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FOREWORD

This document is Volume I of the final report on NASA
Contract NAS8-24882, "Study of Cryogenic Propellant Stratifica-
tion Reduction Techniques." The sttdy was performed by the
Fort Worth Division of General Dynamics Corporation for the
George C. Marshall Space Flight Center of the National Aero-
nautics and Space Administration. The program was conducted
under the technical direction of Mr. T. W. Winstead of the
MSFC Astronautics Laboratory. His assistance in the perform-
ance of this study is gratefully acknowledged.

The final report consists of three volumes:

Volume I. Large-Scale Experimental Mixing
Investigations and Liquid-Oxygen
Mixer Design
Volume II. lLarge-Scale Mixing Data
Volume III. Computer Procedure for the Prediction
- of Stratification in Supercritical
Oxygen Tanks o :
Volume I contains a presentation of the large-scale experimental
investigation and liquid-oxygen mixer design study together
with a summary of the important findings of the study. Volume
II contains a presentation of the experimental data utilized
in this study. Volume III describes the computer procedure

developed during the study for the prediction of stratification

development in supercritical oxygen tanks.
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NOTATION

Liquid surface area
Acceleration

Constant, 0.25

Constant, C2=RhVC/CVVV
Constant, C* = 0.456 VgDo/D¢2
Constant volume specific heat
Nozzle exit diameter

Tank diameter

Nozzle flow rate
Acceleration of gravity

Vapor enthalpy

Energy integral, I, =1-(Tg-T)

(Ts-Tb)

Initial energy integral
Mass
Nozzle exit mass flow rate

Mixing parameter, N =

2

2n -
4b2N; F (1 -1 )

L+ 2 Iy,

Ratio of modified Grashof number
‘to, the Reynolds number squared,

Ni = gBAT;Zy3

(VoDg) 2

Xv

Units

££2

ft/sec?
16l 2 /b £t
1/sec
Btu/1bm °R

ft

1bm

1bm/hr
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Reynolds number
Tank' pressure

Saturation pressure of bulk
fluid

Initial tank pressure

Ullage heating rate

Gas constant

Bulk or nozzle exit temperature
Mean fluid temperature

Average surface temperature
Centerline surface temperature
Volume

Nozzle exit velocity

Ullage volume

Axial distance from bottom of dye

interface to mnozzle top

Axial distance from nozzle to
liquid/vapor interface

Axial distance from bottom of dye

interface to nozzle top
Stratification thickness
Coefficient of thermal expansion

Jet transit time

Initial temperature stratification

xvi

Units

psia

psia

psia

Btu/hr

ft-1bm/1b£f-°R

OF

OF

)

OF

£t3
ft/sec
£t3

ft

ft

ft
1/°R

secC
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Time or time after pump turned on
Mixing time -

Time after mixing begins

Fluid density

Surface tension

Initial

xvii
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SUMMARY

The design of present and future spacecraft utilizing
cryogenic fluids requires that adequate prediction and con-
trol of thermal stratification be accomplished. 1In previous
studies (References 1 and 2) methods were selected for.ﬁixing
the thermally stratified fluid layer with the remaining colder
bulk fluid in the tank and a mixer design procedure/was.de-
veloped. The results of the mixer design procedure were
applied to liquid-hydrogen storage systems and estimates made
of the mixer requirements.

The préviously developed mixer design procedure was
partially based on small-scale mixing tests in which water
was used as the test fluid., In the present study, the
validity of scaling small-scale test data for use in design-~
ing mixer systems for full-scale tanks has been verified
‘through use of a test tank intermediate in size between the
previous small-scale tank and the full-scale tanks of space-
craft.

The experimental mixing investigation involved mixing
in a large-scale (10-foot-diameter, 20-foot-long) stratified

tank with non-pressurized water used as the test fluid.
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Tests were conducted to duplicate the range of the previous
small-scale test parameters. The data obtained consist of
temperature histories in the tank during mixing and a limited
amount of jet motion data. The bulk of this data is presented
in Volume II.

The temperature mixing data were reduced to a dimension-
less form of temperature stratification. These data were used
to make correlations of mixing time and the effect of buoyancy
on mixing. The jet motion data were used to check the time
required for the jet to move from the nozzle exit to the liquid
sur face.

The correlation of buoyancy effects showed that the
delay in the initial surface temperature decay (due to mixing
being retarded by the buoyancy of the stratified layer) de-
creased with decreasing values of the parameter N. This para-
meter is a function of the energy distribution in the tank and
the ratio of the modified Grashof number divided by the square
of the Reynolds number. Since the modified Grashof number is
a function of acceleration, N is also a function of accelera-
tion. The large-scale data correlation of the buoyancy effects
indicates that the delay in mixing time due to buoyancy is
relatively small for conditions simulating low-g environments.

The data indicate that this condition can be ignored in design-

ing mixers for low-g conditions.
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The correlation of the mixing time required to reduce
an initial stratification to some fraction of its value was -

initially accomplished by the use of dimensionless time versus

*
i

number divided by the square of the Reynolds number. This

the parameter N,, which is the ratio of the modified Grashof
correlation resulted in the data being grouped according to
the thickness of the initial stratification. A correlation of
N versus the mixing time resulted in good data grouping.

Comparison of large- and small-scale data correlations
revealed excellent agreement between the two sets of data."
The previous conclusion that buoyancy effects in the small-
scale tests were small for conditions simulating low-g environ-
ments was upheld., Mixing time correlations indicated that the
dimensionless mixing times required to mix the fluid in large-
and small-scale tanks are approximately the same for the simi-
lar test conditions. Previous jet motion predictions based
on the small-scale data were also verified.

-Since the large-scale data correlations did not differ
greatly from previous small-scale correlations, the mixer
design parameters are not changed. Consequently, no changes
are required in the previous liquid-hydrogen mixer system
estimates.

The previously defined methods of predicting thermal
stratification and mixer performance were applied to the de-

xxi
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sign of mixers for oxygen storage. Two tanks were considered:
(1) an S-IIB/TK orbital LOX tanker and (2) a small supercritical
storage tank. The previously developed methods of predicting
stratification were found to be adequate for the S-IIB/TK

tank. The prediction of stratification in a supercritical

tank required the development of an entirely new computer pro-
cedure. This procedure is presented in Volume III.

The design of the mixer system for the S-IIB/TK tank was
complicated by the large ullage, which results in ullage heat-
ing being the dominant cause of the tank pressure rise. Also,
if the liquid oxygen consisted of globules distributed through-
out. the tank, fluid control would be difficult. Therefore, a
mixer system was devised that does not disrupt the interface.
The mixer design considers only conventional pumps.

The prediction of stratification in the supercritical
oxygen was complicated by the continuous withdrawal of mass
from the tank and by the heating of the tank during withdrawal
in order to maintain tank pressure. The stratification due to
the heaters is controlled partially by termination of heating
when the desired tank operating pressure is exceeded. There-
fore, the major concern was that a sudden mixing of the tank
might cause a pressure collapse to some pressure below the

tank operating range. Equilibrium mixing of the stratified

xxii
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tank considered did not result in significant pressure decay.
It is expected, however, that if mixers are not employed the
extent of the pressure collapse will increase with time as the
stratification increases (Ref. 11). Also, the severity of
pressure collapse is determined by the location and severity
of the energy added to the tank. The mixer requirements are
consistent with conventional (existing) mixer designs although
the recent Apollo 13 failure may cause changes in the electric
motor design to eliminate combustible electrical insﬁlation.
It was found that there is a lack of consistent close-
spaced property data over the operating range considered.
Since in the supercritical region small temperature changes
can result in large pressure variations, interpolation between

data points could induce property value errors.
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SECTION 1

INTRODUCTTITON

The prediction and control of the thermodynamic state Qf
stored cryogens is required in order to design both‘presenf'
and future spacecraft. The technology required to predict the
development of thermal stratification and the methods of ob-
taining thermal equilibrium (mixing) were developed dqring a
previous study (Reference 1). These methods are based on
analytical results which are supported and verified by mixing‘
tests gonducted in small-scale tanks. In this study, the usé
of the émall-écale test data to develop mixing parameters for
use invthe design of mixing systems in full-size tanksris ”
verified by testing in an intermediate-size tank. 1In addi;
tion, the previously developed techniques (which were intendgd
for use in liquid-hydrogen mixer designs) are applied to liquid-
oxygen systems.

The principal effort in this study has been expended in
the experimental evaluation of axial jet mixing in a large-
scale tank (intermediate in size between small tank used in
earlier study and full-sized spacecraft tank) and the estab-
lis hment of correlations with existing small-scale data. This

includes the assessment of the effect of nozzle diameter, jet
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flow rate, and buoyancy on mixing parameters and the comparison
of small-scale-tank test parameters with large-scale-tank test
parameters. Also considered is the effect of the large-scale
test results on prior estimates of low-g liquid-hydrogen mixer
systems,

The analysis of the oxygen systems considers an
S-1IB LOX tanker concept and a small supercritical storage sys-
tem. Techniques developed in the previous study are applied
to the S-II system to predict stratification development and
to size the required mixer system. A new stratification pre-
diction procedure was developed for predicting stratification
in a supercritical storage tank. The results of the super-
critical oxygen stratification study reveal no evidence that
mixing the stratification buildup will result in the collapse
of tank preséure. The stratification developed in the tank
(due to heating to maintain pressure during withdrawal) is
controlled by maintaining pressure limit switches on the

heaters. Therefore a mixer system is not strictly necessary.
1.1 STUDY OBJECTIVES

The objectives of this study were (1) to verify the validity
of utilizing small-scale-tank mixing parameters in the design

of full-scale-tank mixers, and (2) to apply previously developed

2
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mixing techniques to the design of liquid-oxygen mixer systems.

In order to verify the validity of using small-scale tank
data correlations to develop mixer parameters for the design of
full-scale-tank mixers, the small-scale data correlations were
confirmed in a large-scale tank, The large-scale tank was an
order-of-magnitude larger than the previous small-scale tank.
The:range of dimensionless mixing conditions considered in the
small-scale tests were duplicated as far as possible in the
large-scale tests. The large-scale test data were used to
obtain correlations for comparison with similar small-scale
data correlations. These correlations considered the effectﬁ
of nozzle diameter, liquid depth, flow rate, and stratification.
Any variation between the large- and small-scale correlationsn
were evaluated to determine their effect on the previously
developed liquid-hydrogen mixer estimates.

The mixer design techniques used in developing the liquid-
hydrogen mixer estimates were evaluated to determine if they
could be applied to liquid-oxygen systems. Necessary modifi-
cations were made and new techniques developed as required.

The techniques were then applied to an S-II LOX tanker and

a supercritical tank,
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1.2 BACKGROUND

The study of methods of maintaining thermodynamic equili-
brium of stored cryogens has been pursued in previous studies
(References 1 and 2). These studies consisted of both analytical
and experimental investigations into methods of predicting
thermal stratification development and subsequent stratifica-
tion reduction. The results of these studies include (1)
stratification prediction techniques, (2) selection of mixing
methods, (3) prediction of mixing histories, (4) development
of mixer-system design methods, and (5) application of the
design methods to low-g liquid-hydrogen systems. The analyti-
calkinvestigation resulted in the selection of jet mixing as
the most suitable method of mixing a tank in a low-g environ-
ment,

The earlier analytical investigations were supplemented
and verified by extensive mixing tests conducted in small-
scaleicylindrical tanks. The tests used water as the test
fluid and included both pressurized and non-pressurized cases,
Test variables included nozzle diameter, liquid depth, flow
rate, and stratification. Various tank bottoms were also in-
vestigated. Three mixer types were studied: an axial jet,

a radial jet, and a 60-degree jet. The test results indicated
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that the axial jet provides the most efficient means of jet
mixing a tank.

