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Program progress on N 

SUMMARY 

SA Contract NAS 8-11 7, Y3tudy of 

Contamination of Liquid Oxygen by Gaseous Nitrogen," f o r  t he  t h i r d  

quar te r ly  report ing period, from 1 January 1965 t o  31 March 1965, 

i s  presented i n  t h i s  report .  

The majority of work on the ana ly t i ca l  port ion of the program 

has been directed toward completion of t he  main computer program 

and its associated subroutines. In  addition, spec ia l  emphasis w a s  

placed on developing and improving the basic t ransport  property 

re la t ionships  required. 

the check-out-debug phase where t h i s  can be accomplished by sections.  

Portions of the computer program a r e  i n  

Other work i n  progress includes some compiling and the  coding of 

t ranspor t  property re la t ionships  required f o r  two of the  subroutines. 

Construction and check-out of the  spher ica l  tank system was 

accomplished and a l l  of the planned t e s t  runs have been completed. 

The system is  present ly  being held i n  standby condition. Only 

r e l a t i v e l y  minor problems were encountered during t e s t ing ;  these  

problems did not adversely a f f ec t  successful  completion of the  

experimental e f fo r t .  Approximately 50 per cent of t he  data,  re- 

corded on s t r i p  char t s ,  has  been reduced t o  tabular  and/or graphical  

form. 

Detailed discussion of progress on both the  ana ly t i ca l  study 

and t h e  experimental program is presented i n  the  main body of 

the  report .  
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I. INTRODUCTION 
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This repor t  d e t a i l s  the  program progress on NASA Contract 

NAS 8-11337, "Study of Contamination of Liquid Oxygen by Gaseous 

Nitrogen," during the t h i r d  quarter ly  report ing period from 

1 January 1965 t o  31 March 1965. 

When gaseous nitrogen is used as the pressurant f o r  l i qu id  

oxygen, contamination of the  l iquid oxygen occurs through absorp- 

t i o n  and condensation of the  nitrogen. 

can produce adverse e f f e c t s  i n  missile and booster performance 

both p r i o r  t o  and a f t e r  launch, t h i s  program was undertaken t o  

evaluate the  magnitude of the  contamination. The inf luence of 

l i qu id  temperature, tank ullage pressure,  i n l e t  ni t rogen gas tem- 

perature,  liquid-vapor i n t e r f a c i a l  area, liquid-vapor volume r a t i o ,  

and tank geometry i s  being assessed both experimentally and analy- 

t i c a l l y .  Ehperical cor re la t ions  of the  experimental da t a  will be 

combined i n  the  ana ly t i ca l  model t o  provide a method f o r  predict-  

i ng  the d i l u t i o n  of U X  by nitrogen pressurant gas. 

Since the  contamination 



11. ANALYTICAL STUDY 
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Effo r t s  on the  a n a l y t i c a l  phase of t h i s  work during the  past  

d a r t e r  have been directed mainly toward completion of the  main 

computer program and its associated Subroutines. The basic trans- 

por t  property re la t ionships  required by the computer program 

received spec ia l  emphasis. 

check-out-debug phase where t h i s  can be done by sec t ionse  Other 

work i n  progress includes some compiling and the  coding of t rans-  

port  property re la t ionships  required f o r  two of the  subroutines, 

Portions of the program are i n  the  

A .  COMPUTER PROGRAM FOR LOXCON ANALYTICAL MODEL 

The bulk of the computer program t o  be used i n  the a n a l y t i c a l  

phase of t h i s  study was coded and punched i n  the past  quar te r  and 

about 50 per cent of t he  compiling has  been accomplished, 

port ions include t h e  main computer program together with its input  

and output sect ions,  and the  equation of state, tank geometry, and 

fi lm coef f ic ien t  subroutines. Compiled port ions of the program 

a r e  being checked and debugged. Completion of the t ransport  proper- 

t i e s  subroutine has been delayed by recent changes i n  the v i scos i ty  

and thermal conductivity equations aimed at improving the agreement 

between calculated and tabulated data  over c e r t a i n  p a r t s  of the 

range of pressures and temperatures t o  be considered, 

Completed 

The r e l a t i v e l y  large equation of s ta te  subroutine has  been com- 

p i l ed  s a t i s f a c t o r i l y  and is  being debugged of minor e r r o r s  i n  logic  

encountered i n  check-out. 

The program has developed t o  f a i r l y  s i zab le  proportions with 

the source deck now numbering about two thousand cards, Despite 
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the  s i z e  of t he  computer program, running time f o r  t he  ca lcu la t ions  

at any given time i n t e r v a l  should be reasonably small. 

computer program ca lcu la t ions  a re  done d i r e c t l y  except for the  pres- 

surant  gas  flow which is calculated by i t e r a t i o n  using the regula- 

falsi  method. The acceptable e r ro r  l e v e l  is adjustable  and is now 

set  for 0.05%. Subroutine calculationd are all..@mct except for 

t h a t  using the  equation of s t a t e  t o  determine densi ty  of the  ul lage 

gas when temperature and pressure a r e  input,  This ca lcu la t ion  

involves an i t e r a t i o n  by the Newton-Raphson method backed up by the  

regula-fals i  method. 

