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FOREWORD

This document is Volume II of the final report on NASA
Contract NAS8-24882, ''Study of Cryogenic Propellant Stratifi-
cation Reduction Techniques'. The study 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 per-
formance 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, Large=-Scale Mixing Data
Volume III., Computer Procedure for the Prediction
of Stratification in Supercritical
Oxygen Tanks
Volume I contains a presentation of the large-scale experimen~
tal investigations 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 in supercritical oxygen tanks.
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NOMENCLATURE

Description

Nozzle diameter
Tank diameter

Volume flow rate

T, -T
Energy integral, I =1 - T§-—TE
s = b

Initial Grashof number divided by the
square of the Reynolds number

Reynolds number

Average temperature at nozzle exit
Mean water temperature

Temperature of a section of the tank
as measured by a thermocouple in the
section

Average surface temperature

Centerline surface temperature

Volume of a tank section whose temperature
is given by a thermocouple in the section

Nozzle exit velocity
Tank volume

Axial distance from nozzle exit to liquid/
vapor interface

Dye layer thickness

Initial dye layer thickness
Stratified depth

Tg=Tp, T

Sl-Tb s OF TS"Tm

xxix

Units
ft
ft

gpm

ft/sec
££3

ft

ft
ft

ft
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NOMENCLATURE (Cont'd)

Description

Initial value of Tg4-Tp, Tsl-Tb, or
Tg~Tm

Test time measured from point in time
when the pump is turned on

Test time measured from point in time
when TS or TSl begins to decrease or when

stratified dye layer begins to move

Time Required for mixing process to
reduce the initial stratification to
some percentage of its initial value

XXX

Units

sec

sec

sec
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SUMMARY

The design of present and future spacecraft utilizing
cryogenic fluids requires that adequate prediction and control
of thermal stratification be accomplished. 1In a previous
study, (Reference 1) methods were selected for mixing the
thermally stratified layer with the remaining colder fluid
in the tank and a mixer design procedure was developed. The
mixer design procedure was based on small-scale mixing tests
in which water was used as the test fluid. 1In the present
study, the validity of scaling small-scale test data for use
in designing mixer systems in full-scale tanks has been veri-
fied through use of a test tank intermediate in size between
the previous small-scale tank and the full-scale tanks of
spacecraft,

The experimental mixing investigation involved mixing in
a large-scale (l0-foot-diameter, 20-foot-long) stratified tank
with non-pressurized water used as the test fluid. 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.

This volume of the final report presents both the basic
- mixing data and the preliminary dimensionless correlations

made for each of the 52 tests run. These data are presented

XXXi



GENERAL DYNAMICS
Fort Worth Division

in this volume for examination and preservation. Correla-

tions and conclusions from the data are presented in Volume I.
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SECTION 1
INTRODUCTION

This volume of the final report contains the data utilized
from the large-scale tests conducted during this study. The
purpose of documenting these data is (1) to provide the de-
tailed test data from which the correlations in Volume I are
obtained, and (2) to furnish data for further analyses as
required.

The data were obtained from large-scale stratification
mixing tests conducted in a vertical, non-pressurized, cylin-
drical water tank. The tank was 20 feet high and 10 feet in
diameter. Stratification was induced in the tank prior to
mixing by heating the top layer of fluid. No heat was added
during mixing. Complete test details are given in Section 2
of Volume 1I.

The data are presented in the form of a tabular summary
of test conditions and of graphical representations of the
test results in both basic and dimensionless form. Data from
a total of 52 tests are presented.

The basic data - temperature histories in the tank during
~axial jet mixing -~ consists of surface, nozzle exit, and mean

fluid temperatures shown as a function of time. Dimensionless
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temperature ratios, (Tg-Tp)/(Tg=Tp)1, (Tsl—Tb)/(Tsl-Tb)i,
and (Tg-Tp)/(Tg-Ty,);, obtained from the basic data are shown
as a function of VODOGl/D%. The energy integral, I, is shown
as a function of VODOO/Di.

