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FOREWORD 

This report  was prepared by the Cryogenic Stage Programs organization of 

the Research and Development Division, Lockheed Missiles & Space Company, 

(LMSC) f o r  the George C. Marshall Space Fl ight  Center (MSFC) of the National 

Aeronautics and Space Administration (NASA) . 

The work reported herein was performed under NASA Contract NAS 8-20362, "Study 

of Cryogenic Container Thermodynamics During Propellant Transfer", under the 

technical direct ion of the NASA Contract Monitor, Mr. Howard F. Trucks of the 

Fluid Mechanics and Thermodynamics Branch, Propulsion and Vehicle Engineering 

Laboratory, NASA/MSFC 

This report  describes the major r e su l t s  of the  subject study. 

the second of s i x  volumes comprising the contract f i n a l  report .  The t i t l e s  

of the individual volumes are  as follows: 

This report  i s  

Volume I Summary 

Volume I1 Fina l  Engineering Report 

Volume 111 Transfer Line Thermodynamic Analysis 

Volume N Receiver Tank Thermodynamic Analysis 

Volume V Complete System Thermodynamic Analysis 

Volume V I  T e s t  Data Swmnary 
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contributors t o  the study were: 

Literature Survey and Pre- 
liminary Calculations 

Transfer Line Analysis 

Tank F i l l  Analysis 

Flow Phenomena Tests 

Scaling Law Verification 
and Complete System Tests 

T. C. Fugate 
G. D. Bizzell  

M. M. McXally 

S. E. Hurd 

G. C. V l i e t  

J. H. Young 

Close coordination was maintained during t h i s  study with M r .  W. G. Steward 

of the National Bureau of Standards, In s t i t u t e  for Materials Research, 

Cryogenics Division, where a re la ted  ana ly t ica l  and experimental program on 

t ransfer  l i n e  chill-down i s  i n  progress. The assistance of M r .  Steward and 

h i s  associates i n  the performance of t h i s  work i s  grateful ly  acknowledged. 

R. PI. Vernon 
Project Leader 

J. J. Brogan 
Program Manager 
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Section 1 

INTRODUCTION 

1.1 P R O G M  OBJECTIVES AND APPROACH 

This report  describes the r e su l t s  of  a study of cryogenic container thermody- 

namics during propellant t ransfer .  

analyt ical  and empirical descriptions of the t ransient  phenomena occurring in 

cryogenic t ransfer  lines and receive?? tanks during i n i t i a l  propellant t ransfer .  

A fur ther  basic objective i s  t o  ident i fy  those conditions which give rise t o  

the poss ib i l i ty  of tank implosion, and t o  es tab l i sh  the procedures and/or sys- 

t e m s  necessary t o  eliminate t h i s  possibi l i ty .  

plished by the following approach: 

The purpose of t h i s  study i s  t o  provide 

These objectives have been accom- 

1. Derive scaling laws and investigate the f e a s i b i l i t y  of using data 

from small-scale experiments t o  ver i fy  solutions of potent ia l  

problems associated with cryogenic t ransfer  t o  large-scale (S-IC, 

S-11, S-IVB, and MMM) tanks. 

ments t o  ver i fy  scaling laws and other ana ly t ica l  procedures. 

Perform small-scale tank experi- 

2. Perform a detailed analysis t o  predict  the var ia t ion of para- 

meters affect ing t ransfer  line cooldown during propellant trans- 

fer, and specify i n l e t  conditions t o  the receiver tank a s  a 

function of time. 

analysis.  

down with minimum osc i l la tory  flow. 

Construct experimental models t o  ver i fy  the 

Establish procedures which w i l l  produce rapid ch i l l -  

3 .  Perform analyses t o  predict  in te rna l  thermodynamics of LO 

receiver tanks during i n i t i a l  propellant t ransfer .  

and LH2 2 
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A t  the beginning of t h i s  study t h i s  basic procedure was analyzed and subdivided 

in to  a number of specif ic  tasks. 

graph; 

These tasks a re  summarized i n  the next para- 

detailed objectives of each task and the resu l t s  obtained i n  the course 

of  t h i s  study are presented in Sections 2 through 13. 

1 . 2  TASK SUMMARY 

A br ief  summary of the study tasks  t o  be performed i s  presented below: 

1. 

2. 

3.  

4. 

5. 

6 .  

7 .  

8. 

Survey the l i t e r a tu re  concerning t ransfer  l i ne  and receiver tank 

thermodynamics and receiver tank implosion 

Perform preliminary hand calculations of the bulk exchange of 

energy and mass i n  receiver tank and t ransfer  l i ne  

Derive the equations governing the processes of mass, momentum, 

and energy exchange i n  a cryogenic t ransfer  l i ne  

Formulate equations governing the processes of mass, momentum, 

and energy exchange i n  a cryogenic receiver tank 

Derive the dimensionless parameters which characterize the 

transport  of mass, momentum, and energy in cryogenic t ransfer  

lines and receiver tanks during propellant t ransfer  

W r i t e  and debug d i g i t a l  

numerical solution of equations resul t ing from the t ransfer  l i ne  

and receiver tank thermodynamic analyses 

Develop pract ical  modeling rules  f o r  planning and evaluating 

flow phenomena and scaling tests 

Prepare a test plan and perform tests t o  investigate the flow 

phenomena occurring i n  a cryogenic t ransfer  l i n e  during pro- 

pel lant  t ransfer .  

( o r  analog) computer programs f o r  the 

2 
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9. Prepare a test plan and perform tests t o  investigate the flow 

phenomena occurring in a cryogenic receiver tank during pro- 

pel lant  t ransfer  

Plan and perform tests t o  ver i fy  experimentally the r e su l t s  of 

the scaling law and modeling analyses 

10. 

(Tasks 5 and 7) 

11. Plan and perform complete system tests t o  ver i fy  the coupled 

line-receiver tank analyt ical  model during t ransient  f i l l  

conditions. 

12. 

13 

Perform an analysis t o  describe those conditions under which 

receiver tank implosion will occur and design methods of pre- 

venting implosion 

Plan and perform tests t o  demonstrate the effectiveness and 

confirm the predicted performance of the implosion-prevention 

techniques evolved i n  Task 12.  

3 
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Section 2 

SUMMARY OF RFISULTS 

Lockheed Missiles & Space Company has conducted a comprehensive study 

of the t ransient  thermodynamic processes occurring when cryogenic 

f l u i d  i s  transferred from one vessel t o  another through a cryogenic 

t ransfer  l ine .  

pressure change within the tank being f i l l e d  with the cryogenic f l u i d  

A major goal of t h i s  study was the prediction of the 

and, i n  par t icular ,  the specif icat ion of f i l l  conditions which r e su l t  

i n  a pressure drop i n  t h i s  tank. 

The following br ie f  summary of r e su l t s  i s  provided as  a synopsis of 

conclusions which a re  discussed i n  d e t a i l  i n  later sections of t h i s  

volume. For a general summary of the methods used and the conclusions 

obtained throughout the course of the study, the reader i s  referred t o  

Volume I of t h i s  report .  

A s  i l l u s t r a t e d  by the task summaries i n  Section 1, the approach used 

t o  study the f l u i d  t ransfer  problem i n  t h i s  program was t o  analyze the 

thermodynamic processes occurring i n  a cryogenic t ransfer  l i ne  separ- 

ateLy from those occurring i n  a tank which i s  being f i l l e d  by a cryo- 

genic f lu id .  

models (by comparison with t e s t  data on t ransfer  l i n e  chilldown and 

tank f i l l  data) the computer programs describing these models were 

coupled t o  simulate a complete f l u i d  t ransfer  system and the ana ly t ica l  

r e su l t s  compared with data from t e s t s  on complete f i l l  systems using 

both small and large s i z e  tanks. 

Upon confirmation of the adequacy of the ana ly t ica l  
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A summary of the capabi l i t ies  of  the three computer analyses developed during 

t h i s  study i s  given in Table 1. 

2.1  TRANSFER LINg CHILLDOW 

A computer analysis of the processes of heat, mass and momentum exchange occur- 

r ing during t ransfer  l ine  chilldown has been derived and resu l t s  of the analysis 

compared with test data. 

Very good agreement was obtained between measured temperature-time his tor ies ,  

par t icular ly  f o r  long t ransfer  l ines .  

within + 15% of the data were obtained. 

l ine  diameters of 1/2 inch and 5/8 inch and l i n e  lengths of 200, 28 and 16 fee t .  

Data were correlated f o r  both l iquid hydrogen and l iquid nitrogen &I the long 

(200-foot) t ransfer  l ine ,  and f o r  nitrogen only i n  the shorter l ines .  

t ransfer  here i s  defined as  one whose length-to-diameter r a t i o  i s  greater than 

3800 when the flowing f lu id  i s  l iquid hydrogen and 475 when the f lu id  i s  l iquid 

nitrogen o r  oyygen). 

t ransient  chilldown process i s  increasingly dominated by pressure and flowrate 

surges i n  the f luid.  

magnitude of  these osci l la t ions has a lso been derived; agreement between pre- 

dicted and measured values of the frequency and magnitude of these osci l la t ions 

was generally between - + 10% of the measured values. 

Predictions of overall  chilldown time 

These correlations were obtained f o r  - 

(A long 

A s  the length-to-diameter (L/D) r a t i o  i s  decreased, the 

An analyt ical  method of predicting the frequency and 

2.2 TANK FILL THERMODYNAMICS 

A computer analysis of the processes of  mass, momentum and energy exchange 

occurring during tank f i l l  has been derived and resu l t s  of  the analysis 

compared with t e s t  data. The r e su l t s  of these comparisons showea tha t  

6 
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the  i n i t i a l  tank pressure response was highly dependent on a droplet  diameter 

which characterizes the a i s t r ibu t ion  of droplet  s izes  i n  the  f lu id  spray enter- 

ing the tank. Pr ior  t o  atbempts a t  tes t  aata correlation, nei ther  an ana ly t ica l  

nor an empirical method of predicting t h i s  parameter was available. 

s u l t  OX comparisons between analy-cical preaictions ana t e s t  aata, an empirical 

methoa of specifymg t h e  character is t ic  droplet  aiameter was Obtained. 

A s  a re- 

By specisymg tne  correct value r o r  t he  c h a r a c x r i s t i c  aroplet  aiameter, a- 

greement betwee11 measurea acla predicted tank pressures during f i l l  within 

- + u.15 psia were obtained in  f i l l  tests with nitrogen. 

of ullage vapor temperatures were predicted within about - -I- 

values of the measured temperatures. 

Corresponding values 

5% of the absolute 

Similar predictions of tank pressure response and ullage temperature d i s t r i -  

bution during f i l l  were a l so  obtained f o r  tests on both large-and small-size 

tanks when the i n l e t  was covered with a screen o r  a f la t -p la te  baff le .  A sub- 

s t a n t i a l  correlation (using the TNUIL program) of tes t  data f o r  l iquid hydrogen 

was not  possible. 

boil ing of the  hydrogen in the t ransfer  line during tes t ing .  

This was due t o  the large flowrate of gas evolved by rapid 

The tank-f i l l  analysis may a l so  be used, with some modifications, f o r  pre- 

dict ions of tank pressure response and temperature dis t r ibut ions f o r  f lu id  

t ransfer  u n d e r  varying gravi ta t ional  accelerations and with f lu id  entering the 

tank from various orientations with respect t o  the direct ion of acceleration. 

2.3 THERMODYNAMIC ANALYSES OF A COMPLETE FILL SYSTEM 

The Complete F i l l  System Computer program combines the capabi l i t i es  of line- 

chilldown and tank-f i l l  programs, a s  indicated in Table 1. 

9 
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During execution of t h i s  program the conditions a t  t he  ex i t  of the trans- 

f e r  l i ne  a re  provided as  inputs t o  the t a n k - f i l l  program; conversely, as 

new values of tank pressures a re  computed, they are communicated t o  the 

line-chilldown program. The complete program thus simulates the operation 

of a complete f i l l  system. 

However, i n  addition t o  the capabi l i t ies  of the separate programs, several  

additional features were added t o  the Complete F i l l  System Computer Pro- 

gram during the course of data correlation f o r  complete system t e s t s .  

These features include a provision for an i n l e t  pressure drop (as would 

be experienced across an i n l e t  valve) with or without subcooled i n l e t  

f l u i d  conditions. Thus the poss ib i l i ty  of the f l u i d  flashing in to  a two- 

phase mixture a t  the  i n l e t  t o  the  l i ne  (as observed i n  several  complete 

system tests)  i s  accounted for .  Also, f l u i d  flowrates are l imited when 

a two-phase f lu id  as well as a vapor, experiences choking conditions within 

the t ransfer  l ine .  Computations of surge frequency and surge pressure 

a re  a lso performed, but a r e  not used i n  the chilldown computations. 

A s  indicated above, the modifications t o  allow f o r  an i n l e t  pressure 

drop, as  well  as choking i n  the two-phase region, were found to  be 

required t o  obtain agreement with data obtained during complete system 

f i l l  t e s t s .  

Comparisons with t e s t  data from four complete system t e s t s  were made and 

the agreement between predictions and t e s t  data i s  quite good. During 

three of the four runs f o r  which correlations were attempted, an implosion 

condition (drop i n  tank pressure below i t s  i n i t i a l  valve) was observed. The 

predicted pressure response for these tests i s  generally within 1 ps i  of the 

10 
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measured values. 

The complete f i l l  system computer program, l i k e  the t a n k - f i l l  program, 

may be used f o r  f i l l  from varying orientations and a t  any g r a v i t p l e v e l .  

2.4 TEST PROGRAM 

A t o t a l  of 50 t e s t s  were performed throughout the course of the study. 

The type of t e s t ,  the apparatus used, and the number of runs f o r  which 

data were obtained and reduced i s  summarized i n  Table la . The type of 

tests performed are  c l a s s i f i ed  as  Flow Phenomena Tests, Scaling Law 

Verification Complete System Tests, and Implosion Prevention Techniques 

Tests. 

The purpose of the flow phenomena tests was t o  record observations of 

the phenomena occurring within a tank during the i n i t i a l  phases of f i l l  

and i n  a t ransfer  l i n e  during the chilldown process. 

performed on the l i ne  and tank separately i n  order t o  provide data 

against  which the separate ana ly t ica l  models could be checked. A p r i -  

mary goal of this t e s t ing  was t o  provide suf f ic ien t ly  detai led measure- 

ments of the pertinent v a r i a b l e s o  tha t  the mechanisms assumed t o  con- 

t r o l  the processes of mass and energy t ransfer  i n  the ana ly t ica l  models 

could be verified.  Thus, f o r  the tank f i l l  t e s t s ,  measurements were 

These t e s t s  were 

made of the ullage pressure, i n l e t  flowrate and quality, and the  

temperature d is t r ibu t ion  throughout the tank. I n  addition, high speed 

movies were made'of the flow inside the tank. 

measurements were made of the pipe-wall temperature dis t r ibut ion,  f l u id  

During the t ransfer  line t e s t s  

11 
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temperature dis t r ibut ion,  pressure d is t r ibu t ion  and f l u i d  qual i ty  and 

f lowrate. 

The evolution of the  t a n k - f i l l  and line-chilldown ana ly t ica l  models w a s  

c lear ly  a r e s u l t  of t h i s  t e s t  philosophy. 

The t a n k - f i l l  ana ly t ica l  model, f o r  example, was i n i t i a l l y  formulated 

using a single ullage vapor region having a uniform temperature. 

attempting t o  correlate  data from i n i t i a l  flow phenomena \tests, it 

w a s  found tha t  data f o r  the vapor region were not w e l l  represented by 

the single ullage vapor region model. 

I n  

Consequently, a new ana ly t ica l  model w a s  devised i n  which t h e  vapor 

region was divided in to  three zones, with mass and energy balances 

being performed separately on each zone. 

vided r e su l t s  which were i n  much be t t e r  agreement w i t h  the flow phen- 

The revised model was pro- 

omena t e s t  data. 

The major purpose of the Scaling Law Verification and Complete S y s t e m  

Tests was t o  provide data on large-and small-size apparatus for com- 

parison with r e su l t s  of the tank-fill model and the complete-fi l l  

system computer model. An addi t ional  objective was the ver i f ica t ion  

of model l a w s  f o r  the t ank- f i l l  and t ransfer- l ine chilldown processes. 

The instrumentation f o r  these t e s t s  w a s  essent ia l ly  the same as  t h a t  

f o r  the f l o w  phenomena tests. 

apparatus due t o  failure of the t e s t  tank during the first run. 

remaining tests were run on a large-size (five-foot diameter) tank 

One t e s t  only w a s  run on the small-size 

The 
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using both l iqu id  nitrogen and l iqu id  hydrogen. 

The objective of the implosion prevention techniques tests w a s  t o  de- 

monstrate the e f fec t  of a device f o r  suppressing any tendency f o r  an 

ullage pressure drop during the i n i t i a l  phases of the f i l l  process, 

and t o  provide data f o r  comparison with the ana ly t ica l  model. 

device selected, a f l a t ,  disk-shaped baffle,  w a s  successful i n  com- 

The 

p le te ly  suppressing any tendency f o r  a drop i n  ullage pressure during 

these tests. I n  addition t o  the baff le  tests, the e f fec t  of a screen 

over the  in le t  on the tank pressure response was a l so  investigated. 

Tests with both nitrogen and hydrogen showed tha t  the  screen produced 

a greater drop i n  tank ullage pressure, f o r  similar f i l l  conditions, 

than was observed with tests with an unobstructed i n l e t .  

14 
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Section 3 

TWSFER LINE ANALYSES 

The objective of t h i s  task is  t o  formulate the equations governing the pro- 

cesses of mass, momentum, and energy exchange in a cryogenic t ransfer  line 

and, by using appropriate simplifying assumptions, obtain a reduced form of 

the equations suitable f o r  analog computer solution or numerical solution 

on a d i g i b l  computer. 

These objectives have been completely accomplished and are  described in 

de ta i l  i n  Volume I11 of  t h i s  report. 

of t h i s  task w i l l  be presented here. 

A brief  discussion of the major results 

The l i t e r a tu re  search has indicated t h a t  analysis of the unsteady two-phase 

flow phenomena associated with t ransfer  l i ne  chilldown has been attacked in 

two general ways: 

mass analogy, and ( 2 )  examination of the overall  chilldown process by a 

servation law approach. 

t h i s  s$udy has been directed toward the following major goals: 

(1) examination of the flow osci l la t ions via a pseudo spring- 

con- 

The analyt ical  approach which has been evolved i n  

@ An investigation of flow osci l la t ions occurring during the ch i l l -  

down process 

e The construction of a t ransfer  l i ne  chilldown computer model 

u t i l i z ing  a finite-difference procedure applied d i rec t ly  t o  

the heat, mass, and momentum balances on the f lu id  flowing i n  

the t ransfer  line. 

15 
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0 An investigation of the f e a s i b i l i t y  of a general solution t o  

the conservation law equations. 

