquid following an excessive acceleration disturbance. This effect,
which is shown in Fig. 9, shows the results of drop-tower tests in which
the standpipe baffle was at varlous initial angles to the gravity vector.
For the 90° test the time available was insufficient to allow complete
filling of the bvaffle. The tendency of the baffle to fill with liquid
was also noted at 1800, but again the time was insufficient to allow com-
plete filling of the baffle. The most serious shortcoming of this»baffle
configuration is its inability to provide reliable posiﬁioning of the
vapor bubble over the vent if the standpipe is more than 30 ﬁercent of
the height of the sphere. If the tank is filled to more than 83 percent
the resulting ullage bubble will float free {9].
In an effort to overcomeé the shortcomings of the standpipe design,

“the ggometry éﬁown in Fig. 10 was‘prgppsed [9], This deSign utilizes a
sphere Qithiﬁ the spherical fank somewhat offset in the direction of'the
pump inlét. The action is such that the vapor bubble tends to return to
the location (over the vent) where it can become most nearl& spherical
{which represents the condition of minimum energy) after an excessive ac-
celeration. For a geometry in which the inner sphere is 50 percent of the
tank diameter and the offset is 10 percent of the tank diametér, the tank
can be filled to 95 percent without the ullage bubble floating feee. The
tapering sections provide a stable interface position around the tank as
it empties, and the geometry provides an excellent resistance to vapor -
pull-through during pumping in adﬁition to the capability of complete
volume pump-out. By mounting the inner sphere on webs between it and the

lower half of the tank, an even stronger pumping geometry is created.

301



3.2.2.3 Screens

The use of screens has been proposed as a means of trapping a suffi-
cient quantity of propellant over the pump inlet to start the engine. The
staff of the Bell Aerosystems Company [11] has made an extensive study of
the ability of screens to retain propellants over the pump inlet. In all
cases, small mesh screens were employed that were capable of retaining
liéuids in model tanks in a normal-gravity field. A screen conflguration
that was studied intensively is shown in Fig. 11 {(taken from [11]). When
the acceleration is directed normal to the screen as in Fig. 11(a), the
screen lies in an equipotential surface of the acceleration fieid, and
thé volume trapped behind the screen is equivalent to a cloged tube with
8 screen across the open end. The smail mesh screens stabilize the sur-
face while the actual holding force 1s provided by the ullage gas pres-

sure és shown in the 'enl-arged.;secti_onc Iﬁ this configu}ation a screen with.

a mesh of approximatelyao.l inch should be capable of retaining ligquid

against an acceleration equivalent to normal gravity. The ability of

screens to retain propellant agesinst transverse vehicle accelerations as

shown in Fig. 11(b) is much iess thaan for normeli aczelerations. This

configuration is more analogous o an open tube with a stabilizing screen
"across one end. In this case, there is a head difference subjeét to the

acceleration that, ih turn, sets up s pressure differcnce that then must

be rétained by the pressure difference developed across the interface in

the screen openings as shown in the enlarged section. The mesh of screens

to resist transverse accelerations must be much finer thar for normasl ac-

celerations because of this differential head.
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Two configurations using screens that appear promising are shown in
Fig. 12 (taken from the Bell study [11]). Of these the spiral hose de-
sign appears more promising because of its ability to achieve complete
bubble-free expulsion for any filling -of the tank. It is intefesting to
note that in this configuration the gbility to retain propellant against
adverse vehicle accelerations is equal for the transverse and axial di-
rections.

Screens do not provide positioning of the vapor bubble over the vent
except for very complicated geometries involving multiple>screens, %hich
appear to have shortcomings in obtaining complete expulsion. 'Their main
advantage appears to be the ability to resist a higher acceleration dis-
turvance than baffle systems for a glven weight.

3.2.2.4 Dielectrophoresis

'The principle_of dieleétrophoresis,has been proposed és a means of
orienting or positioning the liépid and vapor‘in the propellant tank.
When a dielectrid‘liquid and vapor are placed in & nonuniform electric
field thé liquid will tend to move into the region of highest field
strength. This principle has been well known for some time and can be
found in texts on classical electromagnetics. Blackmon [12] has studied
the application of the principle to the positioning of liquid in & pro-
pellant tank both analytically and experimentally and has demonstrated
collection into predicted configurations. The staff of the Bell
Aerosystems Company [11] has also made a study of systems employing di-
electrophoresis to position liquid in the tank. Their experiments in-
cluded the measurement of the pressure induced by the electric field,

which they found to be variable and not completely predictable. Thus,

303



304

while they agreed that liquid could be collected in an electrode system
in zero gravity, they could not predict the ability of the system to re-
tain the liquid against a random acceleration. It appeared that the in-
duced pressure inconsistencies mey heve been due to practical geometry
problems causing unwanted field concentrations snd to time and tempera-
ture variation of the electrical properties of liquids. The conclusions
from both iﬁvestigations were that dielectrophoresis may be a useful ef-
fect, but that more knowledge concerning the electrical properties of the
liquids and more development is necessary.
5.2.2.5 Temperature Gradient

A physical effect that may be useful in the separation of liguid and
var.or during weightlessness mskes use of the dependence of surface ten-
sion on temperature. The surface tension decreases with temperature un-
fil it reaehes‘zeré'at-the gritical'tempefature-whefg:fhe fluid phases -
and, therefore, the interface are.ﬁét separstely définable; If a vapor
bubble is located in a liquid in which there is a tempersture gradient,
the temperature of the liguid vapor interface‘will be higher at one pole
of the bubble than at the other. Under this situstion the liquid in the
warmer interface where the surface tension is lower will flow to the re-
gion of colder temperature and higher surface ftension. This effect cone-
stitutes a movement of the vapor bubble from cold 1o warm regions.

The phenomenon has beenvstudied in experiments by Young, Goldstein,
and Block [13] in which bubbles were westrained from rising in a normal-
gravity field by a sufficiently high temperature gradient. Their results
indicate that although the effect is not normally noticeable at normal

gravity because of strong buoyancy effects, it may be useful in or near



zero-gravity conditions. Because the bubbles tend to stay at a warm sur-
face, it may be an unwanted effect in heat-transfer systems.
3.3 Interface Dynamics

The previoﬁs discussion has been concerned mainly with the configu-
ration of the interface, the location of the liquid and vapor, and the
means of influencing the configuration or location under the condition of
no externél disturbances tc the system. When disturbances such as atti-
tude control accelerations or outflow disiurbancesAare imposed, however,
the established interface or fluid configuration will be distorted or
disturbed. TIf the disturbance is surficiently large, tne established in-
terface may break, and the liquid, therefore, will move to a new position.
The dynamié pehavior of the interface in response 1o these disturbances
is of importance because of its affect on various p;opellant management
problemé, such as pumping and veabting operations, and on the stability .of
the attiﬂude control system. It is expected that Bond and Weber numberé
will be of significasnce in describing dynamic behavior because they iﬁ—
corporate the effects of acceleration, inertia, and surface energy.

3.3.1 Interface Formation Time Following a Thange
in Acceleration Level

One phase of interface dynamic behavior that has been under study is
the time required for the interface to form its zero-gravity configuration
after release from a normal-gravity or high-aczeleration field. Benedikt

[14] derived an expression for the oscilis*ion time of an initially de-
formed freely falling mass of liquid. Functionally his expression is
equivalent to the expression for Weber nurber, and it indicates that the

transition time is a function of the ratio of density to surface tension
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to the one-half power and of a characteristic dimension of the interface
to the three-halves power.- It is similar to an expression for the oscil-
lation frequency of a liquid jet issuing from a noncircular hole derived
by Rayleigh [15].

The author and his colleagues have conducted drop-tower experiments [16]
in which the time required for fhe interface to form in spheres and cylir-
dérs aftef entering zero gravity was measured, which confirmed the func-
tional relationship suggested by Benedik*. The resultls of these experi-
ments are presented in Figs. 13 and 14, The formaiion time given in these
experiments is that required for a point orn the interface and on the ver-
tical axis of the container to move from the 1l-g to the O-g position as
depicted by the small diagrams.

The general expression for formation time as a function of fluid
'ﬁfoperfies ;nd dimensions of the Syétem deri%ed‘from the Wéﬁer.number by

substituting a length divided by time is rearranged as follows:

1/2,.\1/2 ; .
T =(i)/(8>/<cn>3/2 (9

We o]

vhere D 1is the dlameter of the container, T 1s an empirical constant,
and the other symbols are as defined preyiousiy. Equation {9) indicaies
that formation time should vary with D3/2 and with (0/0)1/2, The solid
lines on Figs. 13(a) ané 14(a) are drawn at a three-halves-power siope.
The sclid lines on Figs. 13(b) and 14(b) are drawn at a one~half-power
slope. In each case the data fit the lines closely, which indicates a
good correlation with theory. If a Weber number of cone is assumed, then

the term CD may be considered the characteristic dimension of the

(O]

e

s
]

tem. For spheres, the value of T was determined at 0,292 and for =2y.-
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inders at 0.277. Although the size range is small as limited by the drop~-
tower time, good correlation with theory inspires confidence in the use

of the Weber number‘expression to predict the time responSe in large ve~
hicle tanks.