The small-scale test results included data on the jet
motion, bulk fluid motion, and temperature and pressure his-
tories in the tank during mixing. Mixing time and the effects
of buoyancy were evaluated from these data. Also, these data
were’correlated and used to develop design parameters for use
in the design of mixer systems for full-scale cryogenic hydro-
gen tanks.,

The resulting correlations from the experimental testing
and analytical investigations were used to size mixer systems
for various liquid-hydrogen tanks. These sizing analyses
resulted in mixer designs. Also, penalties associated with
the mixer systems were assessed,

Verification of the analytical results based on these
small-scale tests and the associated development of mixer
parameters based on these results would not be sufficient if
the correlations could not be applied to full-scale tanks.

The small-scale tanks were approximately 1 foot in diameter,
and the full-scale tanks could be 20 or 30 times larger; there-
fore, the scaling up of small-scale data correlations to pre-
dict mixing in a large tank could possibly induce serious

errors in mixer design. This possibility warranted additional
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testing to be accomplished with a tank intermediate in size
between the small test tanks and full-size tanks. The tank
selected is approximately an order-of-magnitude larger than
the small test tank. The experimental investigation conducted
with this tank is discussed in Section 2. The large-scale-
tank test data correlations are discussed in Section 3 and
‘compared with the earlier small-scale-tank correlations in
Section 4.

The results of the mixing investigations could be applied
to any non-viscous fluid. 1In particular, the study results
are applied to another cryogen, oxygen, that is commonly stored
in low-g environmments. The results of the application of the
stratification prediction and mixing techniques to an S-IIB

LOX tanker and a supercritical tank are given in Section 5.
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SECTION 2
EXPERIMENTAL INVESTIGATIONS

The experimental phase of the program has provided data on
the mixing of a thermally stratified layer in a large-scale tank.
These investigations considered axial jet mixing in a non-pres-
surized, upright cylindrical tank in which water was used asi
the test fluid. The tests conducted were designed to duplicate,
where possible, the range of parameters considered in previous
small-scale tests. The experimental data have been used to
validate the use of the previous small-scale data to develoﬁ
mixing predictions and mixer design parameters for ﬁée in the

design of axial jet mixer systems for a large-scale tank.
2.1 EXPERIMENTAL TEST OBJECTIVES

The objective of the experimental tests, performed in a
large~scale water tank, was to validate the use in large-tank
mixer design of parameters based on small-scale-mixing test

data.
2.1.1 Test Data Requirements

The test data required were those data that pertained

only to mixing. The test parameters were required to duplicate

7
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where possible the range of the parameters used in the small-
scale tests.

The tests were designed to yield data on temperature decay
in the tank during mixing. The temperature histories were an-
alyzed to yield mixing times and transient temperature effects.
Some data on the jet motion were obtained. No data on the bulk

fluid motion were obtained.
2.1.2 TLarge and Small-Scale Test Data Comparison

Comparison of large- and small-scale data is primarily con-
cerned with a comparison of mixing times and the effect of buoy-
ancy on mixing for the same test parameters. This comparison
requires that the large-scale data be first reduced to a dimen-
sionless form of temperature stratification versus a dimension-
less time. The comparison of tests under the same conditions
was then accomplished. Also, a general expression for the tem-
perature decay developed from small-scale bulk-fluid-motion
data can be compared with the transient temperature decay from
individual tests. Interpretation of the data is often a matter
of judgement. This is especially true in selection of mixing

times from the test data.
2.1.3 Experimental/Analytical Data Comparison

The comparison of experimental data and analytical
8
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predictions was reported in Reference 2 for the small-scale data.
The presence of a major variation of large-scale~tank data from
the small-scale data was the criterion which determined if new

comparisons needed to be made.
2.2 TEST FACILITY DESIGN CONSIDERATIONS

The comparison of the results from the large-scale tests
performed during this study and the small-scale tests performed
in earlier studies required that careful consideration be given
to‘geometrical similarity. The first criterion used was to
maintain the configuration of the tanks in as similar a shape.
as possible. The original small-scale test tanks consisted of
a cylinder with concave or convex bottoms. The non-pressurized
small-scale tanks had no top, while the pressurized small-scale
tanks had a hemispherical top. The large-scale tank was select-
ed to be a cylinder. It was not possible to retain the curved
bottom bulkheads in the large-scale tank and still maintain a
simple test setup. However, the previous small-scale test
results indicated that there was very little fluid motion below
the nozzle, so the use of a flat-bottomed tank did not detract
from the results.

The tank diameter of 10 feet was established as a basic

test guideline. This dimension was approximately an order of

9
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magnitude larger than those used in the small-scale tests. The
tank length was determined from the maximum previous L/D ratio
of approximately 2. The nozzle diameters were then selected
by scaling up the small-scale nozzle diameters, using the ratio
of the small-scale water depth to the small-scale nozzle dia-
meter, and multiplying by the large-scale water depth. The

~ values of the dimensionless geometry pérameters Zb/Dt and

Zb/Do were thus maintained approximately the same.

Axial jet flow rates in the large-scale tank were selected
from values of the dimensionless parameter N: found in
the small-scale tests. Substituting into the expression for

%
Ni values of the ranges of temperature stratification, liquid
depth, and nozzle diameter enabled values of the axial jet flow
rate to be selected which would reproduce the same values of

Ni in the large-scale tank as were used in the small-scale
tank.,

Maintaining the same geometry ratios and N? range in the
large~scale tank as were used in the small~scale tank resulted
in an increase in the jet Reynolds number. The parameter N?
had been previously found to be a more important parameter in
predicting mixing than the jet Reynolds number; therefore the

value of the Reynolds number was allowed to vary as required

. . . *
to maintain the previous range of Ni' The values of all

10
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large-scale jet Reynolds numbers were in the turbulent region,
aé were the Reynolds.numﬁers of the small-scale tests except
for one test.

Table 1 shows‘the range of the various dimensionless ‘para-
meters considered in this study. Values are shown for both
large- and small-scale tanks. Although equipment availability
and capacity were limited, almost the entire range of the small-
scale parameters Zb/Dt and Zb/Do were reproduced in the large-
scale tests. As an example, the minimum value of the para-
meter Zb/Dt was not reproduced since there were no readily
available nozzles that were compatible with the system. Lower-
ing the water level to obtain this value would have fesulted
either in requiring flow rates (to reproduce the Nilﬁalues)
that were too small for the system or in producing uﬁrealistic
stratification levels. Bec;use of these problems and the fact
that the extreme values of these parameters often represeﬂtéd
isolated data points that were of doubtful use in correlations,
the range of Zb/Dt was limited. The same situation existe@
for the parameter Zb/Do.. Cbnsequently, the system was design-
ed to reproduce the range of the bulk of the small-scale para-

meters.

11
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Table 1

RANGE OF TEST PARAMETERS

Small-Scale Tank

Parameter Minimum Maximum
2% 0.572 2.03
Dt

% 70.8 i

Dy

NRe 2,005 51,156

N 3.6 760

large-Scale Tank

Minimum

0.87

122.06

49,000

0.57

Maximum

1.85

349.44

603,000

1,993, 64

UOISIAI Y140AA 1104
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2.3 EXPERIMENTAL FACILITY

The experimental facility in which the large#3ca1e tests
were conducted consisted of a tank, associated‘flow.éyStems,
instrumentation for recording temperatures and measuring flow
rates, and equipment for inducing stratification. These com-
ponents were set up on an outside test site. A photograph of

the test site and major components is shown in Figure 1.
2.3.1 Test Tank

The test tank was a vertical steel cylinder having a 10-
foot diameter and a 20-foot length (L/D = 2). The tank had a
flat bottom and an open top. The sidewall of the tank was
penetrated by 3-inch-diameter portholes covered by plexiglass.
The purpose of these portholes, arranged vertically at 2-foot
intervals, was to allow observation of dye movements in the
tank if feasible and necessary.

The tank was fitted with permanent internal and external
ladders to allow access to the instrumentation and piping
within the tank. The ladders were mounted over the portholes
to enable personnel to use the portholes for observation pur-
poses. The internal ladder, of open construction, extended

4 inches from the wall and did not present a significant flow
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restriction. In any case, the thermocouples were located 180°
from the internal ladder.

The tank had a catwalk mounted across the‘oben top. This
was intended for use in mounting instrumentation, as a work
platform for inducing stratification prior to tests, and as an
observation platform during tests. Figure 2 shows a plan of

the test tank and associated instrumentation.
2.3.2 Flow System

The flow system consisted of the axial jet flow loop and
the hot water supply for stratification development prior to
mixing. The hot water supply was a portable system that was
removed prior to mixing. The axial jet flow loop was a fixed
system.

The axial jet flow loop consisted of the pump, nozzle,
associated piping and valves, and fiow measurement devices.
The axial jet nozzle was mounted on the center of the tank
bottom and directed flow up the tank centerline toward the
liquid surface. Two interchangeable nozzles were used, with
diameters of 0.875 and 0.625 inches, respectively. These were
commercial fountain nozzles designed to produce a vertical jet
of water. The nozzle was supplied with water drawn into an

intake located on the center of the tank bottom just below the

15



W | et

91

]
!
\
. .
L . ‘ - L
N . v aza | Ao | jan
- : 1 - .
. - ) ‘ _
J ‘ N ‘
- - =
L o | .
' . Co g : RS
Wyaess [ [ 200 mock e s Fem ey e S Las 4
. mgoezae L / y
L oar cesodme 200 moce O atam
i e phsz] L
‘. (’m,_}f:‘J
= i
s
=
|
I e —
- et o
_’é)
%
. e #
- — A
L |
TS
= ity S0
i
N ;  Soe
. |
\i L
P 4 S

!

Ao RO Bo0om S0 i -
TIAACES A AT L LTERNA,
Gl il Srne vy e AN Yy o Te e
Ca s _——— sz

a Y110AA 304

SJOINVYNAQ TvdHaNaD

UOISIAI

T

H —

.3 S TRUCTLD Y —

pr— ]

T T bl
: T

[ o e M a—— [ :"::. — -l"f! e T ~NTr7-1000 !
) T 3 1 2 1 '

Figure 2 Test Tank and Instrumentation Rake



GENERAL DYNAMICS
Fort Worth Division

.nozzle, This water was obtained by recirculating water drawn
from the tank bottom and flowed out through a pump. After
leaving the pump, the flow rate of the fluid was obtained by
measuring the pressure drop of the fluid flowing through one
of two calibrated orifice plates. The flow was then returned
to the tank and passed through the nozzle. That part of the
flow loop outside the tank is shown in the photograph presented
in Figure 3.

