Microfiche (M




‘\\

MARTIN CR-64-51 (Issue 9)

STUDY OF CONTAMINATION OF
LIQUID OXYGEN BY GASEOUS NITROGEN
CONTRACT NAS 8-11337

THIRD QUARTERLY PROGRESS REPORT
1 January 1965 through 31 March 1965

April 1965

Prepared by

Dale A, Fester
Philip J. Pizzolato
John R. Wilde

APPROVED

Fonar K4

Thomas R. Heaton
Program Manager

MARTIN-MARIETTA CORPORATION
MARTIN COMPANY
Denver Division
Denver, Colorado

Copy No.

5



FOREWORD

This document is submitted in accordance with Exhibit "A",

Paragraph II, Sub-paragraph B, of Contract NAS 8-11337, dated

27 June 1964,
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SUMMARY R TINYad

Program progress on NASA Contract NAS 8-11337, "Study of
Contamination of Iiquid Oxygen by Gaseous Nitrogen," for the third
quarterly reporting period, from 1 January 1965 to 31 March 1965,
is presented in this report.

The majority of work on the analytical portion of the program
has been directed toward completion of the main computer program
and its associated subroutines. In addition, special emphasis was
placed on developing and improving the basic transport property
relationships required. Portions of the computer program are in
the check-out—debugtphase whére this can be é&complished by sections.
Other work in progress includes some compiling and the coding of
transport property relationships required for two of the subroutines,

Construction and check-out of the spherical tank system was
accomplished and all of thé planned test runs have been completed.
The system is presently being held in standby condition. Only
relatively minor problems were encountered during testing; these
problems did not adversely affect successful completion of the
experimental effort. Approximately 50 per cent of the data, re-
corded on strip charts, has been reduced to tabular and/or graphical
form.

Detailed discussion of progress on both the analytical study

and the experimental program is presented in the main body of

the report. %6
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I. INTRODUCTION



This report details the program progress on NASA Contract
NAS 8-11337, "Study of Contamination of lLiquid Oxygen by Gaseous
Nitrogen," during the third quarterly reporting period from
1 January 1965 to 31 March 1965.

When gaseous nitrogen is used as the pressurant for liquid
oxygen, contamination of the liquid oxygen occurs through absorp-
tion and condensation of the nitrogen. Since the contamination
can produce adverse effects in missile and booster performance
both prior to and after launch, this program was undertaken to
evaluate the magnitude of the contamination. The influence of
liquid temperature, tank ullage pressure, inlet nitrogen gas tem-
perature, liquid-vapor interfacial area, liquid-vapor volume ratio,
and tank geometry is being assessed both experimentally and analy-
tically. Emperical correlations of the experimental data will be
combined in the analytical model to provide a method for predict-

ing the dilution of 10X by nitrogen pressurant gas.




ITI. ANALYTICAL STUDY



Efforts on the analytical phase of this work during the past
qLarter have been directed mainly toward completion of the main
computer program and its associated subroutines. The basic trans-
port property relationships required by the computer program
received special emphasis. Portions of the program are in the
check-out~debug phase where this can be done by sections. Other
work in progress includes some compiling and the coding of trans-

port property relationships required for two of the subroutines.

A. COMPUTER PROGRAM FOR LOXCON ANALYTICAL MODEL

The bulk of the computer program to be used in the analytical
phase of this study was coded and punched in the past quarter and
about 50 per éent of the compiling has been accomplished. Completed
portions include the main computer program together with its input
and output sections, and the equation of state, tank geometry, and
film coefficient subroutines. Compiled portions of the program
are being checked and debugged. Completion of the transport proper-
ties subroutine has been delayed by recent changes in the viscosity
and thermal conductivity equations aimed at improving the agreement
between calculated and tabulated data over certain parts of the
range of pressures and temperatures to be considered.

‘The relatively large equation of state subroutine has been com-
piled satisfactorily and is being debugged of minor errors in logic
encountered in check-out.

