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Abstract—Experiments simulating mixing of liquid oxygen (LO,) and liquid hydrogen (LH,) have been
performed. The non-reactive mixtures were obtained by injecting jets of the oxidizer or simulant into a
pool of the fuel or simulant. Three fluid combinations were tested : LO, into liquid helium (LHe), liquid
nitrogen (LN,) into LHe and LN, into LH,. Experimental observations included flash X-ray and high
speed video imaging, hot film anemometry, and thermocouple and diode thermometry. Results showed
that the jet fluid stays coherent throughout the mixing process and that peak boiling of the pool fluid
occurs shortly after jet impinigement. Estimates of bulk density indicate a smaller range of variation than
is currently being used for explosive yield calculations.

1. INTRODUCTION

IN CARRYING out the required Radioisotope Ther-
moelectric Generator (RTG) hazard definition analy-
sis for several of the Jet Propulsion Laboratory’s plan-
etary missions, it became evident that the potential
threat to the RTGs from an explosion of liquid oxygen
(LO,) and liquid hydrogen (LH,) as a result of a
launch vehicle accident was not well defined or under-
stood. LH, and LO, are the propellants for the Space
Shuttle and the Centaur G’ upper stage booster. These
launch vehicles are used to launch the various JPL
spacecraft. The lack of understanding stems from an
inadequate data base on close-in blast characteristics
for LO,/LH, explosions. The existing data base [1]
emphasized far field blast characteristics. However, it
is the near field blast environment which impacts RTG
safety. An Explosion Hazards Program [2] was
initiated to address the near-field effects with special
reference to accidental LO,/LH, explosions resulting
from a launch vehicle accident.

From an explosion hazards perspective, it is the
initial mixing of the LO, and LH, during which a
detonable mixturc of multi-phase oxygen and hydro-
gen is formed. Current predictive techniques assume
that the initial blast yield is directly proportional to
the bulk-mean density of the mixture. This property,
bulk density, is somewhat ad hoc since hydrogen and
oxygen are immiscible. Nonetheless, it is clear to see
that reasonable limits must be placed on this par-
ameter if predictive codes are to be used to obtain
realistic estimates of blast yield from full scale simu-
lations.

The study of this problem, even in inert mixtures,
presents several difficulties. The mixture is at cryo-
genic temperatures, it is multi-phase, multi-con-
stituent and is transient in both energy and momen-
tum. The oxidizer is cooled and eventually freezes
while the fuel evaporates and is heated. The net result

is a harsh environment to make any type of measure-
ments.

Because it was desired to study the mixing of the
fuel and oxidizer prior to detonation, simulants for
either the fuel or oxidizer were used. Initially tests
were performed with LHe as the fuel simulant so that
either LN, or LO, could be used as the oxidizer. This
allowed a direct comparison of LN, to the real
oxidizer, LO,. Later tests were performed using LH,
as the fuel. However, only LN, could be used as the
oxidizer simulant in this case. Thus, performing simi-
lar tests with these three inert combinations, allows
one to draw conclusions on the mixing of the actual
fuel and oxidizer prior to detonation.

Several possible scenarios were considered in
explosion hazards investigation. The first of these, the
deep mixing scenario, is reported on in this paper. A
jet of one fluid is injected into a deep pool of a second
fluid in a manner similar to that of the work of Bishop
et al. [3]. Their tests showed that significant jet pen-
etration occurred only when the more dense fluid
(oxidizer simulant) was injected into a pool of the less
dense fluid (fuel simulant). When the jet and host
fluids were switched very little penetration and mixing
occurred. Therefore, in the present study, only the
mixing of oxidizer simulants injected into pools of fuel
simulants are considered.

2. APPARATUS

This section gives a brief overview of the facility,
instrumentation and procedures used in the experi-
ments. For more detailed descriptions see Luchik et
al. [4, 5}. A schematic of the facility is shown in Fig.
1. The primary enclosure is mainly an exhaust duct
for the liquid fuel (or simulant fuel) that is boiled
off during an experiment. This enclosure houses all
plumbing to the oxidizer tank as well as instru-
mentation used for thermal and velocity measure-
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¢, specific heat

h  enthalpy

hr, heat of vaporization

h, heat of fusion

! liquid penetration distance at time when
bulk density was calculated

m  mass

m  mass flow rate

T, gastemperature

u  axial velocity

Vmix mixing volume.