The direction of flow and the flow rate were regulated by
valves mounted in the flow loop. The valve arrangement allowed
a quick selection to be made of the orifice plate required to
measure a given flow range. The pump used in the loop was a
centrifugal pump and the flow rate was varied by changing the
pressure drop in the loop and by recirculating some of the
fluid through the pump. Both of these tasks were accomplished
by modulating globe valves in the line.

| The hot water supply system consisted of a flexible rubber
hose carrying hot water from a portable boiler (Figure 1). The
hot water line delivered hot water to the top of the tank where
it was used to produce a stratified layer of hot fluid in the
tank., The stratified layer was produced either by flowing the
water unto the surface of the colder fluid, producing an approxi-

mately uniform temperature layer of water on top of the colder
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fluid, or by mixing the hot water with the colder fluid. The
latter method produced a stratified layer that was thicker and
had a definite temperature gradient in it. Thickness of the
stratified layer was controlled by the depth at which the hot
water entered the test tank. Uniformity,of‘the temperature at
any depth was obtained by swirling the hot water line around

the tank at that depth.
2.3.3 Instrumentation System

Two types of data were obtained: water temperatures dur-
ing mixing and nozzle flow rates. The temperature data were
obtained from thermocouples mounted in the tank and recqrded
on strip chart recorders. The flow rate was obtained from
orifice plate pressure drop measurements made with mercury
manometers,

The thermocouples were mounted on a vertical rake in the
tank and with its arms arranged radially across one half of
the tank. Only one-half of the tank cross-section was»used
since the flow and temperature conditions in the tank were .
considered to be symmetrical. The thermocouples at a given
depth in the tank were arranged radially such that equal-volume
annular sections were formed when the boundaries of the sec-

tions were considered to be at one-half the distance between
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thermocouples., This is illustrated in the following sketch

of a top view of the tank.

)
Rg
Ry
J )
Tank
enterline

Assuming a uniform depth, h, the volume of a section is

and

V1=Vg= V3= V4=V
If the density is approximately the same, then

my =My = IT13= m4= m
and a numerical average of the thermocouples reflects a mass
weighted average temperature.

Figure 2 shows the design of the rake used to support the

thermocouples in tle tank. This rake was designed and fabri-
cated in two sections so that it could be used with both 20-

and 10-foot water levels in the tank. The low-water-level rake
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consisted of the upper half of the 20-foot rake which was dis-
connected and lowered into position for use., The distribution of
the thermocouples was denser in the top four feet of the fluid
since major mixing effects occur in this region. Below this
level, the number of thermocouples at any given level decreases.
The use of thermocouples at different levels in the tank‘pro-
vides a means of determining the stratification thickness and
also indicates the extent of mixing. The rake support péle

was painted with alternate black and white stripes for use in
determining liquid depth in the tank.

A total of 28 thermocouples were used in the tank for the
20-foot depth and 22 for the 10-foot depth. These thermocouples
were fabricated from 26-gauge copper-constantan wire. The
thermocouple lead wires were covered with water-tight shrink
tubing and connected above the water with lead Wires Which‘
carried the signals to the recorders.

The temperature recording devices were two Brown multi-
point strip chart recorders which converted the thermocouple
signals into temperature readings. Since Tg and Ty were the
primary temperatures of interest, the thermocouples giving
" these values were recorded on one recorder. As a check, |
measurements of the surface and bottom water temperatures
were also made with mercury thermometers at the start and

end of a mixing test.
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The measurement of the axial jet flow rate was accomplished
by measuring the pressure drop across an orifice plate in the
flow loop. Two orifice plates were used, depending on the
flow rate. Selection of the proper plate was made by setting
valves in the flow loop to divert the flow through the pla te.
The plates were calibrated by physically measuring the volume
of water flowing during a given time period, calculating the
flow rate, and comparing it with the pressure drop. The
pressure drop across an orifice plate was measured by a cistern-
type 30-inch mercury manometer. These manometers were cali-

brated prior to use.
2,4 TEST PROCEDURE

The tests conducted during this study were performed
to study axial jet mixing in a large-scale tank. Since the
correlations made from the data taken in these tests were to
be compared with correlations made in previous small-scale
tests, the large and small-scale test procedures were similar.

The data taken during the tests consisted of temperature
measurements as a function of time for various locations in
the fluid. The test variables consisted of flow rate, nozzle
size, stratification temperature, liquid height above the

nozzle, and thickness of the stratified layer.
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Two water levels were used in the tests: 10 feet and 20
feet above the tank bottom. The water level above the nozzle
exit varied somewhat owing to the different heights of the two
nozzles and to the different plumbing arrangements that were
used. These differences were minor and did not compromise
comparisons,

Temperature differences in the fluid were varied as re-
quired to produce the desired values of Ni. Prior to mixing,
' the temperature differences between the average surface tem-
perature and the bulk or bottom temperatures varied between
approximately 2 and 90°F.

The thickness of the stratified layer varied from about
0.5 to 19.5 feet. This variable could not be precisely con-
trolled except for the thinner layers with maximum thicknesses
of about 2 to 3 feet. Inducing a stratified layer thicker
than this value required rather crude methods of operation.
This involved suspending the hot water line into the tank and
slowly swirling it around in the tank fluid at a depth of
about 18 inches above the point at which stratification was
desired to begin. If the boiler inadvertently produced wet
or dry steam rather than water at any time during this opera-
tion, the stratified depth would drastically increase because

the steam penetrated deeper into the bulk fluid than did the
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water. This could not always be determined immediately and
corrected., Consequently, the stratification thickness often
varied considerably from the intended value.

The axial jet flow rates were set prior to each test run.
The flow rates were based on the previous small-tank para-
meters and the new tank and nozzle dimensions. The range of
these flow rates was from 11.7 to 136.5 gpm.

After a set of test conditions were selected within the
range of available variables, the mixing test procedure was
performed as follows:

1. Fill the tank to the desired water level after in-
stalling the desired nozzle. Position the flow
loop valves to produce desired flow loop circuit.

2. Set the desired axial jet flow rate by use of the
modulating valves and thoroughly pre-mix the tank
fluid until no measurable temperature difference is
observed. Then stop mixing and allow fluid movement
to subside in the tank.

3. Induce a stratified layer into the tank £fluid by
flowing hot water onto or into the top layer of
water. Drain water from the tank if necessary to
correct an increase in the water level. Remove
hot water line from the tank.

4, Mix tank fluid and record temperature at the various
tank positions by use of multipoint strip-chart
recorders.

5. Terminate test when temperature difference between
the surface and the bottom fluid becomes negligible

and appears to have reached a steady-state condition.

These steps were followed in all the jet mixing tests except

24



GENERAL DYNAMICS
Fort Worth Division

that, in actual practice, the tank was seldom drained between
tests.

The movement of the jet at the beginning of mixing was
observed by noting the time required for motion to appear on
the liquid surface. This enabled the time for the jet to
travel the length of the tank and penetrate the stratified
layer to be determined.

The desired large-scale tank operating conditions are
summarized in Figure 4. A flow diagram of the general test
procedure for these tests is presented in Figure 5. The

actual operating conditions are given in Table 1 of Volume II.
2.5 EXPERIMENTAL DATA

The experimental data obtained in the large-tank tests
during this study consist of fluid temperatures as a function
of time for various positions in the tank and a limited amount
of jet transit time data. The temperature data are concerned
entirely with mixing and do not include any stratification
development data. The results of 52 tests are reported. The
temperature data are shown separately in Volume II since the
large amount of data is unwieldy. Sample temperature data are
shown in this volume for discussion and are representative of

the bulk of the data.
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Test Operating Conditions

Nozzle Water Pump Stratification StraFification
Size Level | Flow Rate Temperature Thickness
(in.) (£t) (gpm) Difference (ft)

(°P
,=0.625 [ z=10] Vg T 11.7 ATiT 1.7 Z4 $ 0.5
o = 0.875 Z = 20 Vo = 136.5 ATi = 93,6 Zg = 19.5

Figure 4 Large-Scale Tank Experimental Operating Conditions
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Complete Pre-Run Preparations
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Fill Tank
Pre-Mix Tank.
Set Pump Flow Rate
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Figure

Jet Mixing

- 'Turn on the Data
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Turn on Mixer
Record Mixer
Flow Rate

Terminate Test When
the Temperature
Difference Is
Negligible and the
Tank Has Reached
Steady State

Jet Motion
Turn on Mixer
Observe Surface Motion

Terminate Test
When Surface
Motion is Observed

5 Test Procedure for Large-Scale Tests
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2.5.1 Temperature Mixing Data

The temperature data obtained during the mixing of the
thermal stratification consist of temperatures as a function
of time for various positions in the tank. These positions
are detailed in Figure 2 as numbered positions on the thermo-
ﬂcouple rake. Although data were obtained throughout the tank,
only the temperatures of the liquid surface and bottom are
used in the correlations presented in Section 3. The remain-
ing data points are used to determine the stratification depth
and the extent of mixing during the test.

The temperature data from the thermocouples immediately
below the liquid surface are especially important since, in
a closed tank, the ullage pressure is directly related to the
surface temperature of the liquid. Consequently, the surface
temperature is of major concern in a stratification mixing
study. The stratification in the tank is usually considered
to be given by

Tetrat = Ts = Tp

The sﬁrface temperature undergoes some extreme fluctua-
tions almost as soon as the mixing begins. The slight delay
is due to the jet transit time and the retardation of the jet
penetrating the stratified layer, caused by buoyancy forces.

These fluctuations are transient in nature and are due to the
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cool jet flowing across the liquid surface and then, the warm
fluid being entrained in the cooler jet as the stratified layer
begins to mix. The temperature at any given point on the
surface can vary considerably, as shown in Figure 6. In this
figuré, the temperature at the tank centerline when mixing
begins (where the jet impinges first on the surface) is much
‘lower than the surrounding surfgce because of the cool jet.

As mixing progresses, the surrounding surface temperatures
also decrease because of the cooler fluid flowing radially
across the tank surface toward the wall, The cooler fluid
displaces warmer fluid and creates turbulence near the wall.
As the warmer fluid is displaced, some of it is intrained

into the jet. This raises the temperature of the jet and
there is a partial recovery of the surface temperature. After
the initial sharp transients, the temperature gradually decays
until it reaches the mean temperature in the tank. This is
the general mode of mixing in the tank. 1In a few cases, where
the jet\momentum is insufficient to immediately penetrate the
stratified layer, there is a time period during which the jet
slowly erodes away the bottom of the strafified layer as it
impinges on it. This action may also result in transient tem-
perature variations at the center of the surface as the jet

partially penetrates and then is repulsed by the buoyancy of
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the stratified layer. Once a permanent penetration is obtained
the temperature history is much the same as that of the pre-
viously described case.

The surface temperature variations can be large, and an
average value of the surface temperature is useful to describe
the surface mixing since it provides a good indication of the
overall condition of the surface. This is especially true
when the stratified layer initially begins to mix as a result
of the axial jet impinging on the interface, since a large
temperature gradient can exist across the liquid surface as
cool fluid flows radially outward the wall. An average value
was obtained from the temperature data by numerically averaging
the output of the four surface thermocouples. This numerical
average assumes that each thermocouple represents the tempera-
ture of an equal volume of fluid at a uniform temperature.' The
thermocouples were positioned such that equal-volume annular
sections are obtained when boundaries between sections are
located halfway between adjacent thermocouples. This also
assumes that the flow in the tank is symmetrical about the
tank centerline. This average surface temperature is one type
of data presented.