The methods of correlation are discussed in Section 2
of Volume I of this final report. The notations used in the
figures and the table are self-explanatory or easily identified

in the nomenclature.
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SECTION 2
LARGE-SCALE DATA DESCRIPTION

Three types of graphical data are presented for each of
52 tests. These data consist of the basic temperature data
during mixing, the dimensionless representations of the
temperature decay, and the energy integral obtained from the

basic temperature data.
2.1 TEMPERATURE DATA

The temperature data from each test consist of the mean
fluid temperature, the fluid temperature at the nozzle exit,
the average surface temperature, and the surface temperature
at the tank centerline, all shown as a function of time, O,
after the pump is turned on. An example of this type of data
is shown in Figure 1 of Section 3.

The nozzle exit temperature, T, i1s considered to be the
temperature of the bulk liquid at the level of the nozzle exit.
This temperature sometimes decreased slightly during a portion
of the mixing time because of the motion of colder fluid from
the tank bottom.

Two values of the surface temperature are presented: an

average value, T,, and a tank centerline value, TSl' The
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average value consists of a numerical average of the surface
temperatures measured by four thermocouples located radially
outward from the tank center and approximately % inch beneath
the liquid surface. The thermocouples were positiomned such
that equal-volume annular sections are obtained when boun-
daries between sections are located halfway between adjacent
thermocouples. The numerical averaging assumes that the
temperature measured by each thermocouple represents the tem-
perature of an equal volume of fluid at a uniform temperature.
This value of the surface temperature provides a good indica-
tion of the overall condition of the surface, especially when
the surface fluid initially begins to mix under the action of
an axial jet impinging on the interface, since a large tempera-
ture gradient caﬁ-exist across the liquid surface as cool
fluid flows radially outward toward the wall. It should be
pointed out, however, that the use of an average value of the
surface temperature, in a correlation presenting the extent

to which mixing has occurred, has a tendency to moderate the

rate at which mixing appears to take place. the tempera-

TSl’
ture of the surface at the tank centerline where the jet
impinges, provides a good indication of when the axial jet
penetrates the stratified layer and tank mixing starts. This

temperature also provides an indication of either a sharp and

completé penetration or a gradual penetration characterized

4
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by the jet slowly erroding away the stratified layer.

The mean temperature of the fluid is a constant value
during a given mixing test since no heat (exéept from environ-
mental heating or cooling) was added to or removed from the
fluid during mixing. The value of the mean temperature was
taken as the temperature of the fluid at the end of mixing
when the temperature is uniform in the tank. As a check,
mixed temperatures were found to agree with the volume weighted

mean temperature defined by

1 n
t i=o
Figure 1 in Section 3 is an example of the temperature
data presented. The data points representing the centerline
surface temperature are shown only for the time in which there

is a differential between the average and centerline values.
2.2 DIMENSIONLESS MIXING TEMPERATURE DATA

The dimensionless mixing temperature data consist of
values of AT/AT; as a function of VODOQl/Di. These data pro-
vide a measure of the extent to which mixing has reduced the
thermal stratification existing in the tank. The time variable

8, is defined as zero at the point in time at which the sur-
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face temperature begins to drop. This initial reference point
is used rather than the point in time at which the pump is
turned on because this initial reference point‘is an indica-
tion of when the surface fluid actually started to mix. The
variable 64 described in the first paragraph of Subsection
2.1, is simply 91 plus the time interval from the point in
time when the pump is turned on to the point in time when the
surface temperature begin to drop. The following sketch
illustrates this relationship

Point at Which Surface Temperature

Begins to Drop
Path of Surface Temperature

I
9 | History After Pump Turned On
2 |
« |
Y
Q |
g8 |
a l
|
\ 9
e

Time

Two sets of this type of data are given. The first set
consists of AT's given by T_-T, and T_-T . The T -T, data
reflect the extent to which the surface temperature has been
reduced compared with the bottom temperature. This is a
measure of the total stratification existing in the fluid.
The T4-T, data represent the differential betwegn the surféce

6
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temperature and the mean tank temperature. This provides an
indication of the extent of the surface temperature variation
from the mean tank temperature. Figure 2 in Section 3 is an
example of this type of data. Also shown on this plot are

1 £ N, N
values of N;, N »

value of VODO(G-Ql)/Dt is a measure of the dimensionless time

‘ 2
Zb/Dt, Zb/DO, and VODO(Q-Ql)/Dt. The

interval between mixer activation and the initial drop in the
surface temperature; it reflects jet transit time and the
effect of buoyancy on mixing.