NOMENCLATURE

Greek symbols
p  density
p  bulk density.

Subscripts
BP boiling point
FP freezing point
g gas value

jet jet
I liquid
s solid.

ments made during an experiment. The stainless steel
dump tank used in the experiments is 14.6 cm in
diameter and has a capacity of 10.4 1. Flow out of
the dump tank was controlled using a pneumatically
operated cryogenic ball valve. The flow rate out of the
dump tank or injection velocity was controlled by
regulating the pressure of the fluid inside the tank.
The dewar has a diameter of 14.3 cm and is roughly
one meter in length. Located at the top of the primary
enclosure, was a 10.2 cm diameter exhaust stack where
the fuel evaporation rate was measured. The exhaust
gas then flowed into a dilution duct where the exhaus-
ted fuel was diluted below its flammability limit and
was exhausted to the atmosphere.

As shown in Fig. 1, the primary enclosure was
located inside the secondary enclosure which is a small
room 3.66 m on a side. The secondary enclosure was
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Fi1G. 1. Facility schematic.

purged free of oxygen prior to each experiment and
the oxygen level was monitored throughout the
experiments using a Teledyne Analytical Systems
Model 8000 gas detection system.

A schematic of the primary enclosure, dump tank,
experimental dewar and instrumentation is shown in
Fig. 2. Chromel-constantan thermocouples (type E)
were chosen for these experiments based on argu-
ments presented by Barron [6] and ASTM [7]. Because
the experiments performed are transient in nature,
the temporal response of the instrumentation is quite
important. The size of the thermocouples chosen for
the experiments was 76 ym which had a response of
about 8 ms (90%). This size was a good compromise
between speed and robustness (the experiments were
fairly violent and smaller thermocouples did not sur-
vive the environment with regularity). Cryodiodes
were used in locations where sub-40 K temperatures
were expected. The sensitivity of a cryodiode is excel-
lent at low temperatures. However, the diodes have
slow response times because of large thermal masses.
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F1G. 2. Schematic of primary enclosure and experimental
dewar.
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Pressures in the primary and secondary enclosures
and in the dump tank were measured using Validyne
pressure transducers. Hot film/wire anemometers
were used to measure velocities of the fuel boil-off gas
at the mouth of the experimental dewar and in the
stack of the primary enclosure. However, because of
difficulties when helium was used as the fuel simulant,
only the stack anemometer yielded useful quantitative
information. Although the exhaust stack location
offered a less harsh environment than the mouth of
the dewar, the measurement was more difficult at the
stack since the temperature of the gas at this location
varied from 50 K to about 250 K. Thus, a large range
of calibration was necessary. The low temperatures
tended to destroy hot films after repeated cycling.
Details of the hot film/wire calibrations are given in
Kwack et al. [8] and typical results are shown in Fig.
7 of ref. [9].

A Spin Physics model SP-2000 high speed motion
analyzer was used to obtain video recordings of each
experiment. For these experiments, recordings were
obtained in excess of 500 f.p.s. Typically, the vertical
field of view was 45 cm with a minimum spatial res-
olution of 2.2 mm by 2.2 mm. Data reduction was
performed by viewing the images directly at several
frames per second and reducing the data manually.

A Hewlett-Packard 300 kV flash X-ray system was
used to obtain one X-ray image of the mixing process
per experiment with a 50 ns exposure. Each X-ray
head has a beryllium window, rather than aluminum,
to allow better transmission of the low energy X-
rays, which are more sensitive to low molecular weight
matter, like LN,, LO,, LH, and LHe. A wide variety
of X-ray receivers were tested in this system. The ‘best’
receiver tested was the combination of three Dupont
products: a Kevlar Cassette with Chronex Quanta
Fast Detail screens and either NDT 57 or Chronex 4
film. However, even with this combination, no quan-
titative results were obtained with the X-ray system.
The reason for this is a lack of contrast between the
jetand host fluids used in these experiments. However,
the X-ray images have yielded valuable information
which has been used in developing a qualitative model
of the initial mixing during the mixing of the jet and
host fluid. It should be noted that the only imaging
technique, other than neutron absorption, able to pen-
etrate the mixing zone is the flash X-ray technique.