A second type of temperature data presented is the surface

temperature at the tank centerline, Tsl. This is the point
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at which the surface temperature initially begins to decrease;
it is subjected to wider variations in temperature than are
the other surface locations. Therefore it provides a good
indication of when the jet penetrates the stratified layer and
tank mixing begins. This temperature also provides an indica-
tion of either a sharp and complete penetration or a gradual
penetration characterized by the jet slowly eroding away the
stratified layer.

-The third type of data presented is the fluid temperature
at the nozzle exit, Ty. This temperature subtracted from a
surface temperature reflects the temperature gradient between
the surface and the tank bottom. The bottom temperature re-
mains almost constant until the final phase of mixing. At this
time it begins to slowly increase until it reaches equilibrium
with the mean temperature of the tank fluid.

The mean temperature of the fluid is the average tempera-
ture of the fluid. Since for practical purposes no heat is
added to or removed from the tank during mixing, the mean
temperature of the fluid is constant during a given mixing test.
Therefore the wvalue of the mean temperature was taken as the
temperature of the fluid at the end of mixing when the tempera-
ture is uniform in the tank. The difference between the sur-
face temperature and the mean temperature reflects the extent

to which the surface can be cooled by mixing.
32



GENERAL DYNAMICS
Fort Worth Division

Figure 7 shows a typical set of data obtained during a
mixing test. The centerline surface-temperature data points
are not connected in order to avoid confusion on the graph
when the centerline surface temperature becomesvequal to the
average surface temperature.

The temperature data reflect the variables of water depth
above the nozzle, flow rate, nozzlerdiameter, stratification
temperature difference, and stratification thickness. Because
of the number of variables, it is difficult to make comparisons
of individual tests. The difference in tank size between the
large-and small-tank tests prevent direct comparison of the
two types of data. However, a most important observation is
that the fluid is always thoroughly mixed, using flow rates
which are predicted by scaling-up the small-scale-tank flow
rates. This gives a preliminary confirmation of the‘validity
of applying mixing parameters developed from small-scale

data to the design of mixer systems for full-scale tanks.
2.5.2 Jet Motion Data

The axial jet motion data obtained during these tests
provide data on the transit time of a jet in a large tank.
The data were obtained by visually observing the surface of the

fluid after turning on the pump and noting the time at which
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motion began. The time interval between turning the mixer
on and the beginning of surface motion is the jet transit
time. Data were taken for both stratified and unstratified
cases,

The initial motion of the surface was a slight upwelling
of water. The magnitude of the upwelling appeared to be a
function of both flow rate/and liquid height; however, this
was a subjective judgement and was not confirmed by measure-
ments. The initial surface motion was circular in shape,
indicating that the jet retained its shape while passing
through the stratified layer.

Table 2 contains the jet motion data obtained during the
test series. The data without run numbers are from tests
conducted without stratification. The tests with the thick
stratification of 9.5 féef did not reveal a uniform temperature
in the stratified layer. 1Instead, the temperature gradient

across the layer was large in each case.
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Table 2

JET MOTION DATA

Run Go D, Zy, AT, Z 86,
(gpm) (in) (ft) Cr) (££) (sec)
20 60.0 0.625 18.2 18.0 9.5 16.0
22 90.55 0.625 18.2 11.7 9.5 10.0
23 89.5 0.625 18.2 7.5 9.5 10.0
25 28.4 0.625 18.2 3.5 9.5 35.0
26 30.0 0.625 18.2 0.0 0.0 33.0
27 30.0 0.625 18.2 1.5 1.5 32.0
28 26.5 0.625 18.2 4.5 5.5 35.0
31 24,6 0.625 18.2 0.0 0.0 40.0
-- 20.0 0.625 18.2 0.0 0.0 46.0
-- 25.0 0.625 118.2 0.0 0.0 37.0
-- 112.0 0.875 18.5 0.0 0.0 13.0
-- 100.0 0.875 18.5 0.0 0.0 12.0
- 81.5 0.875 18.5 0.0 0.0 18.0
-- 65.0 0.875 18.5 0.0 0.0 20.0
-- 40.5 0.875 18.5 0.0 0.0 31.0
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SECTION 3
EXPERIMENTAL AND ANALYTICAL
DATA CORRELATTIONS

Large-scale experimental data correlations and the com-
parisons'of'thése correlations with analytical predictions
are prééented in this section. The correlations consist of
the tranSienf data correlations for individual tests, the
general correlations made from the collective data, and the
jet motion correlations.

The transient data correlations consist of the dimen-
sionless temperature decay during mixing and the energy dis-
tribution during mixing (energy integral). Only representa-
tive transient data are shown in this section because of the
large amount of data obtained during these tests. All of the
transient data are documented in Volume II.

The general correlations determined from the collective
transient data and the jet motion data were used to summarize
the following areas of investigation:

1. Transit time of the axial jet from the nozzle exit
to the liquid/vapor interface.

2. Effect of buoyancy on mixing.

3. Mixing time of the axial jet mixer.
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3.1 TRANSIENT DATA CORRELATIONS

The transient data correlations presented in Volume II
consist of three forms of the dimensionless temperature decay

and the energy integral as a function of dimensionless time.
3.1.1 Transient Dimensionless Temperature Correlations

In order to.ﬁake meaningful comparisons between mixing'
tests With different strétificatioh levels it is convenient
to reduce the températuré differences to a dimensionless quantity
referenced to the initial stratification when mixing began.
This quantify, repreéented by

AT = TS-Tb or TshTm
AT; - (Tg=Tp)y (Tg=Tm) 1 .

reflects the stratification remaining in the fluid at any
time. Pfesenting AT/ATi as a function of a dimensionlessktime,

given by

enables the other test variables to be éonsidered.

The primary pfoblem in using this type of correlation is
establishing the time that the tank fluid begins to mix. 1In
this study, mixing is assumed to begin when the surface. temper-

ature begins to drop rather than when the mixer is turned on.
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This mixing time is referred to as 8y. The time interval between
these two occurrences consists of the transit time of the jet
plus the delay in mixing due to the buoyancy of the stratified
layer retarding the penetration of the cool jet to the surface.

The following sketch shows the relationship between 6 and 91

Surface Temperature

Time

Three forms of the dimensionless temperature are shown in

Volume II. These are

Ty - Ty
(Tg = Ty
T =T
S m
(Ts - Tm)l
and
To-T
51
Tg = T)s
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The use of the average surface temperature, Ty, in the correla-
tions provides a good indication of the overall mixing of the
surface layer. This form of the correlation tends to moderate

the wide variations of temperature that occur at the tank centerline
when mixing begins. The use of the centerline surface tempera-

ture, T in the correlations shows this initial variation

s1’
better. However, this type of correlation indicates that mixing
occurs faster than it actually does at the beginning of the
test. Therefore the data for the general correlations are

based on the average surface temperature. The temperature at
the nozzle exit subtracted from the surface temperature reflects
the total temperature gradient in the tank and provides an
easily determined value of existing stratification. The use

of the mean fluid temperature, Tm, in the correlations reflects
the extent that the surface temperature has departed from tank
equilibrium conditions.

Also shown on the transient temperature decay correlations
are the parameters Zb/Do, Zp/Des Nres Ni, and VODO(G-QI)/th.
The terms Z,/D, and Zy/Dy reflect the geometry of the tank and
nozzle. NRe is the Reynolds number of the axial jet as it
emerges from the nozzle. Nj is the ratio of the modified

Grashof number to the square of the jet Reynolds number, given

by
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3
%% gB(TS-Tb)izb
(VoDg)
where
g = Acceleration
B = Coefficient of thermal expansion
(T,-T.); = Initial temperature stratification
Zb = Liqqid depth abovg Fhe npzzlgv
V, = Nozzle exit velocity
D, = Nozzle exit‘diameterk

VD, (O—GL)/th,is £he dimensionless time interval, consist;ng
of the jet transit time and the buoyancy effect.

In Figure 8 a COr;elation is shown for é typical miiiﬁg*
tgét using(Ts-Tb)/(TsrTb)i aﬁd'(TS-Tm)/(TS{Tm)i.:Ih F&gure 9
the;pbfreiation (Tsl-Tb)/(TSl-Tb)i_is'showﬁffbr'the same test.
Aﬂ'a;élYtical'prediction of mixing from Refefenqe 2 is shown
fdr»;ompafiSQn. ' This analytical prediction, based on dye obser-
vétions of the bulk fluid motion during the small-scale tests,

is given by

22 -cve _ Za
22y d,
1
h
where 2/3
o* = 0.404 (4 Mo
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and

Z . = Distance from the nozzle to the dye interface

Z = Initial distance from the nozzle to the dye interface
= Distance of lower dye interface from the nozzle exit

p = Liquid density

ﬁo = Nozzle flow rate
Dt = Tank diameter
These relationships are illustrated in the following sketch:
y —t—
Stratified =
Layer
24 Z
i
Zp
Nozzle |
—
]
—>

Although the two parameters Zd/Zdi and AT/ATi reflect
entirely different quantities, temperature and distance, they
both reflect the degree of mixing that has occurred in the
fluid. It was found in the Reference 1 study that small-tank
transient temperature data indicate faster fluid mixing than
predicted analytically when the value of N: is less than
approximately 50 (i.e., a plot of the test data as shown in
Figures 8 and 9 would show the experimental temperature decay

to be to the left or below the analytical prediction). Similar-
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ly when Ni is greater than approximately SQ, the transient
temperature decay in the small-scale test tanks will occur
slower than predicted analytically. This condition held for
many of the large-scale tests, although there were many impor-
tant>éxceptions. These included mostly tests with values of
N: greater than 50, in which observed mixing was less than or
approximately the same as thét predicted. There were, however,
some tests with values of Ni less than 50 in which mixing was
slower than predicted.

Since the transition value of Ni = 50 is an approximate
value at best and intended only for use in making initial
estimates of mixing, some variations from the norm should be
expected. However, checking the data showed that the ratio
of stratification thickness to liquid depth above the nozzle,
ZS/Zb, was often quite different for the various tests. The
data shown in Figure 10 illustrate the results of varying
stratification depth for constant Z,/D, and Z; /D, and approxi-
mately constant Ni. These data show a definite trend toward
longer mixing times as the stratified layep thickness is in-
creased. There is also a noticeable decrease in the initial
sharp temperature drop when the stratification thickness in-
creases. However, the rate at which the temperature decay

initially occurs appears to be the same. The percentage of
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temperature recovery is also much smaller for the thin strati-
fied layers than for the thick layers.

In general, experimental mixing occurs faster than pre-
dicted for Ni< 50 and slower than predicted for N::>50. This
observation is applicable for ratios of Z /Zy< 0.3. The
analytical prediction generally agrees with the mixing data
for at least part of the mixing time and gives conservative
values unless the stratified thickness is large. The common
behavior of the dimensionless temperature data is initially
to decay sharply, followed by a stratification recovery, and
then to decay gradually, which parallels the analytical pre-
diction. There is often a time period in which the stratifica-
tion remains more or less constant as the temperature of the
fluid around the nozzle is slowly increased to the mean fluid
temperature.