Also shown on the graph of Figure 2 is an analytical
prediction from the previous study (Reference 1) of the
movement of the dye layer interface down the tank during
mixing. Although the two terms AT/AT; and Z4/Z4q reflect
entirely different quantities of temperature and distance,
they both reflect the degree of mixing that has occurred in
the tank. The prediction is shown here forycomparison, since
it was found (Reference 1) that small-tank transient tempera-
ture data indicate faster mixing than the predicted analytic-
ally when Ni is less than approximately 50. Similarly, when

A
K

N; is greater than approximately 50, the transient temperature

decay in the small-scale tests will occur slower than that

predicted analytically.
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The second set of dimensionless mixing temperature data
consists of AT's given by TSl-Tb. These data reflect the
surface temperature decay due to the mixing action of the jet
at the center of the liquid surface. 1In general, these data
show a faster response to mixing than do the correlations
based on the average surface temperature. The dimensionless
variables and the analytical prediction of dye motion, which
were discussed previously, are also shown on this set of data.
Figure 3 in Section 3 is an example of this type of data.

A summary of the parameters shown on all the graphs is

given in Table 1. Also given are the basic test conditions.
2.3 ENERGY INTEGRAL DATA

The final type of data presented in this volume consists
of the transient energy integral of each test. This term is

given by
T =-T
]'Tn::]_-...s__.r_n.
TS-Tb

and is shown as a function of 6.

The energy integral is a measure of the energy distribu-
tion in the tank; it provides a measure of the extent of
stratification. When this value is initially zero, the mean

tank temperature is equal to the nozzle exit temperature, and

the stratified layer is probably relatively thin. As I

8
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approaches 1, the tank fluid is relatively well mixed, although
there may be some stratification remaining as indicated by

T -T. When L, is greater than 1 the tank fluid has under-
gone a temporary inverse stratification. Values greater than

1 exist only for a short time, and the data are sometimes
doubtful since the temperature differences are often very small.
Consequently, when this type of condition is encountered,

the plots will often show a break in the data. Figure 4 in

Section 3 is an example of this type of data.

13
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SECTION 3

DATA PRESENTATION
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Figure 2 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 6 = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 1
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Figure 3 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 1
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GERNERAL DYNAMICS
Fort Worth Division
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NN
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Analytical Prediction J
of Dye Motion
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2
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Figure 6 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at @ = 0.0 sec; Average Surface
Temperature Drop Starts at 91 0.0 sec; Run 2
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GENERAL DYNAMICS
Fort Worth Division
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of Dye Motion
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Figure 7 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at 6 = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 2
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GENERAL DYNAMICS
Fort Worth Division

0
10 VODO(O-Gl)
| 5 = 0.608
Dt
z /b = 253,7
z /b = 1.85
10-1 Npo = 280,000
: *
Ni = 62,76
t-‘i:u"‘ a- (T =T ) /(T -T)
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N ldﬂ N
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Analytical Prediction i
of Dye Motion
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VDo
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Dt
Figure 10 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0.0 sec; Average Surface
Temperature Drop Starts at Ql = 0,0 sec; Run 3
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Fort Worth Division
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Figure 11 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 3
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GENERAL DYNAMICS
Fort Worth Division

0
10 - VODO(Q-Gl)
L= N 2 = 24,25
Dt
\ z /b, = 253.7
z /b, = 1.85
10-1 Np, = 69,000
*
N, = 1509.89
A= - -
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<lw \ 0= (Tg-Tp) /(T-T)
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Analytical Prediction -
of Dye Motion
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Figure 14 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 4
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GENERAL DYNAMICS
Fort Worth Division