The data acquisition system was a PC based digital
system. The main function of the host during data
acquisition is as a memory device for two high speed
A/D boards. Data sampling occurred over 23 chan-
nels at a rate of 100 scans per second. The A/D board
also signaled the host computer at appropriate times
to trigger the dump tank operator valve and the flash
X-ray system. The host computer controlled the Spin
Physics motion analyzer through an RS-232 port.

3. RESULTS

The independent variables for the experiments were
the jet velocity, the jet momentum, the dump duration,

and the distance between the nozzle exit plane and the
free surface of the pool fluid. This distance is referred
to as ullage herein. For the various experiments all of
the independent variables were varied.

Initially, liquid helium was used as a fuel simulant
for the purpose of comparing liquid nitrogen to liquid
oxygen. This would prove useful in interpreting the
liquid hydrogen/liquid nitrogen experiments. Physical
properties of all of the fluids used in the experiments
are listed in Table 1. More information on cryogenic
fluid properties can be found in Barron [6], Sychev ez
al. [10-12] and Scott [13]. From this table, to a first
order approximation, LN, appears to be a good simu-
lant for LO, in that the thermophysical properties of
the fluids are similar. Helium, on the other hand, has
one significant property difference from hydrogen, the
latent heat of vaporization. This value for helium is
approximately a factor of 20 lower for helium than
that for hydrogen. Since this property directly affects
boiling, the helium evaporation rate cannot be used
in any way to approximate hydrogen evaporation.

Varying the nozzle diameter was one way of con-
trolling the mass flow rate of the jet independent of the
jet velocity. However the jet diameter played another
important role in the experiment. From an X-ray per-
spective, it was preferable for the jet to be as large
in diameter as possible to maximize X-ray contrast
between the jet and the host fluid. Fluid dynamically,
a small diameter jet is preferable to minimize wall
effects. These, of course, are conflicting requirements.
Nozzles with diameters of 3.17, 6.34 and 12.7 mm
were used in the experiments, but only experiments
with the 12.7 mm diameter nozzie yielded useable,
qualitative X-radiographs.

3.1. Helium test results

Over 70 separate helium experiments were per-
formed where complete data sets were collected,
roughly one-half with each jet fluid. The velocity range
from 3 to 11 m s~ was covered and ullage was varied
from 20 to 76 cm. The purpose of performing tests
with helium was to gain some experience in the mixing
of two cryogenic fluids in a totally inert environment,
but more importantly to determine the similarities and
differences in LN, and LO, as jet fluids. Since later
tests would only involve mixing of LN, with LH,, a
good working knowledge of this comparison would
allow any extrapolation of the present results to the
real situation where LO, and LH, would be involved.
Although many tests were run, not all tests were
different. Several were similar by design to obtain
information on the run to run variation of the experi-
ments. The results of these replicate tests were quite
good both qualitatively and quantitatively. An exam-
ple of this agreement is shown in Fig. 3 for the mea-
sured helium gas mass flow rate at the stack, the
parameter most sensitive to run to run variations. In
this figure, the jet velocity is 3.5 m s~ ', the nozzle
diameter is 6.35 mm and the dump duration is 0.45 s.

Temporal contours of the mixing zone are shown
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Table 1. Some properties of helium. hydrogen, nitrogen and oxygen

Helium
Ty (K) (1 atm) 4.2
Ter (K) (1 atm) —
Py, (kgm™?) 125
pap, (kgm™7) 17
hy (KT kg™ ") 21
he (KT kg™ —
hog(kJ kg™ —
7.y (K) —
hy o (kI kg™ -
Ty (K) —
(pgﬂp(kl kg"'K™") 5.40
o (KIKE 'K 4,98
G, (KT kg ‘K™Y —

Hydrogen Nitrogen Oxygen
20.26 77.35 90.18
13.8 63.15 54.36

70 807 1141
1.3 4.6 4.5
454 199 213
— 25.1 13.8
— 234
— 438
— ~8.4 29
— 35.6 23.6
12.15 4.73 1.0
9.66 2.13 1.67
- 1.88

1.42

in Fig. 4 for an LN,/LHe experiment and an LO,/LHe
experiment. Each of these experiments was nominally
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F1G. 3. Helium evaporation rate for three similar tests.
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FIG. 4. Mixing zone contours for LO, and LN, jets into LHe.