All main 

? 

A flow chart  ind ica t ing  the s t eps  t o  be employed i n  the  main 

computer program and how the various subroutines are t o  be used is 

presented i n  Figure 1. 

Preliminary l i s t i n g s  for the LOXCON main computer program, and 

fo r  the tank geometry and equation of state subroutines have been 

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

The a v a i l a b i l i t y  of r e l i ab le  v iscos i ty  and thermal conductivity 

da t a  for the  combination of high pressures  and low temperatures has  

been a requirement more o r  l e s s  pecul ia r  t o  t h i s  pa r t i cu la r  study, 

The equations f o r  the  viscosi ty  and thermal conductivity of gases 

as functions of temperature and pressurep presented i n  an e a r l i e r  

progress report  (1)*9 have been programmed f o r  computer ca lcu la t ion  

and checked f o r  agreement w i t h  tabulated data  i n  the  l i qu id  and 

the  high pressure-low temperature 

Since observed discrepancies were s ign i f i can t ,  e f f o r t s  have been 

underway t o  improve the accuracy of calculated data  i n  these ranges 

by replacing one of the  constants with a function of densi ty  invol- 

ving adjustable  constants. 

reaches of the two-phase region. 

One of the  more important i n t e r n a l  ca lcu la t ions  of the  main 

computer program involves determination of the heat and mass trans- 

f e r  rates f o r  condensation or  vaporization occurring a t  t h e  gas- 

l i qu id  in te r face ,  

the d i f ius ion  coe f f i c i en t s  for  the  components i n  the gas and l i qu id  

i n t e r f a c i a l  films. Evaluation of techniques f o r  estimating these 

coe f f i c i en t s  has indicated t h a t  f o r  gases f o r  which r e l i a b l e  v i s -  

cos i ty  data  a r e  avai lable  the most accurate approach i s  the  use of 

equations r e l a t ing  t h e  Coefficients of diffusion and viscosi ty .  

The re la t ionship  derived by Weissman and Mason (2) f o r  binary mix- 

t u r e s  of gases is being u s e d i n  t h i s  work. 

This calculat ion requires  r e l i a b l e  es t imates  of 

Numbers i n  parentheses designate references. 



It has the following form: 

where : 

p = pressure, atm., 

A i 2  = ratio of co l l i s ion  integrals, i.e., 

weakly on the temperature and the force l a w ,  

and 

X and  X = mole fractions of components, dimensionless, 

HI and M = mol. weights of components, grams/gram-mole, 

1 2 

2 

,&" andp2 = viscosit ies  of components, poises, 

P mix = viscosity of mixture, poises, 

T = OK, 

R = 82.0567 cm3-atrn/mole-OK (gas constant) 
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For the dirfusion coef f ic ien t  of l i qu id  mixtures the  Wilke- 

Chang (3) corre la t ion  is being used. This expression is written: 

-8 (XM)' T 
0.6 D= = 7.4 x 10 

where : 

D12 = diffusion coeff ic i2nt  of so lu te  1 i n  solvent 2 at 
temperature T, cm /set, 

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

T = temperature, OK, 

,u =: viscos i ty  of solution, cent ipoises ,  

V1 = molal volume of so lu te  at normal boi l ing  point,  
3 cm / g  mole, 

X = "agsociation" parameter of solvent ;  
f o r  unassociated solvents,  X = 1.0. 

By use of the  coef f ic ien t  of  v i s c o s i t y , p ,  calculated f o r  the 

mixture at the  operating pressure, the e f f e c t  of pressure on the 

d i f fus ion  coef f ic ien t  is taken i n t o  account. 
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C. FUTURE EFFOBT 

The coding, coapi la t ioc,  and check-out of subroutines w i l l  be 

When a l l  p a r t s  of t h e  program have been completed and continued. 

s a t i s f a c t o r i l y  checked out, the ove ra l l  operation of the  program 

W i l l  be t e s t ed  with representat ive input  data. 

work should begin i n  about two weeks. 

This phase of t h e  

After  s a t i s f ac to ry  operation of the ove ra l l  program has been 

establ ished,  program output will be compared with a c t u a l  t es t  da ta  

at various l eve l s  of operating conditions t o  determine what adjust-  

ments i n  the  program w i l l  be required t o  bring calculated r e s u l t s  

i n t o  reasonable agreement wi th  t he  observed test  data. 

Ef for t  on the  f i n a l  report  w i l l  begin i n  approximately one 

month. 