As part of this program studying the interface formation time, exper-
iments ‘were conducted [8] in which the velocity in capillary tubes was
measured. 'Such information is useful for dgterﬁining the interface forma-
tion time in tanks employing capillary tube baffles such as in Fig. 8. A
part of the results of this study is presented in Fig. 15(a) where the
variation of height of the liquid in the capillary tube with time in zero
gravity is given for several tube diameters. The tank diameter for *hese
experiments was 7 centimeters. The solid lires are analog computer solu-

tions of the equation

2ocos.6 (1 "1 \ 1 K52 8y (1, + Z) .
o P Re By - Re a ™ Rg
= > (10)
1l- éE Z + 1y * ﬁE lo + ﬁE lg
Ag - Ao Ag,

for liquid rise as a functioﬁ of time. A schematic drawing showing the
system geometry from which Eq. (10) was dérived is shown in Tig. 15(b).
Tﬁis equation was derived from Newton's fundamental force-mass relation
and accounts for forces due to surface tension, entrance losses, and
friction drag. This equation involves no empirical constants and can be
evaluated from the physical constants of the system with the exception
.of the constant K applied to the entfance loss term, which is calcu-

lated by approximate means. In the solutions shown in Fig. 15(a) this
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constent was taken as 2.28, as calculated by Langhasr [17] for the en-
trance loss to viscosimeter tubes.

The correlation of the data with the anelysis was found to be satis-
factory for variations in tube diameter and initial helght of liguid in
the tube. The degree of correlastion indicates that Eq. (10) incorporates

~the prinecipal physicel phenomena and is useful for calculating the ve-
locities énd displacements in capillary systems in zero gravity.
3. 3,2 Interface Behavior During Qutflow Disturbance

A large portion of the zero-gravity research work has been given to
the determination of means of assuring that liquid is located dver the
pump inle? prior to engine starting. Comparatively little work has been
devoted, however, to a study of the effect of the outflow disturbance on
the interface nearest to the outlet. Thg;e is an almost compiete abgence
of litgrature reportiﬁg eithef ahalytical or expgrimental studies of the
phenomena. A recent paper by Povitskii and Lyubin [18] has analyzed the
velocity élong the free surface of the interface as affected by outflo%
velocity. The results of their amalysis indicates that for Ilquid depths
greater than the diameter of the outlet tube, the free surface is not ap-
préciably disturbed beyond a diameter corresponding to four times the depth.

Because the outflow velocity creates a velodcity éradient in the liquid
above the outlet that appears to carry through to the interface, it is
expected that the Weber number may be the scaling relation useful in
relating the distortion of the interface between various system sizes.

For more severe veloclty gradients and greater distortions, however, the
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viscosity may have an effect so that the Reynolds nunber may also be re-
quired to properly scale the phenomena.

Nussle [19] has .conducted outflow experiments under zero-gravity
conditions in the drop tower to study the behavior of the interface under
this disturbance and to attempt to determine a scaling parameter. At
the presgnt time experiments have been conducted only with flat-bottom
cylinders and with initial liquid depths greater than one tank diameter.
However, three ratios of outlet diameter to tank diameter, a size range
from two centimeters to 18 centimeters diameter, and the effect of
baffles at the liquid outlet and gas inlet have been studiéd.l

Photographs of the behavior of the interface during outflow under
zero~gravity are presented in Fig. 16(a) for the condition of a high
outlet velocity and no baffles, It Will be noted that although the
outlet velocity. is ,relatively.high, the intérface does pot .d'i.stort ‘suf- |
'ficiently‘to permit vapor blow-through uhtii'it is reiatively close (one
or two diameters 6f the outlet tube) to the bottom. The interface does
distort considerably from the hemispherical equilibrium zero-gravity
configuration with the result that considerable liguid is left on the
walls at blowthrough. Also the interface shows cqnsiderable wave distor-
tion apparently from the impingement of the inlét gas.

Schematic diagrams of the configuration of the interface at the
moment of wvapor blow-through are presented in Fig. 16(b) for a range of
outflow velocities and for several inlet and outlet baffle coMbinations.
These diagrams show that as the outflow velocity is increased, more

liquid is left on the walls of the tank. The addition of the outlet

baffle to direct the flow streamlines along the tank wall provides some
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improvement but not as much as might be expected. The use of a crude
baffle over the gas inlet provides more improvement than might be ex-~
pected indicating that the impingement of the inlet gas is a primary
cause of interface distortion. The combination of inlet and outlet
baffles results in reducing the amount of liquid remaining on the wall
~almost to the.amount left at low outflow velocities.

One éf the objectives of these studies was to determine the effect
of such parameters as outlet velocity, ratio of outlet diameter to tank’
diameter, and absolute tank size on the interface distortion tc enable
prediction of allowable outlet velocities for a nominal interfébe dis-
tortion in full size vehicles. The results of these efforts are pre-
sented in Fig. 17 where interface velocity on the tank centerline
(which when compared with the average interface wvelocity is a measure
of the distortion) is.plﬁtted as a function of'outflow velbcity for
several fatios of outlet to tank diameter and a range of taﬁk sizes
from Z to 16 centimeters diameter. These experiments were run with a
gas inlet baffle but no outlet baffle. Although the distortion of the
interface does increase with average interface velocity, 13 is not
severe even at very high average interface velocities. The average
interface velocities in full size vehicles are in general less than
10 cm/sec. The effect on interface distortion of the ratio of outlet
to tank diameter appears only in 1ts effect on average interface
velocity. The most surprising result is that although the tank size was
varied over an 8:1 range no effect of size can be discerned. The results

of these studies indicate therefore that no particuiar difficulties with
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interfaée distortion should be encountered in full-sized tanks for
liquid depths egqual tq a tank diameter or greater. Data at low liguid
depths are not yet available although it appears from Fig. 16(b) that
simple baffles will satiéfactorily solve.any problems 6f vapor blow-
through.
3.3.3 Interface Behavior During Acceleration Disturbance
There are a number of acceleration disturbances that will ocecur

in connection with the operation of space vehicles such as those re-
sulting from attitude control system operation, crew movements, docking
jolts, and atmospherié drag. The acceleration perturbation ﬁéy be
intermittent as in the case of attitude control operation or steady

as in the case of drag or of liquid collection by thrust preparatory
- to engine starting. These disturbances will occur at all angles to the
vehicle thrust .axis and will tend to move the liquid opposite (relati;e.

to the tank) to the direction of the acceleration. The surface-tens:‘:on

forces give the interface the ability to resist or be stable to a certain
amount of acceleration, which is expected to be defined by the Bond
number criterion (the ratio of acceleration to surface-tension forces).
The study of interface behavior in response to acceleration disturbances
may be divided for convenience into two phases, one for acceleration dis-
turbances less than, and one for disturbances greater than a critical value

at which the stability limit of the interface is exceeded.
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There is a great deal of literature starting with Maxwell in 1890
and continuing with the contributions to hydrodynamics by Lamb and the
contributions to surface stability by Taylor - -that can be appiied to the
definition of the behavior in response to acceleration perturbations.

- A great amount of'it deals with the situation in which the acceleration
is directed perpendicular to the interface from the less-dense to the
more—dense:flu;d. The classical approach to the problem of hydro-

static stability has conéisted in examining the character of the

solution of the equations of disturbances applied to the interface. If
the exponents of the series solution are pure imagiﬁary, the disturbed
interface will oscillate in time, and the undisturbed state of the inter-
face is considered stable. If the exponents are real, the diéturbance is
unbounded in time, and the undisturbed state is considered unstéble. The
required boundary condition is a fixed contact angle at the wall. 1In the
case of disturbed equilibrium, this leads algebraically to the usual cri-
terion of minimum potentisgl energy as a necessary condition for stability.
Variational tedhniques have been used in minimigzing the sum of the gravi-
tational and free-surface potentials sﬁbject to the constraint of constant

liquid volume. The resultant Euler differential equation is solved con-
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sistent with the required boundary conditions. The solutions are neces-
sarily approximate, largely because of the nonlinearity of the differen-~
tigl equations and the difficulty encountered with a rigorous mathemetical
formulation for a O° contact-angle boundary condition.

These analyses have'been primarily interested in studying the dynam-

ics of the interface and have, in the course of these studies, determined

+the stdbility limit of the interface--that is, the value of the accelera-

tion at which the interface will break. As noted, this point is expected
to be defined by Bond number, and the value obtsained is called the criti-
cal Bond number. The various analyses in the literature quote values of

critical Bond numbers from 0.15 to the value of 14.68 obtained by Msxwell.