at the same conditions, a jet velocity of 3.2ms ', 6.35
mm nozzle and 22 cm ullage, with only the jet fluid
being different. The solid contours are ‘mixing zone’
contours at 20 ms time increments while the dashed
contour at time ¢ =0 is the estimated liquid ‘jet’
contour. This estimate of the actual jet fluid location
is based on experiments with a LN, jet into cold
helium gas (T < 20 K) and from X-ray observations.
From those experiments involving the LN, jet into
cold He gas it was seen that a mixing zone formed
between the relatively warm jet fluid and cold He gas.
From this knowledge, we see that prior to impinge-
ment of the liquid jet on the helium free surface, a
mixing zone is formed. This figure is another example
of excellent agreement between the LN, and LO, jet
studies.

The results of the LN, tests and the LO, tests agreed
well in almost every way with one exception-—the size
of the frozen particle differed. It was noted from the
experiments that the solid particles become visually
observable at the head of the jet initially and a short
time later at the outer most extremity of the mixing
zone generally near the region of the initial jet
impingement. The particles are first seen about 200
400 ms after jet impingement for all tests, and this
time does not vary systematically with any of the
independent variables nor with the jet fluid. As
observed from the motion of the particles in the case
of the LN, jet, they are platelet in shape and fall
through the liquid helium at a velocity of about 1 m
s '. Quantitative information obtained, based on a
sample of 500 particles, indicate that the average size
of a particle is 38 mm? with sizes ranging from 4 to
130 mm?, and in general the platelets are less than |
mm thick. The particles in the case of the LO. jet were
smaller than those of the LN, jet and were generally
smaller than the resolution of the video system used.
However, large particles could be visualized occasion-
ally. Although no mean size data were obtained for
O,, it was noted that the large O, particles were also
platelet shaped.

The solids seen in all of the experiments were much
larger than is predicted from instability theory, which
predicts droplet sizes of the order of microns. Thus.
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measurements of particle size would indicate that
freezing is occurring at the jet outer extremity while
the jet is still intact which agrees with the X-ray images
that show that the jet is largely coherent during the
mixing process. However, this hypothesis was imposs-
ible to verify experimentally since the mixing bubble
cannot be penetrated with enough spatial resolution
and dynamic range to visualize the actual sol-
idification process. The smallest particles discernable,
because of the pixel resolution of the video system,
were 4 mm?® for most of the tests, but as small as
1 mm? in some cases.

3.2. Hydrogen test results

For the hydrogen tests as in the helium tests, several
tests at similar conditions were performed to deter-
mine the run-to-run variation of the tests. As was seen
in the helium tests, the duplicate experiments yielded
similar results.

Figure 5 shows some of the general mixing dynam-
ics for the experimental configuration obtained from
the hydrogen tests. The jet impinges on the host fluid
which causes boiling of the host and cooling to the
eventual freezing point of the jet. As the jet continues
to penetrate, a mixing pocket forms which contains
some mixture of the gas and liquid state of the host
and liquid and solid state of the jet. As time progresses,
the fluids within the mixing pocket transfer enough
heat between each other so that some freezing of the
jet occurs while the host continues to boil off. During
the initial mixing of the jet and host fluid the mixing

zone is optically too dense to penetrate using con-
ventional optics. However, the radiographs have
shown that the jet fluid essentially stays intact and has
a diameter approximately equal to that when it leaves
the nozzle. Figure 6 shows the mixing zone developed
by a 12.7 mm jet of LO, with an impingement velocity
of 3.2 m s™' into LHe approximately 0.2 s after jet
impingement. (A radiograph of an LO, jet into liquid
helium is shown in Fig. 6 because the radiographs
obtained from the hydrogen tests were not of publica-
tion quality, although they did contain the same infor-
mation as the radiograph shown.) The mixing zone
contains both jet and host fluid in its liquid state as
well as vaporized host. A comparison of visual images
to the radiographs showed that the mixing zone is
roughly 5-8 times the diameter of the jet. The X-
radiographs show further that within the mixing zone
the host is largely gas on a volume basis. Somewhat
later in the mixing process (about 200400 ms) sol-
idification of the jet occurs at the head of the jet and
near the point of initial impingement.