0
10 3 v.D_(8-8.)
S = 24045
\ Dt
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Figure 15 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 4
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GENERAL DYNAMICS
Fort Worth Division

0
10 VD (9-91)
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Figure 18 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop-:

Pump Starts at ® = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 5
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GENERAL DYNAMICS
Fort Worth Division

0
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Figure 19 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at @ = 0.0 Ssec; Centerline Surface
Temperature Drop Starts at 61= 0.0 sec; Run 5
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GENERAL DYNAMICS

Fort Worth Division
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Figure 22 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 6
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Figure 23 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at & = 0,0 sec; Centerline Surface
Temperature Drop Starts at 01 = 0,0 sec; Run 6
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GENERAL DYNAMICS
Fort Worth Division
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Figure 26 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 7
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Figure 27 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 7
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GENERAL DYNAMICS
Fort Worth Division
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Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at @ = 0.0 sec; Average Surface
Temperature Drop Starts at Ql = 0,0 sec; Run 8
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Figure 31 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 8
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Figure 34 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at @ = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 9
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Figure 35 Fraction of Initial Temperature Difference
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After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91

= 0,0 sec; Run 9
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Figure 38 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 6 = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 10



GERNERAIL DYNAMICS
Fort Worth Division

0
10 VODO(Q-Ol)
2 = 0,264
Dt
zb/Do = 253,7
(il A Ak N“
MY | z /D = 1.85
= 00
10~ Npo 240,0
*
= 32,98
Ni
i A AT =T _-T,
s-sisd 1
<la [
o :S N N
NN
10-2 !
{
Analytical Prediction i
of Dye Motion
10-3 W N I I I I |
() 8 10 15 20
VoDo®1
2
Dt
Figure 39 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 10
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Figure 42 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 11
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Figure 43 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 11
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Figure 46 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at 6 = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 12
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Figure 47 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 6 = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 12
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Figure 50 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:}
Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 13
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Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 13
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GENERAL DYNAMICS
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Figure 54 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91
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Figure 55 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 14
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Figure 58 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop!
Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91
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Figure 59 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91= 0.0 sec; Run 15
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Figure 62 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 16
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Filgure 63 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop *

Pump Starts at 8 = 0.0 sec; Centerline Surface
= 0.0 sec; Run 16

Temperature Drop Start
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Figure 66 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at © = 0,0 sec; Average Surface

Temperature Drop Starts at 91 = (0,0 sec; Run 17
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Figure 67 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 17
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Figure 70 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop?

Pump Starts at © = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 18
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Figure 71 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at Ql = 0,0 sec; Run 18
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Figure 74 Fraction of Initial Temperature -Difference

After Surface Temperature Starts to Drop:
Pump Starts at © = 0,0 sec; Average Surface
= 0.0 sec; Run 19

Temperature Drop Starts at ©
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Figure 75 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 19
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GENERAL DYNAMICS
Fort Worth Division
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Figure 78

After Surface Temperature Starts to Drop:
Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 20
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Figure 79 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop*

Pump Starts at & = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 20

95



0z uny :Tea8sjul £Bisug jusTsuril 08 ®an8ig

*a
z
0°a°a
1 4 o1 8 9 b
qr_S
L-"L -1 = EH

Fort Worth Division

GENERAL DYNAMICS

96

R
T

.
I

)8 W 3
" A"

Wy

I
T
T
Tt

"

s

1
1084

2§
3
%
;3
3L
1
yi:
i
¥
3
¥
K

ZRE R

Tt
12E)
s




GENERAL DYNAMICS
Fort Worth Division
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Figure 81 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run2l
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Fort Worth Division
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Figure 82 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 21
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GENERAL DYNAMICS
Fort Worth Division