- Recently, Masica [20] measured the critical Bond number in cylindrical

tubes using the normal gravitational field gs the acceleration disturbance.
Part-of his results are shown in Figs. 18 to 20 T;r'different orientations
of the éccéleraﬁion field and position 6f the interface relstive to tﬁe
edge of the tube. The critical diameter 1s shown as a function of tﬁe
specific surface tension c/p. The left axis intercept of the solid line
approximating the data is proportional to the critical Bond number and is
computed as follows using Fig. 18 as arn example. The equation of the
solid line that is drawn at a slope of one-half is, after comverting the
critical diameter to centimeters,
. e .

D =0.184 [?Erﬁfﬁijj (11}

When arranged in the form of the Bond number expression (Eq. (5)) and

substituting the radius for the diameter, Eq. {1l) becomes



as 2
[0-184 ] =2 aR% = 0.84 = Bo - (12)

i2i(0,15 critical

The Bond numberv(based on a radius) of 0.84 agrees with the value obtained
anglytically by Bretherton [21] and that ébtained experimentally by
Hattori [22] for this configuration and acceleration direction. A varia-
tion in Bond number depending on the specific surface tension was observed
for the situation in which the acceleration was directed normal to the
axis of the cylinder as shown in Fig. 19. The valqe was 1.12 for specific
surface tensions less than 43 cms/sec2 and 2.53 for specific surfaceAten—
sions greater than 43 cms/secz. For the configuration in which the liquid
was at the édge of the tube as shown in Fig. 20, a strong edge effect was
noted in that the Bond number was 3.37.

In these experiments the specific surface tension was varied over a
6:1 range, “thus esfl:ablis_hing its functional relationship in the Bond num-
ver expression. The éxperiments were perfogméd, howevér,'with oﬁly one'
acceleration disturbance--that of the normal gravitational field. Masica [23]
has recgntly extended these studies in the drop tower to in-
clude acceleration fields equivalent to one-Lenth and one one-hundredth
that of normal gravity for the configuration of Fig. 18. Acceleration
forces on the container and gravitationzal body forces on the liquid were
treated as equivalent. The results of these experiments are presented in
Fig. 21. These data fif an extension at the same slope of the solid line
in Fig. 18 and establish the functional relationship of acceleration in
the Bond number expression.

The results of these experiments can be used to predict the critical

acceleration for the interfacé in large vehicle propellant tanks. Fig-
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ure 22 presents the critical acceleration in g's as a function of tank
diameter in. inches for a specific surface tension of 28.28 cm5/sec2,
which is representative of meny propellants. The data obtained at one,
one-tenth, and one one-hundredth g are shown. The critical acceleration
for vehicles of 100 to 400 inches in diameter is indicated as 10'6 to
,lO- g's.

Accelérations.less'than the critical wvalue may be encountered in
situations of low residual atmospheric drag or solar pressure or from
attitude control disturbances or crew moveménts. Residual dreg or solar

“pressure will result in a continuous. acceleration which will’diétort the
interface in a generally predictable manner. The.operation of attitude
confrols or crew movements however cause‘intermittent acceleration
perturbations which may set up an oscillation of the interface. In
high gravitational or accelerati;n fields (high Bond nuﬁheré) the fre-
Quency of oscillation is determined:Sy the gravitational or acceleratiop“
forces. In a zero-gravity environment (zero Bond number) the surface
tension forces dare the only remaining restoring forces and determine
the frequency. The damping of these oscillations is dependent on the
viscogity for both high and low Bond number situations. It will be im-
portant to avoid these frequencies in attitude cbntrol systems.

There is an extensive literature concerning the dynamics of free
surfaces but only for the condition of an unbounded surfzce or where
contact angle effects can be ignored. Satterlee and Reynolds [24]
have calculated the natural frequency of the surface at low Bond numbers

for several contact angles and have obtained some experimental verifica-

tion (best at low contact angles) of their analysis. Their results are
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presented in terms of a dimensionless frequency parameter which is a
linear function of the Bond nunber and has a finite value at zero Bond
number.

For the situation in which an acceleration greater than the critical
value i1s applied along the axis of the tank from ihe vapor to the liquid,
as when the drag exceeds the critical value of the interface, or during
collectién maneuvers, the wofk‘of Taylor [25], Bretherton [21],

Hattori [22], and Goldsmith and Mason [26], which are studies of the
motion of a bubble which fills the tube, can.be applied. The results
of some of these studies defining the velocity of the interfaée as a
function of Bond number are given in Fig. 23 together with some dats by
Masica for high Bond numbers at l-g and for low gravitational values.
The data shown tend_to establish the functional relationship of the
accéleratibn,.thé specific éurface tension, and the size in the relation
of the iﬁterfaée velécit& pérémeter ané éond number, The resuits of these
eipériments can be used to predict the velocity, on the tank axis, of the
penetration of the ullage vapor into the liquid during a collection thrust
and thus allow a rough predietion of the time for vapor to reach the "top"
of the tank for a situation in which the tank is partly full. No work
is apparent as yet on the behavior of the liquid as it gathers in the
"bottom" of the tank.

3.4 Heat Transfer

There has been a great deal of interest in the change in the heat-
transfer mechanism in a weightless enviromment, The mechanism of heat

input to a tank under space conditions corresponds to that of a classical

pool-boiling situation, the various regions of which are shown in Fig., 24

for a l-g field. The coordinates are heat flux plotted as a function of

317
temperature difference. :






oduced
ﬁiﬁf availab

from
le copy

The heat-transfer regions start with conduction af very low flux, and,
as flux is increased, progress through convection and.nucleation, and fi-
nally, at very high flux, progress to the mechanism of film boiling. The
regions of convection and nucieation may be substantially affected by the
loss of gravity. Convection currents should certainly be absent in a zero-
gravity environment, although residual currents may persist for some time.
The nucleafion regime may be markedly affectsd by changes in the. gravity
field pecause of the dependence of bubble velocity on buoyancy. Tf the
velocily becomes zero because of Loss of bucyancy, the nucleation region

may be replaced by 2 film mecharism of boliing. This situation‘would be

o

predicted by he,Rohsénow [27] ruciea‘ion concept, which is gravity depen-
dent. A nuclestion mbdel has bee=rn proposed vy Forster and Zubsr [28] that
may be independent of gravity in that-bubCLes ére regoved from the surface
by a flow field setfup around the buﬁblgvbecause of its rate of expansion.
If this model is cétrect, *he nucleénibn_;egion should be relatively ﬁn—
gffected by a zero-graviﬁy erviromment and would probably extend down té
cover the convection region. 3Iisge: [29] pwrformed the first low-gravity
experiments studying the pool boiiing mechani-m under several gravity
fields from essentially zer»o Lo ore. He was primarily interested in
studying photographiza.ly the change 1n ehulliftion and vapcor removal.
During a discussion of his paper [30] presented to the AJMF, he stated
that in the nucleation regime L= roted ro change in thg temperature dif-
ference obtained at a given heat flux, which tends to support the nuclea-
tion concept that is independent of gravity.

A series of experiments using liquid hydrogen has been performed by

General Dynamics/Astronautics [31] ir which the heat transfer in the
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nucleate range as a function of temperature difference was measured at 1-g
and O-g conditlions. Results of this study are shown in Fig. 25. These
results indicate that zero gravity has little effect on heat transfer in
the nucleate region, which supports the nucleation model that is indepen-
dent of gravity. The experiments by Merte and Clark [32] using liquid
nitrogen and by Clodfelter [33] have also tended to support the nucleation
concept tha£'is independent of gravity.

The primary effect of the heat-transfer mecharism that is of interest
in space vehicle propellant tank systems is the pressure rise within the
container. This pressure rise is difficult to calculate because of the
uncertainty in the liquid configuration, the varistion in the direction
of the radiant heat sburce, and the uncertainty about the heat-transfer
mechanisms that may apply to the liquid and vapor portions of the tank
even though the.mécﬁéniém in’the,liquid Segms feason&bly:wéll established.
In comparing pressure rise dats at l—g‘éﬁd O-g, it has 5een.fouhd conven=
ient to compare the actual pressure rise with that which can be calculated
by meking severgl different asssumptions about the heat distribution within
the tank. The position that experimental data assumes in relation *o the
theoretical models on a pressure against heat added piot is then an indi-
cation of how the energy is being distributed within the tank. Figure 26
is a plot of pressure against heat added for three theoretical models.