Mixing zone contours obtained from images taken
with the Spin Physics motion analyzer are shown in
Fig. 7. These images were obtained for a 3.05ms™' jet
of LN, into a pool of hydrogen. The nozzle diameter in
this experiment was 12.7 mm. Each contour represents
an instant in time and the contours are separated
in time by 20 ms. As in Fig. 4, the jet contour at
impingement has been shown by a dashed line and
was determined in a similar manner to that of Fig.
4. Immediately after impingement, the jet velocity is
significantly decreased from its initial velocity. The
velocity is less for smaller diameter jets. Figure 8
shows the variation of an average of the jet pen-
etration speed with nozzle size and time. A second
surge generates a mixing zone that appears similar to
the initial mixing zone. As with the helium studies,
very little can be said on the radial rate of formation
of the mixing zone other than it does develop more
slowly radially than axially.

From the mixing zone impingement contours and
from the Spin Physics video in general, several pieces
of information were obtained. These include an esti-
mate of the bulk or mean density within the mixing
zone, and information on the solidification of the jet
fluid. Luchik et al. [5, 9] have shown that an upper
estimate for bulk density is obtained using

_ + iy At i Pch, n
p= pGHZ Vmix pjet '

Here m;,, is the mass flow rdte of jet into the mixing
zone and ¥V, is the volume of the mixing zone at
Ar seconds after impingement. In this analysis it is
assumed that the mixing zone is axially symmetric,
that all of the jet fluid in the mixing zone is in its liquid
state while all of the host fluid is in the gaseous state.
This is an upper estimate since all of the jet fluid is
assumed to be participating in the heat transfer
involved in boiling the host fluid. Table 2 shows the
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F1G. 6. Radiograph of LO, jet into LHe pool.

average values of the upper estimate of bulk density
within the mixing zone at early times after impinge-
ment obtained from the various experiments. All aver-
ages were obtained from mixing zone contours 120
ms after impingement of the jet. For comparison the
density of hydrogen vapor at 20.3 K is 0.0013 gcm .
The estimated values for an oxygen jet were made
simply by assuming that the volume occupied by the
LN, had the density of LO, at its normal boiling point.

These results are consistent with what was cxper-
imentally found in the helium tests [9].

This cstimated bulk density docs vary with the
radius of the jet, a result seen in the helium tests. As
is shown in Luchik et /. [5], a simple argument can
show this to be the expected case which yiclds

7= Pch,

u At ¥
B Cirg. (2)

Pict — PG, / Fiet
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A second method, which estimates the minimum
bulk density can be made from knowledge that the
jet remains largely intact in the mixing zone. This
indicates that only a portion of the original jet fluid is
taking part in the heat transfer required to boil the
hydrogen. The analysis is identical to that in Luchik
et al. [5] except that H, has been substituted for He.
The result is the following equation:

- _ hngz 3
Pmin = PGH, Ah 3)

jet,max

The maximum enthalpy change in the jet fluid is
achieved by cooling it to the liquid pool temperature
(20.3 K for liquid hydrogen). Ak ., has the value of
124 kJ kg~' for N, and 136 kJ kg ~' for O,. Doing this
assumes that the minimum jet mass is involved in the
heat transfer required for boiling heat transfer, thus
yielding the minimum bulk density. Substituting the
values for the thermophysical properties gives
Pmin = 0.0059 g cm~? for LN, jets and p.i, = 0.0055
gem? for LO, jets. These values are roughly a factor
of two lower than the upper estimate values obtained

4 T T T
nozzle dia.
o] 12.7 mm
A 6.35 mm
3 /O a 8.17 mm
Q —O A_Q\Q:O .
5 2 A\ A§ \B\ +
= A
1
m] /
\D/D\D/ \
0
0 20 40 60 BD 100 120 140 180 180 200

Time (msec)
FiG. 8. LN, jet penetration velocity after impingement into

2.

for the 3.17 mm diameter nozzle indicating that even
with that small nozzle size only about one-half of
the jet was participating in the heat transfer to the
hydrogen. These results are significant in that current
predictive techniques cover a range of bulk densities
with an upper limit more than one order of magnitude
greater than the maximum values presented here.