0
= v D_(e-8,)
we 2 = 0.543
ST ;
X z, /D, = 349.44
s z /D, =
0 \ b t 1»82
10~1 Np, = 469,700
i 14.33
- X o- (1,19 /(1,1
:lg ul \\ - 0= (Tg=T) /(Tg=T) 4
g \
NN
102
N
Analytical Prediction J
of Dye Motion
10-3 W W N O T T T T |
0 3 10 15 20
VDo
2
Dt
Figure 84 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 22
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Figure 85 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at ©® = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 22
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GENERAL DYNAMICS
Fort Worth Division
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Figure 88 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 23
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Figure 89 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 23
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GENERAL DYNAMICS
Fort Worth Division
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Figure 92 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at & = 0.0 sec; Average Surface

Temperature Drop Starts at Gl = 0,0 sec; Run 24
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Fort Worth Division
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Figure 93 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 24
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GENERAL DYNAMICS
Fort Worth Division
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Figure 96 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 6 = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 25
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Figure 97 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 8;= 0.0 sec; Run 25
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GENERAL DYNAMICS
Fort Worth Division
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Figure 100 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 26
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Figure 101 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 26
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GENERAL DYNAMICS
Fort Worth Division

00
: V_D (6-6,) .
S = 0.392
D
\#\ -
X z /D = 349.44
. /D, =
N z, /D, = 1.82
10-1 \f Nee = 166,700
7% * -
as N - 15038
" \ 8 T T [(Tg=Ty) 4
sl< \ | 0= (Tg=T ) /(T ~T ),
l N
NN
10-2
Analytical Prediction i
of Dye Motion
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) 5 10 20
VD8
2
Dt
Figure 104  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 27
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GENERAL DYNAMICS
Fort Worth Division

0
10 V_D_(8-6,)
2 = 0.392
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Analytical Prediction J
of Dye Motion
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Figure 105 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop *

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 27
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GENERAL DYNAMICS
Fort Worth Division

00
' V.D (8-8.) .
0 o 1
) = 0.404
X 5
\ z /D = 349,44
\ z /D, = 1.82
10~1 Npe = 147,300
SES=s ;-
i 60.43

F1br N A= (Ts'Tb)/(Ts_Tb)i
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J 3 \
NN
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Analytical Prediction J
of Dye Motion
10-3 W W W D TN N N v
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VD081
2
Dt
Figure 108 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at @ = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 28
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GENERAL DYNAMICS
Fort Worth Division
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Figure 109 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 28
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GENERAL DYNAMICS
Fort Worth Division

0
10 V,Do(9~91) :
: 2= = 0.567
D
t
4\ z /D= 349.44
\\ b
N Zb/Dt = 1.82
10~1 \ Np, = 139,300
X N, = 33.36
i
gl \\ am (Tg=Tp) /(Tg=Ty) 4
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of Dye Motion
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5 10 15 20
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Figure 112 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at 8 = 0,0 sec; Average Surface
Temperature Drop Starts at 91= 0.0 sec; Run 29
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GENERAL DYNAMICS
Fort Worth Division
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Figure 113 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = (0,0 sec; Run 29
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GENERAL DYNAMICS
Fort Worth Division

100
VD (8-9,) |
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Figure 116 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at = 0,0 sec; Average Surface
Temperature Drop Starts at Gl = 0,0 sec; Run 30

132



GENERAL DYNAMICS

Fort Worth Division
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Figure 117 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 681 = 0.0 sec¢; Run 30
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GENERAL DYNAMICS
Fort Worth Division

0
10 VODO(Q~91)
2 = 1.822
D D
t
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Figure 120 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at 8 = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 31
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Figure 121
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137

Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at @

VODO(g-gl) = 1.822
\ DZ ’
L t
3 z /D= 349.44
L b" o
z /D, = 1.82
\\%‘ Npe = 141,800
‘3{ NT = 251.30
i
NR AT = TS-ITb
N,
X
\
Analytical Prediction
of Dye Motion )
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5 10 15 20
VoDo®
2
Dt

= 0,0 sec; Run 31
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GENERAL DYNAMICS