Since small errors in the data can cause large errors in
the correlations, it is wvaluable to know what the possible
error sources are and when they occur in order to reduce their
effect. The most significant error sources are due to discre-
pancies in reading values of data points, linear interpolation
between data points to normalize data to a specific time, and
the lag in response of the thermocouples to a temperature
change, Discrepancies in reading values of data points be-

come significant when the stratified level is small. This
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occurs at the end of all runs and during the entire test for
runs with small initial temperature differences. 1In general,
when the temperature differences are less than 1°F the data
become questionable. Errors in the data due to linear inter-
polation between data points are most severe when large temper-
ature changes are rapidly occuring. This is a characteristic
of the time of initial penetration of the stratified layer by
the jet. The lag in thermocouple response also creates errors
when temperature changes occur rapidly. An analysis is pre-
sented in Appendix A for a model of the initial dimensionless
temperature decay which approximates many of the results.

This model indicates that the maximum error due to the lag

in response will occur at the time the fluid begins to mix.
This is also the time of the fastest temperature decay in the
same area. All of these observations indicate that errors

are most likely to occur at the beginning of mixing.

The results of the dimensionless temperature correlations
will be used to make more general correlations; however,
several points can be made about them now. Probably the most
important observation that can be made from a survey of the
correlations is that the analytical prediction is not always
a good indicator of how mixing takes place. It appears to be

a conservative prediction as long as the stratification depth
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is moderate or the temperature gradients across the stratified
layer are steep. The last case is common in cryogenic tanks

with moderate sidewall or ullage heating.
3.1.2 Energy Integral

‘The energy integral, defined as

is a measure of the energy distribution in the tank. This term,
primarily determined as an intermediate step in the calculation
of other parameters, is also a useful indicator of mixing in
the tank.:

The initial value of the energy integral, Imi, depends on
the type of stratification. When Im_l is 0.0, the mean tank
temperature is equal to the bottom temperature, and the
thermally stratified layer is either a very thin uniform layer
or a thick layer with a sharp temperature gradient. Larger
values of Imi(0-<Imi< 1) indicate a thicker stratified layer
As the tank fluid is mixed, the energy is distributed more
evenly and I, approaches 1. There may be a transient period
in which the energy integral becomes greater thaﬁ 1 as a result
of the cool jet penetrating the stratified layer and flowing

fluid with a temperature below T, across the surface. This
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is always a very short-lived phenomenon and is associated with
the initial sharp temperature drop seen in the dimensionless
temperature correlations. The values calculated for I during
this period are not always dependable, since the temperature
differences can be smail and slight errors in temperature
values result in large changes in Im. This situation also
exists to a lesser extent as the fluid is approaching a mixed
condition and Im approaches 1. When I, is 1.0, the fluid is
.completely mixed.

Comparison of the values of Imi with the transient tem-.
perature correlations indicate that runs with values of Iy
that were less than 0.2 tended to undergo faster mixing than
predicted analytically.,

Figure 11 shows a typical correlation of I_ versus
VODOG/DtZ.-_This‘run had a brief period of inverse stratifica-

tion.
3.2 LARGE-SCALE DATA CORRELATIONS

The correlations of the large-scale data consist of corre-
lations of jet transit time, correlations demonstrating the
effect of buoyancy on mixing, and correlations of the mixing
time of the axial jet mixer. With the exception of the jet
transient time correlations, the correlations shown are based

on the transient dimensionless temperature correlations dis-
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cussed in Subsection 3.1 and presented in Volume II. The
correlations presented in this section include:

1. A correlation of the dimensionless time for Ehe axial
jet to reach the liquid surface (V,D, AQj/Dt versus
Zy,/ D) -

2. A correlation of the dimensionless time interval be-
tween turning the pump on and the initial drop in
surface temperature minus the_dimensionless jet
transit time V DO(Q-Ql-Qj)/Dt2 as a function of a
parameter N, where

o -5
N = 4b2N L L

i 1L+21I
1

3. Correlations of the dimensionless time after the
temperature starts to drop to the point where the
temperature difference between T_ and Ty, reaches
a desired percentage of its initial value as a
function of Ni.

3.2.1 Jet Transit Time Correlation

The time required for the jet to reach the surface is
‘shown in Figure 12 as a function of the nozzle exit flow rate.
The data display a distinct trend for each nozzle diameter.
Also shown are predictions made froﬁ the analytical equation
(developed in Reference 3 but using a corrected coefficient

shown in Reference 1)
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The agreement between the experimental data and the prediction
is excellent. This equation predicts twice the transit time
as the equation developed in Reference 3.

Figure 13 shows the jet transit time as a function of
Z/D

£ The plot of the analytical prediction and the test

data again demonstrate the good agreement between the two.
3.2.2 Correlation of Buoyancy Effects

The difference between the jet transit time and the time
interval between mixer activation and the initial surface
temperature drop is due to the buoyancy of the stratified
layer retarding the jet. This time interval in dimensionless
form is given by

VD
o o

t

and is shown in Figure 14 as a function of the parameter N,

given by 2\
I -1
mj

where the constant b is 0.25.
Figure 14 shows a decline in the buoyancy effect as N
decreases, and then a more or less constant value of the buoyancy

effect. The value of N at which the buoyancy effect becomes
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approximately constant is about 0.5. The value of VODO(G-Gl-
Qj)/th at this point is about 0.08. This is a relatively
small value and indicates that the buoyancy effects can be
ignored at values of N less than 0.5. Since N is a function
of Ni, which is a function of the local acceleration, the
effect of buoyancy may be ignored in the prediction of mixing

time for low-g situatioms.
3.2.3 Correlation of Mixing Times

The time required for the dimensionless transient tem-
perature to be reduced to some desired percentage of its
initial value is by definition, the mixing time required to
obtain the desired condition. The time can be obtained from the
plots of the dimensionless mixing time given in Volume ITI.

The dimensionless temperature considered is

TS-Tb

(Ts-Tb)i

The times required for this term to reach 20%, 10%, and 5% of
its initial value were selected from each test. It was
assumed that the temperature stratification is reduced to its
desired value when there is no stratification recovery to a

point above this value. This is demonstrated in the following

sketch,
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where le} sz, and 9m3 are the mixing times for redqcing the

stratificationvto 20%, 10% and 5%, respectively.

Figures 15, 16, and 17 show the data points from the
transient data as a function of Ni for the three mixed con-
ditions. These figures show the data falling into two separate
groups. Examination of the individual test data show that the
data points in the two data groups correspond to tests with
stratification depths that can be described as “thick"»and
"thin". 1In the so called '"thin" layer tests, mixing is much
faster than in the "thick" layer tests for otherwise equivalent

Yo

mixing conditions. However, as Ni increases, the mixing times
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for both sets of tests approach each other. This is as
expected since buoyancy forces increase with increasing Ni.

An effort was made to obtain correlations that would
reflect the stratification thickness or the energy distribution.
The most successful correlation was the mixing time versus N.
Figures 18, 19, and 20 Show this correlation. The data show
the mixing time to increase with N. The data scatter for

these correlations decreases with increased mixing time.
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SECTION &
COMPARISON OF LARGE=- AND

SMALL-SCALE CORRELATIONS

The purpose of the experimental investigation was to con-
firm the validity of using small-scale test data to develop
parameters and methods for the design of mixer systems for use
in full-scale tanks. This was to be accomplished by determin-
ing if the small-scale data correlations from Reference 1 agree
with the values of the same parameters obtained from large-
scale tests conducted under similar conditions. This is done
by direct comparison of the two types of data.

4,1 COMPARISON OF LARGE- AND SMALL-SCALE
JET TRANSIT TIME CORRELATIONS

The large~ and small-scale data for the transit time of
the axial jet to travel from the nozzle exit to the liquid
surface are shown in Figure 21 as a function of Zb/Dt' The

analytical prediction given by

VoDo

Ag; = 0.152 Zby?
th D¢

is also shown in this figure. This coefficient for this equa-

tion was developed from small-scale test data. The excellent
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agreement of the large- and small-scale data is apparent from
this comparison. Therefore, the previous finding that the jet
transit time is approximately twice that given in the predic-
tion of Reference 3 still holds.
4.2 COMPARISON OF LARGE- AND SMALL-SCALE
TANK BUOYANCY EFFECTS

A major conclusion from the previous study was that buoy-
ancy effects in the tests simulating low-g mixing could be
neglected when determining the mixing time., Figure 22 shows
the combined data from the large- and small-scale tanks. The
two data sets overlap each other and the data points are close-
ly associated to give good agreement. Both sets of data in-
dicate a decrease in the buoyancy effect with decreasing N
until a value of N = 0,5 is reached. For values of N<0.5,
the buoyancy effect is approximately constant with a value of
about 0.1. The previous conclusion that buoyancy effects

can be neglected when predicting low-g mixing times is valid.

4.3 COMPARISON OF LARGE- AND SMALL-SCALE TANK

MIXING TIMES

In the large-scale tests, stratification thickness was

found to be an important variable affecting mixing time, and
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a different correlation was necessary to produce a good data
grouping. The small-scale tests do not have as wide a varia-
tion in stratification thickness as did the large-scale tests,
and the correlation of N? versus mixing time does not show the
distinct bands as did the large-scale tests, but there is con-
siderable data scatter. Combining both sets of data in the
correlation of N? versus VOD091/Dt2 indicates that much of the
small-scale data agrees with the large-scale data correlations.
‘This is especially true as the mixing progresses. Figures 23,
24, and 25 show these correlations,

A comparison of large- and small-scale data based on the
correlation of N versus VoDoel/Dt2 shows excellent agreement.
These correlations, presented in Figures 26, 27, and 28, shbw
the small-scale data overlapping the entire range of the large-
scale data with good agreement., Mixing times increase slightly
with increasing N. These correlations indicate that mixing-
time predictions based on small-scale data are valid in large-
scale tanks.

The analytical prediction of mixing time from Reference 1
tends to give conservative values of the mixing time for cases
in which the stratification is not thick (ZS/Zb< 0.3). The
previous finding that a stratified fluid will mix faster than

predicted analytically when Ni is less than 50 appears to hold
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true for moderate levels of stratification. However, the

initial energy integral, I appears to be a better indicator.

mi>
When Imi is greater than 0.2 mixing takes place slower than

predicted analytically.

4.4 EFFECT OF LARGE-SCALE DATA ON
PREVIOUS LIQUID HYDROGEN MIXER

SYSTEM ESTIMATES

One of the objectives of this study was to determine if
the large-scale test results indicated that changes were re-
quired in previous sizing estimates of the liquid-hydrogen
mixer systems described in Reference 1. These estimates were
partly based on mixing parameters developed from small-scale
mixing tests. Any departure of the large-scale data correla-
tions from the previous small-scale correlations would signal
a possible need to re-evaluate the previous mixer analysis.

Comparison of large- and small-scale jet motion and buoy-
ancy effect correlations reveals excellent agreement. Since
previous conclusions concerning jet motion and buoyancy effects
remain valid, there is no effect on any of the mixing estimates
due to variations in these conditions.