A d i g i t a l  computer program has been completed which calculates f lu id  and 

pipe-wall temperatures a t  any point along the l i ne  a s  a function of time, 

as  well as  f lu id  pressure, heat t ransfer  rates,  and the thermodynamic 

s t a t e  of the f lu id  f o r  the averaged, quasi-steady progression of the f lu id  

down the tube. This program i s  described i n  Volume I11 of t h i s  report. 

Superimposed on the mean chilldown process are the osci l la tory processes. 

These osci l la t ions,  while complicated and influenced by many variables, 

have been successfully interpreted by a mechanical analog model. The solution 

t o  the equations describing the osci l la tory processes i n  the l ine  during ch i l l -  

down has been programed in to  the Complete System Computer Program described 

i n  Volume V of t h i s  report. 

tained from the l i ne  chilldown program and the complete system computer pro- 

gram are  described in Sections 6, 9 

The correlation between analyt ical  resu l t s  ob- 

and 10 of t h i s  volume. 

An investigation of the f e a s i b i l i t y  of a general solution to  the convervation 

law equations desclosed tha t  such a solution was appsrently beyond the capabili ty 

of  present numerical solution techniques. 

the general conservation equations Were investigated, a sat isfactory method was 

Although several methods of integrating 

not uncovered, and an investigation of the rapid osci l la tory f lu id  motion was 

performed separately from the more gradual chilldown process, as described above. 

16 
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Section 4 

TANK FILL ANALYSIS 

The objectives of t h i s  task a re  t o  formulate the equations governing the 

processes of mass,momentum, and energy exchange i n  a cryogenic receiver 

tank and t o  reduce these equations t o  a form suitable for analog o r  d i g i t a l  

computer solution. 

These objectives have been accomplished and a re  described in d e t a i l  i n  

Volume I V  of t h i s  report. A s  indicated i n  Section 2, the model used i n  

t h i s  analysis evolved a s  a r e s u l t  of attempts t o  correlate  test data on 

small-size t e s t  tanks. This model i s  designed so t h a t  a proper accounting 

of mass and energy t ransfer  within the tank i s  i n  accordance with these 

t e s t  data. 

res t r ic t ions)  the temperature and pressure d is t r ibu t ion  i n  a tank being 

f i l l e d  with a f lu id ,  given the i n i t i a l  s t a t e  of the f l u i d  within the tank. 

The resul tant  analysis i s  capable of predicting (with cer ta in  

V e r y  good predictions of tank pressure response, a s  w e l l  a s  ullage tempera- 

tu re  dis t r ibut ion during fill, have been obtained f o r  both large-and small-size 

tanks. 

a var ie ty  of f i l l  conditions are  described i n  Sections, 9 , l O  and 1 1 o f  t h i s  

volume. 

The r e su l t s  of the comparison between t h i s  analysis and t e s t  data f o r  
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Section 5 
D D E N S I  ONAL ANALY SI S 

The objective of t h i s  task i s  t o  specify those dimensionless parameters 

which characterize the transport  of mass, momentum, and energy i n  cryogenic 

t ransfer  l i nes  and receiver tanks during propellant t ransfer ,  and t o  invest i -  

gate the significance of these dimensionless groups in modeling t ransfer  line 

and receiver tank phenomena. 

The resu l t s  of the t ransfer  l i ne  dimensional analyses are  presented in 

Volume I11 of t h i s  report. 

The r e su l t s  of the receiver tank general scaling law analysis are presented 

i n  Appendix A t o  t h i s  Volume, a s  a re  the resu l t s  of the scaling rules  f o r  the 

specialized analyses of the receiver tank f i l l .  

The l a t t e r  analysis refers t o  the assumption t h a t  the tank f i l l  process may 

be divided in to  four sequential phases, a s  i l l u s t r a t ed  in Fig. 1. 

t ion  of the r e su l t s  of the dimensional analyses t o  scale modeling of the 

phenomena occurring during t ransfer  l i ne  chilldown and tank f i l l  i s  described 

in Section 7. 

The applica- 
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Section 6 

COMPUTER PROGRAMMING 

The objective of this task is to write and debug computer programs for the 

numerical solution of equations resulking from the transfer line and receiver 

tank analyses. As a result of this effort, three completely operational com- 

puter programs have been developed. The function of these programs is as 

follows: 

The computation of the wall temperature distribution, fluid tempera- 
ture distribution, and pressure distribution in a cryogenic transfer 
line during the chilldown process. 

The computation of the tank wall temperature distribution, fluid tem- 
perature distribution and fluid pressure in a tank being filled with 
a cryogenic fluid. 

The performance of all the above functions, as well as the computation 
of the period, amplitude and magnitude of pressure oscillations in 
the transfer line. 

The first of these computer programs is titled FLOW, and is described in 

detail in Volume I11 of this report. The second of these programs is titled 

TNKFIL, and is described in Volume N of this report. 

which combines the functions of transfer line chilldown and tank fill pro- 

The third program, 

grams, is titled FILL, and is described in Volume V of this report. A l l  of 

these programs were used in the correlation of data presented in Sections 

9, 10, and 11 of this volume. 
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Section 7 

MODELING LAWS 

The objective of t h i s  task i s  t o  es tabl ish pract ical  modeling rules f o r  

planning and evaluating flow phenomena tests, and t o  provide additional 

insight  i n to  the processes occurring in t ransfer  l i ne  chilldown and the 

tank f i l l i n g  processes. 

7 .1  TANK FILL MODELING 

S p i c a 1  Saturn V t ransfer  l ine  diameters, f i l l  rates,  and vent ra tes  have 

been used t o  evaluate the dimensionless groups obtained from the tank f i l l  

scaling analysis 

s u l t s  of t h i s  evaluation are shown i n  Figs. 2, 3 and 4 . For example, 

i f  it i s  desired t h a t  a test be run with nitrogen i n  a 2&-in.-diarneter 

tank t o  simulate conditions during f i l l  of the S-IVB tank with hydrogen, 

Fig. 2 can be used. It can be seen tha% the required test f i l l  r a t e s  

should range from 2.8 t o  1 7  lb/sec. 

size the experimental fill line. For example, i f  simulation of the S-I1 

tank f i l l  l ine  with the 60-in. tank i s  desired, a f i l l  line diamteter of 

1.85 in. should be used. 

(see Appendix A t o  Volume I V  of  t h i s  report) .  The re- 

Fig. 4 i s  used in the same manner t o  

The resu l t s  of the scaling analysis have been extended fur ther  t o  provide 

test conditions f o r  small-diameter tanks using f lu ids  other than nitrogen. 

The results of t h i s  analysis are shown in Table 2, wherein property r a t i o s  
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f o r  22 d i f fe ren t  f lu ids  are compared. 

contain the pertinent property r a t io s  f o r  the various f lu ids  ( P r  WC , 
C; /C , k@. , >/CR , and 

quantit ies for two d i f fe ren t  f lu ids  implies that ,  f o r  the purpose of re- 

ceiver tank tes t ing,  one f lu id  may be replaced by the other. A s ignif icant  

r e su l t  of t h i s  comparison is tha t  l iquid oxygen, a re la t ively hazardous 

t e s t  f l u id ,  may be very closely modeled by l iquid nitrogen or  Freon 22. 

The l a s t  six columns of t h i s  table 

PV V' 

Numerical equality of values of these 
PV 

7 . 2  LINE CHILLDOWN MODELING 

The transfer l i ne  dimensional-analyses has produced f ive  dimensionless 

groups whose values must be equal i n  a model and prototype t ransfer  l ine .  

If heat production by viscous dissipation i s  assumed negligible compared 

t o  the heat transport by convection and conduction, equality of the Brinkman 

number 

may be waived, and the scaling conditions may be sa t i s f ied  by equality 

of the Reynold's number, Prandtl number, and the quantity 

model and prototype. 

respectively, the modeling laws f o r  t ransfer  l ine  chilldown may be written 