The size of most of the solid particles in these experi-
ments varied from 7 to 70 mm? with the largest particle
seen being 350 mm?2 The particles in the hydrogen
tests appeared platelet in shape. The size information
for the N, particles as well as the shape is consistent
with what had been seen in the helium tests with a
LN, jet. The particle size was observed to increase as
the jet diameter was increased. Particle information
for N, was found to be independent of the pool fluid
with which it was mixed. This leads to the conclusion
that SO, particles generated in a mix of LO,/LH,
would be similar to those in the LO,/LHe tests.

The instantaneous temperature of the H, gas at the
mouth of the dewar and the instantaneous evap-
oration rate of H, are presented in Fig. 9. Results
from three different experiments are shown to indicate
the consistency from experiment-to-experiment.
Nominal conditions for these experiments are a 12.7
mm diameter jet of N, flowing with jet velocity of 3.5
m s~ for a period of 0.65 s. In all cases the ullage
was roughly 42 cm. Note that impingement of the jet
occurs about 0.24 s after the dump valve has been
energized (¢ = 0) and that the gas temperature prior
to mixing is 70-100 K due to heat transfer from the
surroundings. As the rate of evaporation increases,

Table 2. Bulk density estimates during initial jet impingement

into LH,

Jet Nozzle LN, jet LO, jet
velocity dia. D p (estimated)
(ms™") (mm) (gem™) (gem™)
3.0-5.0 3.17 0.013 0.015
3.0-5.0 6.35 0.014 £0.006 0.018
3.0-5.0 12.7 0.023+0.009 0.032
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FI1G. 9. (a) Mouth temperature variation for three similar
tests of LN; jet into LH, and (b) mass flow rate at mouth of
dewar for three similar tests of LN, jet into LH,.

the gas exits the dewar without exchanging heat
because the gas residence time in the dewar has
decreased. The ‘peak and valley’ nature of the data
shown is believed to be related to the surging of jet
fluid in the mixing region seen in the video images.
Although not shown, the time at which peak boil off
occurred did not vary appreciably. The value of peak
boil off was found to vary with the nozzle diameter
for a given jet velocity. This result suggests that a
principle parameter in the early mixing is the diameter
of the jet. More work is needed to verify this trend.
Integrated values of the hydrogen boiled off from
a visual displacement mecasurement along with some
representative data taken from the hot-film at the
mouth of the experimental dewar are given in Table

Table 3. Comparison of time integrated hot film data and
hydrogen boil oft displacement measurement

i, Amy Amyy,  Amguaw Amigi, i
Run (gs7™) (9 (8 (8) Am,
663 306 138 23 25.1 0.18
664 306 199 40 40.8 0.21
665 306 199 37 39.6 0.20
666 306 199 44

41.9 0.21

Table 4. Equilibrium calculation ol the ratio of liquid hydro-
gen vaporized to liquid nitrogen or liquid oxygen solidified

T(,uzj inal ™~ Tm’.u: A”’(.llzr‘A"”U\: Amig Ann g,
0.0 0.27 0.30
5.0 0.24 0.26
10.0 0.22 0.24
15.0 0.19 0.21
20.0 0.18 0.20
0.18

0.16

3. The purpose of this is to show the accuracy of
the hot-film data. Individual values of the ratio of
hydrogen boiled off to jet fluid added varied from 0.16
to 0.26.

The values obtained arc rcasonable and can be
shown analytically by assuming that a small amount
of jet fluid is dumped into a large container of LH,
and that the final equilibrium temperature of the
nitrogen in the hydrogen bath is 20.3 K, then we can
develop the relationships (sec Luchik et al. {4] for
derivation)

Aanl Ah,]cl‘mu\

e - (4)
A I, Goand Tonvina — Toen )

where ¢, is the specific heat, A, is the latent heat of
vaporization, T is temperature and the subscripts H,
and jet refer to the given constituent. Ahy, ... rcep-
resents the energy release from the jet fluid when
cooled to 20.3 K. Assuming that the hydrogen boils
off and leaves the control volume at its boiling point,
one can obtain the maximum ratios of hydrogen
boiled to jet fluid added. These values arc 0.27 and
0.30 for N, and O,, respectively.