111. EXPERIMENTAL PROGRAH 
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During the pas t  quarter,  e f fo r t  on the experimental port ion of 

the  program was concentrated on completion of the 23 planned tes t  

runs with the  spher ica l  tank. After performance of t he  f i n a l  run, 

the  tes t  system was placed i n  standby condition t o  obviate recon- 

s t ruc t ion  should addi t iona l  programs with t h i s  system prove desir-  

able. 

during the course of tes t ing .  

reduced from s t r i p c h a r t  t o  tabular  and/or graphical  form; approxi- 

mately 50 per cent of t h i s  work has been accomplished. 

An extensive amount of data  was recorded on s t r i p  cha r t s  

This da ta  i s  present ly  being 

A. TEST SYSTEM AND PROCEDURE 

Construction of the  tes t  system f o r  the spher ica l  tank tes ts  

was completed the  week of 11 January 1965. The system included 

t h e  inverted containers  f o r  f ine cont ro l  of the  IN2 l e v e l  i n  the 

jacketing tank which were discussed i n  d e t a i l  i n  the Second Quarterly 

Progress Report (4). To circumvent leakage problems, a l l  f i t t ings 

were seal welded t o  the  spherical  tank. This welding was required 

s ince t o o l  cha t t e r  marks on the tank por t  sea l ing  surfaces  prevented 

e f f ec t ive  use of K-seals. 

the  tank i n  IN 

t i o n  of the  tank substant ia ted t h a t  a leak proof system had been 

obtained. 

The system was leak  checked by submerging 

and pressurizing with helium t o  500 psia. Observa- 2 

Leak checks t o  higher pressures  were delayed u n t i l  after 

a l l  runs at 500 ps ia  o r  lower had been completed, Le., Runs 4 through 

19. Pr ior  t o  Run 20, the tank system w a s  locked up at 5000 p s i a  

and the pressure w a s  monitored. No appreciable pressure decay 

occurred during a 30-minute hold period, thereby ind ica t ing  t h a t  
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leakage w a s  negl igible ,  The sample systemg including the pressure 

lock i n l e t s  f o r  t he  snap samplers, was leak checked p r i o r  t o  every 

run by evacuating the  e n t i r e  system and watching f o r  vacuum decay. 

Any leaks were immediately i so la ted  and repaired.  

The l e v e l  control  mechanism i n  the IN jacket allowed maintenance 2 

of the Uquid  l e v e l  within l/b-inch of t h a t  desired. The system 

was employed i n  the  following manner: 

The I N  jacket was in ten t iona l ly  f i l l e d  above the desired 

run l e v e l  during I N 2  loading, 

After LOX had been loaded t o  the  desired l e v e l  i n  the 

inner tank, the  jacket vent was closed and the  LN2 allowed 

t o  warm t o  the  desired temperature ( indicated by jacketing 

tank pressure).  

The inver ted  containers i n  the l e v e l  con t ro l  system were 

f i l l e d  with IN2 by back-bleeding GN2 from the  containers  

through the helium in jec t ion  l i ne .  

m u m  amount of l iqu id  f o r  l a t e r  displacement i n t o  the jacket.  

The GN backflow w a s  maintained and the  jacket l e v e l  w a s  

lowered t o  t h a t  desired, i.e., jacket l e v e l  same as I O X  

l e v e l  i n  inner  tank. This resu l ted  i n  the  IN l e v e l  i n  

the containers  being above the  l e v e l  i n  the jacket. 

A t  t h i s  point  the run w a s  i n i t i a t e d .  

stant jacket leve l ,  i t  w a s  necessary t o  displace LN2 

from the containers  i n t o  the  jacket  a t  the  same rate t h a t  

IN was vaporized and vented from the jacket.  A s  long as 

t h e  container l e v e l  was above the  jacket l e v e l p  t h i s  w a s  

accomplished by control l ing the  GN2 backflow r a t e  a t  a 

value lower than the vaporization rate i n  the containers.  

2 

This provided the  m a x i -  

2 

2 

To maintain a con- 

2 
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6 )  When the  l i qu id  l eve l  i n  the containers  had dropped 

t o  the jacket leve l ,  GN2 baekflow w a s  stopped and flow 

o f  pressurized helium i n t o  the containers  was begun. 

7) Control of the  helium i n l e t  rate allowed continuation 

of the constant jacket level .  When a l l  IN2 was dis- 

placed from the containers,  jacket l e v e l  cont ro l  w a s  

l o s t  and the  run w a s  terminated, 

LOX loading t o  a prec ise  l e v e l  was accomplished by employing 

the  two thermocouple rakes  i n  t he  inne r  tank as l iqu id  l e v e l  sen- 

sors. 

i n  Figure 2. 

inner  tank a t  o r  above its ambient boi l ing temperature of -300OF. 