Fost Worth Division

0
10 VODO(Q—Ol)
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D
t
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Figure 124 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at @ = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 32
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GENERAL DYNAMICS
Fort Worth Division
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VODO(Q-Ol) .
' 2 = 0.0
Dt
; \.\ z /D= 167.04
Zb/Dt = 0,87
10 L Re
*
Ni = 32.42
%E&:" AT = TS]TTb
Q .
R N
vg'c
NN
10-2
Analytical Prediction |
of Dye Motion
103 L4 b B 1 % i 3 8
0 5 10 15 20
VoDoly
2
Bt
Figure 125  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :
Pump Starts at € = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 32
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GENERAL DYNAMICS
Fort Worth Division

0
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Figure 128 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:
Pump Starts at € = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 33
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GENERAL DYNAMICS
Fort Worth Division
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Figure 129 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at Gl = 0.0 sec; Run 33
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GENERAL DYNAMICS
Fort Worth Division

0
10 VODO(Q—Ql)
2 = 0.045
Dt
W_Tt\ﬁ z, /D, = 167.04
. N\ z /D, = 0.87
10-1 N = 210,700
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Figure 132 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at & = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 34
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GENERAL DYNAMICS
Fort Worth Division
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Figure 133  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 34
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GENERAL DYNAMICS
Fort Worth Division

VD (6-8.)
1
el = 0,179
D
t
TN Z/D, = 122.06
i N
N z /D, = 0.89
101 ?‘3& \; Ng, = 130,200
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my -\ Aq; N, = 11.67
\ i
0
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Figure 136 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at 6 = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 35
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GENERAL DYNAMICS
Fort Worth Division
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Figure 137 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 35
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GENERAL DYNAMICS
Fort Worth Division

100
VODO(Q-Gl) ,
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Figure 140 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 36
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GENERAL DYNAMICS
Fort Worth Division
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Figure 141 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at Gl = 0.0 sec; Run 36
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GENERAL DYNAMICS

Fort Worth Division

0
10 V D (6-6.)
oo 1
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Figure 144 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0.0 sec; Average Surface
Temperature Drop Starts at €

160

= 0.0 sec; Run 37



GEMNERAL DYNAMICS
Fort Worth Division

0
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Figure 145 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at € = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 37
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GENERAL. DYNAMICS
Fort Worth Division

Y
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Figure 148  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 38

164



GENERAL DYNAMICS
Fort Worth Division
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Figure 149 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at 6 = 0.0 sec; Centerline Surface
Temperature Drop Starts at 841= 0.0 sec; Run 38
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GENERAL DYNAMICS
Fort Worth Division

100
VD (8-6,) ,
2 ——=— = 0.064
D
t
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\ Zb/Dt = 0,89
10~1 Np, = 189,900
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Figure 152 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at Ql = 0,0 sec; Run 39
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Figure 153 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop :

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 8= 0.0 sec; Run 39
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Figure 156 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 40
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Figure 157 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at ® = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 40
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Figure 160 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:

Pump Starts at @ = 0.0 sec; Average Surface
Tempe rature Drop Starts at 91 = 0.0 sec; Run 41
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Figure 161  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 41
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Figure 164 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Average Surface
Temperature Drop Starts at ©; = 0.0 sec; Run 43
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Figure 165 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 43
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Figure 168 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at € = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 44
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Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop :

Pump Starts at 8 = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 44
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Figure 172 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at © = 0.0 sec; Average Surface

Temperature Drop Starts at ©
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= 0,0 sec; Run 45
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Figure 173 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 45
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Figure 176 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:
Pump Starts at © = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 46
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Figure 177 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 46
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Figure 181 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at @ = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0.0 sec; Run 47
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Figure 184  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 48
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Figure 185 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 48

201



GENERAL DYNAMICS

Fort Worth Division

8% uny :1ex8e93jul ASasuy JUSTSUBIL 98T =2an814
a
4
0°a°a
02 81T 91 i 4! 01 8 9 4 0
00
D
91-51 w i
3 EH_... s I -1 = I
] HH 7°0
70
g0
80
01
dEiite