The program has developed to fairly sizable proportions with

the source deck now numbering about two thousand cards. Despite



the size of the computer program, running time for the calculations
at any given time interval should be reasonably small. All main
computer program calculations are done directly except for the pres-
surant gas flow which is calculated by iteration using the regula-
falsi method. The acceptable error level is adjustable and is now
set for 0.05%. Subroutine calculationg ‘ére all-girect except for
that using the equation of state to determine density of the ullage
gas when temperature and pressure are input. This calculation
involves an iteration by the Newton-Raphson method backed up by the
regula-falsi method.

A flow chart indicating the steps to be employed in the main
computer program and how the various subroutines are to be used is
presented in Figure 1,

Preliminary listings for the LOXCON main computer program, and
for the tank geometry and equation of state subroutines have beeh

reproduced as Appendices A, B, and C.
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B. TRANSPORT PROPERTIES REIATIONSHIPS

The availability of reliable viscosity and thermal conductivity
data for the combination of high pressures and low temperatures has
been a requirement more or less peculiar to this particular study.
The equations for the viscosity and thermal conductivity of gases
as functions of temperature and pressure, presented in an earlier
progress report (1)*, have been programmed for computer calculation
and checked for agreement with tabulated data in the liquid and
the high pressure-low temperature reaches of the two-phase region.
Since observed discrepancies were significant, efforts have been
underway to improve the accuracy of calculated data in these ranges
by replacing one of the constants with a tunction of density invol-
ving adjustable constants.

One of the more important internai calculations of the main
computer program involves determination of the heat and mass trans-
fer rates for condensation or vaporization occurring at the gas-
liquid interface. This calculation requires reliable estimates of
the ditfusion coefficients for the components in the gas and liquid
interfacial tilms. Evaluation of techniques for estimating these
coefficients has indicated that 1or gases for which reliable vis-
cosity data are available the most accurate approach is the use of
equations relating the coefficients of diffusion and viscosity.

The relationship derived by Weissman and Mason (2) for binary mix-

tures of gases is being used in this work.

* Numbers in parentheses designate references.



It has the following form:

2 + * * =
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where:
P = pressure, atm.,
Ai2 = ratio of collision integrals, i.e.,
. ,
Az, = .rL(a’Z)‘///J1fl’l) s which depends only
weakly on the temperature and the force law,
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2
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Xl and XE mole fractions of components; dimensionless,

“1 and M2 mol. weights of components, grams/gram-mole,

/a& and/ﬂé = viscosities of components, poises,
,!lmix = viscosity of mixture, poises,

T = °K,

R = 82.0567 cm3-atm/mole-°K (gas constant).



For the ditfusion coefficient of liquid mixtures the Wilke-
Chang (3) correlation is being used. This expression is written:
8 oo

006
MYy

= 7."" X 10_

where:

D.., = diffusion coefficisnt of solute 1 in solvent 2 at
12
temperature T, cm /sec,

M = molecular weight of solvent, gram/gram-mole,

T = temperature, °K,

M = viscosity of solution, centipoises,

V1 = molal volume of solute at normal boiling point,
cm3/g mole,

X = "association" parameter of solvent;

for unassociated solvents, X = 1.0.

By use of the coefficient of viscosity, M, calculated for the
mixture at the operating pressure, the effect of pressure on the

diffusion coefficient is taken into account.



C. FUTURE EFFORT

The coding, compilation, and check-out of subroutines will be
continued. When all parts of the program have been completed and
satisfactorily checked out, the overall operation of the program
will be tested with representative input data. This phase of the
work should begin in about two weeks.

After satisfactory operation of the overall program has been
established, program output will be compared with actual test data
at various levels of operating conditions to determine what adjust-
ments in the program will be required to bring calculated results
into reasonable agreement with the observed test data.

Effort on the final report will begin in approximately one

monthe.