A l l  thermocouples immediately sensed t h i s  temperature. When flow 

ceased, thermocouples not submerged i n  LOX dropped rapidly toward 

the  lower LN temperature i n  the  jacketing tank. This cooling 

w a s  due t o  heat t r a n s f e r  from the  ul lage gas t o  the  surrounding 

I N  which near ly  submerged the inner  tank due t o  the  ove r f i l l i ng  

described previously. By loading i n  a stepwise fashion with shor t  

flow periods,  the  desired Tx)X l e v e l  was obtained by observing the  

thermocouple react ions.  During LOX loading f o r  t h ree  o r  four  of 

the  runs, the thermocouples did not reac t  i n  normal fashion and 

LOX l e v e l  exceeded tha t  desired. In  these cases,  the excees U X  

was removed by s l i g h t ,  momentary pressurizat ion with the  LOX tank 

drain open. 

Location of the thermocouple rakes is shown schematically 

During loading, LOX was introduced i n t o  the  evacuated 

2 

2 
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PIGUSE 2 

Schematic Diagram of Thermocouple Rake Arrangement 

Vacuum Source 

1 of 5 (Typical) 
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FIGURE 3 
Schematic Diagram of Sample System 



B. TESTING 

For most e f f i c i e n t  u t i l i z a t i o n  of t e s t  time, the check-out run 

on the  spher ica l  tank system was conducted at the  conditons f o r  

R u n  4 t o  allow accomplishment of t h i s  run i f  the system performed 

sa t i s f ac to r i ly .  Conducted on 15 January 1965, the  run proceeded 

through i n i t i a l  pressurization as system check-out, The system 

performed excel lent ly  with no d i f f i c u l t i e s  being encountered. 

t h i s  time i t  w a s  designated R u n  4 and continued. 

conditions s e t  f o r  Run 4 were 15 ps ia  and -297OF. 

pressure of LOX at  t h i s  temperature w a s  equal t o  the planned system 

pressure,  the run conditions were changed p r io r  t o  pressurizat ion 

t o  allow pos i t ive  inflow of GN pressurant. 

flow r e s u l t s  i n  condensation on the  l i qu id  in t e r f ace  which produces 

an i n t e r f a c i a l  temperature and WX vapor pressure higher than those 

of the  bulk l i qu id  was a l so  taken i n t o  account. 

chosen were 18 p s i a  ul lage temperature and -310°F LOX temperature. 

For the  f i r s t  two hours a posi t ive,  but s teadi ly  decreasing, in-  

flow of GN pressurant was obtained. Howeverp at the end of t he  

second hour, pressurant inflow ceased. The run w a s  continued f o r  

an addi t iona l  hour; during t h i s  time backflow of GOX was experienced 

through the flowrators i n  the pressurizat ion l i ne ,  

the t h i r d  hour, the  fourth s e t  of TllX samples w a s  taken and t h e  

run w a s  terminated. 

A t  

Originally,  the  

Since the  vapor 

The f a c t  t ha t  GN2 in- 2 

The conditions 

2 

A t  t he  end of 

Runs 5 through 10 were essent ia l ly  trouble-free with only small 

d i f f i c u l i t i e s  normal t o  any t e s t  program being encountered, 

duration averaged approximately f i v e  hours depending upon the  length 

Test 
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of time W2 l e v e l  cont ro l  could be sustained i n  the  jacketing tank. 

As experience was gained, the time required t o  prepare f o r  a 

run decreased. 

ca l ibra t ion ,  cooldown of IN t ransfer  l i n e s  and jacket ing tank and 

loading IN2' LOX loading, and warm-up of W 

temperature. I n i t i a l l y ,  run preparation and conduction required 1% 

s h i f t s  on a s ing le  day. 

1965, two runs were conducted during a s ingle ,  2-shif t  day. Seven 

sets of double runs were subsequently conducted; a f t e r  Run 10, only 

Runs 17 and 22 were s ingle  runs. This is noted i n  Table 1. 

Preparations involved instrumentation warm-up and 

2 

i n  the jacket t o  m n  2 

Beginning with Runs 11 and 12 on 29 January 

For Runs 15, 16, and 17, an automatic e l e c t r i c  hea te r  was in-  

s t a l l e d  i n  the pressurant supply line t o  increase the  i n l e t  tempera- 

t u re  of the  gaseous nitrogen. 

an init ial  hea ter  outlet temperature of approximately l O O O F  and 

Rua 17 had an ou t l e t  tmpera ture  approaching 150°Fo However, use 

of the hea ter  i s  believed t o  have had l i t t l e  e f f e c t  on the ac tua l  

temperature of the  GN2 entering the  D X  tank ul lage a f t e r  i n i t i a l  

pressurizat ion when N 

The tes t  system configuration required the  pressurant gas t o  flow 

through the  ul lage region of the  jacketing tar.k. 