2 /pexit between 

Using the subscripts M and P f o r  model and prototype, 

a s  follows: 
~~~ - 

+(described i n  Volume I11 of t h i s  report) 
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and 

It should be noted tha t  the f lu id  properties above refer t o  both l iquid 

and vapor properties. 

7.3 "LONG" TWNSFER LINES 

Recently Steward 

analysis which i s  applicable t o  re la t ive ly  long t ransfer  l ines .  

knowledge of the pipe size,  change i n  f lu id  and pipe enthalpy, and the 

density and velocity of sound i n  the warm gas, t h i s  method allows one t o  

quickly calculate the cooldown time f o r  a simple system. 

(Ref. 17)  has developed an al ternat ive form of chilldown 

From a 

The method gives 

a rapid means of estimating cooldown times f o r  long, well-insulated t ransfer  

lines, and is  based on an analysis which assumes zero heat t ransfer  t o  

the gas region and tha t  only l iquid and gaseous phases exist within the 

pipe during chilldown. Using these assumptions, among others, Steward 

indicates a dependence of the form 

where u+ = velocity of sound i n  the gas 
g 
P = average f r i c t i o n  factor  in gas region 
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and 

= density of the gas a t  the i n l e t  pressure P g i  where 

and 8 = chilldown time. 
= hg - 

Thus, f o r  ltlong”, well-insulated t ransfer  l i nes  with no appreciable heat 

leaks,  constrictions o r  concentrated thermal masses, chilldown times may 

be scaled using Eq. ( 2 ) .  A trlongrt l i ne  i s  defined a s  one whose L/D i s  

greater than 3800 f o r  l iquid hydrogen and 475 f o r  l iquid nitrogen. 
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Section 8 

FLOW PEENOMEXA TESTING 

Flow phenomena tes t ing  i n  a small s i z e  f a c i l i t y  was coiiducted t o  provide: 

* Insight i n to  the mechanisms which influence the implosion problems. 

@ Quantitative data f o r  a s m a l l  scale  geometry. 

@ Assistance i n  planning tests i n  the larger  scale  complete system tests. 

A s  o r ig ina l ly  planned, the  emphasis was t o  be placed on insight  i n to  the 

implosion problem; however, considerable useful  quantitative data was ob- 

tained which w a s  used f o r  comparison with the receiver tank and t ransfer  

l i n e  analyses. The experiments were conducted using a two-foot-diameter 

transparent Plexiglas sphere as the receiver tank and a one-half-inch diam- 

eter t rahsfer  l i ne  of 28 f t  maximum length. 

turbine l iquid flowmeter, a nuclear void f rac t ion  meter, and pressure and 

temperature sensors. Photographic coverage was made of both receiver tank 

and t ransfer  l i n e  flow phenomena; l iqu id  nitrogen was used i n  a l l  tests. 

Instrumentation included a 

Three types of tests were performed: (1) tank f i l l  tests i n  which the flow 

conditions a t  the  receiver i n l e t  were maintained "quasi- steady, 'I (2)  trans- 

fer  l i ne  t e s t s  i n  which the t ransfer  l i ne  vented t o  atmosphere and (3) 

l imited t e s t ing  with the  tank and instrumented t ransfer  l i ne  coupled. The 

emphasis i n  t h i s  experimental portion of the program was placed on the tank 

f i l l  thermodynamics f o r  two-phase discharge in to  the  vessel. !This was 

necessitated by the lack of available experimental data on these phenomena; 
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whereas, considerable experimental da ta  were ava i lab le  on feed l i n e  thermo- 

dynamics. 

obtaining quasi-steady i n l e t  flow conditions.  

Fusther, i n  t he  present  tests pa r t i cu la r  emphasis w a s  placed on 

The quasi-steady i n l e t  flow t e s t s  were planned to: 

0 Obtain in s igh t  i n t o  the  gross flow phenomena occurring during the  

f i l l  process i n  order t o  v e r i f y  the  adequacy of the  lumped tank f i l l  

a n a l y t i c a l  model (or, a l t e rna t ive ly ,  t o  i nd ica t e  the  necessi ty  of 

breaking down t h e  model i n t o  subregions). 

e Study d e t a i l s  of t he  flow t o  assist i n  the  formulation or modification 

of t he  a n a l y t i c a l  model and ver i fy  the adequacy or" assumptions used 

i n  the  analysis .  

0 Permit low vapor qua l i t y  i n l e t  flow conditions which may not be achieved 

i n  the  t ransparent  Plexiglas  ves se l  because of pressure l imi t a t ions  

(approximately 10 ps ig)  when coupled t o  a long t r a n s f e r  l i n e  where the  

i n i t i a l  flow i s  mainly vapor. 

0 Provide quant i ta t ive  experimental data  f o r  more idea l ized  boundary con- 

d i t i o n s  so t h a t  t he  r e s u l t s  could be compared with those from the  

ana lys i s .  

The uncoupled t r a n s f e r  l i n e  t e s t s  were performed t o  provide: 

( a )  

(b) 

Bet te r  understanding of t he  nature of t he  t r ans i en t  f l o w  

Quant i ta t ive  data f o r  comparison with the  a n a l y t i c a l  t r a n s f e r  l i n e  

mode 1. 
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The coupled t ransfer  line-receiver tests were conducted t o  provide quantita- 

t i ve  data fo r  comparison with the coupled analyt ical  models. 

are described i n  subsequent sections under the three categories: 

Tank Quasi-Steady In l e t  Flow Tests, Uncoupled Transfer Line Tests, and 

Coupled Transfer Line-Receiver Tests. 

These tests 

Receiver 

8.1 QUASI- STEADY- STATE TANK FILL TESTS 

The quasi-steady-state tank f i l l  tests were performed with the apparatus 

shown schematically i n  Fig.5 . 
Plexiglas tank, an LN supply vessel coupled t o  a short t ransfer  l ine,  a 

flow meter, void f rac t ion  meter, and pressure and temperature instrumentation. 

The apparatus consists of the transparent 

2 

The 2-ft  diameter Plexiglas t es t  sphere (Fig. 6 ) consists of two hemispheres, 

approximately 0.2 in. thick, welded t o  two Plexiglas flanges 1/2 and 2 in. 

thick, respectively. The thicker flange incorporates the main i n l e t  port  

f o r  the f i l l  l ine ,  as w e l l  a s  ports fo r  purging, venting, quick pressure 

relief,  thermocouples, and a pressure transducer. The sphere has an in te rna l  

pressure l i m i t  of approximately 10 psig and i t s  opt ica l  properties are 

remarkably good. 

mentation i s  shown i n  Fig. 7 . 
A photograph of the sphere pr ior  t o  thermocouple instru- 

The sphere w a s  instrumented with a 0-30 psia pressure transducer and 15 

copper-constantan (3 mil) thermocouples (5 dis t r ibuted i n  the vapor along 

the vessel axis, 3 i n  the vapor of fse t  from the axis, 4 on the inside of the 

vessel  wall, and 3 on the outside of the vessel  wall) i n  one plane as  indi- 

cated i n  Fig. 7 .  The 8 thermocouples i n  the vapor allow the temperature 
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Fig. 7 Transparent Tank Ready for 
Instrumentation 
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nonuniformity of the vapor t o  be continuously measured and the 6 wall  thermo- 

couples, similarly,  permit measurement of the wall  response. The thermo- 

couples i n  the vapor a re  positioned by stringing the thermocouple wires 

across the vessel  and attaching them t o  the walls, with the junctions near 

the center t o  minimize t h e i r  e f f ec t  on the flow. Pressure and temperature 

measurements were recorded on oscillograph recorders. 

The insulated cryogen supply vessel  of approximately 15 gallon capacity i s  

normally p re f i l l ed  from a 160 l i t e r  LN2 dewar. 

3/4-inch l iqu id  withdrawal l i ne  and ports f o r  f i l l  and f o r  pressurization 

from an external  helium gas supply. LN2 flow r a t e  i s  measured w i t h  a 1/2-in. 

Fisher-Porter turbine flow meter (cal ibrated i n  LMSC flow cal ibrat ion labora- 

tory)  and regulated downstream of the meter with a 5/8-in. Goddard cryogenic 

gate valve. 

a Fisher-Porter rotometer may be introduced downstream of the gate valve. 

The 1/2-inch-diameter vacuum jacketed t ransfer  l i ne  of approximately 3 f t ,  

leads t o  the f i l l  and vent solenoids. 

proximately equal length (20 inches). 

diameter includes the nuclear void f rac t ion  meter and a transparent flow 

visual izat ion section mounted i n  an evacuated tee. The t ee  i s  located as  

near t o  the i n l e t  as possible, as  indicated i n  Fig. 8 , i.e., the mid-points 

of %he 5-inch-long aluminum section (void f rac t ion  s ta t ion)  and &inch long 

glass  section (visual izat ion s ta t ion)  a re  14-1/2 and 9 inches from the i n l e t  

respectively. A complete description of the nuclear void f rac t ion  meter and 

i t s  ca l ibra t ion  appears i n  Appendix A,. 

It includes a vacuum jacketed 

Room temperature GN2 from a pressurized supply and measured w i t h  

The vent and f i l l  legs a re  of ap- 

The ve r t i ca l  f i l l .  leg a l so  of 1/2-inch 
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Fig .  8 - Vier;Jing and Void Fraction Measurement System 
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Measured flows of LN 

passed through a short  insulated t ransfer  l i ne  section and vented t o  atmos- 

phere through the vent solenoid for a short period of time u n t i l  the l i n e  had 

chi l led down and the flow w a s  steady. 

simultaneously opened and closed respectively t o  i n i t i a t e  the flow i n t o  the 

sphere. To attempt t o  achieve reasonably steady flow, the l i ne  capacitance 

between the f i l l  solenoid and the sphere was minimized by minimizing both 

length and w a l l  thickness and the supplies were pressurized suf f ic ien t ly  t o  

prevent s ign i f icant  flow variat ion due t o  var ia t ion wi th  receiver pressure 

during the t e s t .  Because of the necessity of i n s t a l l i ng  the nuclear void 

f rac t ion  meter and a transparent viewing section near the receiver i n l e t ,  the 

above mentioned wall  thermal capacitance w a s  suf f ic ien t  t o  make the i n l e t  flow 

variations significant;  however, t e s t s  over a wide var ia t ion of flow condi- 

t ions  were permitted before the pressure l imitat ions of the receiver were 

exceeded. 

and GN 2 2 from pressurized supply vessels were combined, 

The f i l l  and vent valves were then 

The nuclear void f rac t ion  meter was not received and cal ibrated u n t i l  well  

i n t o  the contract and as a r e su l t  w a s  not available pr ior  t o  the t e s t s  dated 

3-30. 

as sketched i n  Fig. 9 , was used. During these t e s t s  an attempt was made t o  

p rech i l l  the pre- inlet  section with LN2 immediately pr ior  t o  the t e s t  t o  

achieve more steady i n l e t  conditions; however, these attempts were unsuccess- 

f u l .  

For these e a r l i e r  t e s t s ,  a pre- inlet  section with a transparent section, 

8.1.1 Photographic Coverage 

Observations of flow geometry and drop-size dis t r ibut ions with the receiver 
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tank provide e s s e n t i a l  da ta  f o r  v e r i f i c a t i o n  of t he  tank f i l l  analysis;  there- 

fore ,  considerable a t t e n t i o n  w a s  devoted t o  the  development of s a t i s f a c t o r y  

motion p ic ture  techniques. The object ive of these e f f o r t s  w a s  t o  take simul- 

taneous, highspeed, closeup motion p ic tures  of the p re - in l e t  and pos t - in le t  

flow and a l s o  moderate-speed p ic tures  of t he  overa l l  flow i n  the  sphere under 

l i gh t ing  conditions optimized f o r  a l l  three views. Direct l i gh t ing  techniques 

were found t o  be inadequate f o r  de t a i l ed  examination of both pre- and post- 

i n l e t  flows; however, f o r  p ic tures  of t he  flow i n  t h e  e n t i r e  sphere, d i r e c t  

l i gh t ing  i s  adequate. 

l e t s  and the  background i s  necessary. The l i qu id  drople t s  act as lenses,  so 

t h a t  an inverted image of t he  background i s  seen, as i l l u s t r a t e d  i n  Fig. 10 . 
Because l i q u i d  nitrogen has a low index of r e f r ac t ion  (n  = 1.20) compared t o  

water ( n  = 1.33), the  back angle 8 between the  drople t  and the viewing l i n e  

must be small  i n  order t o  obta in  a s u f f i c i e n t l y  large l igh ted  image area.  

I n  both cases, good cont ras t  between the  l i gh ted  drop- 

For water, t he  angle 0 can be a s  la rge  a s  43 deg f o r  6 /r = 0.33; f o r  l i q u i d  

nitrogen, 0 must be reduced t o  31 deg i n  order t o  obtain the  same image s ize .  

Adequate observation of a la rge  f i e l d  of droplets  contrasted against  a uniform 

background i s  therefore  made more d i f f i c u l t .  

t h e  o v e r a l l  sphere was used, while a separate,  d i f fuse ly  l igh ted  background 

A s  a result, d i r e c t  l i gh t ing  of 

w a s  provided f o r  t he  small pre- and pos t - in l e t  flow areas.  The l s t t e r  con- 

sists of a d i f fuse ly  l igh ted  opa l  g l a s s  background with t h e  f i e l d  contrasted 

aga ins t  blacked-out areas  as i l l u s t r a t e d  i n  Fig. 11. 

disk  i s  posit ioned 28 in .  behind the  center  of the  sphere with e ight  quartz 

lsmps f o r  d i r e c t  l i gh t ing  of t h e  o v e r a l l  sphere. 

sheet,  l igh ted  from behind with four  quartz lamps, i s  located behind the  pre- 

A 40-in.-diameter black 

An l%by-%in. opal  g lass  
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and post- inlet  areas with s m a l l  blacked-out areas positioned t o  provide a 

contrasting background f o r  the pre- inlet  and post- inlet  regions respectively. 

The f i e l d  of view i n  the post- inlet  area i s  approximately 2 in .  high by 3 in .  

wide, and it i s  positioned 1 in.  above the in l e t .  The pre- inlet  f ield-of- 

view i s  approximately 1 in.  wide by 1-1/2 in. high. 

described provides good contrast  i n  a l l  the  areas covered, with the exception 

of the lower 15 percent of the sphere as viewed with the camera looking a t  

the en t i r e  sphere. 

a black rectangular background, with the  outer portion of the l iquid droplets 

l ighted and with only a small rectangular black image i n  the droplets.  

the pre- inlet  flow, a horizontal  black background s t r i p  on the opal glass i s  

The l ight ing system 

I n  the post- inlet  flows, the two-phase j e t  appears against  

In  

used, resul t ing i n  l ighted droplets (with a t h i n  horizontal  black s t r i p )  

against  a black background. 

t o  prevent l i gh t  ref lect ions on the luc i t e  i n l e t  tube. The r e su l t s  obtained 

through use of t h i s  l ight ing technique were found t o  be very good. The over- 

A black s t r i p  across the opal glass  w a s  required 

a l l  test setup i s  shown i n  Fig. 12. 

8.1.2 Results of Quasi-Steady-State F i l l  Tests 

The resul ts  and conditions f o r  a l l  of the  tank-fill testxi conducted and 

which are discussed below are summarized i n  Table 3 . I n  each case, both 

photographic and duplicate tests were performed. A l l  pressure, temperature 

and flow r a t e  measurements presented are f o r  the duplicate t e s t s .  (described below) 

8 .1.2.1 Tests Prior  t o  Ins ta l la t ion  of Void Fraction Meter 

The r e su l t s  of a detai led analysis of Run 1-18-2, a re  presented i n  Figs. 

through 18 . 
13 

This par t icu lar  t e s t  i s  discussed i n  some de ta i l ;  however, the 
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Table 3 

Summary of Quasi-Steady-State Tank Fill Tests 

Ini t ia l ( :  
lowrate 
lbm/sec) 

0.036 

I n i t i a l  
Pressure 

( psis 1 

Final 
'ressure 
(PSia) 

Quality found from 
movie data 18.75 

14.70 19 52 0.036 0.032 I1LowI1 Vapor 
Quality ( 2 )  

0.0386 14.70 I I L ~ ~  11 Vapor 
Quality ( 2 )  

( 2  
llHighll Vapor Quality 
Combined LN2 - GN2 
flow. 
High I n i t i a l  Flow 
Velocity. 

0.0346 

0.1537 

18.42 

18.84 0.1729 14.70 

0.0572 14.70 2 1  * 10 0.0662 

14.70 0.035'8 0.0301 21.10 

21.10 0.0364. 0.0296 14.70 Combined LN2- GN2 

Flow, (9 = 0.063'' ax 

0.0354 0.0288 14.70 21.25' Combined LN2- GN2 

0.056 
Flow, (FAJax = 

(3) 

0.0681 14.70 22.25 

Note: (1) Flowmeter data 

( 2 )  

(3) 

Void Fraction Measurement System not used 

FI = Liquid Volume Fraction 
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description of subsequent tests are br ief ,  pointing out mainly the sa l i en t  

features of each test .  For t es t  1-18-2 the transparent i n l e t  section used 

was tha t  shown i n  Fig. 9 . The t ransfer  l i ne  length w a s  approximately 6 feet 

and there w a s  no GN2 flow. It was found tha t  the l ighting required f o r  

photography s ignif icant ly  affected the thermocouples i n  the vessel  and on 

the walls, and it w a s  decided tha t  f o r  each successful test involving photo- 

graphic coverage, a "duplicate, " non-photographic tes t  (without l ighting) 

would be conducted. Figure 13 shows the flowrate and pressure response of 

the sphere fo r  both the photographic and duplicate tests. 

i s  seen t o  be very good. I n i t i a l  conditions within the sphere and t ransfer  

l i n e  were approximately ident ical .  

The repeatabi l i ty  

The tes t  procedure involved establishing 

the  desired flowrate while diverting the flow through the vent solenoid and 

then switching the flow in to  the receiver tank. 

t e s t ,  approximately 8 t o  9 seconds, the pressure i s  seen t o  show a shallow, 

then later a steeper increase, while the flowrate i s  seen t o  drop approxi- 

mately lo$. This decrease i n  flowrate i s  a resu l t  of the pressure r ise i n  

the sphere, which i s  vented through a r e l i e f  valve a t  about 6 psig. 

Over the duration of the 

Figures 14 , 15 and 16 show the measured temperature response of thermo- 

couples within the sphere fo r  the duplicate t e s t .  The dimensionless tem-  

perature F i s  plotted against t i m e  ( T  = i n i t i a l  or room temperature and 

T = l iquid nitrogen saturation temperature) . The centerline thermocouples 

are shown on Figure 14 , the  off-center thermocouples on Figure 1s , and 

the inside wall  thermocouples on Figure 16 

of the.wal l  were unaffected. The centerline thermocouples (Fig. 14. ) 

respond quickly t o  the flow; however, after approximately 2 seconds, the 

R 

S 

. Thermocouples on the outside 
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upper thermocouples respond and the thermocouple No. 3 a l so  s t a r t s  r i s ing  

a f t e r  approximately 5 seconds. The off-center thermocouples respond a f t e r  

1-1/2 seconds but Nos. 8 and 9 show responses s imilar  t o  Nos. 4 and 5 on the 

center toward the  end of the test, while No. 7 i n  the  lower region, tends t o  

l eve l  out a t  a somewhat lower temperature. These results correspond t o  photo- 

graphic data, which show tha t  the plume impinges off the top of the  vessel  

for about the  f i rs t  2 seconds (i.e., Froude No.  >2). Thereafter the plume 

height decreases, and toward the end of the test ,  the height was approxi- 

mately 1/4 t o  1/2 of the vessel  diameter. 

the vessel  are apparent, the lower regions are  much colder, suggesting sig- 

nif icant  interact ion between the plume and the vapor around it. 

shows the  response of the inner wall  thermocouples (note change of tempera- 

ture  scale),  where No. 10 shows l i t t l e  w a l l  cooling, Nos. 11 and 12 somewhat 

more, and No. 6 exhibits s ignif icant  w a l l  cooling, undoubtedly due t o  l iquid 

droplets f a l l i n g  t o  the vessel bottom. 

Although no d i s t inc t  regions i n  

Figure 16 

An analysis of the photographic data w a s  a lso made. Histograms of the drop- 

l e t  s i ze  dis t r ibut ion,  measured one inch above the in l e t ,  a re  shown i n  Figure 

1 7  f o r  f ive  t i m e s .  The resolution of droplets was estimated t o  be about 

3 mils, as indicated by the dashed l i ne  i n  Figure 1 7  . Actual droplet diam- 

e t e r  could be measured down t o  approximately 10 m i l  s ize,  but between 3 and 

10 mils, only a count of droplets was made. The dis t r ibut ions appear t o  be 

qui te  consistent and are typ ica l  of two-phase droplet (mist) flows; however, 

the resolut ion does not permit extending the histogram below 3 mils where 

droplet population may s t i l l  increase with decreasing diameter. 

a peak occurs a t  very low diameter, below which population decreases; however, 

I n  general, 
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data i n  t h i s  range i s  d i f f i c u l t  t o  obtain. 

much the same, the few droplets of large diameter a t  2 sec. represent the 

major contributions t o  the flow qual i ty  and mass flow ra t e .  

Although the histograms appear 

Figure 18 

from photographic analysis as well  a s  flowrate from the turbine flowmeter. 

Drop veloci t ies  f o r  a range of s izes  were found t o  be surprisingly constant 