However, if the hydrogen gas leaving the control
volume is allowed to exchange heat with the jet fluid,
the mass ratios can be less than the maximum. Since
hydrogen has a high heat of vaporization (454 kJ
kg™") and a relatively low specific heat the variation
of boil off with gas exit temperature is small. The
boiling of hydrogen occurs at 20.3 K but the tem-
perature that hydrogen leaves the control volume can
be higher than that because of heat transfer from
cither the liquid jet fluid or the relatively warm solid
particles to the gaseous hydrogen. Table 4 summarizes
the results obtained from equation (4) for both LO,
and LN,. Using an average boil-off ratio of 0.2 (from
Table 3), Table 4 shows that the average temperature
of the hydrogen gas exiting the experimental dewar
was 13 K warmer than its normal boiling point. How-
ever, the thermocouple at the mouth of the dewar
only indicated a superheat of about 5 K during active
boiling. The reason for this is probably the lack of
resolution of the thermocouples at low temperaturcs.
This implies that between 73 and 88% of the jet fluid
energy went into the actual vaporization of the hydro-
gen liquid pool, on average.
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4. SUMMARY

Deep pool mixing studies of LN,/LHe, LO,/LHe
and LN,/LH, have been conducted. The present mix-
ing studies included varying jet velocities, jet dump
duration times, jet diameter and ullage spaces. How-
ever, the qualitative nature of the mixing zone does
not seem to be greatly affected by these variables
although the rate of formation of the mixing zone
occurs more rapidly when LHe is the pool fluid than
when LH., is the pool fluid. Heat exchange between
the liquid jet and the colder gas in the ullage space
seems to have little effect on the dynamics of the
liquid-liquid interaction.

The experiments with LO, and LN, as the jet fluids
showed that N, was an excellent simulant for O, in ali
respects except one. The one aspect where N, differed
from O, was in the formation of solid particles. All of
the particles observed in the experiments were similar
in shape. The motion of these particles in the high-
speed video recordings indicated that the particles
were platelet in shape. However, in the helium studies,
a large number of particles were visualized when LN,
was the jet fluid whereas when LO, was the jet, far
fewer particles were clearly visualized. It is believed
that the O, particles were present, but were too small
to be seen with the resolution of the camera system.
The solid particles for the N, jet were the same size
and shape regardless of the pool fluid into which the
LN, was injected.

The axial rate of formation of the mixing zone
slowed with time after impingement of the jet with
the formation nearly stopping 150-200 ms after jet
impingement. Some 50—150 ms passed before a second
surge of jet fluid was seen. The radial rate of formation
of the mixing zone was very slow. Maximum boiling
of the hydrogen pool occurred 200-300 ms after jet
impingement and the value of the maximum boil off
rate scaled with the nozzle diameter for a given jet
velocity. This indicates that the maximum boil off rate
was heavily dependent on the surface area of the jet
(i.c. the jet could be modeled as a column of fluid
submerged in a pool of hydrogen). This further indi-
cates that the amount of jet fluid sheared from the
jet is small. This is further evidenced by the large
discrepancies in the maximum and minimum bulk
densities and the results of the flash radiographs.

Two different values were obtained for bulk density.
One assumed that all of the jet fluid was involved in
the heat transfer required to vaporize the hydrogen
in the mixing volume. This estimate is a maximum
estimate for bulk density since all other indicators
show that the entire jet mass is not diffused through-
out the mixing zone. The second estimate for bulk
density was based on heat transfer concepts. It
assumed that the minimum jet mass transferred all of
the available energy to the hydrogen and that this
energy was used for vaporization only. This estimate
is, by definition, the minimum bulk density in the
mixing zone allowed by the physics of the problem.

The values determined as the upper limit on bulk
density for a liquid nitrogen jet into a pool of hydro-
gen varied with the nozzle diameter and had values
ranging from 0.013 g cm~* for the 3.17 mm nozzle to
0.023 g cm™? for the 12.7 mm nozzle. Values for p
were then estimated for LO, jets into LH,. These
values were only slightly higher than those for LN..
The minimum value of bulk density, as determined by
analysis, for a LO,/LH, mixture was g, = 0.0055 g
cm . This range of experimentally/analytically deter-
mined values is significantly lower than the estimates
being used in predictive detonation environment tech-
niques which use upper limit values as high as p = 0.4
gem ™

The shallow mixing experiments were conducted to
investigate the influence of the bottom wall of a dewar
(spilled mode) and reported elsewhere [14].
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