conditions, t h i s  passage required su f f i c i en t  time f o r  the  gas t o  

cool t o  o r  below its or ig ina l  temperature, 

Runs 15 and 16 were conducted w i t h  

flow rate had diminished t o  a very low value. 2 

Under low flow 

The LOX tank u l lage  pressure w a s  cycled between 150 p s i a  and 

100 ps ia  f o r  Runs 18 and 19 and between 5000 ps ia  and 4000 p s i a  

f o r  Run 26, 

l e v e l  and then closing the tank pressurizat ion valve t o  s top  

Cycling w a s  accomplished by pressurizing t o  the high 



TABLE 1 
SPEERICAL TANK TESPS 

: 
- 

4 
5 
6 
7 
8 
9 

10  

12 

14  

16 
17  

19 le] 

21 201 
22 

24 

26 

1/15 
1/19 
1/20 
1/21 
1/22 
1/27 

1/29 
1/29 
2/2 
2/2 
2/3 
2/3 
2/4 
2/5 
2/5 
2/9 
2/9 
2/10 
2/11 
2/11 
2/12 
2/12 

1/2 8 

18 
100 
100 
100 
500 
500 
500 
500 
100 
500 
100 
100 
100 

Cycl ingc 
Cycling 
1000 
3000 
3700 
5000 
5000 

Cycling 
5Ooo d 

-308 
-297 
a290 
-285 
-290 
-285 
-297 
-297 
-297 
-297 
-297 
-297 
-297 
-29 7 
-29 7 
-297 
-297 
-29 7 
-29 7 
-290 
-285 
-297 
-297 

a - vL 

Case 3 
Case 2 
Case 1 

Case 1 
Case 1 
Case 1 
Case 1 
Case 3 
Case 1 
Case 1 
Case 2 
Case 2 
Case 3 
Case 3 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 3 
Case 2 
Case 3 

Case 3 
Case 3 
Case 3 

Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 2 
Case 2 
Case 3 
Case 3 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 1 
Case 2 
Case 3 b 

Gn2 

( "F) 
INLET 

Ambient 
Ambient 
Ambient 

Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambienf 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 

100 
100 
150 

Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 

Case 1 Case 2 Case 3 
a Ratio of l iquid volume t o  ullage volume. 
b Liquid-vapor in te r fac ia l  areao 
c For R u n s  18 and 19, the system w a s  pressurized t o  150 psia, allowed 

t o  decay to  100 p i a ,  and then repressurized t o  150 psia. This was 
repeated continuously during the runo 
For Run 26, the system was cycled between 5000 psia and MOO psia, 
similar t o  Runs 18 and 19. 

d 

e Double runs were performed where brackets indicate. 



inflow of GN2. The u l lage  pressure w a s  allowed t o  decay t o  the 

low l e v e l  through absorption, condensation, and cooldown of the  

ul lage gases. When the low pressure l e v e l  was reached, the GN2 

pressurizat ion valve was opened and the  tank was again pressurized 

t o  the  high level .  This procedure was repeated throughout t he  run 

with cycle periods increasing with time, 

Fai lure  of a flange seal a t  4500 ps i a  during i n i t i a l  pressuri-  

After za t ion  f o r  R u n  22 required temporary suspension of the runo 

the s e a l  had been replaced and a f resh  load of IDX had been obtained, 

a second attempt t o  reach 5000 p s i a  w a s  made, A maximum pressure 

of 4500 ps ia  was obtained when the hand loader used t o  cont ro l  the  

hi@ pressure GN2 regula tor  maliunctioned, 

cayed t o  3700 ps ia  and the  run w a s  conducted at t h i s  pressureo 

The hand loader w a s  replaced a f t e r  Run 22 and the  planned 5000 p s i a  

ul lage pressure was obtained f o r  t he  last four runs. 

Pressure rap id ly  de- 

The last  two runs9 Runs 25 and 26, were completed on 12 February 

1965. 

down and l e f t  i n  standby condition. 

A t  the  conclusion of the test  program the  system w a s  shut- 
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C. SAMPLING AND ANALYSIS 

Samples of the contaminated Ix)X i n  the inner tank were obtained by 

f lashing a small amount of l iquid i n t o  an evacuated sample l ine .  Com- 

p le t e  vaporization of the l iqu id  sample assured that the gaseous sample 

contained the same r a t i o  of nitrogen t o  oxygen as the l iquid.  Special 

sampling devices inser ted i n  the l i n e s  p r io r  t o  the f lashing operation 

w e r e  employed f o r  trapping and holding the gaseous samples under pressure 

f o r  subsequent gas chromatographic analysis,  These devices, cal led "snap 

a r e  manufautured by Micro Tek Instruments, Inc. Samplers 

having volumes of 20 and 30 microl i ters  were employed. 

the snap samplers was encountered when the time span between sampling 

and analysis exceeded 8 or 10 minuteso 

no problem because r e l a t ive  and no) tkbsolute quant i t ies  of the sample 

const i tuents  was the desired informationo 

Some leakage f r o m  

Leakage o f  the samplers presented 

A Beckman GC-2 gas chromatograph was used t o  measure sample con- 

centrations during the cyl indrical  tank runs and f o r  Runs k ,  5, and 6 

with the spherical  tank. 