The first model assumes homogeneous conditions thoughout the tank and is
a common calculation that is performed to compare data of this type. The
second model assumes that all of the energy absorbed by the dewar goes
into the evaporation of liquid with the vapor phase tempersiure always

being equal to the saturation temperature corresponding to sphere pressure



and the liquid phase temperature remaining constant at-the saturation tem-
perature corresponding to seal-off pressure. The third model is a prac-
tical upper limit on the pressure against heat added plot much as the
homogenecus model is the lower limit. The third model assumes that all
the energy is delivered to the vapor phase with no energy transfer at the
liquid-vapor interface so that the vapor becomes superheated.

There“are two important factors that would te expected to cause a
different rate of pressure rise in a. storage tank when normsl gravity
quiescent and zero-gravity tests are compared. The first factor is tﬁe
change in configuration, or position of the liguid and vapor within the
storage tank. As shown in Fig. 6, for a half-filled spherical tank the
normal-gravity configuration has the interface bisecting the tank, while
the zero-gravity configuration has a spherical interface with the tank
walls totally‘wette& and the vapor bubble randomly locatéd‘in the interior
of the’tank;- Tﬁe second faﬁto?-affecting the rate of pressure rise in a
storage tank is 4he reduction in buoyancy and convection due to the reduc-
tion in the gravity field.

For a normal-gravity test only part of the storage tank is covered
with liguid so that a large amount of the heat that is added éoes directly
into the vapor phase. This heating of the vapor causes it to become su-
perheated. Some of the hot vapor will come in contact with the liquid-
vapor interface causing evaporation.from the surface. The energy that
enters the storage tank through the liquid wetted walls goes iﬁto forming
bubbles and superheating the 1iduid in a thin layer directly adjacent to
the wall. Convection currents will carry the hot liquid to the sﬁrface

where evaporation takes place, and buoyancy will cause the bubbles to
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rise repidly to the liquid-vapor interface and join the vapor space. Be-
cause the bubbles rise rapidly fhrough the liguid there is little conden-
sstion and consequently little heating of the liquid. The surface evapo-
ration model is based on the assumption that all of the added heat goes
into evaporating liquid with no heating of the remaining liquid. Conse-
guently, depending on the heat-transfer rate and distribution, it would
be expected that experimental normal-gravity quiescent pressure rise data
would be clustered around the surface evaporation ﬁodel theoretical line.
It would also be expected that high heat-transfer rates or heating only
from the top of the tank would’cause faster pressure rises than the model
pre&icts, and that low heat-transfer ratés or heating only from the bottom
of the tank would cause lower pressure rises than the model predicts.

Initially during a zero-gravity test the wal}s of a spherigal storage
vtank~w.ould e liquid wetted. AConseque'ntly,i in contrast to the norml-.
gravity quiescent test, there will be no direct heating of the vapor
phase, and the bubbles that form on the wall of the tank will be faced
with some depth of liquid to penetrate in order to reach the vapor space.
The bubbles will pinch off the wall due to dynamic forces that, for most
cryogenic liguids, are much greater thaﬁ buoyant forces even under normal-
gravity conditions. Because of the absence of éravitational forces, it
is expected that the bubbles will tend.to drift rather élowly in the sub-
cooled liquid and condense, thus giving their energy to the liquid. A
nearly homogeneous condition should be the result.

There are many zero-gravity configurations that will not have totally
wetted tank walis due-to tank geometry, internal baffles, and the use of

ullage control rockets. Also, in spheres and other normally totally
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wetted configurations, the possibility exists that the vapor bubble may
drift to one side of the tank. If the evaporation rate is higher than
the rate at which the surface can be rewetted, a dry spot will appear and
grow until the evaporation balances the inflow of liquid. Under these
conditions there will again be direct heating of the vapor and higher
rates of pressure rise must be expected.

The ﬁajority of the experimental work, being performed at’Lewis Research
Center in support of the prediction of the thermodynamic history of stor-
age tanks containing iiquid propellants, is being carried out using é-inch-
diameter dewars containing liquid hydrogen. The affect on the rate of
pressure rise of several experimertal variables, including the use of in-
ternal baffies, the heat flux rate and distribution, and the initial per-
cent filling, is being explored. Rocket vehicles are being used to ob-
taiﬁ.several minutes.of low-gravity enviromment. The exﬁérimental results
of the ground tests and flighté are classifiea'confidential ;nd are re-
ported in references 34 to 40.

3.5 Evaporation and Condensation

The free liquid-vapor interfaces in evaporators and condensers have
not contributed to. operational and performance problems as they have in
the tanks of other systems. This is due to the small diameter of tubes
used in evaporators and condensers (usually less than 1/2 in.), which
according to the Bond number criterion makes them stable to accelerations
of 0.03 g or more for the smaller tubes (0.1 g for 5/16-in. tube). Accel-
eration perturbations of *this magnitude will not ordinarily be in the
operating spectrum of the vehicle except when under boost thrust, which

will permit normal operation of the system.
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Because forqed convection will exist in evsporators and condensers
designed for minimum weight, it is unlikely that there will be any sppre-
ciable change in the heat-transfer mechenism. The possibility of genera-
tion of bubbles within the liquid in the evaporator or the inclusion of
vapor in the'liquid in the condenser was originslly of some concern; how-
ever, the reasonsbly large stgbility of the interface and the use of
counterflgw heat exchangers to provide subcooling below the interface and
a temperature gradient to move bubbles toward the interface has virtually
eliminated these problems. Also Evans |7 has shown that either a sfiral
wire or & twisted tape in a tube will centrifuge liquid to the ‘outside
and increase the separation stability mergin. These configurations are
permissible in evaporator tubes where the pressure drop they impose has
only a small effect on cycle efficiency.

Although it appears tﬁat the intérface in an indlvidual tube will
have, or can be provided with,,a regsonable degree of stability, there ~
is still the problem of stability of the interface level between individ-
ual tubes in the face of accelerstion perturbations from directions other
than on the tube axis and directed from the liquid to the vapor. The
forces évailable to countersasct this change in level are the changes in
pressure drop within the tube with chenge in level (condenéing’length)
and the change in surface-tension force if the tubes are tapered and if
the liguid wets the wall. However, the magnitude of the surface-tension
forces are very small for practical tube sizes and tapers, which leaves
the pressure drop as the main stabilizing parameter. .In the evaporator
where the working pressure is high, it is practical to design with a

reasonable pressure drop thus providing a satisfactory ability to resis:
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adverse accelerations. Even so, the dimensions of the evaporator normal
to the tube bundle axis should be kept as small as possible to minimigze
the head that must be resisted by change in pressure drop for accelera-
tions normal to the tube axis. The situation is similar to that described
for screens in propellant tanks.

The position of the condenser in the cycle does not allow as much
generosity with design pressure drop as in the'evaporator without‘serious
effect on.the efficiency. Thus, a substantial portion of the zero-gr;vity
research concerned with condensers haé Eeen concentrated on the pressure-
drop characteristics. The correlation that has been used for t%o~phase
pressure drop at normal gravity is the Lockhart-Martinelli correlation
[41], which involves the Reynolds number and thus the viscosity.

Reynqlds [1] has proposed that the effects of surface-tension he intro-
duced»into‘two-phase pressure-drop correlations for use at zero gravity:
in his analysis, surface tension effects are intrdduced by as;uming tﬂat
the friction drag is proportibnai to the size of condensed droplets ad-
hering to the wall, which increases the tube roughness. The assumption
of wall bound droplets is in keeping with the tendency for the surface
energy to minimize.

Most of the actual zero-gravity data obtaihéd to date has been con-
cerned with observation of droplet gné interface behavior and only quali-
tative measurement of the pressure drop. No effort is apparent in the
literature as yet to systematically study the pressure drop in zero

gravity as a function of the various parameters and to attempt a correla-

tion with theory. The Lewis Research Center is conducting an experimental
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study (using an airplane as a zero-gravity facility)‘of the pressure drop
in condensers with mercufy as the working fluid in which several psrem-
eters are varied. This study is incomplete, but preliminary results indi-
cate that the pressure drop in zero gravity is slightly but consistently
higher than the pressure drop under normal gravity. The pressure drop in
these experiments is somewhat higher than predicted by the Lockhart-
Martinelli correlation at low velocities but éorresponds well at high ve-

locities.