a t  any par t icu lar  t i m e ,  showing a mean deviation of less than 10% and no 

apparent var ia t ion a t t r ibu tab le  t o  difference i n  droplet s ize .  This indi- 

cates t h a t  the s l i p  velocity i s  small, otherwise there would be a large vari-  

a t ion  i n  velocity between small and large droplets. 

shows tha t  the velocity peaks around 13 f t / s ec  (Froude No. = 2.6) near 1 sec 

and thereaf ter  decreases, being approximately 8 f t / sec  (Froude No. = 1.0) 

near 4-1/2 sec. 

graphs which indicate t h a t  the plume r i s e s  t o  the vessel  top up t o  approxi- 

mately 2 t o  3 seconds. 

shows mean drop velocity, quali ty,  and flowrate as determined 

The data of Figure 18 

These values are  i n  qual i ta t ive agreement with the photo- 

The qual i ty  and flowrate were computed by integrating the histogram data and 

assuming average veloci t ies  f o r  the l iqu id  droplets. 

made only out t o  2 seconds since, by tha t  time, f a l l i n g  droplets were observed 

t o  appear i n  the post- inlet  f i e l d  of view, causing d i f f i cu l ty  i n  determining 

which droplets were indeed associated with the i n l e t  plume. Furthermore, by 

one second the qual i ty  had decreased sharply and the large i r regular  l iquid 

droplets present were d i f f i c u l t  t o  rneasure accurately. The flow, although 

not pulsating greatly,  did exhibi t  a ra ther  unsteady overa l l  qual i ty  which 

made it d i f f i c u l t  t o  discern a t rue  average quali ty.  

These calculations were? 

These flowrate and 
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qual i ty  measurements a re  shown on Figure 18 

r a t e  i s  shown f o r  comparison with the photographically measured flowrate. 

The large i n i t i a l  difference i n  these two flowrates i s  a t t r ibu ted  t o  unsteady 

flow i n  the t ransfer  l i ne  between the turbine flowmeter and the f i l l -solenoid,  

a distance of approximately 6 f ee t .  

acceleration of the vaporizing flow i n  the w a r m  i n l e t  section upstream of the 

receiver tank causes a temporary accumulation of mass i n  the t ransfer  l i n e  

due t o  compression of the vapor phase. 

(extrapolated) i s  seen t o  approach the flowmeter c i ive  within approximately 

10% a f t e r  4 seconds; however, it i s  fe l t  t ha t  the photographic flow r a t e  

measurements made a t  1 and 2 sec. could be low due t o  the reasons given above. 

, where the turbine meter flow- 

Upon opening the f i l l -solenoid,  the 

The "photographic" flowrate curve 

Thus the flow indicated by the meter may be approached more rapidly. 

the qual i ty  curve i s  probably high a f t e r  approximately one second. 

Similarly, 

Compari- 

sons of t h i s  data with the  receiver tank computer model a re  made i n  section 

8.2 of t h i s  report .  

Typical single-frame pr in ts  of the pre- and post- inlet  flows a t  1/2, 1, 2 and 

3 seconds a re  shown i n  Figures 19  and 20 , respectively, These movies 

were obtained with a Hycam camera a t  a f i lm speed of 2500 frames/sec, with 

a frame-to-exposure-time r a t i o  of 10:l. I n  Fig. 19 , the flow i s  ver t ica l ly  

upward through the 1/2-incli inside diameter tube where the resu l t ing  f ie ld-  

of-view i s  approximately 1-1/2 in .  high by 1 in .  wide. 

as  l i g h t  areas (spheres o r  dis tor ted shapes), each containing a small hori- 

zontal  black s t r i p  which i s  the image of the black background s t r i p .  

The droplets a re  seen 

The 

flow i s  r e l a t ive ly  low quality,  and the resul t ing droplets a r e  generally quite 

large. Droplet diameters i n  the pre- inlet  flow could be resolved t o  approxi- 
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a .  1/2 SEC b. 1 SEC 

c .  2 SEC d .  3 SEC 

Fig, 19 Pre-Inlet Flow (Flow From Bottom to Top) 
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a. 1/2 SEC 

C. 2 SEC d .  3 SEC 

Fig.  20 Post-Inlet Flow (Flow From Bottom to Top) 
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mately 5 mils with an estimated uncertainty, fo r  a drop 5 mils i n  diameter, 

of approximately 13 percent. 

I n  Fig. 20 , showing the  post- inlet  flow, the flow direct ion is  again ver- 

t i c a l l y  upward; the distance between the marks on the nylon thread t o  the  

l e f t  of the flow i s  1/2 in .  

i s  thus approximately 2 in .  high by 3 in.  wide (twice the  s i z e  of the pre- 

i n l e t  f i e l d ) .  The droplets appear as  l i gh t  areas against  a black background, 

with a s m a l l  black image of the background i n  the center of each droplet ( the 

l i g h t  area t o  the r igh t  i s  par t  of the l ighted opal screen). The f a i n t  hori- 

zontal  l i ne  a t  the bottom i s  the lower thermocouple w i r e  (thermocouple 1) 

which i s  approximately 1 in .  above the in l e t .  These post- inlet  frames are  

close to, but do not correspond exactly to,  the corresponding frames of 

Fig. 19 f o r  the pre-inlet  flow. The resolution of l iqu id  droplet diameter 

i n  the post- inlet  flow i s  be t te r  than 13 mils, with an estimated uncertainty 

i n  a 1 O - m i . l  diameter of approximately 10 percent. 

The overal l  field-of-view i n  the post- inlet  flow 

Additional receiver tank tests were run i n  which the t ransfer  l i ne  was 

shortened from 6 t o  approximately 3 feet, and the pre- inlet  transparent sec- 

t i o n  was removed such t h a t  the  pre- inlet  length was approximately 6 inches 

i n  an attempt t o  achieve more constant i n l e t  flow conditions. 

tests - 2-17-1, 2-17-2, and 2-17-3 only post-inlet  and overa l l  photographic 

coverage w a s  made. 

i n  Figures 21  through 32 . The f i rs t  two tests (No. 2-TT-l i n  Figures 

21 - 24 and No. 2-17-2 i n  Figures 25 - 29 were f o r  "moderate" and 

"low" l iqu id  nitrogen flow rates, respectively, and compared t o  very l o w  

For these 

The resul ts  of these three additional t e s t s  a r e  presented 
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vapor qua l i t i es .  

but thereaf ter ,  receded (more rapidly f o r  the low flow ra t e  - t e s t  No. 2-17-2) 

I n  both t e s t s  the plume i n i t i a l l y  rose t o  the vessel  top, 

due t o  the pressure r i s e  i n  the vessel. The temperature r i s e  above the 

i n i t i a l  temperature f o r  the upper thermocouples later i n  the t e s t s ,  particu- 

l a r l y  f o r  t e s t  No. 2-17-2, i s  a r e su l t  of the approximate isentropic  com- 

pression of the gas i n  the upper region of the vessel. Later i n  the t e s t s ,  

there  i s  l i t t l e  interact ion with the two-phase j e t .  

a t ion  indicated by the off-center thermocouples i s  seen t o  be approximately 

l inear .  

The temperature vari- 

No implosion condition was observed during e i the r  of these t e s t s .  

The t h i r d  tes t  (No. 2-1'7-3 i n  Figures 29 - 32 ) consists of combining GN 

and LN f l u i d  streams j u s t  downstream of the Goddard valve as  shown i n  2 

Fig. 5 
Figure 29 shows the resul t ing pressure varlation, and the l iquid and gas 

flow ra tes .  Figures 30 t o  32 show the measured temperature dis t r ibut ion.  

Several ra ther  s ignif icant  features indicate the difference between t h i s  and 

pr ior  low qual i ty  t e s t s  which used only an LN2 supply. 

thermocouples show a much more spa t i a l ly  and temporally uniform temperature 

dis t r ibut ion;  secondly, the off-center thermocouples indicate a very nearly 

uniformly mixed condition throughout the sphere outside of the je t ;  and 

f i n a l l y  the w a l l  near the top exhibi ts  the greatest  cooling;. 

t e s t s  the w a l l  a t  the bottom exhibited t h e  greatest  cooling. 

implosion condition was not evident i n  t h i s  t e s t .  

2 

(a Fischer-Porter rotometer i s  used t o  measure gas flow ra t e ) .  

F i r s t ,  the centerline 

I n  previous 

However, an 

L i t t l e  data reduction of the photographic coverage of any of the above three 

t e s t s  has been done. However, i n  t e s t  No. 3 the l iqu id  droplet s ize  was ob- 

LOCKHEED MISSILES & SPACE COMPANY 



served t o  be s ignif icant ly  smaller than i n  previous tests and the i n i t i a l  je t  

velocity w a s  approximately 50 fps  (Fr W 40) compared t o  approximately 10 fps 

(Fr Z 1 to 2) i n  previous l o w  vapor qual i ty  tests. 

ture d is t r ibu t ion  observed i n  the last  test i s  probably strongly dependent 

on the considerably higher i n l e t  veloci t ies  and greater  drop dispersion. 

The more uniform tempera- 

8.1.2.2 Tests U s i n g  Liquid Volume Fraction Meter 

Since the  l iqu id  volume f rac t ion  meter has been calibrated, additional tests 

were performed with the meter mounted i n  the evacuated tee section as i l lus-  

t r a t ed  i n  Figs. 5 and 8. . These tests pa r t i a l ly  duplicate the previous 

tests performed; however, they are  more extensive and do include the l iqu id  

f rac t ion  data. 

They include tests with both LN2 f l o w  only and also tests with combined GN 2 

and LN flows t o  provide 2 

marized below. 

NO. 3-30-1 
NO. 3-30-2 
NO. 3-30-3 

NO. 3-30-4 

NO. 3-30-5 

variations i n  i n l e t  velocity and qual i ty  as sum- 

LN2 only 

LN2 only 
Combined LN2 

and GN2 (0.00128 lb/sec) flows 

Combined LN2 

and GN2 (0.00339 lb/sec) flows 

Combined LN2 

and GN2 (0.00616 lb/sec) flows 

( % 0.067 lb/sec) 

( 2 0.035 lb/sec) 
( 3 0.036 lb/sec) 

( % 0.035 Ib/sec) 

( l?;r 0.067 lb/sec) 

The l iquid volume fract ions measured a t  the location of the  meter (approxi- 

mately 14-1/2 inches upstream of the sphere i n l e t )  are presented fo r  run 3-30-3 in 

Fig-33. In  general, the l iqu id  f rac t ion  is  re la t ive ly  low; however, the vapor 
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qual i ty  drops quickly t o  a very l o w  value. "he vapor qual i ty  i s  defined as 

I .- ,- A 

ture behavior f o r  tests 3-30-1 2nd 3-30-2 are similar t o  those i n  Figs. 14 t o  

16 ; i.e., there are no d i s t inc t  thermal regions within the sphere, and the 

off-center l i n e  thermocouples show an approximately l inear  variation. I n  

contrast, tests 3-30-3, -4, and -5 f o r  combined gas-liquid flow, where the 

i n l e t  veloci t ies  are much greater, exhibit  a more uniform temperature within 

the sphere (See Figs. 34 - 36 ) . In  general, the  lower portions of the wall 

(thermocouple No. 6) exhibits greater e f fec ts  for  the LN runs than the upper 

portion of the wall  (thermocouple No. 13) due t o  the considerable l iquid fa l l -  

ing t o  and collecting near the bottom. 

-3, -4 and -5, the upper portions of the w a l l  (thermocouple No. 10) responds 

considerably more due t o  the impingement of the higher velocity plume a t  the 

top of the vessel. 

toward the end of the test (par t icular ly  f o r  No. 2) i s  a r e su l t  of the ap- 

proximate isentropic compression of the gas near the top of the sphere as the 

pressure continues t o  increase and the plume height recedes. 

2 

For the combined LN2-GN2 flow tests 

The increase i n  temperature above the i n i t i a l  temperature 

For none of 

these tests, even though i n l e t  conditions were varied considerably, did an 

implosion pressure drop occur. 

when the pressure responded only after a f rac t ion  of a second. 

There was a very short  period for  some tests 
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8.2 COMPARISON OF ANALY'I'ICAL PREDICTIONS WITH EXPERIMENTAL DATA 

A s  discussed earlier, one objective of the quasi-steady-state tests w a s  t o  

provide as nearly constant i n l e t  flow conditions as  possible. For most of 

the tests, the  t ransfer  l i n e  coupling the supply dewar and the tes t  tank 

were prechilled up t o  the  tank i n l e t .  Thus, with the exception of an 

i n i t i a l  t ransient ,  the i n l e t  flowrate dropped slowly throughout the tes t  

as  the tank pressure rose. 

For one test ,  Run 1-18-2, qual i ty  data were obtained from high-speed movies 

of the flow j u s t  inside the tank i n l e t  (see Figure 1 7  These data were 

obtained as  a function of t i m e  by measuring droplet volumes from the movie 

f i lm  using a precision f i lm reader. For the  other runs, qual i ty  hiskories 

a t  the i n l e t  were obtained from measurements made with a void f rac t ion  

measurement system. 

>. 

'8.2.1. Tank Pressure Response 

The t ank- f i l l  computer program, which i s  described i n  d e t a i l  i n  Volume I11 

of t h i s  report, relies on cer ta in  auxi l iary analyses (performed i n  a sub- 

routine) t o  provide the transport  coeff ic ients  and f h i d  neclianical parameters 

required i n  the main computation procedure. 

it i s  assumed t h a t  two-phase f l u i d  entering the tank forms a two-phase 

(liquid-vapor) j e t  containing l iquid droplets as the dispersed phase. 

a resu l t ,  specification of the  s i z e  of these droplets i s  required. 

typ ica l  j e t  the  s i z e  d i s t r ibu t ion  of droplets as a function of time may be 

characterized by a reference drop diameter D' If a histogram, or  s i ze  fre- 

quency dis t r ibut ion,  i s  drawn f o r  the  droplets a t  the tank in l e t ,  t h i s  char- 

I n  the tank f i l l  model analysis 

A s  

I n  a 

D' 
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a c t e r i s t i c  diameter i s  Jus t  the droplet diameter (a t  a given instant  of time) 

a t  the peak of the histogram. 

t o  specify the f lu id  flow geometry a t  the  end of the t ransfer  l ine,  and would 

An analysis which would specify % would have 

need t o  include the e f fec t  of l i n e  geometry (valves, bends, flow obstructions) 

and orientation. 

up upon entering the tank i f  the flow s t a b i l i t y  i s  affected by the sudden 

enlargement i n  flow area. 

t o  predict  Db and the limited u t i l i t y  of any specialized r e su l t s  which would 

be obtained, no such analyses was attempted. 

In  addition, the incoming f l u i d  configuration may be broken 

I n  view of the d i f f i cu l t i e s  involved i n  attempting 

An attempt was made t o  measure the character is t ic  droplet diameter from 

histograms prepared from droplet diameters measured from films of the post- 

i n l e t  flow f o r  Run 1-18-2. However, suff ic ient ly  small drop diameters could 

not be resolved from the f i l m  t o  define a peak i n  the histogram. 

measurable diameter was about 2.8 x 

t ha t  Db was less than t h i s  value. 

The m i n i m u m  

feet ,  so it could only be concluded 

Figure 37 shows the pressure predictions for  Run 1-18-2 f o r  a range of 

values of D' D" The predictions agree best with these data when a value of 

D; of about 1.66 x lom4 f e e t  i s  used. When smaller values are  used fo r  D' D 
the pressure may drop below i t s  i n i t i a l  value because most of the incoming 

droplets evaporate i n  the gas. 

evaporate on the tank w a l l  producing a greater rate of pressure rise. 

the droplets become very large (Db = 4 x 

the evaporation occurs a t  the tank wall  and the pressure approaches a l i m i t -  

ing upper value. 

For larger values of D.,!,, more droplets 

A s  

f t  o r  larger) almost a l l  of 

This i s  found because the larger  droplets f a l l  quickly 
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through the ullage vapor and on t o  the tar& wall where rapid boiling occurs. 

?"nus, f o r  the larger  droplets, a greater amount of energy i s  absorbed from 

the tank wall  during evaporation than from the ullage vapor. 

f a l l  more slowly through the ullage vapor and extract  more energy from the 

vapor than from the tank w a l l ,  producing a smaller r a t e  of pressure rise, or 

even a pressure drop. 

Small droplets 

The r e su l t s  shown i n  Figure 37 indicate tha t  the data f o r  t h i s  run can be 

matched quite closely i f  the proper value fo r  Dh i s  used. 

runs, shown i n  Figures 38 

gardless of the value used f o r  Di. 

have a s ignif icant  e f fec t  on the r a t e  of pressure rise once the i n i t i a l  

t ransient  i s  past. A s  the ullage vapor cools below the temperature of the 

tank wall, the r a t e  of heat t ransfer  between the ullage vapor and the wall  

incyeases. Thus, a f t e r  the i n i t i a l  portion of the f i l l  process, the$value of 

% has an increasingly greater e f fec t  on the r a t e  of pressure rise. 

e f fec t  i s  i l l u s t r a t ed  i n  Figures 43 and 44 wherein analyt ical  predic- 

t ions are shown f o r  two cases. 

as usual from the auxiliary analysis t o  the main computation procedure; i n  

the second case, the value of i s  set equal t o  zero. A s  shown i n  Figures 

Data f o r  the other 

through 47 , do not match the predictions re- 

This i s  because the value of D' does not D 

This 

In  the first case values of h&, were computed 

43 and 4.4 , the computed value of % i s  much too high. This i s  due t o  

the f a c t  that ,  i n  the auxiliary analysis, the value of h&, (the forced- 

convection heat t ransfer  coefficient between the ullage vapor and the tank 

wall) i s  computed using the average velocity of the f l u i d  i n  the j e t  a t  the 

center of the tank. I n  rea l i ty ,  the gas velocity near the tank w a l l  i s  prob- 

ably an order of magnitude less than i n  the jet. I n  addition, the analyt ical  
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model assumes uniformly mixed gas regions whereas, i n  actual i ty ,  the gas near 

the wal l  i s  r e l a t ive ly  warm and ac t s  t o  reduce heat t ransfer  between the w a l l  

and ullage vapor. 

It should be pointed out t h a t  the  r e l a t ive  importance of heat t ransfer  from 

the w a l l  t o  the gas becomes l e s s  as the tank size i s  increased. 

wall  area t o  tank volume i s  a d i r ec t  measure of the influence of heat t ransfer  

between the w a l l  and the ullage vapor. For a sphere, f o r  example, the rela-  

t i v e  importance of h&, i s  inversely proportional t o  the tank diameter. This 

e f f ec t  is  i l l u s t r a t e d  below i n  sect ion 

five-foot diameter tank are  compared with ana ly t ica l  predictions. 

The r a t i o  of 

9.2 , where data from t e s t s  on the 

An attempt 'was not made t o  improve the ana ly t ica l  prediction of 

an accurate description of the flow i n  the tank would be required. Since h&, 

i s  not important for  large tanks, the e f f ec t  of h&, on t h e  small tank r e su l t s  

i s  adequately i l l u s t r a t e d  with the l imiting values as  shown. The comparison 

shown i n  Figure indicates t h a t  the predicted r a t e  of pressure r i s e  with 

a zero value of h&, i s  s l igh t ly  l e s s  than t h a t  indicated by the test data. 

However, the comparison shown f o r  Run 3-30-1 (Figure 

dicted equilibrium r a t e  of pressure r i s e  i s  very close t o  t h a t  shown by the 

t e s t  data. Thus, i n  most cases, a good prediction of the rate of pressure 

* because hWU 

/ 

43 

44) shows tha t  t h e  pre- 

r i s e  can be obtained with h&, set equal t o  zero. 

&2.2 Ullage Vapor Temperature Distribution 

I n  F'i,o;ures 45 , 46 , and 47 , measured temperature data are compared with 

predictions using D' = 1.66 x ft. Figure 45 shows the data measured D 
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a t  f i v e  locations along the centerline of the tank. 

t o  the top of the tank (during the i n i t i a l  transient flow surge), the thermo- 

couples are progressively submerged i n  cold gas. 

a f t e r  i n i t i a t i o n  of flow, the j e t  begins t o  f a l l  away from the top of the 

tank and continues t o  decrease i n  height as the velocity a t  the i n l e t  de- 

creases. 

t ha t  location begins t o  rise. 

dropped below the leve l  of thermocouple 2; therefore, thermocouples 1 and 2 

remain i n  the j e t  fo r  the remainder of the t e s t  duration and reg is te r  the 

saturation temperature. the predicted je t  tempera- 

ture i s  very close t o  the saturation temperature throughout the en t i r e  t e s t ;  

A s  the cold jet rises 

A t  approximately two seconds. 

When the je t  drops below a given thermocouple the temperature a t  

It was observed tha t  the top of the j e t  never 

A s  shown i n  Figure 4.5, 

t h i s  agrees very well  with observed resul ts .  

The rltopr' region i s  tha t  spherical sector of the tank above the top of the 

j e t .  

the tank, the volume of the  ''top" region i s  zero; or, more accurately, the 

top region i s  undefined. 

t i on  of the geometry used i n  the analyses.) 

region temperature i s  undefined between about 0.4 and 2.4 seconds from the 

s t a r t  of f i l l .  

This implies tha t  during the t i m e  when the je t  impinges on the top of 