Elmer 154D gas chromatograph w a s  s t a r t ed  with Run 7,, The Perkin-Elmer 

instrument provided grea te r  accuracy for sample analysis  and broadened 

To obtain grea te r  s ens i t i v i ty ,  use of a Perkin- 

the band of measurable concentrations (5), 
.* 

The sampling system used t o  obtain samples of LOX i n  the inner tank 

is  shown schematically i n  Figure 3 0  No changes were made i n  t h i s  system 

during the course of the test program. However, the sampling procedure 

w a s  varied t o  determine i f  the procedure used had an e f f ec t  on measured 

nitrogen concentration and whether the sampling system w a s  functioning 

properly, 



When unexpectedly high nitrogen concentrations were measured i n  

samples taken immediately a f t e r  pressurizat ion during the 500 p s i s  runs, 

the p o s s i b i l i t y  developed that non-representative samples were being 

obtained e i t h e r  from the tank o r  by nitrogen being introduced inadver- 

t e n t l y  i n t o  the sampling system. In  seeking an explanation f o r  these 

seemingly erroneous findings,  sample r epea tab i l i t y  was Erut in ized  by 

a l t e r i q  the sampling procedure and observing any changes i n  recorded 

ni t rogen concentrations. Alterat ion of both the number and s i z e  of purge 

cycles employed t o  c l e a r  the residual  l i qu id  from the sample l i n e s  ins ide  

of the tanks,, produced no noticeable e f f e c t  on nitrogen coneentration. 

Variations i n  the method of re l iev ing  excess pressure i n  the  outer  (hold- 

ing) portion of the sample system a l s o  produced no e f f ec t ,  

point it w a s  concluded t h a t 8  

A t  t h i s  

the sampling system w a s  f u n c t i o n i q  properly; 

representat ive samples were being obtained. 
the sampling procedure was sound; 

3 )  

Two p o s s i b i l i t i e s  remained f o r  explaining the high ritrogen coneentra- 

t i ons  i n  samples taken j u s t  a f t e r  pressurizat ion during R u n s  89, 9 p  and 10. 

These were g 

1) 

2)  

The chemical analysis  of the f r e sh  LOX load f o r  each run, 
furnished by the supplier,  was i n  error.  
Most of the  contamination occurred during i n i t i a l  pressurization. 

After  discussing the first poss ib i l i t y  with the LOX suppl ier ,  it w a s  d i s -  

carded and the second poss ib i l i t y  w a s  investigated.  

Observation of the chromatograms f o r  samples from Runs 4, 5 ,  and 6 

had previously shown that the  samples contained a low nitrogen content 

and that l i t t l e  growth i n  nitrogen concentration occurred as a run pro- 

gressed ( 5 ) .  Run  7 a l s o  showed a low l eve l  of nitrogen i n  the samples, 



Runs 5 ,  6, and 7 were performed at 100 psia and Run 4 was conducted at 

18 psia, 

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. 

initial pressurization was producing most of the contamination and that 

contamination level increased with system pressure, 

substantiated by the results observed during the remaining runso The 

cycling runs, i.e., Runs 18, ly9 and 26, developed still greater conP 

tamination than their non-cycling. counterparts, 

level of approximately 30$ w88 produoed in Bun 26 which was a cycling run 

between 4000 and 5000 psiao 

Ekamination of the chromatograms from Runs 89 9, 10 and 119 

It was concluded that 

This conclusion was 

A final contamination 

A second parametric effect noted was that contamination increased as 

the ratio of liquid volume to ullage volume, decreased, For the 

spherical tank, variations in V # #  correspond to variations in %, the 
liquid-vapor interfacial area, negating any direct correlations. Future 

refined analysis should separate the effect caused by varying A 

that caused by varying VL/Vn. 

vL/vu. 

from S 

Cursory analysis of the chromatograms also showed the existence of 

an irregular nitrogen concentration gradient in the LOX tank. 

bution of convection to the mass and heat transfer occurring in the LOX 

tank requires assessment if subsequent detailed analysis supports these 

unexpected gradients. 