4. CONCLUDING REMARKS

This peper has reviewed the analytical and experimental research
directed toward the solution of the problems encountered with liquid-
vapor systems in weightlessness and has presented the fesults of some re-~
cent experimental work studying the correlation of certain aspects of the
dynamic behavior of the interface with the applicable dimensionless scal-~
ing parameters. The various problems encountered in the_liquid-vapor{sys-
tems were grouped into the categories of interface configuration, inter-
face dynamics, pool boiling heat~transfer mechanisms, and evaporation and
condensation phenomena, ’

The greatest portion of weightlessness research up to this time has
been devoted to studies of the parameters defining the configuration and
position of the liquid-vapor interface under the conditions of no external
disturbances. The theoretical background is now extgnsive and hés.been
verifi;d by experimeﬁts, At thé present time ﬁost of éhe work in this
category is more of a development nature devoted to the application of the
principles to systems to provide arid maintain proper separation and
orientation of liquid and Vaporo

With the better understanding of the configuration and position of the
interface, more attention has recently been given to the dynsmic behavior
of the interface., It has been found that a great deal of theoretical work
dealing with fluild dynamics is applicable to zero-gravity interface be=-
havior. A sizeable amount of experimental work verifjing the theory has
been performed, but a great deal (both analytical and.experimental) remains

to be done--especially that applicable to interface dynamics in response to
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acceleration perturbations (attitude controls, docking jolts, etc,) and
outflow disturbances.

A great deal of interest has been shown in the change in the heat-
transfer mechanism with reductién in gravity or accelersgtion level. The

resulting studles have approached the problem in several ways by studying

“the fundemental bubble mechanics, by measuring the heat flux as a func-

tion of differential temperasture input, and by'measuring'the pressure

rise in a closed system, Attempts have been made to correlate the re-
sulte with existing heat-transfer theory. = Although some understanding

has been gained, a great deal of work remains in the area of unéerstanding
fundamental bubble mechanics.

Solutions for some of the evaporator and condenser liguid-vapor inter-

face problems have become evident from the interface configuration and

‘dynemics studies. The most work at the present time is eoncentrated on

studies of the pressure drop in condensers because it is importent to the

efficlency of the system and to the tube-to-tube stebility. Very little

experimental results are available at the present time,
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APPENDIX
SYMBOLS

area

annulus ares

capillary tube area

acceleration

Bond number

constants

diameter

force

acceleration force

capillary force

inertia force

characteristic length
initial helght of liquid in annulus

length of connecting passage between capillary tube and annulus

" initial height of liquid in capillary +tube

mass
pressure

heat flux

radius

radius of capillary tube
radius of tank

time
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Figure 2. - Surface energy and contact angle relationship.
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(a) 1-g configuration. (by Zero-g configu ration.._ ‘

Figure 8. - Capillary—type ullage control surface.

342



1-G CONFIGURATION ZERO-G CONFIGURAT|ON
(a) Initial mounting angle, 0°,

ZERO-G CONFIGURATION
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Figure9. - Photographs from pre!ummary drop-tower tests for range on initial mounting angles.

343



LIQUID—

\

(a) 1- g configuration. (b) zero-g cdnffgu ration.
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ZERO GRAVITY LIQUID PROPELLANT CONTROL
BY DIELECTROPHORESIS |
J. B. Blackmor*
Douglas Aircraft Company, Inc., Santa Monica, California

A method of collecting liquid propellants in zero gravity by use of electric fields
1s presented. The method utilizes the concept of dielectrophoresis, which is de-
fined as the induced motion of electrically neutral bodies in a non-uniform electri.
field. A brief analysis of the field forces is presented, and liquid collection
experiments in simulated and actual zero gravity enviromments are described, in-

cluding zero~g tests in aircraft flying ballistic trajectories..

- A representative dielectrophoretic propellént collection system is described for a

250,000 1b liquid hydrogen-liquid oxygen space vehicle. The system is designed to
collect propellant with average fqrequon the order of lO—Sg.‘ The system weighs
approximately 400 1bs and can be opérated“coﬁtinuously;in zero gravity by use of
solar cells as the primary power source. In addition, it is shown that propellants
such &s liguid hydrogen, can be collected off of the tank walls and into the center
of the tank to provide an insulating gas layer which decreases the wall to propel-
lant heat transfer and hence boil-off of the ﬁropellant. Such a system could de-

crease the boil-off of the liguid hydrogen from 3300 1bs to approximately 800 lbs.

Including the system weight, the total weight savings would be approximately 2100 1

The use of high voltages with space vehicles is discussed, including descriptions
of the most promising high voltage generator, electrical breakdown control, and

electrode designs which minimize the danger of ercs in the cxidizer tanks.

* Engineer/Scientist - Specialist, Advence Propulsion and Power Department,
Research and Development, Missile and Space Systems Division.
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THEORY AND ANALYSIS

The effects of electric fields on dielectric liquids are described below, and the

equations required for designing a dielectrophoretic collection system are presented.

A continubus, dielectric liquid in a non-uniform electric field experiencés forces
resulting from free charges and from gradients in the field intensity and liquid
dielectric constant. The total volume force on a dielectric liquid with no dis-
continuities in an electric field is L

= _ = Eo 2 _é,‘_g 2 9K q
F =0k - — EVE+3V(E o 57) (1)

The first term is the force exerted on free charges, the second term is the force
exerted due to inhomogenity of the liquid, and the last term denotes the dielectro-
phoretic effect of force on a body in a non-uniform electric field. The last term

"is also known as the electrostriction force..

A relationship between the dielectric constant,X, and the density,p, which holds

well for most dielectric liquids, is the Clausius-Masottli equation ,

Cp:f{_:é s (2)

where C is a constant for the liquid. On substituting Eq. (2) into Eq. (1), the

volume force becomes

F, =08 - £2 v + SOV [ac1)(xe2)) (3)

In our analysis we will be primarily concerned with the idesl case for which the
free charge is negligible, Pe = 0, and the'liqgid is homogeneous, This'condition
is met by liguid propellants with high specific restivity, such as liquid oxygen,

liquid hydrogen, JP-I, ete. Then,the only electric field force on the liquid is



the dielectrophoretic force,

Coli-1)(K2) v 2, ()

Jﬁl

which depends upon the gradient of the square of the electric field intensity,

and is in the direction of increasing field strength. Because of the V E2 term,

this force is independent of the field polarity and ideally the férce vector will
L

be in the same direction for an ac or de field. H. A. Pohl 2, 3, discussed these

effects in studies of dielectrophoretic separation of liquids and suspensions.

There is a pressure difference between a field-free region and the region of &

nigh field, which is given by

AP = -§—°%i2 (KEne + Ete.) (5)

In two concentric, c¢ylindrical electrodes of radii.rl and re, the net pressure
difference between the liquid outside the electrodes and inside the eléctrodes

will be given by

AP = €O(K-l)rV22 . (6)

2r® (1n =2)
S

If the average of the square of the electric field intensity is used,

€o(K-1) v
2

LP = - . (1)
2
r

-rla) 1n
1

(r,

This pressure difference will cause the liquid to rise in the electrodes until the
field induced hydrostatic pressure rise is balanced by gravity. The average height

to which the liquid will rise because of the electric field is then,
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<AP> _ £o(k-1) V° )
field = pg 7, " |
pg(r2 - Ty ) In ;I

h

Surface tension would also cause the liquid to rise between the cylinders to an
approximate average height of

2a(r -ToH l)

Beapiliary = pg(r2 1)(r3 r,) (9)

Compared to surface tension effects in the same geometry, the ratio of forces is

Field Force €o(k-1)(ry-7,) v

= {
Capillary Force (10)

T
r. ) ln-g
l

2a(r )(r ~2r +ry

‘For two concentric cylindrigal collecting electrodes in liquid hydrogen with the

inner radius, r, = .1 meter, the outer radius, = .5 meter,.the voltage, V = 106

1 T2
volts, and the surface tension o = 2 5% lO -3 Eﬁg%ggi the dielectrophoretlc force

actlng on the liquid hydrogen in the collector is approximately 460 times greater
than the average capillary force. Although cepillary forces will aid collection

in nearly all electrode designs, the effect is usually small compared to the.dielec-
trophoretic forces. In addition, capillary effects result from surface forces,

and, because they are essentially passive, are determined only by the design of
baffles, screens, standpipes, etc. A capillary system has the disadvantage that
vapor bubbles generated within the collected liquid will not be forced out. Also,
surface tension decreases as temperature increases and thus collection forces will
be decreased in areas of high heat transfer such as are likgly at the bottom of

propellant tanks close to the rocket engines.
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Dielectrophoretic forces, however, are body forces and can be controlled by varying-
the magnitude of the applied voltage or by varying the electric field configuration
used for collection or venting, i.e., by charging or dischgrging selected electrodes
Furthermore, the dielectrophoretic force increases as the temperature of the liquid
decreases because of the tempersture dependence of the dielectric constant. Thus,
free convection currents will be set up within a liquid with variable temperature

in zero gravity which will sttract the colder liquid into areas of higher field
T

intensity.’ Any vapor bubbles formed will be displaced by the attracted liquid.