Wy

202



Fort Worth Division

GENERAL DYNAMICS

67 uny : UOTIEOTITIRIX]SA( musumummsma juaIsuex] L8T @2an8tJd

99§ ‘up pauany dung 193JVy SWI]
001 0s

203

I, ‘aanjexadway,

T T TT T (RS DA A RAS §RYE) T T TITET T TIT
FHH He T H T HEHEHE
I L) 1 1 Tt 1 T | + T I T T
T T man T in Ban;
T s T T s T
| Easik e T O + h
F Lx g t I
: + 1 I 14 " 1 L _- 1 P_ 1 FEEN
g 7 ry
Suayans i 1 t T
T + i t
nan haad t
t t T
1] 1 + t T+ +
.Ml t t t . 3 :
WEES SQERS JEN 1 t T
s s
i ot | T .
tTt 1t T )
& i : i
Tt i
T jnay i 13
T rghm t
1 1 " m
pEenysagay sansugs I
1 +
12 1 ha bogus & i t 1
i I H I + o T (8
* |Sag reapgegarn SHN AR Ly L tHh =
: : : : ) " T T 1 -
T U SR " " o s
—H ok : 1 ; ; t : a nm e
1 i o divdd | T " T | = 13
i 3 Reeis haves | s il s t
I 1 H e 1 R4 -
} et = ¥ + H
A " b e il ot H
T d-t4- ” - ——m ol -
1 S D 181 i ¥ 1 1 = .
T 1 T t HH
RSt e el s : :
T jasns oy L o T e s T "
ris t by "
T n parw| T 1 T
Fm T + _
1 i 1T t t T 1
1 H T T + i I I !
Tt 1 : T
" T e SRS 1
jual = i : mi T L 11 T
+ i i
TH T 1 i + T T inamEw 7
juaBuEn & TT t I i " 1 s I
ra Tt u + T
a ng) T . L T 3 T
1 T T : T s man
) 1t T |
e e e i N . T S " e
time f | Enea T T
[aowus nnau; s IpaRE rnandhaans i " T 1 1 :
[FRa Ry mams T T T 1 I
et T T T
13t 1
i T
= " T 1+t I
s
c°0 0" %el 6°8 G/[8°0 R
T
+ t
+ t
. I
(a3) (wd3) (33) (fut) :
. "
3 1 + T
YA 9 VA a :
1 -0 1 -V
T T
¥ 3
+ +
T t




GENERAL DYNAMICS
Fort Worth Division

10~1

VD (6-8.)
1
2——— = 0.156
D
t
z /D =122.06
2 /b, =0.89
Npe = 508,000
N, =
; T 1.54

A- (TS-Tb)/(TS-Tb)i
e- (Ts-Tﬁp/(Ts'Tm)i

aw

10-3

Figure 188

Analytical Prediction A

of Dye Motion
i 48 & ¢ i 8 1 1

5 10

VoDo®1
2

Y

204

15

20

Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:
Pump Starts at 6 = 0.0 sec; Average Surface

Temperature Drop Starts at 6, = 0,0 sec; Run 49
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Figure 189  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at @ = 0,0 sec; Centerline Surface
1" 0.0 sec; Run 49

Temperature Drop Starts at ©
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Figure 192 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:
Pump Starts at @ = 0,0 sec; Average Surface
= 0.0 sec; Run 50

Temperature Drop Starts at ©
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Figure 193 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at © = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91= 0.0 sec; Run 50
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Figure 196 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop:
Pump Starts at €@ = 0,0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 51
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Figure 197 Fraction of Initial Temperature Difference
After Surface Temperature Starts to Drop

Pump Starts at @ = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91= 0.0 sec; Run 51
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Figure 200  Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at € = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 52
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Figure 201 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at ® = 0,0 sec; Centerline Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 52
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Figure 204 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop:

Pump Starts at 8 = 0.0 sec; Average Surface
Temperature Drop Starts at 91 = 0,0 sec; Run 53
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Figure 205 Fraction of Initial Temperature Difference

After Surface Temperature Starts to Drop :

Pump Starts at © = 0.0 sec; Centerline Surface
Temperature Drop Starts at 91= 0.0 sec; Run 53
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