ITI. EXPERIMENTAL PROGRAM



During the past quarter, effort on the experimental portion of
the program was concentrated on completion of the 23 planned test
runs with the spherical tank. After performance of the final run,
the test system was placed in standby condition to obviate recon-
struction should additional programs with this system prove desir-
able. An extensive amount of data was recorded on strip charts
during the course of testing. This data is presently being
reduced from strip-chart to tabular amd/or graphical form; approxi-

mately 50 per cent of this work has been accomplished.

A. TEST SYSTEM AND PROCEDURE

Construction of the test system for the spherical tank tests
was completed the week of 11 January 1965. The system included
the inverted containers for fine control of the I.N2 level in the
jacketing tank which were discussed in detail in the Second Quarterly
Progress Report (4). To circumvent leakage problems, all fittings
were seal welded to the spherical tank. This welding was required
since tool chatter marks on the tank port sealing surfaces prevented
effective use of K-seals., The system was leak checked by submerging
the tank in IN2 and pressurizing with helium to 500 psia. Observa-
tion of the tank substantiated that a leak proof system had been
obtained. Ieak checks to high;r pressures were delayed until after
all runs at 500 psia or lower had been completed, ie., Runs L through
19. Prior to Run 20, the tank system was locked up at 5000 psia

and the pressure was monitored. No appreciable pressure decay

occurred during a 30-minute hold period, thereby indicating that
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leakage was negligible. The sample system, including the pressure
lock inlets for the snap samplers, was leak checked prior to every
run by evacuating the entire system and watching for vacuum decay.
Any leaks were immediately isolated and repaired.

The level control mechanism in the IN2 Jacket allowed maintenance
of the liquid level within 1/4-inch of that desired. The system
was employed in the following manner:

1) The IN, jacket was intentionally filled above the desired

run level during IN2 loading.

2) After 10X had been loaded to the desired level in the

inner tank, the jacket vent was closed and the IN2 allowed
to warm to the desired temperature (indicated by jacketing

tank pressure).
3) The inverted containers in the level control system were

filled with IN2 by back-bleeding GN, from the containers

2
through the helium injection line. This provided the maxi-

mum amount of liquid for later displacement into the jacket.
L) The GN2 backflow was maintained and the jacket level was

lowered to that desired, i.e., jacket level same as IOX

level in inner tank. This resulted in the LN2 level in

the containers being above the level in the jacket.

5) At this point the run was initiated. To maintain a con-
stant jacket level, it was necessary to displace IN2
from the containers into the jacket at the same rate that
IN2 was vaporized and vented from the jacket. As long as
the container level was above the jacket level, this was
accomplished by controlling the GN2 backflow rate at a

value lower than the vaporization rate in the containers.
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6) When the liquid level in the containers had dropped
to the jacket level, GN2 backflow was stopped and flow
of pressurized helium into the containers was begun.
7) Control of the helium inlet rate allowed continuation
of the constant jacket level. When all IN2 was dis-

placed from the containers, jacket level control was

lost and the run was terminated,

I0X loading to a precise level was accomplished by employing
the two thermocouple rakes in the inner tank as liquid level sen-
sors. location of the thermocouple rakes is shown schematically
in Figure 2. During loading, 1LOX was introduced into the evacuated
inner tank at or above its ambient boiling temperature of =300°F,
All thermocouples immediately sensed this temperature. When flow
ceased, thermocouples not submerged in IOX dropped rapidly toward
the lower INZ temperature in the jacketing tank. This cooling
was due to heat transfer from the ullage gas to the surrounding
IN2 which nearly submerged the inner tank due to the overfilling
described previously. By loading in a stepwise fashion with short
flow periods, the desired I0X level was obtained by observing the
thermocouple reactions. During LOX loading for three or four of
the runs, the thermocouples did not react in normal fashion and
10X level exceeded that desired. In these cases, the excees LOX
was removed by slight, momentary pressurization with the ILOX tank