The presence of free charges in the liquid induces disruptive effects such as
‘ekpulsion of charged globules from the liquid surface and stirring effects or
electro-convection at the surface and within the ligquid. Discussions of these
effects can be found in Beferences 9 & 10« To minimize the free charge effect

- and, provide for stable collecti?n of propellant it hgs been found that sc voltages
abové a certain frequenéy must be used; If the fiéld‘fréquency‘is laige boﬁpared .
to the reciprocal of the relaxation time (o/¢ ) of the liquid, the interface can
be stable. With a propellant such as liquid hydrogen and liquid oxygen, the re-

, 3
laxation time is of the order of 10 seconds and & field frequency as low as 10 2
cycles/second should be sufficient. However, experiments on & large scale have

yet to be performed to verify this hypothesis.
ELECTRODE .CONFIGURATIONS

The collecting forces for particular electrode configurations are difficult to
determine, except in the idesl case of perfectly insulating, homogeneous,

isotropic liquids with no surface discontinuities and with simple electrode geom-
etries, such as cylinders, spheres, wedges, etc. In the ideal case, the dielectro-

phoretic force per unit volume acting throughout the liquid, expressed in terms of
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the equivalent g level for convenience, is given by

g 6pg

a _ €o(k-1)(k+2) ? o ) (11)

Ignoring end effects, two coaxial cylindrical electrodes have a voltage distribu-

tion of

V(r) = m . (12)

From Equation (12) the force or "g" level becomes

2 Colr1)xa) 7, (23)

3pg(1n —g) 3
1

o}

which is the force acting- throughout the liquid between the electrodes and radially
directed towards the inner electrode. For radii of r, = .1l and T, = .5 meter, and
an applied voltage offld6 volts, the force écting.on'liquid hydrogen” varies from )

1.35 g's at the inner cylinder to approximetely .0l g at the outer cylinder.

The average integrated .collecting force throughout the cylinder is

2€o(K-1)(K+2
(2. 2Eoli1)2) v (1)
3pg (1n rg/rl) (rl+r2) r, T,
For two concentric spheres of radii rl and ra, the voltage distribution is
(r) = k) (1 -2 (
V(r) = - 1-—=—)) 15
irz rl) r
The dielectrophoretic force at any point of the liquid is
. 2€o(k-1)(ke2) T, £yl VP
§= ] (16)

2 5
39@ (rz" 1) r
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and is directed towards the inmer sphere. Again, for radii of Ty = 0.1 meter,
.and r, = 0.5 meter and V = 106 volts, the dielectrophoretic force acting on
1liquid hydrogen varies from 10.lt g's at the inner electrode to .0033 g's at the

outer electrode.

The maximum dielectrophoretic forece for the sphere is much greater than for the
cylinder because the electric field intensity is more non-uniform. However, break
down will occur for the sphere at s lower voltage than for the cylinder, and there
fore, the voltage safety factor (ratio of corona discharge voltage to applied

voltage) is less for the sphere than for the cylinder.
EXPERIMENTAIL WORK

Our_first experiments with dielectrophoresis were performed with cylindrical elec-
trodes and.demonstrate@ Follection of water drops suspen@éd in an equi-density
mixtufe of carbogitetraghloride'and benzene. .The experimental collection forces
and col;ection times were compared witﬁ theoretical values and were inh good agree-
ment. Iater experiments with equi-density mixtures of FS-1265% in carbon tetra-
chloride and benzene demonstrated steble configurations of the collected liquid in
complex electrode shepes. Tests were then performed in a catapult tower which
provided approximately 1 second of low g. These tests were performed with 250 ml.
flasks having a transparent, metallic coating as the outer electrode, and an
gluminum rod for the inner electrode, with voltages varied between 35 - 50ﬂk# ac.
During the 1 second of low g, the liquid (carbon fetrachloride) flowed up the rod
and into the neck of the flask under the influence of the applied field. Figﬁrel
shows the liquid positioﬁ at the end of a typical test sequence. Capillary attrac

tion was negligible in these tests compared to the dielectrophoretic forces,

¥ Dow-Gorning Fluorpropyl Silicone Fluid
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although the testing periods were too short to study equilibrium configuratioms.’

These experiments are described in References 11, 12 and 13.

We have performed tests in an extended period of low g by using an Aerocommander
aircraft flying ballistic trajectories. The test periods were of 8-10 seconds

duration, and the g level varied between + 0.05 g for tests in calm air.

Tests were first performed with & cylindrical electrode 2—1/2 inches in diameter

[a]

S
inside a one-gallon jar 6 inches in diameter which formed the outer electrode.

The jar was one-guarter full of a dielectric liquid (DC-200%, 5 centistoke). The
DC-200 was observed to climb up the inner electrocde in low-gravity when the voitage
was applied. The tests were désigned for an coperating voltage of 90,000 volis de,
buﬁ because of difficulties with the power supply, only 30,000 volts were obtained.
Since the dielectrophoret;c force is proportiqnal to the sqpare'of the voitage,
only one;ninth the forcg desired was achievéd, and heﬂce the inner eiectroqe was
covered.by:a.thin'sheath of 1iquid only 3/8 inch thick. Also, stirring effects
were not cbserved because of the low field intensity and also because the test
period was shorter than the relaxation time (approximately 100 seconds) necessary

for an equilibrium free charge distribution to build up in the DC-200.

In one series of Aerocommander tests, a "standpipe" electrode was used to compare
collection with ac and de fields? The electrode assembly and typical test results
are shown in Figures 2 and 3, which are taken from a film of the test. The inner
electrode is a 1/2 inch diameter aluminum rod, the outer electrode is a 2-1/2 inch
diameter glass tube with a transparent, electrically conducting vacuum depositedh
coating of nichrome. The assembly is in a«l—ggllon jar, 6 inches in diameter, one-

quarter full of DC-200.

¥  Dow-Corning Silicone 0il
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The ac voltage tests were limited to 10-12 kv. Figure @ shows the liquid rising
between the electrodes. The field force was approximately twice the capillary
force, as obtained from Eguation (10), but no collection was achieved when the
voltage was not spplied. The collection was stable, with no stifring motion, even

at ‘the liquid-gas interface.

More liquid was collected in the dc tests because the voltage was higher by a
factor of 2 or more (20 kv-25 kv), thus guadrupling the collection force. TFree
charges in the liquid resulted in a stirring motion, especially at the liquid sur-
face, but the collected liquid was retained between the electrodes for the entire
test period, and in fact, liquid was continuelly co;lected into the electrode
during the test. In figure 3, the liquid between the electrodes rose 3-5 inches
because of the combined surface tension and field forces. From Equetion (10), the

field forces at 20 kv to 25 kv are 5.6‘to 9 times greater than'the capillary forces.

Ligquid collection in the "standpipe” electrode with dc voltages indicated that
even with electrode designs in which the lines of electric field intensity are
substantially parallel to the liquid surface initially, and in which the liquid

is bounded by electrode surfaces at all other points, there is appreciable stirring
of the liquid. Therefore, ac fields must be used for stable collection of liquids

and ac fields will be assumed as a primary design requirement.

In the last series of tests a scale model of a high energy upper stage vehicle

with spherical tanks was tested for collection with two electrode configurations,
(see Figures Lto 9). The forward tank is 8 inches in dlameter and contains 7 éisc
electrodes each of which has a 1/2 inch diameter hole in the center to allow for-
passage of gas or liquid during the collection of liquid between the discs. The

discs are insulated with cellulose acetate at the edges to resist corona discharge.



The separation distance between the discs is 7/8 inch and the applied voltage was

a maximum of 17,000 volts. The aft tank is a sphere 10 inches in diametér with

T parallel aluminum electrodes 1/2 inch in diameter arranged hexagonally a dist;nce
of 2.5 inches from each other, and supported at the bottom of the tank. The voltage
on the aft tank was the same as that on the forward tank since they were connected
in parallel to the high voltage transformer. The high voltage transfbrmer was
connected to a static inverter (28 volt de to 60 cycle - 120 volt ac). The inverter
output for this test was an Improperly filtered ac voltage which, when fed into the
ignition transformer,resulted in high voitage peaks. The high voltage peaks caused
breskdown between the discs of the forward tank at RMS voltages on the order of
17,000 volts, although laboratory tests with 60 éycle - 120 veolt ac and the same
ignition transformer had indipated no breakdown pfoblem, and breekdown tests had

been performed at 35,000 volts dec.

Howe;er, thé ‘scheduled test was run and the flight test eﬁgiﬁeer was instructed to
start at a low voltage and steadily increase it to the meximum value as the iiquid
collected between the discs. Two tests were completed without bréakdown and eight
tests were performed with some breakdown. The results of all tests indicated vary-
ing degrees of collection depending on voltage levels and the length of time of the
applied voltage. In Figures 4 to 9 results from the FTirst test in which the maxi-
mun applied voltage was achieved at the end of the test are compared with a test in

which no voltage was applied.