There are variations between large~ and small-scale corre-

lations of dimensionless mixing times versus N© due to variations
i
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in the ratio Zg/Z;. New correlations of the dimensionless
mixing times versus N for large- and small-scale data give
excellent agreement, indicating that dimensionless mixing times
are approximately the same for both tank sizes under equivalent

conditions. The expression for mixing time given in previous

studies (References 1 and 2) is found to be generally conser-

vative, and previous results based on it are valid.

The net result of the large- and small-scale data correla-
tion comparisons is that no significant disagreement is found
and, therefore, no changes are necessary in previous estimates
of liquid-hydrogen mixing systems. This is confirmed not only
by comparison of correlations but by the fact that the large-
scale~tank experimental flow rates which give good mixing

results can be obtained by scaling small-scale data.
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SECTTON 5

OXYGEN STORAGE MIXER DESTIGN

STUDTIES

The stratification prediction methods and mixer design
criteria which were developed in previous studies for liquid-
hydrogen systems were applied in this study to two types of
oxygen storage systems. These systems are an S-IIB Orbital
fanker configuration and a small supercritical tank.

A basic guideline of the studies was that any system
dééign would consist of conventional pumps and power supplies
Only systems which are compatible with expected tank'modi-
.fications were considered, and no radical vehicle changes

are required.
5.1 REFERENCE SYSTEMS AND MISSIONS

The two oxygen storage systems considered in this study
are vastly different; however, the same basic parameters
establish the mixer design requirements for both. Some of
the significant parameters are

1. Cryogenic storage mode

2. Propellant heating rate

3. Mission time

81



GENERAL DYNAMICS
Fort Worth Division

4., Tank acceleration

5. Tank size and geometry
Typical examples of these parameters were determined for the
S-IIB LOX orbital tanker and the small supercritical oxygen
storage tank.

5.1.1 S-IIB LOX Tanker Design Conditions

Several configurations of an orbital tanker based on
S-IIB or S-1II vehicles have been proposed. The vehicle selected
for investigation during the study was a design requiring no
‘major structural changes to the LOX tank. This configuration,
the S-IIB/TK is described in Reference 4. The LOX tank in this
vehicle consists of the basic S-IIB LOX tank (an oblate spheroid)
with minor modification to the internal systems. The J-2S
engines are considered to be insulated, since the study reported
in Reference 4 determined that this was required to make the
S-IIB/TK system acceptable. The basic vehicle mission para-
meters for the S-IIB/TK are shown in Table 3.

A significant difference between this LOX system and pre-
viously considered liquid-hydrogen systems is the physical pro-
perties of the LOX. The increase in saturation pressure with
temperature for oxygen is not as severe as for hydrogen; how-
ever, the heat capacity of liquid oxygen is much less than

that of hydrogen. Therefore, for equal masses of oxygen and
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Table 3

VEHICLE MISSION PARAMETERS

Parameter S-IIB/TK LOX  Supercritical Oxygen
Tank Diameter, ft 33.0 3.25
Tank Length, ft 22.0 3.25
Tank Volume, ft3 12,553 17.97
Tank Area, ft2 2692 33.18
Initial Oxygen Mass, 1by 182,000 988
Initial Temperature, °R 162.3 247.6
Initial Pressure, psia 14,7 870.0
Initial Density, lb_/ft3 71.27 55.0
Initial Void Fraction 0.797 0
Storage Time, days 163.0 -—-
Final Temperature, °R 179.4 -—-
Final Pressure, psia 37.0 -—-
Orbital Heating, Btu/hr 673 0
Acceleration, alg 5 x 10-6 0
Orbital Altitude, n.mi 263 -
Use Rate, lbm/hr 0 1
Internal Heating, W 0 400
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hydrogen being heated at the same rate, the oxygen will under-
go a much larger increase in temperature. In addition, the
heat of vaporization of liquid oxygen is less than half that

of liquid hydrogen.
5.1.2 Supercritical Oxygen Storage Tank

The’second oxygen tank considered in this study was a
supercriticél storage tank such as is used in life-support
systems. This storage mode, which had not been considered in
previous studies, is in many respects unique in both purpose
and operatioh. The purpose of using high-pressure supercritical
storage is to avoid the low-gravity separation problems en-
countered when a two-phase fluid is utilized. Since there is
no ullage, many problems with mixer design are eliminated;
although several additional problems in the stratification
analysis of the system are encountered because of the mode of
operation. This type oxygen tank is used to supply oxygen con-
tinuously to the life-support system and to the fuel cells of
current spacecraft. This requires a more or less constant
withdrawal of small amounts of oxygen from the tank, and
it is necessary to heat the oxygen in order to maintain the
tank pressure during the withdrawals. The simultaneous pro-
cesses of withdrawal and heating compound the problem of

stratification prediction. However, the recent Apollo 13
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accident and past Gemini incidents point out the importance of
a good analysis of this problem, even though neither the
Apollo nor the two Gemini problems were  the result of natural
stratification development (Reference 5).

The tank selected for amalysis in this study is a typical
example of a supercritical oxygen system. It is a small sphere
with a low environmental heat leak, similar to the tank pro-
posed in Reference 6. The major parameters are listed in
Table 3 and are for a so-called '"thin wall' tank with high

performance superinsulation.

5.2 APPLICATION OF LIQUID-HYDROGEN MIXER
TECHNOLOGY TO LIQUID-OXYGEN SYSTEMS

The technology developed to design liquid-hydrogen mixer
systems is directly applicable to iiquid-oxygen mixer syétems.
The differences in the thermal properties of the two fluias
will affect the final results but not the design methods,‘
The only problem in using previously developed mixing mefﬁods
is the occasional inclusion of liquid-hydrogen properties in
equation constants. This requires a check of the original
derivations.

In the analysis of stratification development in the S-IIB

LOX tank by the use of computer procedure U94 (Reference 7),
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no serious difficulty was encountered as long as the problems
conformed to the originally intended usage of the program.
All logic in the program is independent of the type of fluid
being analyzed.

However, the application of U94 to the analysis of stra-
tification development in the supercritical storage tank was
found to be impractical. The modifications which would have
been required were of such a major nature that a new program
was developed. This program, SW6, is described in Volume

I1I of this report.
5.3 S~IIB LOX TANKER MIXER DESIGN STUDY

A thermal stratification mixer system was sized for an
S-IIB/TK orbital LOX tanker configuration in which conventional
components and power supplies were used. This approach was
used rather than selectién of an optimum system since it was
felt that a mixer system would be required before the advanced
technology components required in the more sophisticated system
would be available.

In general, the mixer design was accomplished by using
the same methods as presented in References 1 and 2. The major
difference in the design of this system and that of previously

considered systems (other than fluid properties) was due to
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the large ullage volume (initial ullage void fraction is 0.797).
This large ullage volume presented two problems:

1. Ullage heating is very large and is the dominant
cause of the pressure increase.

2, 1If the axial jet disrupts the stored oxygen and dis-
perses it throughout the tank, thermal control becomes
difficult.

Consideration of these two problems was a major factor in the
mixer design.

The number of mixer duty cycles was estimated on the basis
of the time required for the tank pressure to rise from an
initial mixed condition to a value slightly less than the tank
design pressure. Tank pressure rise due to the'ullage heating
was found to be dominant over the pressure increase caused
by stratification induced from strictly liquid heating and the
duty cycles are based on ullage heating.

The mixer requirements are based on the considerations
that (1) it would be undesirable to cause the liquid/vapor
interface to be disrupted and the liquid distributed through-
out the tank, and (2) the pump must be a conventional model.
The requirement of no interface disruption resulted in low
flow rates. Mixing times were calculated based on correlations
of jet motion, bulk fluid motion, and temperature decay ob-

tained by previous experimental and analytical methods.
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The additional weights attributed to mixing were obtained
as a function of total operating time. The power penalty

assumed a fuel-cell power supply.
5.3.1 Stratification

Stratification development and the associated pressure
increase in the S-IIB/TK were evaluated both numerically and
analytically for various heating conditions. The numerical
method of prediction, General Dynamics Computer Procedure U9
(Reference 7), was used mainly to check the effect on stra-
tification development of various locations of liquid heating.
The liquid heating conditions were also studied by use of an
analytical conduction model.

Numerical analysis of a model in which uniform tank heat-
ing was assumed indicated that ullage heating caused a much
faster pfessure‘increase than that obtained in the previous
liquid heating models. A more exact analysis, based on an
ullage heating model originally presented in Reference 2, was
then made for this heating case. This model predicts a rate

of tank pressure increase by the equation

dP - Z R Qv

de Vv cy
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This equation had been previously shown to have good agreement
with data from the S-IVB 203 flight. The resulting S-IIB/TK
pressure rise predicted by this model is shown in Figure 29
along with the predictions from some of the other models.
Although these models all consider the same heat input to the
tank, the location of the heat inputs vary and; consequently,
direct'comparison between models is difficult since the stra-
tified conditions are different, These different models were
used in order to determine the heating mode which produced

the most severe stratification and pressure buildup. Most of
the tank is occupied by vapbr, and the engines are consideréd
to be insulated; therefore, most of the heat conducted into
the tank will be transferred to the vapor. The ullage heating
model assumes that tﬁe fraction of the total heat that is trans-
ferred to the vapor is proportional to the ratio of the ullage
wall surface area and the total tank surface area. The heat

- shorts to the ullage are included in the total ullage heating.
5.3.2 Duty-Cycle Evaluation for Nonvented Storage-

The ullage heating pressure rise model was used to evaluate
the number of duty cycles for the characteristic pressure rise

during nonvented storage. The duty cycle was considered to
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begin when the ullage pressure reached 36 psia, which is 1 psia
below the tank design pressure.

An analysis was conducted to determine the ullage pressure
decay that could be expected when mixing began. This was done
as a check to see if the ullage pressure could actually be
reduced in reasonable time periods. The analysis, which is
presented in Appendix C, resulted in an expression for the
pressure decay as follows:

P-Pb’= . C29
P -P ) 1/2

P is the ullage pressure at time ©

Py is the saturation pressure of the fluid at the bulk
temperature

is the initial ullage pressure

C, is a constant.
Small-scale pressurized mixing data given in Reference 8 in-
dicate a rapid pressure decay during mixing when the ullage
volume is small compared to the liquid volume; however, no

test data are available for large ullages.
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The predicted duty-cycle sequence is presented in Figure
30. The results of the duty-cycle evaluation are presented in
Table 4 along with the results of the mixing time and mixer

sizing analyses discussed below.
5.3.3 Mixing Time

The mixing time required to completely mix the liquid
oxygen was found from the equation
6D, 2

9 = ————

m 0.456 VD,
The term VoDo was selected (using the ullage breakup criterion)
to be a value that would not cause disruption of the liquid/
vapor interface. The value of LI is a maximum value and re-
presents a conservative value of the time to mix the fluid

completely. The results of this analysis are also presented

in Table 4.
5.3.4 Mixer Sizing and Location

The selection of the nozzle and mixer size was accom-
plished under the criteria of no liquid/vapor interface break-
up and use of state-of-the-art equipment. The pump was located
on the centerline at the tank bottom. No heat-short problem

is expected at this location since the engines must be insulated.
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Table 4

S-IIB/TK LOX TANK PUMP/MOTOR DESIGN DATA

First Stratification Development Time, hr

Last Stratification Development Time, hr

Number of Duty Cycles

Mixing Times, hr

Fluid Power, W

Outlet Velocity, ft/sec

Pump Head, feet of LOX

Flow Rate, gpm

Specific Speed

Head Coefficient

Pump Blade Diameter, in.