(See Vol ,  I11 of t h i s  report  for  an exact descrip- 

Therefore, the predicted top 

Since the volume occupied by the top region i s  changing with 

t i m e  (i.e., it increases from zero t o  some f ini te  value as the top of the 

j e t  drops from the top of the tank t o  a point near the center of the tank), 

the value of the temperature of the top region, ",?jm, represents a "mass- 

average temperature" of the f l u i d  i n  the top region. 

not been compared with the prediction on th i s  basis, the values of 

t he i r  variations with time appear *to be quite reasonable. 

Although the data have 

and TR 
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Experimental data and predicted values of the "bottom region" temperatures, 

T-Iz;R, are shown i n  Figure 46. This comparison shows t h a t  the predicted 

values f o r  W are  lower than the measured data. 

the f a c t  t h a t  the temperatures recorded by therinocouples 7, 8, and 9 do not 

represent a proper average gas temperature i n  t h e  bottom region. 

j e t  the bottom region temperatures approach the saturat ion temperature since 

there  i s  mixing between the gas j e t  and the bottom region. 

This i s  probably due t o  BR 

Near the 

In  Figure 47 

face temperatures a re  shown. 

measured by thermocouples 11 and 12. 

the computed and measured values of the tank wall  inner sur- 

The predicted values a re  very close t o  those 

8.3 TRANSFER LINE TESTS 

The t ransfer  l i n e  assembly i s  shown i n  Figure 48 . 
supply vessel, the  control box, four t ransfer  l i ne  sections of d i f fe ren t  

lengths and associated instrumentation. 

I.D. by 5/8-inch O.D. copper, with an outer l-l/a-inch vacuum jacket. 

t ransfer  l i ne  section has an instrumentation s t a t ion  a t  the downstream end 

f o r  pressure and temperature measurements and a l so  has thermocouples a t  in- 

te rva ls  along the section. One section includes, i n  addition, the l iqu id  

volume f rac t ion  measuring and flow visual izat ion s ta t ions.  The control box 

a l so  has an instrumented area. Line expansion or  contraction i s  allowed f o r  

only a t  one location - i n  the inner l i ne  a t  the supply tank ex i t .  

It consists of the LN2 

The inner t ransfer  l i ne  i s  1/2-inch 

Each 

The LN 

zontally and having a capacity of approximately 16 gallons. 

be ac t ive ly  pressurized with helium; a transducer i s  used t o  monitor the 

supply tank is  a foam-insulated cyl indrical  vessel  mounted hori- 2 
The vessel  may 
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pressure supply. 

The control box as  shown i n  Figure 49 

allows f o r  the en t i r e  l i n e  expansion, a platinum res i s tor ,  the turbine flow 

includes the  expansion bellows which 

meter, the  th ro t t l i ng  valve, and the f u l l  open solenoid valve followed by an 

instrumentation area including f l u i d  and wall  temperature thermocouples 

(chronel-constantan) and one s t a t i c  and three stagnation probes (two f o r  for- 

ward flow and one f o r  reverse flow). I n  addition, an LN vent l i ne  between 2 

the  valves permits complete chilldown of the l i ne  upstream of the  solenoid. 

The short  thin-walled s ta inless-  s teel  section between the solenoid 2nd be- 

ginning of the copper t ransfer  l i ne  reduces heat t ransfer  from the  copper 

l i n e  pr ior  to i n i t i a t i o n  of flow. The various l i n e  sections a re  joined with 

copper sweat couplings. 

Figure 50 

and f l u i d  temperature thermocouples (3  mil chromel- constantan), a s t a t i c  

pressure tap and two forward stagnation probes, one being on the centerline 

and the  other a t  mid-radius. "wo d i f f e ren t i a l  pressure transducers and one 

absolute pressure transducer a re  located within the jacket, and a l l  e l ec t r i -  

shows a standard instrumentation s ta t ion  w1.iicli includes the  wall  

c a l  wires feed through the upstream flange. The expanded vacuum-jacketed 

section accommodates the instrumentation and connects t h e  vacuum jacket to- 

gether with t'O" r ing  seals. 

there i s  additionally a "downstream facing" p i t o t  tube and an addi t ional  

d i f f e ren t i a l  pressure transducer. I n  the design of the l i n e  expansion and 

For the upstream instrumentation area (Fig. &), 

contraction can occur only a t  the upstream end of the  l ine .  

course of t e s t ing  it was found there was  a 1-inch r e l a t ive  displacement of 

During the 
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Fig. 53 V i e w  of Supply Tank, Control Box and 
Two Transfer Line Sections 

Fig. % V i e w  of Inside of Control Box 
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FIGURF, 55 Standard Transfer Line Instrumentation Station 

FTGURE 56 Liquid Fraction Measurement and Flow Visualization Station 
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The probable uncertainty i n  the water cal ibrat ion isiess than one percent 

mer the applicable range. The qual i ty  measurements a re  described i n  Sec. 

The f h i d  and wall  temperature thermocouples were 3 m i l  chromel- constantan 

and were referenced t o  an i ce  bath. The d i f f e r e n t i a l  pressure transducers 

were referenced t o  the l o c a l  s t a t i c  pressure. Both pressure and tempera- 

tu re  sensors were connected through amplifiers t o  oscillograph recorders. 

The sens i t i v i t i e s  of the combined pressure transducer-amplifier-recording 

galvanometer systems were obtained by d i rec t  pressurization of the trans- 

ducers and r e l a t ing  the oscillograph deflection t o  the pressure measured by 

a mercury manometer. 

tained by r e l a t ing  the oscillograph deflection t o  the change i n  the cold 

(reference) junction temperature from ice  bath t o  saturated LN ra ther  than 

using standard thermocouple tables  direct ly .  

The sens i t i v i ty  of each thermocouple system was ob- 

2' 

The uncertainty i n  s t a t i c  pressure measurement i s  estimated t o  be F 3  percent 

of absolute pressure. The uncertainty i n  the d i f f e r e n t i a l  pressure measure- 

ments i s  qui te  large because of the 10~~. sens i t i v i t i e s  of the d i f f e ren t i a l  

transducer systems. When the flow regime consisted of l iqu id  droplets sus- 

pended i n  the  vapor, the sens i t i v i ty  of the d i f f e r e n t i a l  transducers t o  

l iqu id  droplet  dynamic pressure was good but the response was insuf f ic ien t  

t o  obtain meaningful measurement of l iqu id  droplet velocity. I n  the case of 

l iqu id  flow, the d i f f e r e n t i a l  transducer uncertainty was s t i l l  large because 

the velocity f o r  pure l iqu id  flow was re la t ive ly  low. I n  general, the  dif-  

f e r e n t i a l  pressure measurements were of l i t t l e  quant i ta t ive value f o r  the 

above reason; however, they were of value qua l i ta t ive ly  i n  indicating the 
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the  inner l i n e  with respect t o  the  vacuum jacket f o r  the 28-ft l i n e  between 

room and l iqu id  nitrogen temperatures. 

Figure 51 

visual izat ion s ta t ions,  along with the standard instrumentation s ta t ion,  the 

de t a i l s  of which are not shown. There a re  two facing 5-1/4-inch diameter 

ports i n  the t ee  section f o r  viewing the  flow i n  the approximately &-inch 

length of g lass  tube. 

shields and aluminum t&ansfer l i n e  tube a re  shown i n  section 

shows the de t a i l s  of the void f rac t ion  measuring and flow 

The dimensions for  the arrangement of detector source, 

8.3- 

The locations (a t  room temperature) of the  wall  thermocouples ( 3  m i l  chromel- 

constantan) a re  shown i n  Figure '-52, 

t ransfer  l i n e  overall.  

for  each l i ne  segment, and f o r  the 

Photographs of the LN2 supply vessel  and overa l l  view of a portion of the 

l ine,  the upstream control box, a standard instrumentation s ta t ion,  and the 

l iqu id  f rac t ion  and visual izat ion s ta t ion,  a r e  shown i n  Figures 53 through 

54. 

8 .3.1 Instrumentation 

The t ransfer  l i ne  measurements consisted of flow ra t e ,  quali ty,  pressure and 

temperature. 

turbine flow meter rated f o r  UT2 temperatures. 

e t e r  and ra ted  fo r  0.15 to  10 gpm. 

flow ca l ibra t ion  laboratory using water over the range of the  meter. 

the meter was not cal ibrated with LN2, R e f .  

ence i n  the vo lme t r i c  flow rate between water and LN2 i s  less than 2 percent. 

The f lowrate - w a s  measured by a Fisher-Porter Model l O C l 5 l . O  

'I!he meter was 1/2-inch diam- 

The meter was cal ibrated i n  the IMSC 

Although 

11 indicates t h a t  the d i f fe r -  
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flow regime present--i.e., sharp spikes f o r  l iqu id  droplets carried i n  vapor, 

e tc .  Furthermore, only about one-half of the d i f f e ren t i a l  transducers were 

operative during the  tes t ing,  e i ther  due t o  failure of the transducers them- 

selves, trouble with the amplifiers or  due t o  large res t r ic t ions  i n  the tubing. 

The uncertainty i n  temperature measurement f o r  the f l u i d  temperature thermo- 

couples i s  estimated t o  be f 3OR and i n  w a l l  temperatures t o  be +5"R. The 

reason f o r  the difference i s  tha t  the recording system f o r  the former eas i ly  

allowed f o r  determining the ice  bath base l i ne  (i.e., zero signal) ,  whereas 

fo r  the  la t te r  it was d i f f i c u l t  t o  es tabl ish the i ce  bath (zero output) base 

l ine .  The ac tua l  uncertainties i n  the sens i t i v i t i e s  for  e i ther  were approxi- 

mately the same. 

8.3.2 T e s t  Procedure 

The supply vessel  was f i l l e d  t o  the upper l eve l  sensor from a 160 l i t e r  LN 

Dewar and allowed t o  vent t o  atmosphere-pressure (with periodic topping of f )  

f o r  approximately one-half hour pr ior  t o  t e s t ,  t o  approach the minimum steady 

heat input t o  the  vessel  through the insulation. 

was saturated a t  other than atmosphere pressure, the l iqu id  was heated with 

an e l e c t r i c a l  heater t o  above the desired vapor pressure (with periodic 

ventings t o  the desired pressure t o  ensure mixing of the l iqu id  through 

boiling) and then vented t o  the desired pressure and held there f o r  a period 

with the heater off. 

i n i t i a l  l iqu id  subcooling. 

and LN2 was allowed t o  vent slowly through the  vent l i ne  (Figure 49 ) 

prech i l l  t he  portion of the  l i n e  up t o  the solenoid. 

2 

For tests where the l iquid 

This recorded tank pressure w a s  used t o  define the 

During t h i s  period, the Goddard valve w a s  opened 

t o  

The supply pressure was 
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then quickly raised t o  the desired operating pressure using a GHe supply and 

regulator valve; the vent valve w a s  closed and the main solenoid valve w a s  

opened t o  i n i t i a t e  t he  t ransfer .  

fo r  which the  t e s t  was i n i t i a t e d  when the l i ne  had only pa r t i a l ly  warmed up 

following a pr ior  test ,  a l l  runs were i n i t i a t e d  with the l i ne  a t  nominal 

room temperature. 

open t o  determine the  e f f ec t  of an upstream flow res t r ic t ion .  

Ekcept i n  one run with a pre-chilled l ine,  

I n  one t e s t ,  t he  gate valve w a s  maintained only pa r t i a l ly  

Pr ior  t o  and during the transfer,  the following quant i t ies  were continuously 

recorded: supply pressure, flow rate ,  s t a t i c  and dynamic pressures, f l u i d  

and w a l l  temperatures, void volume f rac t ion  and i n  some tests, photographic 

coverage a t  the viewing section. Visual observations of the flow were made 

and recorded where possible, however, t he  act ion was so rapid, l i t t l e  could 

be seen except a general qual i ta t ive idea of time-wise variations i n  flow 

qual i ty  and geometry. 

apparent from visual observations tha t  the flow qual i ty  had reached a low and 

f a i r l y  steady value or  u n t i l  pressure and temperature measurements indicated 

complete cool-down had occurred. 

The tests were continued i n  most cases u n t i l  it w a s  

8.3.3 T e s t  Results 

A summary of the  nine t ransfer  l i n e  tests conducted a re  presented i n  Table 

u. 
were: supply pressure; supply l iqu id  subcooling with respect t o  supply 

pressure; t ransfer  l i n e  length and t ransfer  l i n e  i n i t i a l  temperature. I n  

All t e s t s  were conducted with l iqu id  nitrogen. The conditions varied 

addition, one tes t  was conducted with p a r t i a l  upstream throt t l ing.  

cated i n  the  "Comments", photographic coverage was made of four of these 

A s  indi-  
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tests with the qual i ty  of a l l  but test 5-23-3 being good. The reduced data for 

these nine tests is  presented in graphical form in Volume V I  of t h i s  report. For 

each of the nine tests, the following graphical data i s  presented a s  a function 

of time: 

o Supply pressure and supply l iquid vapor pressure 

o Liquid flow ra te  

o Vapor qual i ty  

o Fluid temperature ( a t  four locations) 

o 

o S t a t i c  pressure ( a t  f ive  locations) 

Wall temperature a t  several locations along line 

Significant data from the p i t o t  tube ( t o t a l  pressure) ins ta l la t ion  were not ob- 

tained because of the unexpectedly low d i f f e ren t i a l  pressures recorded. These 

low d i f f e ren t i a l  pressures are  a t t r ibuted t o  the high vapor qual i ty  observed 

throughout the bulk of the chilldown process. 

8.3.3.1 pressure and Flow Fluctuations 

Strong pressure and flow fluctuations were observed i n  several of these tests. 

I n  general, the degree of supply l iquid subcooling accentuated both pressure 

and flow fluctuations.  This e f f ec t  i s  apparent in comparing the high supply 

pressure tests; subcoolings were approximately 0, 4, and 28 ps i  respectively. 

The fluctuations are  very s ignif icant  f o r  a subcooling of 28 ps i  while the 

e f f ec t  i s  only s l igh t ly  more evident with less subcooling. 

comparisons can be made a t  lower pressures between tests where A P 

9.5 ps i  respectively, and f o r  the shorter l ine  between t e s t s  where 4 Psub= 0 

and 8 p s i  respectively. 

creasing subcooling. 

Similar qual i ta t ive 

i s  0 and sub 

Ln general the frequency is  a l so  increased with de- 

110 

LOCKHEED MISSILES & SPACE COMPANY 



It i s  also evident t ha t  these pressure and flow f luctuat ions have a much 

higher frequsncy f o r  shorter l i ne  lengths. 

a l so  appear t o  pe r s i s t  much longer f o r  the lower driving pressure. 

effect of p a r t i a l l y  ch i l l ing  the  l i n e  i s  t o  somewhat alternate the fluctu- 

a t ions and t o  s ign i f icant ly  decrease t h e i r  duration; however, there appears 

t o  be be t t e r  affect on the frequency. 

In  addition, these fluctuations 

The 

The ef fec t  of upstream th ro t t l i ng  with the gate valve resul ted i n  only s l i gh t  

attenuation of the fluctuation; however, the presence of the nominal one-half 

inch turbine flow meter (with 11/32 inch i.d.’) and nominal one-half inch 

solenoid valve (with 0.30 inch i.d. (a l so  a t  the upstream end of the l i n e )  

represented a s ignif icant  l i n e  r e s t r i c t ion  ( a t  l e a s t  53% f o r  the meter and 

64% f o r  the solenoid). Additional attempts a t  t h ro t t l i ng  with the gate 

valve provided only incremental t h ro t t l i ng  e f fec ts  over those due t o  the 

flowmeter and valve flow res t r ic t ions .  

Significant over pressures (i.e. l i ne  pressures exceeding the supply pressure) 

occurred only f o r  the 10 psig supply pressure tests. 

subcooled test ,  the over pressure w a s  approximately 50% for the first pressure 

pulse. This extended w e l l  down the l ine ,  being approximately 40% over 

pressure as far as 17 feet  down the 28 foot l i ne  f o r  the first pressure pulse. 

The over pressures were rapidly damped fo r  successive pressure pulses, how- 

ever, the pressure fluctuations pers is ted fo r  a considerable t i m e .  Although 

For the more highly 

these over pressures occurred i n  only two tests (5-23-1 and 5-23-3), there 

w a s  no apparent simultaneous flow reversal  as indicated by the measured flow 
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ra te .  (The meter does not d i f fe ren t ia te  between forward and reverse flow; 

however, for flow reversa l  t o  have occurred, the  measured valve would indi- 

cate zero a t  reversal  and this w a s  not evident .) 

In  comparison f o r  the higher pressure tests, even f o r  a subcooling of 28 p s i  

the peak pressure w a s  approximately equal t o  the supply pressure f o r  the 

shorter l i n e  the  peak pressure f o r  the f i r s t  pulse was  a lso approximately 

equal t o  the supply pressure. 

l i n e  flow resistance (i .e.  l i ne  length, or degree of flow r e s t r i c t i o n  down- 

The degree of over pressure increases w i t h  the 

stream) and this  r e su l t  i s  consistent with  the results of R e f .  (12) on the 

e f fec t  of l i n e  length o r  downstream flow re s t r i c t ions  on the degree of over 

pressure. I n  the r e su l t s  reported i n  R e f .  12 f o r  LN the over pressure 2 

incre.ased monotonically w i t h  l i ne  length f o r  no e x i t  flow res t r ic t ion .  The 

25 psig supply pressure data of R e f .  (12) indicates these t o  be negligible 

over pressure f o r  a 25 foot  l i n e  and t h i s  compared w e l l  w i t h  the present 

data. R e f .  12 does not include data f o r  lower supply pressure t o  compare 

with the 50% over pressure observed i n  the 10 psig subcooled test. 

e x i t  flow res t r ic t ions ,  R e f .  12 indicates a minimum over pressure t o  occur 

for  some intermediate l i n e  length. 

With 

The peak pressure r e su l t s  a re  summarized i n  Figure 58 
from R e f .  12 included f o r  comparison. 

w i t h  some of the data 

A s  l i n e  chill-down proceeds the pressure and flow fluctuations subside 

generally before complete chill-down occurs. During the latter pa r t  of 
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chill-down the s t a t i c  pressures drop and the flow r a t e  increases t o  re la t ive ly  

steady values once the en t i r e  l i ne  i s  cold. 

5-23-5 the tests were continued t o  beyond complete chill-down as indicated 

i n  Table 4. 

test a re  presented i n  Figs. 59 and 60 . It i s  seen tha t  f o r  both the 

nominal 10 and 30 psig t e s t s  5O$ or  more of the pressure drop occurs between 

For a l l  tests except 5-25-1 and 

The l ine  s t a t i c  pressure dis t r ibut ions near the end of each 

the i n l e t  and the first s t a t i c  pressure tap, i.e. occurs across flowmeter 

and solenoid valve. 

give somewhat inconsistent values par t icular ly  where there was incomplete 

chill-down o r  when there was l i t t l e  supply l iquid subcooling. 

The s t a t i c  pressure tap a t  108 inches (CPI) appears t o  

Chill-Down Time - The chill-down time as  a function of l ine  location i s  

plotted i n  Figure 61, where the data f o r  a l l  wall  thermocouples including 

those a t  the instrumentation section are  included. I n  most cases the wall  

temperature data exhibit  i n i t i a l l y  moderately rapid cooling (i .e., re la t ive ly  

high f i lm boiling heat t ransfer  rates fo r  large wall  super heats) then less 

rapid cooling as the wall super heat decreases. 

down the cooling r a t e s  a re  very rapid as the high heat f lux of nucliate 

boiling occur. 

curve was not apparent and t h i s  has not been explained. 

Finally pr ior  t o  f inal  chi l l -  

In  some (limited) cases, the nucleate boiling portion of the 

It i s  seen from Figure 61 

instrumentation sections (closed symbols) cool most rapidly and t h i s  i s  

a t t r ibu ted  t o  the presence of the  p i t o t  tubes or the visualization section 

i n  the case of CT2. Other than these locations the cool-down dis t r ibut ion 

tha t  i n  general the wall location adjacent t o  the 
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indicates  t h a t  both upstream and downstream locations complete cool-down 

l a s t .  

w e l l  downstream are  grea t ly  increased by the higher f l u i d  velocity resul t ing 

This i s  explained qual i ta t ively i n  that the  heat t ransfer  coeff ic ients  

from the accelerating flow. 

In a very long t ransfer  l i n e  it would be expected tha t  the cooldown durations 

would eventually increase w i t h  distance f o r  longer l i nes  as is  reported by 

Ref. 13 f o r  long t ransfer  l ines  (up t o  200 f ee t )  since downstream portions 