Figures 4 to 8 illustrate collection on the two tanks with approximately 17,000
volts applied; the arrows indicate the liquid interface. In Figure 4 the.applied.
liquid is clearly shown sloshing toward the back of the spheres because of the
pitching of the aircraft as it began the zero-g trajectory. In Figure 5 the liquid

is beginning to collect between the top three discs in the top sphere. The motion of
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the liquid during this collection sequence is primarily towards the camera since
the liquid waé'initially sloshed towards the back of the sphere, away from the
camera. In Figure 6 the liquid in the top sphere has collected between the top
four discs and partially in the fifth . In Figure T an outline of liquid col-
lected;between four discs can clearly be seen. The aircfaft was completing its
zero g trajectory at this point and,therefore, the amount of ligquid in the top
disc has decreased. In Figure 8 the liquid is shown flowing towards the bottom of

the sphere as the aircraft completes the zero g maneuver.

Collection with the rod electrodes in Figures 4 to 8 was not as dramatgc as with
the discs. The liquid was retained at the bottom of the tank during the test.
Collection was expected to occur along the full length of the rods, but instead, a
sheath of liquid rose oﬁly 1-2 inches along each rod in a truncated cone shape
which can partially be seen in Figures 6 and 7. Since there was a slight positive
g levelvinduced on the liquid, the liquid collection cﬁnfigtration is»the‘resﬁitant

of the smell gravitational force and the dielectrophoretic force.

Figure 9 shows liquid collected on the tank wall with no voltage applied, as is
expected in zero gravity; there was no tendency for the liguid to collect on the
electrodes with no voltage applied. A comparison of Figures 6 and 9 is evidence

of the effect of non-uniform electric fields on liquid orientation in zero gravity.

The average dielectrophoretic force achieved with 17,000 volts was on the order of
5 x 10_2 g in both tanks in the radial and longitudinal direction. However, this
force was applied for only a fraction of the flight time because of the breakdown

.problem.
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SPACE VEHICLE APPLICATIONS

Engine Restart and Ullage Gas Venting

A dielectrophoretic propellant collection system can be used to collect propellant
in zero gravity to the aft end oflthe propellant tanks to guarantee engine restart
without entrapped vapor and ullage gas venting without entrapped liquid. Several
‘different electrode designs are feasible, but only the simplest will be discussed
here. The system discussed below is designed for a 250,000 1b liquid hydrogen-
liquid oxygen space vehicle approximately half full of propellant. The system,
shown in Figure 10 consists of seven cylindrical electrodes with a diameter of

approximately 4 inches, positioned in each tank in a hexagonal pattern.

Seven cylindrical electrodes of radius r. = 0.05 meter are positioned in each tank

1
in a hexagonal pattern. _The lengths of the electrodes are approximately onewhalf
the"reSpectivé tank léﬁgths orZIB feet for the ILH, electrodés; and 6.5 feet for the
LOE electrodes. In the liquid hydrogen tank the separétion distance between the
electrodes is approximately 6.5 feet. Assuming 106 volts are dpplied to the elec-
trodes, the maximm radial force of attraction on the liquid hydrogen will be 3 g's.
The minimum radial force will be 3.75 x lO"hg. The integrated average radial force
will be 1.3 x lO-eg. For the tank half filled with'LHg, the average longitudinal

force attracting the liquid to the bottom of the tank will be 2.8 x lonug.

In the liquid oxygen tank, the separation distance between electrodes is 4.5 feet.
Assuming lO6 volts are applied to the electrodes, the maximum radial force will be
«55 g, the minimum radial force will be 1.9 x lonhg, and fhe average radial force
will be 0.5 x lO_gg. For the tank half filled with Lo2, the average longitudinal

force of attraction will be 1.6 x lO-hg.
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The total weight of the dieleétrophoretic system is composed primarily of the
electrodes, insulating supports, high voltage generators'and batteries or solar
cells to power the generators. Theilﬂé tank electrédes would be made of a highly
polished metal to minimiﬁe corona discharge from surface asperities. Aluminum
electrodes of .02 inch wall thickness are assumed to calculate the electrode weights
for the LH2 tank. The seven EH2 electrodes, approximately 13 feet long,would weigh
approximately 50 lbs. Internaliy.preSsurized.teflon electrodes of 1/8 inch thick-
ness are assumed for the LO2 tank electrodes. A thin film conducting metallic sur-
face is sandwiched inside the teflon walls which will not ignite in case of break-
down between electrodes. The weight of the 7 teflon electrodes would be approxi-
ma?ely 120 Tbs. The insulating supports in the LH2 tank are assumed to be made of
polypropylene or mylar, b9th of which héve high dielectric strength and relatively
low,density. ‘The weight of the seven supports is approximately hQ-6O 1bs fo;.the
LHéntank';lecffodés. Teflon iﬁsﬁlating.sﬁppopts are used in tﬁe liduid o%ygen tank .,
and the seven supﬁorts for‘the one miliion volt electrédes would weigh approximately
TO 1bs. The high voltage generator weight is assumed to be 20 1bs, and two genera-
tors are required for each tank. The battery weight and type of primary power source
cannot be determined without specifying the number of restarts and vent cycles, the
collection time required, and the overall wvehicle mission. Howevgr, the dielectro-
phoretic systems should bring about collection in less than one'minute and thus for
a typical lunar mission requiring 15 vent cycles and one restart, a one-hour total
usége time 1is éufficient. On this basis, and assuming the four Van de Graaff
generators will require 0.5 kw, a total of 0.5 kw hr will be required, which can be
obtained from the vehicle power supply. Assuming the vehicle power supply consists
cof space batteries, which typically have power-to-weight ratios of 0.05 kw hr/1b,
the battery weight required for the dielectrophoretic systems is only 101bs. The

total system weight would be made up of 170 1lbs for electrodes,13 1bs for
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.insulating supports, 80 1bs for high voltage generators,10 1lbs for monofilament
supports and 101bs for batteries. The system weight would be approximately L0O
lbs. If the system were to be operated continuously, approximately Lo 1bs of solar

cells would be regquired.

Cryogenic Propellant Boil-off Reduction

A dielectrophoretic system may be used to decrease boil-off losses of cryogenic
liquid propellants in zero gravity by collecting the liquid off of the tank walls.
The resulting gas layer between the liguid and the tank walls would increase the
thermal resistance and decrease the heat flow from the walls to the liquid. A
simple electrode configuration, consisting of seven cylindrical rods in the liquid
‘hydrogen tank, is shown in Figure 11; this configuration would collect propellant
of f of the tank walls and retain the propellant, as shown, against axial disturbances

of approximately 107" 1073 g

For the tank shown in Figure 11 ,haif full of liquid hydrogen, the fuel‘lést by
boil-off ié given in Figure 12. These curves were obtained from a Douglas Aircraft
Company computer program applicable to tanks of the same configuration as that

shown in Figure 11. To simplify the analysis, only the heat frgm solar radiation
and the earth's albedo was considered. Heat stored in the space vehicle and con-
ducted to the tank walls was not considered; such heat sources as the liquid oxygen
tank, forward and aft section of the wvehicle, heat from the rocket motors immediately
after cutoff, etc., would increase the total heat input by approximately one half or
more. The boil-off rate with fluid collected on the wall (gs would be expected in’
zero g with no field applied) is shown in the top curve of Figure 12. The boil-off
rate is found by assuming that all of the heat transferred to the tank vaporizes

the liquid and that the amount of liquid vaporized is vented and cannot be recovered.
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This approximation is conservative, but the results are approximately the same as

results from more generalized analyses used for space vehicle design.

The second curve shows the boil-off rate for fluid collected off of the tank walls
and into the center of the tank. Again, all of the heat transferred to the liguid
causes boil-off, but because of the increased thermal resistance, only one-fourth

as much propellant is lost as in the first case.

In the third curve, the fluid is assumed to be collected on the wall, but completely
mixed. Therefore, the heat input to the liguid increases the bulk temperature of
the liquid which increases the vapor pressure. The tank pressure increases until

it equals the vapor pressure of the hydrogen corresponding to the bulk temperature.
The amount of propellant vaporized is léss than that for liquid collected off of
the tank walls; however, some means of providing complete mixing would be necessary.
The possibiiity exists that'mixing could be achieved by using dc fielés to produce
electro-convection effects which wouid reduce stratification. -The degreé of~mixing
or reduction of stratification which can be achieved by dc fields has nét yet been

studied.