drain open.
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B. TESTING

For most efficient utilization of test time, the check-out run
on the spherical tank system was conducted at the conditons for
Run 4 to allow accomplishment of this run if the system performed
satisfactorily. Conducted on 15 January 1965, the run proceeded
through initial pressurization as system check-out. The system
performed excellently with no difficulties being encountered. At
this time it was designated Run 4 and continued. Originally, the
conditions set for Run 4 were 15 psia and -297°F. Since the vapor
pressure of IOX at this temperature was equal to the planned system
pressure, the run conditions were changed prior to pressurization

to allow positive inflow of GN, pressurant. The fact that GN, in-

2 2
flow results in condensation on the liquid interface which produces
an interfacial temperature and IOX vapor pressure higher than those
of the bulk liquid was also taken into account. The conditions
chosen were 18 psia ullage temperature and -310°F LOX temperature.
For the first two hours a positive, but steadily decreasing, in-
flow of GN2 pressurant was obtained. However, at the end of the
second hour, pressurant inflow ceased. The run was continued for
an additional hour; during this time backflow of GOX was experienced
through the flowrators in the pressurization'line. At the end of
the third hour, the fourth set of 10X samples was taken and the
run was terminated.

Runs 5 through 10 were essentially trouble-free with only small

difficulities normal to any test program being encountered. Test

duration averaged approximately five hours depending upon the length
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of time IN2 level control could be sustained in the jacketing tank.

As experience was gained, the time required to prepare for a
run decreased. Preparations involved instrumentation warm-up and
calibration, cooldown of IN2 transfer lines and jacketing tank and
loading IN2' 10X loading, and warm-up of IN2 in the jacket to run
temperature. Initially, run preparation and conduction required 1%
shifts on a single day. Beginning with Runs 11 and 12 on 29 January
1965, two runs were conducted during a single, 2-shift day. Seven
sets of double runs were subsequently conducted; after Run 10, only
Runs 17 and 22 were single runs. This is noted in Table 1.

For Runs 15, 16, and 17, an automatic electric heater was in-
stalled in the pressurant supply line to increase the inlet tempera-
ture of the gaseous nitrogen. Runs 15 and 16 were conducted with
an initial heater outlet temperature of approximately 100°F and
Run 17 had an outlet temperature approaching 150°F, However, use
of the heater is believed to have had little effect on the actual
temperature of the GN2 entering the IOX tank ullage after initial

pressurization when N, flow rate had diminished to a very low value.

2
The test system configuration required the pressurant gas to flow
through the ullage region of the jacketing tark. Under low flow
conditions this passage required sufficient time for the gas to
cool to or below its original temperature.

The 10X tank ullage pressure was cycled between 150 psia and
100 psia for Runs 18 and 19 and between 5000 psia and 4000 psia

for Run 26, Cycling was accomplished by pressurizing to the high

level and then closing the tank pressurization valve to stop



TABLE 1

SPRERICAL TANK TESTS

15

RUN DATE ULLAGE LOX v & N ON,,
NO. COMP. | PRESS. TEMP. T S INLET“TEMP.
_ PSIA (°F) U (°Fr) |
TYLIN ‘ . \ —
1 12/18 1 =297 Case 3% . Case 3 Ambient
2 12/22 100 =297 Case 2 Case 3 Ambient
3 12/28 100 -297 Case 1 Case 3 Ambient
PHER] -
4 1/15 18 -308 Case 1 Case 1 Ambient
5 1/19 100 ~297 Case 1 Case 1 Ambient
6 1/20 100 =290 Case 1 Case 1 Ambient -
7 1/21 100 ~285 Case 1 Case 1 Ambient
8 1/22 500 =290 Case 1] Case 1 Ambient
9 1/27 500 -285 Case 1 Case 1 Ambient
10 1/28 500 =297 Case 1 Case 1 Ambient
111* | 1/29 500 -297 Case 2 Case 2 Ambient
12} 1/29 100 -297 Case 2 Case 2 Ambient
13] 2/2 500 =297 Case 3 Case 3 Ambient
14] 2/2 100 -297 Case 3 Case 3 Ambient
15] 2/3 100 ~297 Case 1 Case 1 100
16 2/3 100 =297 Case 1 Case 1 100
17 2/4 100 =297 Case 1 Case 1 150
18] 2/5 Cycling -297 Case 1 Case 1 Ambient
19] 2/5 Cycling® =297 Case 1 Case 1 Ambient
207 2/9 1000 -297 Case 1 Case 1 Ambient
21 2/9 3000 -297 Case 1 Case 1 Ambient
22 2/10 3700 =297 Case 1 Case 1 Ambient
23] 2/11 5000 ~290 Case 1 Case 1 Ambient
24 2/11 5000 ~285 Case 1 Case 1 Ambient
25] 2/12 5000 =297 Case 2 Case 2 Ambient
26 2/12 Cycling =297 Case 3 Case 3 Ambient
0
Case 1 Case 2 Case 3