The contri- 
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D. DATA REDUCTION 

F i f teen  of the  twenty-six runs were se lec ted  f o r  i n i t i a l  data 

reduction t o  f a c i l i t a t e  the e a r l i e s t  possible preparation of data for 

corre la t ion  with the ana ly t ica l  model. TQ date, a l l  15 have been re- 

duced t o  tabular  form; conversion of the tabular data t o  graphical form 

i s  80 per cent complete. 

s u r e ~ ~  and GN2 flowrates. 

meters. On the low pressure m e ,  i.e. up t o  100 ps ia ,  pressurant flow 

rates were measured by a bank of 4 flowrators a f t e r  i n i t i a l  pressurisa- 

tion. 

flow measurement. bll temperatures f o r  the 15 have been converted 

t o  graphical form and 10 of the flowrates have been completely reduced 

The data cons is t s  of 24  temperatures, two pres- 

The flowrates were recorded by two turbine 

Temperature and s t a t i o  pressure were reoorded at the point of 

and plot ted as weight f l o w  r a t e  versus time. 

O f  the remaining 11 runsp half of the temperature data has been 

reduoed t o  tabular  form. Work will continue on these runs a t  a reduced 

l eve l  u n t i l  the first 15 runs a r e  complete a t  which time emphasis w i l l  

be placed on f in i sh ing  these runs with maximum dispatch. 



2 1  

Data reduction will be completed i n  two weeks. 

commence i n  a week t o  10 days and continue through April. 

will be e s e e n t i d l y  complete by the end of April  and work on the portion 

of the final report devoted t o  the experimental program will then be 

init iated.  

Data analysis will 

T h i s  effort 
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EQUATION OF STATE SUBROUTINE 



c-1 I 

i 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

1 

1 

i 

I 

I 

I 

I 

I 

1 

I 

i 

I 

I 

I 

I 
I 

I 

I 

I 

I 

i 

I 

I 

I 

I 

a 
Y 

v, 
a 
L 

MU1 
a -  

Q C U  
m 

c. 

Q 
w 
c 
Lu 
A 
w 
P 

W 
m 
4 
c) 

0 

I- 

I- 
v, 
W 
W 

z a 
I- 
u 
2 
3 
u, 

0 
I- 

> 
af 
I- z 
IL1 

a 

U 

2 
0 
U 

t 

vuuuvuvvuuuuuuu u u  



c-2 

v) 
c 
z 
4 c 
v) 
z 
0 
V 

v) v) 
c 3 
z 0 
d 

LL 
0 
2 
E 
c 
3 a 
Lu 

a 

n 

c z 
4 
QL 
3 4  O n b N d U ! m Q @ 4 U m U !  
m o  0000000000000 
m t  + + + t t 1 + * + + + + 1  

z 
Q 

U u U 



I 

1 

i 

1 I .  

I 

I 

t'\ 

I 

1 

I 

I 

I 

I 

? 

I 

I 

i 

I 

I 

IO I 

I 

i 

I 

I 

I 

1 

I 

I 

I 

I 

I 

i 

I 

1 

I 

I 

I 

I 

I 

I 

I 

c-3 

V 

4 N r n  
0 0 0  
m m m  



I 

I c-4 

, 

I 

6 

i 

I 

0 
I 

i 

i 

I. 

411 

Lu 
C 
d 
I- 
v) 

LL 
c3 
z 
0 
Y 

I- 
d 
3 
0 
W 

a! a 
LL 

* =i - -0 

W 
I- 
U c 
v) 

LA 
0 
z 
0 

c 
U 
3 
CY 
W 

OL 
Q 
LL 

w 
L3 z 
U ac 
3 
0 

Y 

n 

Lu 
c 
U 
C 
v) 

u, 
0 

z 
0 

C 
U 
3 a w 
lY 
0 
LA 

w 
c3 z 
& 

3 
0 
A 
w 
b) 

w 

a 

e m  
00 m n  

9 
d 
m 

0 
0 

a b  
00 
m m  

a3 
0 rn 

0 
m 
4 



1 

I 

I 

:e 
I 

I 

I 

I 

I 

I 

\ 

I 

I 

I 

I 

I 

I 

1 

I 

I. I 

1 

i 

I 

I 

I 

t 

! 

I 

I 

I 

I 

I 

I 

I 

1 

I 

I 

I 

I 

c-5 

3 
v3 
cn 
Lu 

b. 