The fourth curve is found by assuming that liquid is collected off of fhe tank wall
by dielectrophoretic forces and then mixed. It mgy'be possible ﬁo adjust ac fre-.
guencies low enough to bring about electro-convection effects to reduce stratifica-
tion, but high enough to retain the propellant on the electrodes. The ac frequency
could be increased to provide a ¢ompletely stable state just prior to restart or
venting to ensure cqmpletely stable orientation. Collecﬁion in this manner would

decrease boil—éff by a factor of approximately 20.
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Either of the two boil-off reduction methods shown will bring about significant
weight savings. TFor example, when liquid is collected off of the tark wall, the
boil-off is-decreased by a factor of four. Taking into account the effect of hest
stored in the vehicle, the total boil-off in 4.5 hours would be 3300 1lbs without
collection off of the walls. This loss could be decreased to 800 1bs in 4.5 hours
by off-wall collection. Assuming a dielectrophoretic system to accomplgsh this'

weighs on the order of 400 1bs, a total weight savings of 2100 1lbs could be made.

HIGH VOLTAGE PROBLEMS AND CONTROL

Some of the most serious problems associated with a dielectrophoretic system in-
volve the generation and control of the high voltages required for large space

6

vehicle tarks. Voltages on the order of 10°-10° volts are reguired with large

tanks to minimize the system weight. In principle, the electric field intensities

3

. required‘for collection forces on the order of 10 ° g could be obtained with low
voltages and'small separation distances between electrodes. However, the.number

of electrodes required and the electrode weight would then be prohibitive.

The major problems which arise because of the high voltage requirement are (1)
the generation of high ac voltages, and (2) the control of electrical opreakdown,

especially in oxidizer tanks.

Various high voltage electrostatic generators have been discussed in Reference 9
which appear suitable for a dielectrophoretic system. At this point, the most
promising type is a Van de Graaff generator, built by Ion Physies Corp., which

supplies 200/;'amperés at 600,000 volts. 1k, 15, 16

The generator is approximately
8 inches in diameter and 12 inches in length and can be operated at an ac frequency

of 1 cycle/sec_with large tanks. Since this frequency is much greater than the
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reciprocal of the relaxation time of such propellants as LH2, L02, etc., the
device is suitable for advanced space vehicle applications. The power output
is orders of maegnitude sbove the resistive power loss in the propellants and
the generator weight for a flight application would be on the order of 15-20
lbs. Similar devices can bé developed for particular applications. The
Van de Graaff generator operated in an ac mode is also suitable from the

standpoints of lifetime, structural strength, and reliability.

The electrical breakdown problem is significant for two reasons. First, arc-
ing or electrical breakdown in the tank destroys the electric field and hence
the collecting force. Second, arcs in an oxidizer tank striking a metallic
surface could cause ignition and destroy the vehicle. Therefore, a dielec-
trophoretic system must be designed to minimize the occurrence of arcing,

) ahd_to,guérantee that arcs in an oxidizer tgnk will not initiste comﬁustion
of the eléctrqdes-or tank Walis. Aréing can be eiiminated by proper electrode
and insulation design, monitoring of the current and the use of suitaﬁle vol-

tage safety factors.

In general, the elettrodes should be designed such that there are no regions
where the electric field intensity is much greaﬁer than on the‘major portion
of the electrodes. For instance, with a cylindrical electrode having a
hemispherical cap, the field intensity of the cap is much greater than along
the length of the cylinder. Therefore, the cap radius should be increased
(and joined smoothly to the cylinder) such that the electric field intensity
is approximately the same for the entire electrode surface. This maximizes
the total electric field energy and collecting force. However, in some

applications higher field intensities and hence collecting forces may be

372



.

required in certain areas to cause preferential location, as at the bottom
of the tank near the pump outlet. In all cases, electrode surfaces should be

polished to remove asperities which cause local corona discharge.

Since the dielectric strength of the propellant vapor and pressurizing gas is
iess than that of the liquid, the electrodes must be designed for voltages
well below the gas breakdown voltage. The voltage safety factor (ratio of
corona discharge voltage to applied voltage) for breakdown in the gas phase
is approximately 3 and 10 for dielectrophoretic systems designed'to collect
liquid oxygen and liquid hydrogen, respectively, with average forces on the

3

order of 10 “g. The voltage safety factor in the liquid is an order of mag-

-nitude higher. Also, in zero gravity, the liquid is collected to the electrcde

surfaces, where the field intensity is greatest, with forces on the order of
1 g. Therefore, there is an additional safety factor in having the high

dielectric strength liquid continuously 9ollectéd on the electrode surfaces
even with very violent disturbing forces caused by attitude control, docking

of the vehicle, etc.

-

The possibility of arcing is also minimized by monitoring the current between
electrodes. Because most electrode designs have very highly non-uniform
electric fields, corona discharge will occur at electrode surféces-at voltages
well below the arcing voltages. Onset of corona discharge caﬁ be monitored
by measuring the typical exponential currenf increase, and the voltage can
then be automatically lowered below the corona onset voltage. The response

time to lower the voltage would be less than the time for a voltage cycle.

Corona discharge or arcing in the fuel tank (such as Lﬁé) presents no danger

since there is no oxidizer present to support combustion. However, in an
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oxidizer tank (such as L02) the danger of arc-initiated combustion of metallie
electrodes is particularly acute. The problem of electrﬁde ignition can be
solved by constructing the electrodes of & rela.tivély inert non-combustible
dielectric material such as teflon or mylar with a thin.film metallic coating
sandwiched between the diele¢trics; The metallic coating is the conducting
surface for the high voltage. The energy of any arcs striking the electrode
would be abéorbed by the dielectric material. If an arc penetrated the dielec-
tric and ignited the thin film coating, combustion would be prgvenﬁed because
the metallic deposit would be insulated from the oxidizer. Even if the com-
plete metallic coating were to ignite the total energy produced would be

negligible because of the small amounts of metal involved.

The possibility of arcs striking the oxidizer tank wall can be minimized by
'designihg ﬁﬁe electrodes such that the-regions of maximum field intensity
are between the electrodes énd not between the electrodes and the fank wall,
Any arcs which might occur would then pass from one electrode to anothef,
rather than from an electrode to the tank wall. In addition, liquid oxygen
tank walls often are internally insulated with materials which are suitable
dielectrics and compatible with the liquid oxygen. Ares which might occur
between the electrodes and tank wall would then dissipate energy in penetrat-

ing the insulation.

The arcing problem is serious but appears solvable because of the combined
solutions of high voltage safety factors, voltage control by corona onset

monitoring, and proper electrode design.
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CONCLUSIONS

The dielectrophoretic propellant collection system can collect liqguid propel-

3 -2
- 10 T g. The

lant in zero gravity with average forces on the order of 10~
system weight and power requirements are low. In addition, the system can

be used to decrease propellant boil-off, especially with liguid hydrogen.

The system appears most promising for space vehicles requiring five-ten or
more engine restarts or ullage gaé venting cycles, or for long term storage

of cryogenic ligquid with minimum,boil—off. The generation of the high wvoltages
required for large vehicles is relatively easy to échieve with curfently avail-

able, light weight Van de Graaff gererators. The problem of voltage control

and arcing appears solvable.

In view of the advantages offered by a dielectrophoretic system, it is de-
-sirable to consider use of this approach in space vehicles éng to bear.in

mind the possible application of the concept in other areas.
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1SECOND ZEROG - -
CATAPULT TEST SEQUENCE '

FIGURE 1

SRR

TR

A GOLLELTION ¥ IO T D.C. COLLEGTION V - 25,000 VOLTS D.C.

FIGURE 2 FIGURE 3
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LIQUID COLLECTED IN TOP TWO PATRS OF DISCS
VOLTAGE LESS THAN 17,000 VOLTS
FIGURE 5

LIQUID SLOSHING TOWARDS BACK OF SPHERES
AWAY FROM CAMERA
NO VOLTAGE APPLIED
FIGURE b
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LIQUID COLLECTED BETWEEN TOP THREE PAIRS OF DISCS
LIQUID COLLECTED IN TRUNCATED CONE SHAPES AROUND RODS LI

LIQUID COLLECTED BETWEEN TOP FOUR PAIRS OF DISCS

QUID COLLECTED IN TRUNCATED CONE SHAPES AROUND RODS

17,000 VOLTS

17,000 VOLTS

FIGURE T

FIGURE 6



LTQUID COLECTED ON WALL WITH

LIQUID IN TOP SPHERE FILOWING DOWN THROUGH

NO VOLTAGE AP'PLIED

HOLES IN CENTER OF DISCS

17,000 VOLTS APPLIED

FIGURE 9

FIGURE 8
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NOMENCLATURE

. . . Volts
E = Electric Field Intensity Heter
' Newton
F, = Force per Unit Volume Weter
K = Dielectric Constant
Newton,
P = Pressure mQ
ry = Inner Electrode Radius
r, = Outer Electrode Radius
r3 = Tank radius
€, = Capacity of Space ﬁi‘t——%s—
o e Kilograms
p = -Mass Density W
Pe = Electric Charge Density %—gﬁ
o = Conductivity ohm™ Lyt
X = Surface Tension Dynes/cm or Eﬁ—?f—e—? '
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