of the l i ne  would be exposed t o  super-heated vapor during the i n i t i a l  pa r t  

of the t ransfer .  

Study of the photographic coverage of four tests (at nine foot downstream) 

indicates t h a t  two phase flow ex i s t s  almost simultaneously with valve opening. 

The flow i n i t i a l l y  consists of dispersed l iqu id  droplets i n  the vapor with 

some tendency f o r  s t r a t i f i c a t i o n  ( i . e .  more droplets near the bottom of the 

horizontal  l i ne )  and although reverse flow w a s  not observed (consistent with 

l i t t l e  or no l i n e  over pressures) there were very large time wise velocity 

and qual i ty  fluctuations.  These are  most cer ta inly associated with the  rapid 

pressure and flow variations discussed ea r l i e r .  A s  chill-down continues, the 

droplet s ize  increases. I n  the l a t t e r  stages an annular flow appears t o  

develop with a l iqu id  film on the wal l  and a cent ra l  core of high velocity 

vapor containing dispersed l iqu id  droplets. 

a t  the l i n e  exit, it appeared from visual  observation tha t  two-phase flow 

Although movies were not taken 

a l so  

Essentially,  pure l iqu id  was observed i n  the viewing section a f t e r  complete 

occurred very ear ly  compared t o  the t i m e  fo r  complete chill-down. 
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chill-down f o r  the highly subcooled t e s t s .  

qual i ty  measurements from the void f rac t ion  meter. 

This i s  consistent with t h e  

8.3.4 Comparison of Analytical Predictions with Experimental Data 

Analytical computations were performed f o r  comparison with t e s t  data from 

the tests described i n  Sections 8.2 and 8.3. Test data on the 200 foot  l i n e  

' were available from NBS (Ref .  16) f o r  chill-down t e s t s  performed with both 

nitrogen and hydrogen. 

presented i n  the next section. Only comparisons with measured walltemper- 

a ture  h is tor ies  a re  presented, since no NBS data were available on the r e su l t s  

of flowrate or  qual i ty  measurements. A s  pointed out i n  Section 7, the flow 

phenomena occurring during chill-down are  great ly  affected by the length-to- 

diameter r a t i o  of the l ine .  This i s  ref lected i n  the correlat ion of data 

from the t e s t s  run a t  LMSC on r e l a t ive ly  short  t ransfer  l ines  and those run 

a t  NBS on a r e l a t ive ly  long t ransfer  l ine .  

qual i ty  variations during chill-down of the NBS 200 foot l i ne  i s  not con- 

sidered serious i n  view of the l e s se r  importance of flowrate and pressure 

The comparison between data from these tests i s  

The lack of data on flowrate and 

osc i l la t ions  i n  the longer l ine .  

I n  the comparisons presented below, the e f fec t  of flowrate and pressure 

osc i l la t ions  on the chill-down process i s  marked. 

the computer analysis (which represents a quasi- steady approximation t o  the 

highly t ransient  flow and heat t ransfer  processes) provides a good approxi- 

mation t o  the measured variations.  

I n  sp i t e  of these effects ,  
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8.3.4.1 Chill-down of 28-foot Line 

O f  the seven tests performed on the 28-foot l ine,  computer predictions were 

performed f o r  s ix  t e s t s .  

th ro t t led  a t  the in l e t ,  and thus could not be simulated using the current 

version of the l ine  chill-down program. A summary of the test  conditions f o r  

those chill-down tests analyzed i n  t h i s  section was presented i n  Table 4. 
During these tes t s ,  measurements of the f lu id  quali ty were obtained with a 

void fract ion measurement system located approximately eight f ee t  from the 

i n l e t  t o  the t ransfer  l ine .  

In  the seventh t e s t ,  the flow was pa r t i a l ly  

For three of the t e s t s ,  high speed movie cover- 

age of the flow was obtained j u s t  downstream of the void fract ion measurement 

s ta t ion.  A s  s ta ted ea r l i e r ,  during all the t e s t s ,  measurements of t ransfer  

l ine  wall temperature h is tor ies  were made a t  th i r teen  s ta t ions along the 

line; f l u id  temperature and s t a t i c  pressure measurements a t  f ive  stations,  

and flowrate measurements a t  the i n l e t  were also obtained. In addition t o  

these measurements, t o t a l  (stagnation) pressures were recorded a t  f ive  

s ta t ions along the line; these measurements were obtained from p i to t  tubes 

a t  the centerline, mid-radius and inside wall of the t ransfer  l ine.  However, 

because of a low sens i t iv i ty  se t t ing  on several  recorder channels, data from 

these measurements could not be reduced. 

Because of the large number of wall  temperature measurements made during 

t e s t s  on t h i s  l ine,  several  plots  of wall temperature versus distance down 

the l i ne  were prepared. 

average temperature prof i le  along the l ine  could be selected for  comparison 

This w a s  done so that  thermocouples representing t h e  

with computed wall temperature his tor ies .  Plots  of measured and calculated 
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w a l l  temperature prof i les  a re  shown i n  

ated and subcooled i n l e t  conditions a t  
* 

It w i l l  be noted from these p lo ts  t ha t  

Figures 62 through 65 fo r  both satur- 

two driving pressures. 

several thermocouples seem t o  cool 

down faster than t h e i r  adjacent thermocouples. This i s  par t icu lar ly  notice- 

able i n  the runs a t  low driving pressures shown i n  Figures 64. and .65. 

general, the  measured temperatures a t  distances of 0.6, 2.2, 9.2, 16.2 and 

27.2 feet  from the i n l e t  decrease more rapidly than a t  neighboring locations. 

This i s  because the wall  temperature thermocouples a t  these locations are i n  

areas where the flow i s  disturbed and the resul tant  increased turbulence 

I n  

produces higher heat t ransfer  r a t e s  than a t  other locations.  Near the pipe 

i n l e t  the flow i s  unusually turbulent due t o  entrance effects associated 

with rapid acceleration of the flow from the supply tank. 

temperature thermocouple (stretched across the pipe centerline) and p i t o t  

tubes Were located jus t  upstream of the thermcouple 0.6 feet  from the  in l e t .  

Thus several sources of turbulence were present i n  the i n l e t  region, contri- 

buting t o  higher heat t ransfer  r a t e s  i n  t h i s  area. 

p i t o t  tubes were also present just  upstream of the w a l l  thermocouples a t  3.7, 

9.2, 16.2, and 27.2 f ee t  from the in l e t .  Additional sources of turbulence 

t o  explain the exceptionally high heat t ransfer  r a t e s  about 16.2 f ee t  from 

Also, a f l u i d  

Fluid thermocouples and 

*As noted ea r l i e r ,  f o r  tests run with l iqu id  saturated a t  atmospheric pres- 

sure, the l iqu id  i n  these tests i s  referred t o  as  subcooled l iquid.  In  t e s t s  

run with l iqu id  saturated a t  t he  selected driving pressure, the l iqu id  i s  

referred to as  saturated l iquid.  
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the i n l e t  have not yet been uncovered. I n  selecting thermocouple data t o  be 

plotted as a function of t i m e ,  those thermocouples which were deemed t o  

represent an average s p a t i a l  temperature dis t r ibut ion were selected. These 

"average" thermocouples were those located a t  distances of 3.7, 11.5, and 

24.5 f e e t  from the i n l e t .  

Referring t o  Figure 62, it w i l l  be noted that  the computed temperatures i n  

the f irst  half of the l i ne  are  generally lower than the measured walltemper- 

atures, especially during the ear ly  stages of chill-down. 

the predicted temperatures fo r  the l a s t  half of the l i ne  a re  generally higher 

than the measured temperatures. 

differences between the f l u i d  mechanical model assumed i n  the analysis and 

tha t  actual ly  observed during the t e s t s .  

model assumes tha t  a column of vapor i s  followed by a column of two-phase 

f lu id  which is, i n  turn, followed by a l iquid region, the whole proceeding 

gradually down the t ransfer  l ine.  This sequential progression of f l u i d  

A t  ear ly  times, 

These deviations a re  a t t r ibuted t o  gross 

As explained ear l ie r ,  the computer 

phases i s  assumed t o  always occur i n  t h e  order described. Thus, f o r  the 

tests analyzed, the f i n a l  lengthwise dis t r ibut ion of f lu id  regions i s  as 

shown i n  Table 5. 
analysis predicts t ha t  the l ine  should be v i r tua l ly  f i l l e d  with two-phase 

f luid,  while for  subcooled i n l e t  conditions, the l i n e  should contain a long 

l iquid column. This result is  i n  good agreement with experimental observa- 

t ions.  

It w i l l  be noted tha t  for  saturated i n l e t  conditions the 

A t  ear ly  times during the chill-down process, however, the observed f l u i d  
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dis t r ibu t ion  w a s  very much different  from t h a t  used i n  the analysis. 

observations of the  flow, as w e l l  a s  f l u id  temperature measurements, showed 

tha t  the l i n e  w a s  quickly f i l l e d  with a two-phase mixture containing 

"pockets" of w a r m  vapor. 

computed and measured f l u i d  temperature h is tor ies  are presented f o r  the 

low pressure, saturated case (Run 5-23-1). The times a t  which the  f l u i d  

thermocouples recorded the loca l  saturat ion temperature are t i m e s  during 

which the thermocouple was immersed i n  a two-phase mixture. 

as shown i n  Fig.66, 

regions appear i n  the movies of the flow, as  vapor pockets, or rarefactions,  

between regions f i l l e d  with l iqu id  droplets. These variations a re  a l so  

Visual 

This i s  i l l u s t r a t e d  graphically i n  Fig. 66 where 

A t  in tervals ,  

the thermocouples were imersed  i n  warm vapor. These 

shown by the measured qual i ty  data plot ted i n  Fig.67 

observed d is t r ibu t ion  of f l u i d  phases i s  clear ly  produced by pressure and 

flowrate osc i l la t ions  i n  the t ransfer  l i ne  during the  ear ly  stages of ch i l l -  

down. Apparently, during times when the  flow has decelerated during a loca l  

pressure surge, a given volume of f l u i d  absorbs heat from the w a l l  f o r  longer 

periods of t i m e  than those undergoing acceleration, causing the generation of 

a vapor pocket. 

between the  apparent velocity of the  vapor pockets and the measured surge 

periods. 

as indicated from the f l u i d  temperature measurements (Fig. 

mately 2.8 seconds. 

mately 2.9 seconds. 

so-called 'lagglomeration" of f l u i d  regions referred t o  by Chi ( R e f .  14) .  

It should be noted t h a t  a larger  number of vapor pockets was  observed i n  the 

f o r  the same run. The 

This observation i s  fur ther  substantiated by a comparison 

Taking Run 5-23-1 as an example, the in t e rva l  between vapor pockets 

66 ) i s  approxi- 

The measured surge period fo r  t h i s  test  w a s  approxi- 

These observations also explain the mechanism f o r  the 
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low pressure runs; t h i s  observation agrees with the  conclusions of the  

surging analysis, presented i n  Volume I11 of t h i s  report, wherein it w a s  

shown tha t  surging dies  out faster for l ines  having higher driving pressures. 

A s  discussed above, the  measured t ransfer  l i ne  his tory w a s  compared with 

ana ly t ica l  predictions a t  three locations along the line; t ha t  is, a t  dis- 

tances of 2.71, 11.54 and 24.46 f ee t  from the  i n l e t .  The r e su l t s  of these 

comparisons are shown i n  Figs. 68 

driving pressures (Figs. 6 8 ,  69 and 70) the comparison i s  quite good. 

For the runs a t  the  lower driving pressures, the predicted temperatures near 

t he  end of the  l i ne  deviate from the  measurements ear ly  i n  the chill-down 

process. This i s  again a t t r ibu ted  t o  the greater effect of surging a t  the 

lower driving pressures. 

through 73 . For the  runs a t  the higher 

8.3.5 Correlation of NBS Data f o r  a 200 Foot Line 

Due t o  the ava i l ab i l i t y  of published tes t  data on a 200 foot long t ransfer  

l ine,  an attempt w a s  made t o  correlate  the observed l i ne  temperature vari-  

a t ion  with time by using the l i n e  chill-down computer program. 

data, presented i n  R e f .  16, are for a vacuum-jacketed, copper t ransfer  l ine,  

200 feet long and 5/8 inches i n  inside diameter. Both nitrogen and hydrogen 

were used as the  t e s t  f luids.  A t  four locations along the  l i n e  were located 

instrumentation s ta t ions  a t  which l i n e  w a l l  temperatures were measured. A 

t o t a l  of nine tes t  runs were selected for  comparison with analyt ical  predic- 

tions; the tes t  f lu id ,  i n l e t  conditions and approximate chill-down t i m e  are 

indicated i n  Table 6. f o r  these runs. 

The tes t  

Tests i n  which the l iquid w a s  saturated 
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a t  loca l  atmospheric pressure ( -  12.05 psia) are  indicated as having sub- 

cooled i n l e t  f l u i d  conditions. For t e s t s  which were run with the l iquid 

saturated a t  the selected driving pressure, the l iquid i s  referred t o  as 

saturated liquid. 

resu l t s  are shown i n  Figs. 74 through 82. The comparisons shown i n  Figs. 

7t. , 7 5  and 76 are  fo r  saturated nitrogen a t  successively higher 

driving pressures. I n  general, although the shapes of the temperature-time 

curves near the pipe i n l e t  are  not well simulated, the agreement between the 

temperature-time h is tor ies  fo r  the downstream half of the l ine  and the pre- 

dicted and measured chill-down times i s  remarkably good. For the subcooled 

nitrogen data (Figs. 77 and 

are  i n  good agreement with the analyt ical  prediction; however, the predicted 

chill-down time i s  about 30% greater than the measured chill-down time. 

The data for  these t e s t s  and the corresponding analyt ical  

78), the temperature-time history near the i n l e t  

The comparison between the measured and predicted temperature h is tor ies  for  

hydrogen are  shown i n  Figs. 79.through 82. Here the measured and predicted 

chill-down times agree within * 15% f o r  a l l  the runs. 

agreement between the measured and computed temperature h is tor ies  a t  each 

s ta t ion  along the l i ne  i s  surprisingly good, considering the accuracy of the 

Furthermore, the 

measured data and the approximations made i n  the analysis. 

good reason t o  a t t r i bu te  differences i n  the analyt ical  and experimental 

Indeed, there i s  

r e su l t s  a t  low temperatures t o  inaccuracies i n  the measured data. A s  Steward 

points out i n  Ref. 16, "The crossing of temperature curves i n  the low temper- 

a ture  region i n  some tests i s  undoubtedly the r e su l t  of inaccuracies i n  the 

measurement since t h i s  i s  where the largest  errors would occur.1' 
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Altogether, the agreement between computed and measured resu l t s  f o r  t h i s  

t ransfer  l i n e  indicates tha t  the l i ne  chill-down computer program may be 

used with confidence a design tool, especially fo r  large L/D transfer l ines .  
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Section 9 

SCALING-LAW VERIF'ICAEON AND COMPLETE SYSTEN TESTS 

The objective of t h i s  series of tests is t o  provide data on transfer-l ine 

and tank conditions during times of t ransient  f i l l  which represent f i e l d  

conditions, and t o  ver i fy  the coupled t ransfer  line-tank analyt ical  model 

f o r  t h i s  general case. 

experimentally the resu l t s  o f  the scaling law analysis described i n  Vol- 

umes I11 and I V  of t h i s  report .  

A fur ther  objective of these t e s t s  i s  to  ver i fy  

The tests performed t o  accomplish these objectives made use of two f a c i l i -  

ties; the coupled small-size transfer l ine  and tank described i n  Section 8, 

and a considerably larger  f a c i l i t y  which was instal led a t  the Lockheed 

Santa Crua Test Base (SCTB). The l a t t e r  f a c i l i t y ,  described in d e t a i l  

below, consisted of a nominal three-inch diameter, 300-foot-long transfer 

line coupled t o  a five-foot-diameter tank. The following paragraphs de- 

scribe the tests which were conducted with these f a c i l i t i e s  and the correla- 

t ion  between the exprimental  data and analyt ical  predictions. 

8.1 TRANSIENT F'ILL TESTS WITH A COUPLED TANK AND TRANSFER LINE 

The following sections describe the de t a i l s  of the apparatus and test 

procedure used i n  the tes t ing  of large-and small-size apparatus designed 

t o  simulate a complete propellant tank f i l l i n g  system. 
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'9.1.1 Coupled Line and Tank Tests - Small-Size Apparatus. 

Upon completion of the tank-f i l l  f low phenomena tests and the t ransfer  

l i ne  flow phenomena tests, the tank (sphere) and t ransfer  l ine  were coupled 

together a s  shown in Figures 83- and 84, t o  perform l i m i t e d  coupled tes t ing.  

A photograph showing the test sphere appears in Fig. 85.  In  the coupled 

system, the t ransfer  l i ne  included the three and eleven-foot sections with the 

void fract ion measuring section mounted (ver t ical ly)  below the sphere a s  f o r  

the quasi-steady i n l e t  f low tests. 

sphere, a one-inch, manually operated solenoid valve was added t o  permit 

more rapid venting due t o  the expected high pressure r i s e  i n  the sphere 

during the t ransfer .  

I n  addition t o  the r e l i e f  valve on the 

Two t e s t s  were planned: ( a )  an i n i t i a l l y  warm transfer  

l ine  (room temperature) and (b) an i n i t i a l l y  prechilled t ransfer  l ine ,  both 

with approximately 15 psig supply pressure and the sphere gas a t  room tempera- 

ture i n i t i a l l y .  It was expected t h a t  with the re la t ive ly  large thermal capaci- 

tance of the t ransfer  l i ne  (1/16-inch wall) and the re la t ive ly  small volume 

and l o w  pressure capabili ty of the sphere, t h a t  the pressure l imitations might 

be reached prior t o  the appearance of s ignif icant  two-phase f low a t  the sphere 

i n l e t ;  therefore, a prechilled l i n e  test was also planned. The l a t t e r  test was 

t o  be conducted immediately a f t e r  the warm transfer  l i ne  test (during which 

the l i ne  would undergo complete chill-down) with only enough time between t o  

purge the sphere with room temperature nitrogen gas. 

room temperature test, the sphere s t ructural ly  fa i led  (exploded) when the ullage 

pressure achieved 13.5 psig. This occurred a t  the end of the test. It occurred 

During the course of the 

because the solenoid valve was not manually opened as  intended. 

the prechilled t ransfer  l i n e  test was not made and fur ther  coupled tes t ing  was 
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Fig. I n l e t  Configuration f o r  Coupled Tests . 
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discontinued. The complete data f o r  the f irst  test were reduced and are d i s -  

cussed below. 

The supply pressure, l iquid nitrogen flow rate ,  receiver tank pressure and 

l iquid nitrogen fract ion near the sphere i n l e t  are  shown i n  Figs. 86 and -87. 

indicated on the f igures  immediately prior t o  test in i t ia t ion ,  the supply 

A s  

tank was vented a t  0.2 psig. 

The recorded tank pressure was re la t ive ly  l inear  f o r  the f i rs t  three seconds, 

The test duration was approximately 5.8 seconds. 

followed by a continually decreasing slope. This i s  largely at t r ibuted t o  

the continually decreasing overal l  pressure drop and resul t ing decrease in 

flow rate ,  although the presence of two-phase flow a t  the i n l e t  could contribute. 

Between 2.5 and 4 seconds i s  the only time during which the void f rac t ion  

meter def ini te ly  indicated two-phase flow a t  the inlet  (see l iquid fract ion 

curve) since it i s  not f e l t  t ha t  the l iquid fract ion measurements are  known 

t o  be be t t e r  than approximately two percent. Thus a t  other than t h i s  time, 

the presence of two-phase flow i s  questionable men though the 

curve indicates a small (“1%) l iquid fract ion.  

l iquid fract ion 

The t ransfer  line s t a t i c  pressures. f lu id  temperatures and wall temperatures 

are  presented in Figures 88, 89 and 90,respectively. The pressures in Figure 

88are seen t o  be similar with s l igh t ly  higher peak pressures i n i t i a l l y  

fur ther  upstream. There were essent ia l ly  three pressure surges. The line 