a Ratio of liquid volume to ullage volume,

b Liquid-vapor interfacial area.

¢ For Runs 18 and 19, the system was pressurized to 150 psia, allowed
to decay to 100 psia, and then repressurized to 150 psia. This was
repeated continuously during the run.

d@ For Run 26, the system was cycled between 5000 psia and 4000 psia,
gsimilar to Runs 18 and 19.

e Double runs were performed where brackets indicate.
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inflow of GN2. The ullage pressure was allowed to decay to the
low level through absorption, condensation, and cooldown of the
ullage gases. When the low pressure level was reached, the GN2
pressurization valve was opened and the tank was again pressurized
to the high level. This procedure was repeated throughout the run
with cycle periods increasing with time,

Failure of a flange seal at 4500 psia during initial pressuri-
zation for Run 22 required temporary suspension of the run. After
the seal had been replaced and a fresh load of 10X had been obtained,
a second attempt to reach 5000 psia was made. A maximum pressure
of 4500 psia was obtained when the hand loader used to control the

hfgh pressure GN_ regulator maliunctioned. Pressure rapidly de-

2
cayed to 3700 psia and the run was conducted at this pressure.
The hand loader was replaced after Run 22 and the planned 5000 psia
ullage pressure was obtained for the last four runs.

The last two runs, Runs 25 and 26, were completed on 12 February

1965. At the conclusion of the test program the system was shut-

down and left in standby condition.
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C. SAMPLING AND ANALYSIS

Samples of the contaminated LOX in the inner tank were obtained by
flashing a small amount of liquid into an evacuated sample line, Com-
plete vaporization of the liquid sample assured that the gﬁseous sample
contained the same ratio of nitrogen to oxygen as the liqui&. Special
sampling devices ingerted in the lines prior to the flashing operation
were employed for trapping and holding the gaseous samples under pressure
for subsequent gas chromatographic analysis. These devices, called "snap
samplers", are manufactured by Micro Tek Instruments, Inc. Samplers
having volumes of 20 and 30 microliters were employed. Some leakage from
the snap samplers was encountered when the time span between sampling
and analysis exceeded 8 or 10 minutes. Leakage of the samplers presented
no problem because relative and no4 #bsolute quantities of the'sample
constituents was the desired information,

A Beckman GC-2 gas chromatograph was used to measure sample con-
centrations during the cylindrical tank runs and for Runs 4, 5, and 6
with the spherical tank. To obtain greater sensitivity, use of a Perkin-.
Elmer 154D gas chromatograph was started with Run 7. The Perkin-Elmer
instrument provided greater accuracy for sample analysis and broadened
the band of measurable concentrations (5).