Outlet Diameter, in.

Fluid Power X Outlet Diameter, W-ft
Pump Speed, rpm

Hydraulic Efficiency, %

Torque, in.-oz

Overall Pump-Motor Efficiency, %
Power Input, W

Inverter Weight, ]_bm

Power Supply Output, W

Power Supply Fixed Weight, 1b,

94

217.5
33.1
12
33.1
.0026
0.9271
0.01335
0.9087
10,000
0.1
1.187
0.633
0.000138
400
60
0.015
0.19
0.9
0.004
1.8

0.27
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Table 4 (Cont'd)

Number of Mixers

Mixer Weight
(Excluding Support Structure) ].bm

95
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Only one mixer location is utilized since the acceleration con-
ditions are sufficient to maintain a settled liquid if the
mixer does not disrupt the interface. Figure 31 shows the
selected mixer locatiom.

The restriction of the axial jet flow rate to a value
given by the ullage breakup criterion

L
VDo $ (1.0550Z8c/p) "

results in a small value of the axial jet flow rate. No
currently available or anticipated pump can efficiently pro-
duce the small values of fluid power required; therefore,

a much larger pump must be utilized, resulting in a very low
efficiency. The pump selected was similar to that described
in Reference 9, although the blade diameter and rotational
speed were derated in order to match it to a nozzle. The pump
specific speed and head coefficient were maintained at their
original values. A rotational speed was selected and the
blade and nozzle determined on the basis of the ullage break-
up criterion and the equations shown in Appendix D. The pump
utilizes an a.c. motor system, and the pump motor has a very
low overall efficiency since most of the input power is ab-

sorbed by system losses,
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The pertinent parameters required to define the mixer
design are also presented in Table 4. This includes infor-

mation on both the nozzle and the pump.
5.3.5 Mixer Weight Summary

The weight summaries of the mixer system (excluding wiring,
supports, etc.) are given in Table 5. The weights listed in-
clude those for the mixer, fuel cell power supply, and boiloff.
The boiloff penalty consists of the total mass that would be
evaporated if all the pump input power was used to evaporate
fluid. All weights listed in Table 5 are based on data given

in Table 6, which are based on data from Reference 1.
5.3.6 Mixer Operational Sequence

The mixer operational sequence and associated controls
are simple. The system operates during the non-vent portion
of the earth orbit, and mixing is initiated when the tank
pressure reaches a desired value below the tank design pressure
and continues until the tank pressure decays to a pre-programmed
tank pressure. This cycle is repeated until the mixed satura-
tion pressure of the oxygen is equal to the mixer initiation

pressure. The tank pressure is then allowed to increase until
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Table 5

S-IIB/TK LOX MIXER WEIGHT SUMMARY

Fuel Cell Weight, 1b, 1.235
Boiloff Weight, lbp 13.316
Inverter Weight, lbm 0.043
Pump Weight*, 1b, 0.600
Total Weight, 1b 15.194

*Excluding Structural Supports and Other Fixed Weight.
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the vent system is automatically operated when the ullage pres-
sure reaches the vent pressure. Venting continues until the
pressure drops an amount specified by a praétical vent band.
The controls assumed to operate the mixer system consist
only of a pre-programmed thermal-equilibrium pressure history
and appropriate pressure sensors. The system is automatic and

functions with or without override switches.

5.4 SUPERCRITICAL OXYGEN TANK MIXER DESIGN

The analysis of the storage of supercritical oxygen was
conducted to assess the effects of thermal stratification on
the tank pressure. Stratification is developed by environ-
mental heating and by the use of heaters to maintain the tank
pressure during ‘fluid withdrawal., However the extent of the
stratification and its effect on tank equilibrium conditions
were not large for the conditions and storage times studied.

The heater and drain locations may be important criteria
in deciding if a mixer is required. Heater installations that
disperse the heat input throughout the tank are clearly more
desirable than a "point source'" or restricted local heating.
This was shown in Reference 11. Location of the drain is also
important, since flow in the tank tends to mix the contents

and reduce stratification.
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Table 6

POWER SUPPLY WEIGHT COEFFICIENTS

Power Level

Operating Time Power Level
Coefficient Coefficient
(1by,/w) (Lby,/w)
Fuel Cell 0.00135 0.15
Boiloff 0.03725 -=-
Silver Zinc Battery 0.014 -——
Inverter (507 efficient) —-——— 0.024
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The actual design of a mixer for a supercritical system
is not as complicated a task as. for a two-phase system. There
is no ullage to contend with since the fluid is stored as a
single phase. Also the tanks are generally small and feasible
pump designs produce more fluid power than is required for
mixing. Therefore a conventional pump-motor design must be
used that is too large for the system. The Apollo system is
a typical example.

The data used to make the analysis is presented in Table
3. The computer procedure developed to predict stratification

is presented in Volume TIIT.
5.4.1 Stratification Prediction

Previously developed methods of predicting stratifica-
tion development are not valid for use in an\analysis of the
supercritical tank. The system is unique since during normal
operation there is almost constant fluid withdrawal, which
causes flow to develop in the tank. Coupling fluid withdrawal
with internal heat generation to maintain tank pressure results
in a more complex situation to analyze for stratification. In
addition, the extreme range of operating conditions requires

that variable fluid properties be considered,
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The purpose of predicting stratification in this type of
tank is primarily to determine the difference between the
stratified and the mixed tank pressures. The mixed pressure
is more important since the stratification pressure can be
controlled largely by regulation of the internal heating and
fluid withdrawal. Consequently there is liftle dangef‘gf
too high a pressure unless the heater controls fail. How-
ever, mixing of the stfatified.fluid'might possibly fé;ult
in an equilibrium pressure which is less than the minimum
pressure at which the system can function properly. J

The computer procedure developed, General Dynamics Com%
puter Procedure SW6, consi&ers stratification_developiﬁé} |
radially in a spherical tank. Internal hea; generation is .
considered to be from heatéré located on the taﬁk.wéll;;k
Fluid is wiéhdrawn frdm fhé taﬁk center.

The resuits of the aﬁalysis of the supercritical;téhk
described in Table 3 are presented in Figures 32 thiough
34. The data shown in Figure 32 represent the stratified and
mixed tank pressures. Fluid w;thdrawal begins at time zero.
Tank heating begins when withdrawal reduces the pressure below
840 psia (the lower limit of the_qperating band). The differ-
ence between the stratified and mixed pressure is very small

and at no point does the tank pressure drop below the critical
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pressure, Figure 33 contains the temperature history of the
tank., Figure 34 presents the fluid density variation in the
tank.,

The results indicate that no mixer operation is required
during this peroid of time. It was noted during the analysis
that in many regions the thermodynamic properties of oxygen
had large variations with small-changes in the tank conditions.
Therefore it is possible that there are operatihg conditions
which could lead to pressure collapsevwhen the anal&sié'isu
performed for a long period of time. It has been noted that
the heater location and the heat flux affect the severity-ofii
the stratification. Imn additiOn, the oxygen property data
used, in some inétances, produeed apparent property data_slopé

discontinuties between interpolation regions.

'5.4?2 Mixer Requirements

A cursory examiﬁati;n was made of thé‘reqﬁiréments for
supercritical oxygen mixer éystems, Superbritical tankéiére
normally much smaller.than the liquid hydrogen tanks considered
in previous studies. Conséquently the fluid power requirements
tb mix the fluid are small., The pump-motor‘need not be sized to
optimize the system since (1) the mixer powér can bé greater than
required without creating problems and (2) heating of the fluid

does not result in a penalty since the fluid is heated deliber-
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ately in any case. The fluid is always present as a single
phase in the tank, and mixer designs need not consider two-
phase operation. Therefore conventional pumps are recommended
for use.

Other means of mixing small tanks should be investigated.
-One example is the use of a preséure driven hydraulic motor
instead of an electric motor. The tank contents would be
stored at a higher pressure (e.g. 50 psi higher) than usual
and expanded to provide the ehergy to operate the fan. This
type of system would eliminate the probléms resulting from

operating an electric motor in liquid oxygen.
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SECTION 6

CONCLUSTIONS

Principal conclusions derived from the experimental and

mixer design investigations during this study are as follows:

1.

10.

Small-scale tests provide an excellent means of
investigating mixing in large-scale tanks.

The effect of buoyancy on jet-mixing may be
neglected in mixer designs for low-gravity con-
ditions.

Dimensionless mixing times in large-scale tanks
are approximately the same as for small-scale tanks
with the same parametric conditions.

The jet-transit-~time prediction coefficient given
in Reference 1 should be used rather than that
given in Reference 3.

Stratification depth is an important parameter to
consider in mixing.

Mixing, as demonstrated by the test results, was
adequately achieved with a ratio of tank diameter
to mixer diameter as high as 192,

Mixer flow rates scaled up from small-scale mixing
data were adequate to mix the large tank.

Mixer design parameters developed from small-scale
test data are adequate for use in designing mixer
systems for large-scale tanks.

Mixer design methods developed for liquid-hydrogen
tanks are applicable to liquid-oxygen systems.

Ullage pressure decay in tanks with large void
fractions will occur within reasonable mixing times
for axial jet mixing that does not disrupt the liquid/
vapor interface.
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Ullage disruption in a tank with a large void frac-

tion is not necessary nor desirable from the stand-
point of fluid control.

No evidence of a serious pressure collapse was found
in the analysis of the supercritical oxygen tank.
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SECTTION 7

RECOMMENDATTIONS

The recommendations of this study concerning analytical

and experimental investigations and mixer design are given

below.

In the case of analytical investigations, the following

analyses are recommended:

1.

Develop a more comprehensive supercritical storage
computer program in order to include two-dimensional
stratification effects in spherical or other axi-
symmetric tank geometries. This will improve pre-
dictions and increase the tank configurations that
can be analyzed. Additional options should be added
to allow more flexibility in heater and drain loca-~
tions, initial conditions, and variable transport
properties. This type of program would be a power-
ful tool for use in the analysis of supercritical
systems.

Perform a parametric analysis of stratification
development and pressure collapse in supercritical
tanks, with tank size, heater position, and drain

location used as study variables. This study would
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provide information as to whether or not a mixer is
required in various tanks for a wide range of con-

ditions. 1In addition, the analysis would also show

' the effect of heater and drain location on the systems

performance and provide valuable design information
regarding these requirements.
Modify Computer Procedure U9 to improve liquid/

ullage coupling and to reduce data preparation. -An

improved liquid/ullage coupling would produce a sig-

nificant improvement in the program's solution to

problems having ullage heating. This becomes espec-

ially important when problems with large ullages are

solved. The reduction of the amount of data which

‘must ‘be prepared and loaded into the program can be

accomplished by program modifications to make the
program perform the calculation of the many nodal
coefficients.,

Perform a detailed analysis of the effect on the

ullage pressure decay of an initial pressure spike

~caused by the cool jet striking a hot bulkhead. The

delay in pressure decay due to this effect should be

added to the mixing time.
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Perform an analysis to determine the desirability of
ullage breakup mixing in a large-ullage tank and sub-
sequent fluid settling by engine burn as opposed to
non-disruptive mixing., The ullage breakup mixing
technique has an advantage of a faster mixing time
than non-disruptive mixing, however, fluid resettling

requirements may be unacceptable.