CY 
0 a. 
> 
Z 
W 
(3 
> 
X 
0 

z 

a 

M 

c z 
0 
n 

Y 

w 
J 

OL c 
x 
0 

w a 
W 
ci 
9 
k 
U 
cr: 
LLI 
n 
B 
UJ- c z  
I O  
I c r  

a 
M 

c- 
a 
L 
0 
z 
iY 

n 
L 

c 
c ... 
@ 
I 

- a o r  
D O  O *  
C Q O U -  

V C W b  o n  x u ,  
0 
0 

0 
e 
o 

r 

r? 
0 

Q 
LL 
H 
X 
J 
U 
U 

z 
Y 

8 
u 
1 
a. 
T 

Q 
LL r 
X 
3 
LL 
I 

z 
0 
0. 
u 
1 
I 

I 

I 

0: 

J 
Lu 

r 

a 
I 
rl 
I 

n 
1 
w 
0 
1 
N 
I 

z a  
LLIO cu z 

d 
*r 
3 
L 
Y 

a 
LL 
E 
x 
4 
LL 
Y 

U 

0 a 
Y 
a. 
I 

0 
LL 
1c 
x 
ul 
LI 
I 

Y 

0 a. 
u 
I 
I 
U 

* 
0, 
U 
X 
Yz 
I t  
I 

ll 
k 

t- 
v, a 
u1 

a 
0 
LL 
€ 
X 
I1 
m 
a 

II 
c 
M 
bLI 
Y 
0 
& 

0 
A 
n 
I 

0 
h 
I 
Y 

0 

0 
1 
a 
I 

.!? 
0 n 
I 
Y 

0 t, 
0 0 m 9 

d N  0 
0 0 3 9  IC 

u 



C-6 

I 

* W L Y  

b 
n 

.L U 
X d >  

E 
b 
U 

c 
a 

! u u 



t 

! 

I 

I. 1 

I 

I 

I 

I 

I 

I 

I 

b 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

1 

I 

I 

I 

I 

I 

! 

i 
I 

I 

I 

I 

1 

N 
+I 
\ 
N 
I 
d 

0 
I 
CY 
n 
0 
I 
crl: 

d 

Q 

UJ 
d 
3 
(I) 

LL 

er 
3 
0 
u, 

w 
u 
3 
0 
Q 
d 
a 
0 c 
0 
LU 
-4 

U 

Y 

a 

n 
U 

0 r 
c 
w 
E 

z 
0 
v, 
I: 
Q 
Q 
CY 
I z 
I- 
z 
w z 
5 
IC 
b 

I 

a 

v4 

c 
U 
r: 
CYL 
0 
U 

w 

v) z 
0 
c 
4 cr: 
w 
I- 

Y 

C( 

In 
d 

Z 
Y 

$. 
u 
Q 
Q: 
3 u 
2 

4 
u 
T 
cy: 
A 
0 
a! 

0 
I 
PL 
Q 
3 
0 

o? 

n 

r 

ln 
9 
d 
t 
n. 
3 
0 
X 
ClL 
I 
Q 
3 
b 
I 
cz 

a 
I 

CI 

a 
c 
n. 
3 
0 

2 
rp 
I- 

v, 
Cl) 
w 
d! a. 
W 

3 
N 

I 

a 

9 
0 n 
0 
OL 

z 
lY 
3 
c 
w 
cr: 

a3 

9 

OI 

L 

l4 
m 

c1 

d 
a 
3 
hl 
\ 
0 
3 
N 
J 
U 
Y 

Q 

0 
i- 

0 
c3 

d 

0, 
53 
0 
I a 
N 
b 
z cr: 

n 

N 
9 
d 
\ 
a 
3 
0 
I 
1y 
a 

v-4 
b 
I 
cz 

c-7 

u 
0 a 
w 
a? 
3 
c3 

u, 
Y 

o? 
3 
0 
LL 

u u 
3 
0 
0 
& 
a. 
0 
k- 

C 
w 
-I 

4 
LL 

Q 
0 
I c 
w 

Y 

Y 

Y, 
-I 
Q 
u- 
I 
4 
cl 
3 
c3 
UJ 
Y 
X 
Ln 

6 0  
d 



I c-8 

z 
0 

a 
3 
CY 

I 

I 

I 

0 
CY c 

W 
vt 
3 

> 
I- 

v, z 
w 
0 

W 

L=l z 

z a 
c.l 

c 
'3 
8 
w 
w 
0 
Q 

m 
0 

a 

2 

V 



c-9 

u 



I 

0 
I 
QL 

0 c 
> 
I- 

cn 
z 
UJ 
0 

0 
CY 
Lu 
N 

C( 

r 
Q 
ry 
u, 

0 z 
lu 

z * - - Q c + *  

crc 
u 
21 
I- 
C) 
v) 
Y 

- 
0 
X 
Lu 
h 
X 
w 

II 
0 a: 
I 
tj 
UJ 
n 

I- 
\ 

Ln 
4 

* 
P 

LI 

a 

In 
Y 
m 
7. * 
c 
j! 

z ac 
3 
c; 
W 
tY 

a z 
UJ 

CL 
w 
I 
c. a 
Y, 
U 

d 
0 
II 
n 

0 
M 

z 
;L1 
W 
0 

n 
+ 
0 
z 
Q 
d 
r )  

I 

9 
m 
4 

I 
I 
N 
X 

* 
m 
Y 

h 
Ln 
z 

Y 

a 
X 
41 
h 
9 r 

c-10 

I 

u u 