f lu id  tempratures  in Figure 89 located a t  similar locations t o  the s t a t i c  

pressure i n  Figure, 8 8 ,  show similar temperature excursions above saturation 

a s  were evident in the previous t ransfer  l ine  tests. The f lu id  temperature 

increases, a t  approximately four seconds fo r  a l l  sensors, corresponds t o  the 

time in Figure 88where the l i ne  pressure has r i sen  t o  and remains approxi- 

mately a t  the supply pressure, resul t ing in a reduced flow rate .  Also, 
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Fig. 86 Ullage Pressure and Supply Pressure Histories f o r  Run  6-8-1 
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Fig. 87 I n l e t  Flowrate and E x i t  Qual i ty  Histories f o r  Run 6-8-1 
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Fig. 89 Transfer Line Fluid Temperatures - Coupled Test 6-8-1 
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Tine - Sec 
FQ. 90 Transfer Line Wall Temperatures - Coupled Test 6-8-1 
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I 

superheating the gas within the line was l ikely.  It would be expected t h a t  

the flow ra te  would decrease t o  even a greater extftnt than i s  indicated in 

Figure 87,, a t  t h i s  time in the test. This superheating of the gas a lso 

occurs e a r l i e r  in the test although t o  a lesser extent. 

were a l so  made on the previous t ransfer  l ine  tests, indicating t h a t  super- 

Similar observations 

heated gas slugs periodically progress down the line during the l i ne  chilldown. 

The wall temperature data in Figure '90 show t h a t  the l i ne  underwent only 

pa r t i a l  chilldown during the t e s t .  The data are  quite consistent with the 

previous t ransfer  l i n e  tests except for  wall thermocouple ET3 which appears 

t o  be high. This may be due t o  poor contact between the thermocouple and 

the wall. Although temperature sensors Were not  located i n  the elbow or 

ver t i ca l  void fract ion measuring section, it i s  l i ke ly  t h a t  very s ignif icant  

chilldown occurred in the region of the elbow. The centerline and off-centerline 

temperatures in the receiver are  presented in Figures 91 and 92 respectively. 

Thermocouple #1, just above the in l e t ,  was broken during a preliminary test. 

These sensors show no evidence of two-phase flow a t  the receiver i n l e t ,  

although two-phase flow was apparent in a l l  the prior receiver tank tests. 

Except in the f i r s t  second of the tests, the upper half of the receiver and 

the off -center thermocouples exhibit re la t ive ly  small variations.  

wall thermocouple (10) indicates the greatest  interact ion with the ullage vapor. 

* 

The upper 

9.1.2 Coupled L i n e  and Tank Tests - Large-Size Apparatus 

A diagram of the apparatus instal led i n  the test chamber a t  the SCTB i s  shown 

i n  Fig. 93 This apparatus consists of a five-foot diameter tank with a specially 

constructed vacuum-jacketed t ransfer  line. This l ine  runs between the tank 
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Pig. 91 Receiver Centerline Temperatures-Coupled Test 6-8-1 
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Fig, 92 Receiver Off-center and Wall Temperaturea--Coupled Test 6-8-1 
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and the vacuum chamber wall; a detailed drawing of the t ransfer  line i s  shown 

in Fig. 94 and a photograph of the test tank i n  Fig. 95 . Although ins ta l la -  

t ion  of the test tank i n  a vacuum chamber was not required f o r  these tests, 

there was available a test chamber a t  the test base in which a great var ie ty  

of instrumentation had already been instal led.  

t ransfer  line section instal led between the chamber wall and the test tank 

A s  indicated in Figs. 94 and 97, 

was very heavily instrumented. Wall temperature thermocouples were located 

a t  ten s ta t ions along the line, f l u i d  temperature thermocouples a t  three 

s ta t ions along the l ine,  s t a t i c  pressure taps a t  six stations,  and p i to t  tube 

rakes a t  three stations.  In addition, t o  these pressure and temperature sensors, 

a transparent section (made of. Pyrex glass) was i n s t a l l e d  j u s t  below the tank 

i n l e t .  

section of glass  p i p .  

f l a t  glass plate  mounted in a tee-section welded t o  the six-inch glass pipe. 

Below the transparent flow-visualization section the void-fraction measure- 

ment system was instal led.  

t h i s  system, it was necessary t o  i n s t a l l  a short, thin-walled aluminum section 

a t  the line similar t o  t h a t  instal led i n  the half-inch line described ea r l i e r .  

This section was a l so  vacuum jacketed with a. large (six-inch diameter) 

High-speed movies of the flow were taken through a 

I n  order t o  obtain the required sens i t iv i ty  with 

The upstream end of the line was coupled t o  a pneumatically-actuated valve 

known a s  a Hadley valve; on the upstream s i d e  of the valve a three-inch Potter 

turbine-type flowmeter was i n s t a l l e d .  

was connected through a bayonet-typ connection t o  a 28O-foot long, vacuum- 

jacketed t ransfer  line t o  a l3,OOO gallon capacity storage dewar. A 

Upstream of the flowmeter the line 

photograph 

of t he - l ine  and tank instal led in the tes t  chamber is  shown in Fig* 98* 
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Fig. 95 Five Foot Diameter Tank P r i o r  t o  Ins t a l l a t ion  
i n  Test Chamber 
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Fig. 98 - Test Appwatus for Complete F i l l  System Tests 
- Large Size Apparatus. 
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Fig. 99 Instrumentation Location-Five Foot Dia. Tank 
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The five-foot tank was instrumented ~ t h  two ullage pressure sensors, 

several wall-temperature thermocouples, and an ullage temperature probe 

containing six thermocouples positioned along the central  axis of the tank 

and three off-center thermocouples. The thermocouple instrumentation f o r  

t h i s  tank i s  shown schematically i n  Fig, 99 + A l l  thermocouples used i n  

both the tank and t ransfer  line were chromel-constantan, except f o r  those 

on the tank wall, which were copper-constantan. 

A t o t a l  of 27 f i l l  tests were run, using the apparatus described above; 

eleven tests with nitrogen and sixteen tests with hydrogen. The complete 

l o g  of a l l  tests run i s  shown in Table 

run with a c lear  i n l e t  region; i . e . ,  with neither a baff le  nor a screen 

over the tank i n l e t .  These t e s t s  are  described i n  t h i s  Section, w h i l e  

the tes t  resu l t s  with a baff le  and screen a re  described i n  Section19. 

7 .  A t o t a l  of e ight  tests were 

Each f i l l  test began by ch i l l ing  down the 280 foot  l ine  from the storage 

dewar t o  the test chamber wall by bleeding the test f lu id  out through the 

bleed port  located j u s t  upstream of the Hadley valve. men there was a 

solid column of l iquid f i l l i n g  this l ine,  the test  was begun by opening 

the Hadley valve and allowing the test f lu id  t o  flow down the instrumented 

section of l i ne  and in to  the tank. The f l o w  length along the instrumented 

l i ne  was 13.9 feet, and the inside diameter of the l ine  was 2.945 inches. 

During each test the t ransfer  line wall temperature, f l u id  temperature, 

s t a t i c  pressure distribution, l iquid volume fract ion and f lu id  velocity 

were recorded. 
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SUMMAIEY OF LARGE-SIZE TESTS - 
RUn 
No 

- 
9-8-1 
9-8-2 
9-8-3 
9-8-4 

9-11-1 
9-11-2 
9-11-3 
9-11-4 

9-13-1 
9-13-2 
9-13-3 
9-14-1 
94.4-2 
9-14-3 
9-14-4 

9-15-1 
9-15-2 
9-15-3 
9-15-4 
9-15-5 
9-15-6 
9-15-7 
9-15-8 
9-15-9 
9-20-1 
9-20-2 
9-20-3 

Test 
?luid 

LN2 
LN2 
LN2 
LN2 

î  
LH2 

1 

LH2 

V 

ri' - 

I n l e t  
Condition 

Clear 

1 
1 

Screen 

Screen 

'I 

Baffle 

I 
Clear 

1 
Baffle 

I 

Dewar 
Pressure 

( P s i 4  

28.05 
50.0 
47.6 
33.6 

22.2 
23.8 
23.0 
22.7 

24.8 
25 B-2 
26.4 
19.7 
19.4 
27.2 
27 09 

34.4 
35.4 
37.5 
46.8 
48.1 
39.8 
45.2 
50.8 
49.9 
34.9 
44.5 
33.8 

3e 
276 Film coverage camera jammed. 

I n i t i a l  
Tank 

Pre ssure 
( Psis 1 

20.65 
18.8 
18.35 
21.0 

17.4 
18.7 
16.5 

16.6 
16 55 
16.6 
18.0 
1k.65 
16.8 
16.8 

18.1 
17.1 
14.35 
14.8 
.15.8 
19.2 
15.3 
14.3 
17.4 
20.3 
15.7 

19.2 

16.3 

Dewar 
Flow- 
Valve 
Setting 

( 4 %  Open) 

13.6 
9 03 
38.2 
9.0 

13.2 
13.0 
13.0 
11.5 

15.2 
94.5 
95.0 
94.0 
95.0 
100.0 
5'0.3 

29.3 
4.0 
6.0 
1.0 
1.0 

100.0 
78.4 
4.0 
17.5 
15.0 
15*5 
99.2 

Camera' 
:overs ge 
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After the i n i t i a l  series of t e s t s ,  it was found tha t  the output from several  

of the d i f f e ren t i a l  pressure transducers (attached t o  the p i t o t  tubes) was 

much lower than expected. This was l a t e r  found t o  be due primarily t o  contam- 

inat ion and clogging of the small-diameter p i t o t  tubes (0.020 inches i n s i d e  

diameter) , although the transducers themselves had malfunctioned a t  some loca- 

t ions.  Consequently, no attempt was made t o  reduce o r  i n t e rp re t  the bulk of 

the data from these sources, 

The tank wall temperature and ullage pressure dis t r ibut ion,  a s  well a s  the 

ullage pressure, were recorded during each tes t .  A s  indicated in Table 7, a 

t o t a l  of four successful tests w e r e  run with movie coverage f o r  nitrogen a s  

the test f lu id  and with no obstruction over the tank inlet .  Although four 

similar tests were run with hydrogen, good movie data were obtained on only 

one tes t .  The movie data (from which f lu id  ve loc i t ies  were obtained) were 

combined with the void f rac t ion  data t o  give f lu id  vapor qual i ty  a t  the tank 

i n l e t  a s  a function of time, a s  explained i n  the next section. 
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9.2 

9.2.1 

CORRFLATI[ON OF DATA FOR COUPLED LIBE AND TANK TESTS 

Correlation of Data with Receiver Tank Analysis 

Data from tests with nitrogen and hydrogen in the sixty-inch tank trere ob- 

tained with a c lear  inlet l i ne  and with a baffle o r  screen over the i n l e t .  

The tests f o r  which the data are t o  be compared with resu l t s  from the re- 

ceiver tank analysis are l i s t e d  i n  Table 8.  There are  four nitrogen m s  

with a c lear  l ine ,  two with a screen and one with a baff le .  

c lear  l i ne  hydrogen run and two hydrogen baff le  runs. 

not obtained during the hydrogen screen runs t o  obtain an analyt ical  pre- 

There i s  one 

Sufficient data were 
/ 

diction f o r  t h i s  case. 

Data required by the analysis are i n i t i a l  pressure and temperatures and flow 

ra t e  and qual i ty  a t  the i n l e t  as functions of time. 

the output of the void fract ion meter and the properties of the f lu id .  

mass f l o w  ra te  a t  the i n l e t  i s  computed using the gas velocity which i s  obtaimd 

Qual i ty  i s  computed using 

The 

from the fi lms along with the quali ty data. 

be equal t o  t h a t  of the droplets since only droplet veloci t ies  can be ob- 

tained from the films). 

analysis can be used t o  compute the pressure and temperatures within the tank. 

i- For the clear  l i ne  and screen cases a character is t ic  droplet diameter, DD 

(defined a s  the droplet diameter a t  the peak of the droplet histogram) must be 

(The gas velocity i s  assumed to  

Once these quantit ies are  known, the receiver tank 

specified as  discussed e a r l i e r .  
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TABLE 8 

SUMMARY OF 60-INCH TANK TESTS 

RUN NUMBER 

9-8-1 

9-8-2 

9-8-3 

9-8-4. 

9-11-1 

9-11-2 

9-15-1 

9-15-6 

9-20-3 

9-15-4 

l iZUID 

Nitrogen 

Nitrogen 

Nitrogen 

Nitrogen 

Nitrogen 

Nitrogen 

Hydrogen 

Hydrogen 

Nitrogen 

Hydrogen 

P 
INLET CONDITION 

Clear 

Clear 

Clear 

Clear 

Screen 

Screen 

Baffle 

Clear 

Baffle 

Baffle 

Pressure data f o r  the f irst  nitrogen clear  l i n e  run are compared with 

analyt ical  predictions i n  Fig. 100. The duration f o r  which predictions are  

shown i s  l i m i t e d  by the ava i l ab i l i t y  of velocity data. 

only be read from the fi lms u n t i l  the f l o w  was obscured 

reversals. A s  before<, these resu l t s  show t h a t  the character is t ic  d r o p l e t  

diameter has a large e f f ec t  on the magnitude of the i n i t i a l  pressure drop 

which occurs when liquid f i rs t  enters  the tank. 

e f f ec t  on the subsequent ra te  of change of the pressure. 

Velocities could 

by mixing and f l o w  

However, it has l i t t l e  

Regardless of the 
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character is t ic  droplet diameter chosen, the computed pressure drop i s  much 

greater than the measured pressure drop. This i s  because the slope of the 

analyt ical  curves, which is  generally a function of the mass f low r a t e  a t  

the in l e t ,  i s  much larger  than tha t  of the data f o r  most times. It i s  f e l t  

t ha t  the measured mass flow ra t e  f o r  this run i s  about twice as  high a s  the 

pressure data indicate it should be. 

d i f f i c u l t  t o  compute accurate values f o r  qual i ty  even when re la t ive ly  good 

void f rac t ion  data are available. This i s  because a small change i n  vapor 

volume f rac t ion  t rans la tes  i n to  a large change in mass f rac t ion  since the 

vapor density i s  much l e s s  than the l iquid density. 

It should be pointed out t ha t  it i s  

The data and predictions f o r  run 9-8-1, however, both exhibi t  the same typical  

shape. The pressure rises s l igh t ly  when the f i r s t  flow, which i s  a l l  gas, 

enters  the tank. 

Then, when liquid first enters  the tank i n  the form of a droplet spray, evapora- 

t ion  occurs and energy i s  extracted from the vapor i n  the tank and the pressure 

drops. 

dominant and the pressure again r i ses .  

A s  the vapor cools, the e f f ec t  of mass addition t o  the tank becomes 

Prediction curves are  shown on Fig. 1 f o r  the cases of no heat t ransfer  between 

the tank wall and the vapor and natural  convection wall heat transfer.  When 

energy addition from the tank wall i s  considered the pressure, of course, i s  

higher. The e f f e c t  of heat t ransfer  from the wall t o  the gas becomes more 

s ignif icant  a t  l a t e r  times because the gas temperature decreases with time 

whereas the wall temperature remains re la t ive ly  constant. The wall temperature 
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data f o r  the clear  l i ne  and screen runs, however, indicate t h a t  there was 

negligible gas-to-wall heat t ransfer ;  this is  i l l u s t r a t ed  i n  F ig . lO lwbre  

the wall temperature f o r  lzun 9-8-1 i s  shown t o  be unchanged f o r  the duration 

of in te res t .  

I 

The vapor in the tank was not uniformly mixed a s  assumed in 

the analysis; there probably was a warm layer of gas near the tank wall 

which served t o  insulate the wall from the cold gas and retard gas-to-wall 

heat t ransfer .  For t h i s  reason, a l l  subsequent analyt ical  curves assume 

there i s  no heat t ransfer  between the vapor and the tank wall. 

The measured pressure his tory f o r  Run 9-8-2 i s  compared with analyt ical  

predictions i n  Fig.102.Much be t te r  agreement between data and analysis 

i s  obtained f o r  t h i s  run. It appears t h a t  the data are shifted on the time 

scale with respect t o  the analyt ical  curves by about 0.5 seconds. 

d i f f i cu l t i e s  were encountered in correlating the i n i t i a l  time between the 

Hadley valve opening, the s t r i p  charts and the movie films. During the 

nitrogen runs a f l a sh  bulb was used t o  signal the start of tes t ing  on the 

films. 

Hadley valve and the f l a s h  bulb simultaneously. 

Some 

The test operatar attempted t o  push the buttons activating the 

This i s  one possible source 

of error .  The first appearance of droplets on the films followed the first 

indication of l iquid by the void f rac t ion  meter by about one second in most 

cases. 

very small, could not be resolved by the film reader. 

qual i ty  measured by the void fract ion meter, once l iquid starts t o  be de- 

tected, implies t ha t  observable droplets should be seen on the film within a 

small f rac t ion  of a second a f t e r  the meter detects l iquid.  

It could be concluded t h a t  the f irst  droplets, which are usually 

The sharp drop in  

For t h i s  reason 
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it i s  considered l i ke ly  t h a t  the time scales f o r  the various forms of data a re  

not correlated with suf f ic ien t  accuracy. 

With this i n  mind a comparison of the data shown in FigJ02with the predictions 

f o r  DD values of 8.3 and 6.92 x lom4 f t .  indicates t h a t  a Di value somewhere 

between the two would give an analyt ical  curve which nearly coincides with 

the data. 

correlation of the 60-inch tank data with t h a t  which correlated the 24-inch 

tank data. Values f o r  DD of about 1.5 o r  2 x lo-' ft. were used f o r  the 

24-inch tank predict;ions indicating that ,  everything e l se  being held constant, 

the DL value i s  roughly proportional t o  tank diameter. 

geometry and flow conditions also influence the droplet cloud configuration 

s o  t h a t  it i s  d i f f i c u l t  t o  obatin an accurate prediction f o r  DA. 

I 

It i s  of interest t o  compare the D; value which gives a good 

I 

The t ransfer  line 

The data f o r  Run  9-8-3 are  compared with the analyt ical  pressure in Fig. 103. 

It i s  f e l t  t h a t  inaccuracies i n  the mass f l o w  ra te  input t o  -the analysis are  

again the cause of the discrepancy between the data and the predicted curve. 

A single prediction curve i s  shown on Fig.lO3because smaller o r  larger  droplet 

diameters produce predicted pressures for  t h i s  run which are  higher than t h i s  

curve. 

vapor and on the wall ( in  the analysis) since the computed t o t a l  ra te  of 

evaporation i s  less than the r a t e  a t  which l iquid i s  being added t o  the tank. 

When a l l  the incoming liquid i s  being evaporated 

cases) the analysis computes the r a t e  of evaporation of droplets i n  the vapor 

This run is  peculiar in t h a t  droplets are being accumulated in the 

( a s  i n  most of the other 

and subtracts it from the r a t e  a t  

r a t e  of evaporation on the wall. 

which l iquid enters  the tank t o  ob ta in  the 

Under such conditions smaller droplet  diameters 
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always produce lower pressures since they evaporate in the vapor a t  a greater 

ra te .  When droplets are  accumulated i n  the tank the r a t e s  of evaporation from 

the vapor and wall are  computed independently. 

t ion  from the wall increases f a s t e r  with decreasiag DD 

t ion  i n  the vapor. Since the wall evaporation component of vapor addition t o  

the ullage tends t o  cause a pressure rise the pressure W i l l  increase with de- 

creasing DD . 

I n  t h i s  case the r a t e  of evapora- 

than the r a t e  of evapora- 
t 

I 

The ullage gas temperatures measured on the centerline of the tank are  compared 

with appropriate analyt ical  gas temperatures i n  Fig. lob. The analyt ical  j e t  

temperature i s  near the saturation temperature throughout the run. A predicted 

value f o r  the top region temperature i s  shown only f o r  times a f t e r  about 5 sec- 

onds since the j e t  impinges on the tank wall and there i s  no top region a t  

e a r l i e r  times. This figure i l l u s t r a t e s  the general agreement found between 

the analyt ical  and measured temperatures. 

Predictions fo r  the l a s t  c lear  l i n e  nitrogen run are  compared with the pressure 

data in Fig. 10s.Droplet velocity data could only be obtained f o r  about three 

seconds so the predicted pressure curves are re la t ive ly  short. 

ever, good agreement with the data during t h i s  i n i t i a l  t i m e  f o r  a value of 

DD somewhat greater than 8.3 x f t .  There may be some inaccuracy in the 

i n i t i a l  time correlation f o r  t h i s  run a s  discussed f o r  Run 9-8-2 since the 

data indicate a pressure drop about 0.5 seconds before the analyt ical  pressure 

drop. 

There is, how- 

I 
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The pressure data f o r  a hydrogen run with a c lear  inlet  a re  shown in Fig. 106.- 

For safety seasons, a f l a sh  bulb could not be used t o  mark the beginning of 

the t e s t s  on the movie films so the droplet velocity data must be correlated 

with respect t o  time with the other data using some other means. This was 