In the case of mixer design studies, the following efforts are

recommended :

]-l

Investigate the possibility of heating the fluid
externally to pressurize supercritical tanks. An
externél fan would be used to mix the tank contents.
This would be an alternative to more hazardous inter-
nal controls.

Produce a mixer design handbook, summarizing in

one convenient source all previous work,

Experimental recommendations are:

10

Evaluate experimentally the condensing heat transfer
coefficients for axial jet impingement on the liquid/
vapor interface in order to support and confirm
analytical predictions of the ullage pressure decay
during mixing.

Conduct an investigation to determine the pressure
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decay time for various ullage volumes in order to
include this effect in mixing time estimates.

Perform cryogenic mixing tests to determine the effect
of heat shorts on mixing.

Conduct an experimental investigation on the pressure
collapse in supercritical cryogenic tanks to support
and verify analytical predictions.

Conduct an investigation to define orbital experi-

ments on stratification and mixing.

. Investigate, in small-scale tests, the effect of’

stratification depth on mixing and develop correla-

tions of its effect on mixing time,
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APPENDIX A
THERMOCOUPLE RESPONSE ERROR

The error of a thermocouple reading due to the thermal
response lag can be found from the experimental data and a
thermocouple energy balance. The following sketch defines the
thermocouple bead and its surroundings.

Lead
Wires

/

T Thermocouple Bead
£

|

Considering the thermocouple bead to be a sphere with diameter
D, the thermocouple energy balance is
Rate of Energy Leaving = Change in Energy Stored

hAAT = m ¢_ dT
p _t

de

h(rD%) (T~T) = cporD> Tt
6 de

Solving this equation for the rate of change in the thermocouples

temperature yields

I, _6n (T-T,) (1)
de Dpcp )
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The temperature data from the experimental tests represents
the thermocouple temperature, T _, and th/dQ. The difference
between the surrounding fluid temperature, Tf, and Tt is the
error.

The prediction of the mixing time given in Reference 2 is

VoDo 0

2 L]
D~

C*e = 0.456

However the experimental data often displayed an initial period

of faster mixing. This is shown in the following sketch

)i

T Ty
Tg-Th

(

The experimental data initially followed a path described by

.I_‘ib__ = _x_2 C*0
(T Ty %1
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Then
2
-0.4560V D 8/D
Tt Tb— (Ts Tb)i e oo 't
and
dT 2
t _ - 0.4560V D 6/D
T (TS Tb)iO.456aVoDoe oo 't (2)
2
Dt
Substituting Equation 2 into Equation 1 yields
2
T, -T 0.456Dpc_q VD  ~0-456aV D 8/D
(Tg~Ty)y 6hp
The error is a maximum when 6 = 0 and is
Tt-Tf ) 0.456 DBED o VoDo
(=T 6 >
SYMBOLS AND ABBREVIATIONS
A Thermocouple bead surface area, ft2
2
*
C 0.456 VoDo/Dt , l/sec
c, Thermocouple bead specific heat, Btu/lbm °Rr
D Thermocouple bead diameter, ft
Do Nozzle Diameter, ft
Dt Tank diameter, ft
h Heat transfer coefficient between thermocouple and surround--

ing fluid, Btu/hr ft2 OF
m Mass of thermocouple bead, 1lbm

T Fluid temperature at the nozzle, °F
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Tf Fluid temperature, °F

TS Fluid surface temperature, °F

Tt Thermocouple bead temperature, °F

v, Nozzle exit velocity of jet, ft/sec

X1 VoD e/D 2 required for rapid temgeFature decay prediction
to %eacﬁ some percentage of its initial value,

X2 VD Oe/b 2 required for slow temperature decay prediction
t8 Reach same AT/ATi as fast prediction.

o X, /%,

e Time

p Thermocouple bead density

SUBSCRIPTS

Initial
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APPENDIKX B

PRESSURE DECAY HEAT TRANSFER

COEFFICIENT

The expression for the heat transfer coefficient from the
ullage to the liquid during non-disruptive mixing is necessary
to predict the pressure decay. The following sketch illus-

trates the environment

Ullage

Jet

The heat balance of the condensate layer is

hfg d (8p27Ru) = 2"Rk(Ts-Tb)
drR o

Assume the condensate thickness has a form

_ n
6= CyR
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and substituting yields

h, d (CR%CRY) = R<(Ts~Ty)
& 4R C,R™

where from Reference 1

u = ClR
and
C; = 0.912v,D /Z,Zq
then
he. CppCy 4 Ry _ k(Tg-Ty) gl-n
fg 1L —S5 D
dR C2
and

ntl k(T _-T,)RL™™
€y

By comparison of the exponents of R on both sides of the equa-

tion, it can be seen that n=0. Hence, the condensate thi.,ckness

is constant and is given by §= C

2
and
k (T.-Ty,) R.
hgpC18(2R) = § (Tstp
Solving for & 2
k(T -T,) 1/
5= —=_2_
but
-k
h o
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Therefore 1/2
2k h_ pC
h = fg " 1
(Tg-Tp)
SYMBOLS AND ABBREVIATIONS
D, Nozzle exit diameter, ft
h Heat trangfer coefficient between ullage and liquid,

Btu/hr ft2 OR
hge Heat of vaporization, Btu/lb, °R
k Thermal conductivity, Btu/ft °R hr
R Radial distance, ft
T Surface temperature, °rR
T,  Bulk or bottom temperature, °R
u Radial velocity, ft/sec
Nozzle exit velocity, ft/sec
Z . Mixing region thickness, ft
Z1 Distance from bottom of mixing region to nozzle top, ft
6 Thickness of condensate layer, ft

p Density of condensate, 1bm/ft3
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APPENDIX C
ULLAGE PRESSURE DECAY

The mixing of a settled fluid without a disruption of the
liquid/vapor interface causes an ullage pressure decay due to
condensation of vapor from.the ullage. Considering the ullage
to be described by

PV = mRT (1)
and the heat removed from the ullage to be
mhv =-%§ (me,, T) (2)
an expression can be obtained for the ullage pressure decay.“

Substituting the term T from Equation 1 into Equation 2 yields

If the ullage volume is constant

cV
i1 —=_Vv_ dP
mhv R de
and
dp _ - Rah, (3
de cVV

The condensation rate, ﬁ, can be found by considering that the
rate heat is removed from the ullage is given by
Ah(TS-Tb) = mhfg .
The term is T -Ty is related to the saturation pressure by a
relationship
P-Py, =B (Tg-Tp)
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where B is the slope of the variation of pressure with tempera-

ture (between Tg and Tp), thus

Ah(P-P..)
f = —— P

(4)
Bhfg

The expression for h is given in Appendix B by

: 1/2
2.khf pCl

(TS-Tb)
Substituting the value of h into Equation 4 yields

1/2
P-Py kaCIA /
B hfg

8.
I

(5)
/2

C(P-Pb)l

where 1/2

2
2kpC A

Bhfg

and
2
Cp = 0.456Z1VoDo/8ZnR]

Substitution of the value of m into Equation 3 yields

1/2
dp =-% C(P-Pp)
de cVV
1/2
where
thC
C =
2
cVV
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Collecting variables and integrating from the initial ullage

pressure when the mixer is turned on yields

/2 1/2

1

2 [(P-Pb) - (P1-Pp) = -Cze

This can be reduced to
2
- -C.6

P-P e 02
SYMBOLS AND ABBREVIATIONS
A Liquid/vapor interface area, ft2
B Slope of saturation pressure versus temperature, 1bEf/££2°R

1/2 1/2
C Constant, C = (kaclAz/Bhfg) /, lbmft/hr 1bg

2
C; Constant, Cp = O.456Z1VODO/SZle , 1/sec

C, Constant, C, = Rh,C/c,V, 1bf1/2/ft hr

c, Constant volume specific heat of ullage, Btu/lmeR

D, Nozzle exit diameter, ft

h Heat trangfer coefficient between ullage and liquid,
Btu/hr £t °R

he, Heat of vaporization, Btu/1b_

h, Ullage enthalpy, Btu/lbm

k Thermal conductivity of condensate, Btu/hr ft °R
m Ullage mass, lby,
th Condensation rate, lb,/hr

P Ullage pressure, 1bf/ft2
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R Gas constant, ft-lbf/lbm-oR

Rq Jet radius at bottom of mixing region, ft

T Temperature, °rR

\' Ullage volume, ££3

\'s Nozzle exit velocity, ft/sec

Z Mixing region thickness, ft

Z1 Distance from bottom of mixing region to nozzle, ft
) Time, sec

p Condensate density, lbp/ft3

SUBSCRIPTS
b Bottom or bulk

i Initial
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APPENDIX D
PUMP AND NOZZLE OPERATING
CHARACTERTISTTICS

The selection of the pump and matching nozzle are based on
three equations. The ullage breakup criterion given by
A . . :
VD, < (1.055Z, g .0/p)* (1) |
determines the limiting value of the nozzle exit diameter, D,.

The relationship between D, and the blade diameter, Dg, is

given by
D. = 1.6853 10-4K1{*41%N D ‘(2)‘
o : X s’B °
Finally the pump speed is determined from
| s oo d/3 .
3.144x10 o”o\ , rpm. (3)
2 % [2

BT N D, K?
Choosing a conventional pump and retaining its head coefficient,
Y, and specific speed, Ng, and assuming K = 1.0 permits a value
of the blade diameter as a function of Dy to be obtained.

The fluid power is given by

PO = AP Vs
but
2

AP = kao

2gC
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and

s 2

4

Therefore
kpV 3nD 2
0 o

P =
(0] 8gc

The nozzle exit velocity can be obtained from the ullage
breakup criterion in terms of D,. Substituting into Equa-
tion 3 yields

n = 3.144x10% (. )

2
4 N Dp

Substituting values of Ng and ¢ into Equations 1, 2, and 4 and

assuming a value of n, D,, or D, determines the relationship

B,

between Dg, Dy and n. The electric motor output torque is

then given by

3 1/3 2/3
2 Dp p / (PODO) , in.-oz.

SYMBOLS AND ABBREVIATIONS

Dy Blade diameter, ft

D Nozzle exit diameter, ft

8 Dimensional conversion factor, g, = 32.2 ft-lbm/lbf-sec2
K Loss coefficient

N Specific speed

n Pump speed, rpm
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Fluid power, watts

Motor output torque, in-oz

Nozzle exit velocity, ft/sec

Nozzle exit volume flow rate, ft3/sec
Liquid height above nozzle, ft

Nozzle pressure drop, psf

Pump hydraulic efficiency

Density, le/ft3

Surface tension, 1bf/ft

Head coefficient
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