The sampling :&stem used to obtain samples of LOX in the inner tank
is shown schematically in Figure 3, No changes were made in this system
during the course of the test program. However, the sampling procedure
was varied to determine if the procedure used had an effect on measured

nitrogen concentration and whether the sampling system was functioning

properly.
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When unexpectedly high nitrogen concentrations were measured in
samples taken immediately after pressurization during the 500 psia runs,
the possibility developed that non-representative samples were being
obtained either from the tank or by nitrogen being introduced inadver-
tently into the sampling system. In seeking an explanation for these
seemingly erroneous findings, sample repeatability was ssrutinized by
altering the sampling procedure and observing any changes in recorded
nitrogen concentrations, Alteration of both the number and size of purge
cycles employed to clear the residual liquid from the sample lines inside
of the tanks, produced no noticeable effect on nitrogen concentration.
Variations in the method of relieving excess pressure in the outer (hold-
ing) portion of the sample system also produced no effect. At this
point it was concluded thats

lg the sampling system was functioning properlys

2) the sampling procedure was sound;

3) representative samples were being obtained,

Two possibilities remained for explaining the high nitrogen concentra-
tions in samples taken just after pressurization during Runs 8, 9, and 10.
These were:

1) The chemical analysis of the fresh LOX load for each run,

furnished by the supplier, was in error.

2) Most of the contamination occurred during initial pressurization.
After discussing the first possibility with the LOX supplier, it was dis-
carded and the second possibility was investigated.

Observation of the chromatograms for samples from Runs 4, 5, and 6
had previously shown that the samples contained a low nitrogen content

and that little growth in nitrogen concentration occurred as a run pro-

gressed (5). Run 7 also showed a low level of nitrogen in the samples.
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Runs 5, 6, and 7 were performed at 100 psia and Run 4 was conducted at
18 psia, Examination of the chromatograms from Runs 8, 9, 10 and 11,
which were all conducted at 500 psia, showed nitrogen concentrations

in the first samples after pressurization were five to ten times greater
than those measured during the 100 psia runs., It was concluded that
initial pressurization was producing most of the contamination and that
contamination level increased with system pressure, This conclusion was
substantiated by the results observed during the remaining runs. The
cycling runs, i.e., Runs 18, 19, and 26, developed still greater con-
tamimation than their non-cycling counterparts. A final contamination
level of approximately 30% was produced in Run 26 which was a cycling run
between 4000 and 5000 psia.

A second parametric effect noted was that contamination increased as
Vi/Vb3 the ratic of liquid volume to ullage volume, decreased. For the
spherical tank, variations in VL/Vh correspond to variations in Ag, the
liquid-vapor interfacial area, negating any direct correlations. Future
refined analysis should separate the effect caused by vanying.As from
that caused by varying VL/Vb'

Cursory analysis of the chromatograms also showed the existence of
an irregular nitrogen comcentration gradient in the LOX tank. The contri-
bution of convection to the mess and heat transfer occurring in the LOX
tank requires assessment if subsequent detailed analysis supports these

unexpected gradients.
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D. DATA REDUCTION

Fifteen of the twenty-six runs were selected for initial data
reduction to facilitate the earliest possible preparation of data for
correlation with the analytical model. To date, all 15 have been re-
duced to tabular formj; conversion of the tabular data to grapgical form
is 80 per cent complete. The data consists of 24 temperatures, two pres-

2

meters. On the low pressure runs, i.e, up to 100 psia, pressurant flow

sures, and GN, flowrates. The flowrates were recorded by two turbine

rates were measured by a bank of 4 flowrators after initial pressuriza-
tion., Temperature and static pressure were recorded at the point of
flow measurement, All temperatures for the 15 runs have been converted
to graphical form and 10 of the flowrates have been completely reduced
and plotted as weight flow rate versus time, |

Of the remaining 11 runs, half of the temperature data has beén
reduced to tabular form. Work will continue on these runs at a reduced
level until the first 15 runs are complete at which time emphasis will

be placed on finishing these runs with maximum dispatch,
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E, FUTURE EFFORT

Data reduction will be completed in two weeks. Data analysis will
commence in a week to 10 days and continue through April. This effort
will be essentially complete by the end of April and work on the portion
of the final report devoted to the experimental program will then be

initiated,
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APPENDIX A

IOXCON MAIN COMPUTER PROGRAM
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