done by assuming t h a t  the first observable droplets on the films occurred 

when l iquid was first detected by the void fract ion meter. 

time correlation i s  subject t o  question since, fo r  the nitrogen &s, it 

was shown tha t  these events could be displaced in time by as  much a s  one 

second. 

This method of 

I n  general the hydrogen data show sharp i n i t i a l  pressure rises i n  contrast  

t o  the nitrogen data. This implies that ,  in  the case of hydrogen, the in i -  

t i a l  gas v e l o c i t ~ s  a re  quite high. 

from the fi lms when l iquid can be observed (droplet veloci t ies  are  actual ly  

measured and assumed equal t o  the gas velocity) there i s  usually no gas 

velocity data during the i n i t i a l  par t  of the tests. 

R u n  9-15-6 are  shown i n  Fig.107 along with three possible extrapolations f o r  

ear ly  times. 

Since velocity data can only be obtained 

The velocity data f o r  

These extrapolations are used t o  show the influence of t h i s  

parameter on the predicted tank pressure in Fig.106 where the corresponding 

analyt ical  pressure curves are plotted. It appears t ha t  a velocity his tory 

even higher than extrapolation number three should be used i f  the prediction 

i s  t o  agree with the data. I n  addition t o  this problem, the void fract ion 

data f o r  the hydrogen runs was very d i f f i c u l t  t o  read and interpret .  

sens i t iv i ty  of the void f rac t ion  meter i s  reduced when hydrogen i s  used and 

The 

the void fract ions t h a t  were obtained in these tests were very close t o  

1.0 ( a l l  gas). The high void fractions resulted from the excessive heat 

190 

LOCKHEED MISSILES & SPACE COMPANY 



a, 
k 
2 m 
a, 
k 
PI 
k 
0 

\o 
0 
rl 

LOCKHEED MISSILES & SPACE COMPANY 



0 
0 
rc 

0 
0 a. 

0 
0 rn 

0 s 8 
cr\ 

0 
8 

LOCKHEED MISSILES & SPACE COMPANY 



t ransfer  t o  the hydrogen i n  the t ransfer  line. 

the magnification of e r ro r  which accompanies t ranslat ion of void fract ion data 

in to  qual i ty  o r  mass fraction, make it necessary t o  t r e a t  the hydrogen qual i ty  

data a s  a gross approximation. 

These factors,  combined with 

The analysis of the hydrogen clear  line data indicates t h a t  f o r  a reasonable 

range of droplet diameters, a l l  of the droplets evaporate i n  the ullage vapor 

and none survive t o  evaporate on the tank wall. 

curves in Fig.106are not identified with respect t o  droplet diameter since 

a l l  reasonable diameters give the same analyt ical  resul ts .  

For t h i s  reason the prediction 
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.9.2.2 Selection of Characteristic Droplet Diameter 

Upon completion of computer analyses f o r  the correlation of tank f i l l  

data, the value of the character is t ic  droplet diameter ($) which would 

best correlate  the data f o r  each run was interpolated from the graphi- 

ca l  comparisons of the pressure-time curves. This value of droplet 

diameter was denoted (DD) 

value of D 

of the l ine,  the f l u i d  properties, and the t ransfer  i n  the form of a 

dimensionless f511 r a t e  based on the t ransfer  l ine  diameter. The 

values of optimum character is t ic  droplet diameter a re  tabulated for the 

nitrogen t e s t s  i n  Table 9 .  

I It was then postulated tha t  this 
I 

w a s  a function only of the average mass flowrate a t  the end D 

Also shown are  values of the dimensionless 

f i l l  r a t e  obtained by using an average value of the mass flowrate a t  

the tank in le t ;  th is  value i s  denoted by L? . - 

I 
A s  shown i n  Fig. 108, the optimum values of DD are  well represented 

by the expression 

where 

A s  pointed out i n  Section 10 , the in1e.t screens used i n  these t e s t s  

produced l i t t l e  effect ive reduction i n  droplet diameter. 

lustrated i n  Fig.108 by the degree t o  whicl i  the four data points fo r  

the screen tests a re  correlated by Eq. (1). 

This i s  il- 

It should be pointed out tha t  this c o r r e h t i o n  i s  based only on test  

data f o r  nitrogen, due t o  a lack of suff ic ient  data t o  demonstrate a 
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Run 
NO. 

I 

9- 8-2 
9- 8-3 
9- 8-4 

1.- 13- 2 

3- 30- 1 

3- 30- 2 

3- 30- 3 

3- 30- 4 

3- 30- 5 

9- 11- 1 

9- 11- 2 

4- 4-4 

4- 4-5 - 

'Table 9 

OPTIMUM VALUES OF CHARACTERISTIC DROPLXT DIAMEYXR 

I n l e t  
Condition 

Unobs ucted 

3creen over 
Enle t 

7 "L = %c* 

5 3.06 x 10 
5 9.117 x 10 
5 

4 

4 

4 

4 

4 

4 

2.95 x 13 

1.78 x IO 

3.16 x 13 

1.68 x io  

1.68 x 10 

1.68 x 10 

3.06 x 10 

5 2.95 x $3 

4.07 x 13 5 

4 

4 
1.68 x io 

3.16 x i o  

1-95 

LOCKHEED MISSILES & SPACE COMPANY 



LOCKHEED MISSILES & SPACE COMPANY 



similar correlation f o r  hydrogen. However, since f l u i d  properties are 

accounted fo r  i n  the calculation of the dimensionless mass flowrate, 

t h i s  correlation i s  a l so  recommended for  prediction of hydrogen drop- 

l e t  diameters. 

In  view of the close s imilar i ty  between the properties of nitrogen 

and oxygen (Section 7 ), t h i s  correlation is, of course, recommended 

f o r  use i n  the prediction of oxygen droplet diameters. 
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9.2.3 Correlat ion of DLta with Complete F i l l  System (CFS) Computer 

Program 

The CFS model was applied t o  co r re l a t e  t he  data  obtained .on the  coupled 

t r a n s f e r  l ine- tank tes ts  using t h e  two-foot and f ive-foot  diameter test  

tanks. These cor re la t ions  a re  described i n  subsequent paragraphs. 

9.2.3.1 Small-Size Apparatus. The input  t o  t h e  CFS model required 

knowledge of supply pressure,  i n i t i a l  pressure and temperature conditions 

i n  both l i n e  and tank, and a l l  physical  cha rac t e r i s t i c s  of t he  system. 

These data  were provided and the  per t inent  r e s u l t s  a r e  presented i n  Figs. 

lo9 and 110. Figure 1-00 shows the  predicted and measured l i q u i d  volume 

f r a c t i o n  enter ing t h e  tank. The analysis  ind ica tes  t h a t  t h e  l i q u i d  ni- 

trogen vaporized i n  t h e  t r a n s f e r  l i n e  p r i o r  t o  en t ry  i n t o  t h e  tank 

whereas the  void f r a c t i o n  meter ind ica tes  some two-phase flow. 

The measured l i q u i d  volume f r a c t i o n  corresponds t o  an average vapor 

qua l i t y  of about 20$ over t h e  f i rs t  two seconds of flow. 

high i n i t i a l  vapor qua l i t y  accounts f o r  the  good agreement between the  

predicted and measured pressure response indicated i n  Fig. 110. 

f i rs t  two seconds t h e  measured vapor qua l i t y  drops t o  a minimum of about 

2$. 

a s  shown i n  Fig. 110. 

T h i s  r e l a t i v e l y  

After t he  

This i s  r e f l ec t ed  as  a drop i n  t h e  r a t e  of measured pressure rise, 

Due t o  the  r e l a t i v e l y  low i n i t i a l  l i q u i d  volume f r a c t i o n  (high vapor 

qua l i ty )  these  r e s u l t s  are ,  i n  themselves, not s u f f i c i e n t  t o  ve r i fy  

t h e  e s s e n t i a l  fea ture  of the CFS model, namely the  proper pred ic t ion  
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of the interact ion between incoming, two-phase f l u i d  and the ullage vapor. 

This ver i f ica t ion  i s  presented i n  the  following sect ion wherein large-size 

tes t  r e su l t s  a re  compared with predictions. 

9.2.3.2 Large-Size Apparatus 

The application of the CFS model t o  the prediction of phenomena occurring 

i n  the large-size t e s t  apparatus required essent ia l ly  the same input data 

( i n i t i a l  and boundary conditions, e tc .  1 as was needed for simulation of 

the small-size test .  However, due t o  the large pressure drop across the  

turbine flowmeter and the l i n e  i n l e t  valve(see Fig. 94) the CFS program 

was a l te red  t o  allow tabulated values of pressure downstream of an i n l e t  

valve t o  read in to  the program. The value of t h i s  pressure drop w a s  as 

large as 30 psia  f o r  some runs. In  a l l  cases, since the i n l e t  f l u i d  was 

saturated a t  the  supply pressure, the l iqu id  flashed across t h i s  i n l e t  

pressure drop. 

I n i t i a l  attempts a t  correlat ion of the tes t  data showed tha t  the computer 

model was consistently predicting higher flowrates a t  the tank i n l e t  i n  

the two-phase flow region. 

condition w a s  occurring during periods of two-phase flow a t  the  end of 

the  t ransfer  l ine .  Pr ior  t o  these correlat ion attempts, choked flow- 

conditions were *accounted f o r  only i n  the vapor region. 

choked flow conditions may be accurately predicted i n  regions of single 

phase flow. However, prediction techniques available f o r  estimating 

sonic veloci t ies  i n  two-phase mixtures give widely varying r e su l t s  

depending on the flow model assumed. 

These results suggested t h a t  a flow limiting 

This w a s  because 

A review of these techniques i s  
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given i n  Refs . 18 and 19. 

As indicated i n  Ref .  19, apparently the most re l iab le  manner of com- 

puting the two-phase sonic velocity i s  t o  use the isentropic r a t e  of 

change of volume with pressure. This function was already available 

i n  the FILL program. 

Therefore, the two-phase sonic velocity was computed using the 

re la t ion  

where 

@ = sonic velocity of two-phase mixture 

and 

i s  the isentropic exponent re la t ing  volume change w i t h  pressure fo r  

a constant entropy process. 

Modifying the computer model t o  provide such a flow limiting criterion 

i n  the two-phase region produced the flowrate variation shown i n  

Fig. x11. The computations indicate tha t  choked two-phase flow existed 

f o r  a considerable t i m e  a t  the tank in l e t .  

Fig. il2shows the accompanying predicted and measured ullage pressures 
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f o r  Run 9-8-2. 

of predictad pressure response and the magnitude of pressure drop are  i n  

very good agreement with the measured values. The small pressure r ise in- 

dicated a t  the beginning of the run i s  due t o  the flow of the warm gas 

which i n i t i a l l y  f i l l e d  the l i n e  (pr ior  t o  f = U )  i n t o  the tank ahead of the 

The tes t  f l u i d  for t h i s  run was  l iqu id  nitrogen. The shape 

i n l e t  f l u id .  

the tank in l e t .  

occurs because the model overestimates the mass flowrate in to  the tank 

a t  very ear ly  t i m e s  during the f i l l .  

The pressure drop begins when two-phase f l u i d  appears a t  

The rapid i n i t i a l  drop i n  computed pressure values 

"lie predicted and measured values of ullage pressure versus t i m e  f o r  

Run 9-8-4 are  shown i n  Fig.113. The agreement again i s  very good, although 

the CFS model predicts t h a t  the pressure minimum occurs about 0.6 seconds 

too early. 

mass flowrate a t  ear ly  times during fLll. The computed rate of pressure 

r ise  a f t e r  the  m i n i m u m  i s  achieved i s  again i n  f a i r l y  good agreement with 

measured data. This resul t  shows tha t  analyt ical  estimates of heat trans- 

f e r  between the  cooling ullage vapor and the  tank wall  a re  quite good. 

This i s  a lso a t t r ibu ted  t o  an overestimate of the predicted 

Fig .  114 shows the comparison of pressure data f o r  Run 9-11-1 (LN2). 

This t e s t  run had only a 2 psig difference i n  pressure from the Hadley 

valve t o  the five-foot tank. 

Run 9-8-4. 

This compares with a gpsig difference for 

The negative pressure condition occurs a t  a l a t e r  time because of the 

lower mass flows. A s  before, more predicted mass of two-phase f l u i d  

enters  the tank than i s  measured between 1 and 2 seconds, i.e., when 
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the  maximum pressure decrease i s  observed. 

The pressure-time comparison f o r  l iquid hydrogen Run 9-15-6 is  shown 

i n  Fig.$15* This run i s  representative of those made with LH2 wherein 

the combination of the high i n l e t  pressure drop and high i n i t i a l  r a t e s  

of heat t ransfer  t o  the f l u i d  produced a l l  vapor, or high-quality 

vapor, flowing in to  the tank during the f i rs t  f e w  seconds of f i l l .  A s  

a r e s u l t  no decreases i n  pressure below the i n i t i a l  tank pressure were 

observed . 
It i s  f e l t  t ha t  the  simulation of implosion conditions achieved with 

LvN2 provides a very comprehensive check on the CFS model predictions. 

Nevertheless, the degree G f  agreement between the  measured and pre- 

dicted pressure response with LH 

of' the  model f o r  t h i s  f lu id .  These results contribute t o  the conclu- 

sion that ,  unless a t ransfer  l i n e  i s  chi l led down completely t o  the tank 

in l e t ,  the occurrence of an implosion condition during f i l l  with LE2 

i s  unlikely. 

provides an important ver i f ica t ion  2 
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Section 10 

IMPLOSION PREVENTION TECHNIQUES 

During the course of conducting the quasi-steady flow tests in the two-foot 

diameter tank, the inlet  flow conditions were varied considerably a s  described 

in Section8 . However, a t  no time during tes t ing  was an implosion condition o r  

even a negxkive pressure derivative achieved. Careful analysis of the measured 

pressure and temperature data and comparison with the Tank F i l l  Model predictions 

provided a high degree of confidence in defining the basic cause of the negative 

pressure gradient. 

enters  the tank i n  the form of a droplet spray, evaporation occurs and energy 

1 s  extracted from the vapor in the tank and the pressure drops. 

The Tank F i l l  analyses c lear ly  showed that ,  when liquid f i r s t  

A s  the ullage 

vapor cools, the e f f ec t  of mass addition t o  the tank becomes dominant and the 

pressure r i ses .  

exchange with the ullage vapor produces a larger  i n i t i a l  pressure drop. 

Thus, an increase in the ra te  of droplet evaporation and/or heat 

I n  order t o  demonstrate t h i s  e f f ec t  more clearly, a simple method f o r  increasing 

the r a t e  of droplet evaporation and heat exchange with the ullage vapor was 

devised; namely, the use of a screen placed in the post-inlet region of the 

tank. 

spray and the ullage vapor by means of a 

ra te  of pressure r i s e  than is observed in an unbaffled tank was expected t o  occur. 

Conversely, by suppressing the interaction between the incoming droplet 

baffle placed over the in le t ,a  greater 

Both devices w e r e  tested on the two-foot diameter and five-foot diameter test 

tanks. The r e su l t s  and accompanying data correlation are  presented below. 
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1.0.1 Two-foot Diameter Tank Tests 

The screen used on the two-foot-diameter tests i s  shown i n  Figs. . $16 and 

Fig. l,L7(a) fie screen was made of copper, and was 1 %inch diamebr with 

10 m i l  wires and 40 wires/inch, i.e., 15 m i l  square mesh and approximately 

36$ open. 

the i n l e t .  

This baff le  consisted of a th in  four-inch d iameter  phenolic: disc with a cusp 

' 1 _  

It was mmnted horizontally 1 1/16-inch above and concentric with 
4, 

The baffle was configured as  shown i n  Figs, I l 6  and 117(b) was used. 

approximately one-half inch high by one-half inch radius a t  the base. 

ba f f l e  was mounted horizontally &th the cusp down, concentric with the tank 

i n l e t  and 1 1/16-inch above the inlet, i.e.,  1/16-inch below the lowest  

This 

thermocouple. Both the screen and the baff le  were mounted on three screws 

f o r  support. To have "clean" tests f o r  comparison, the test conditions f o r  

Runs 3-30-1, 2 were chosen, and each of these two test conditions were repeated 

f o r  the screen and the baffle.  A summary of the test conditions i s  presented 

in Table no , Both photographic and duplicate runs were made. The photo- 

graphic coverage consisted of the overall  sphere coverage (500 fps)  and the 

closeup coverage of the post i n l e t  f low (1250 fps)  which f o r  these tests 

showed a f i e l d  of view of approximately eight  inches high by ten inches wide a t  

the bottom of the sphere. 

A l l  of  the measured data f o r  both screen and baff le  tests appears i n  Volume V I  

of t h i s  report. Comparisons of pressure response for the tjclean", screen, and 

baff le  tests are  shown in Figures 118 and 119 f o r  similar high and l o w  flow 

ra te  f o r  each post inlet configuration. 

212 

Y 



Lower Thermocouple 
lc” 

d E i :  

- Sphere 
I n l e t  

cusp 

BAFFLE 

131 dia.  screen 
40,lO-mil wires per inch 

Lower Thermocouple 

SCREEN 

Fig. 116 Sketches of Anti-Implosion Baffle and Anti-Vortex’ Screen 
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FIGURE ll'j'a V i e w s  of Anti-Implosion Baffle Mounted in  Two-foot Tank 

FIGURE ll7b V i e w  of Anti-Vortex Screen 

Mounted i n  Two-foot Tank 
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Table 10 

Summary of Small-Scale Tank Fill Tests 

With Baffle and Screen 

c 
I n i t i a l  

Flowrat8' 
F i l l  

urat ion 

(set> 

Pinal 
ressure 

( 1 W s e c  [ psia)  REMARKS 

7 *5 0.0351 4 . 7 0  19 94 Implosion Suppressio: 
ba f f l e  over tank in- 
le t ,  (Fl)max = 

0 0310 

0.0578 

(3) 0.100 

14.70 7 05 0.0672 20.70 Implosion Suppre s si01 
ba f f l e  over tank in- 
le t ,  (Fpmax = 

10.0 0.0351 14.70 18.90 Screen over tank 
i n l e t ,  (yrnax = 

0.1r~(3) 
Pressure drop 0.12 
p s i  below ambienb 

0.0309 

0.0584 9.0 14.70 20.l.4 Screen over tank 
i n l e t ,  ( F l  )max = 

0.265( 3, 
Pressure drop 0.12 
p s i  below ambient 

0.0672 

Notes: (1)  Flowmeter Data 
( 3 )  F P  = Liquid Volume Fraction 
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The e f f ec t  of the screen is  most apparent by observing the pressure response. 

A pressure drop of approximately 0.1 p s i  was measured and, fur ther  for approxi- 

mately 3 seconds (or  1/3 of the test) the pressure was essent ia l ly  constant. 

The gas temperature was found t o  be reduced s ignif icant ly  more than in pre- 

vious corresponding tests, indicating the larger  absorption of energy from the 

gas i n  vaporizing the l iquid droplets. 

the thickening of the two-phase j e t  f o r  the ffcleanll vessel  was minor in t r a -  

versing the vessel, the presence of the screen caused the j e t  t o  expand in to  

a plume of a t  l e a s t  30 degrees in te rna l  angle with very f ine  droplets, the 

r e su l t  being extreme interaction of the l iquid droplets with the warm gas. 

The motion pictures showed t h a t  whereas 

The e f f ec t  of the baff le  on diverting the plume i s  obvious from the small 

temperature variation in the gas and the rather large e f f ec t  on the lower wall 

thermocouple {No. 6 ) ,  a s  shown i n  Fig. 

the plume i s  diverted symmetrically as  it f l o w s  out along the wall. 

i n i t i a l l y  reaches almost the mid-height of the vessel, then quickly recedes, 

thereaf ter  only reaching six t o  e ight  inches along the wall. 

120. The photographs indicated t h a t  

The flow 

When comparing the pressure data of Figures 118 and 119, it i s  apparent t h a t  

use of screen d i d  the intended task. Further, the steeper slope of the pressure- 

time curve f o r  both high and low flow ra t e s  indicates t h a t  use of t h i s  simple 

anti-implosion device a l so  d i d  i t s  intended task. 

t ions were evaluated fur ther  i n  the sixty-inch diameter tank tests. 

A s  a resul t ,  both configura- 
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10.2 Test Data Correlation 

! 

U s i n g  simple refinements i n  the basic Tank F i l l  Model analysis, predictions 

were made of ullage pressures and temperatures f o r  comparison with t e s t  data 

f o r  each configuration. 

10.2.1 Screen Tests 

The screen w a s  expected t o  atomize the incoming l iqu id  stream. 

was expected tha t  the conditions i n  the screen t e s t s  could be simulated i n  

analysis by specifying r e l a t ive ly  small values fo r  the charac te r i s t ic  drop 

diameter. A s  shown i n  Figs. 121 and 122 , the  values of t h i s  diameter which 

Therefore, it 

closely match the measured data are s l igh t ly  smaller than those without the 

screen. 

confirmed i n  the t e s t .  It can be seen tha t  the measured pressure-data show a 

nearly f l a t  slope with a s m a l l  negative gradient ear ly  i n  the t e s t  run. 

indicated i n  the analysis r e su l t s  shown i n  Fig.121 larger  negative pressure 

gradients a r e  expected i f  smaller droplet  diameters were attained. 

observation of the pre- inlet  f i lms showed tha t  much l iqu id  was vaporized and 

ef fec t ive ly  atomized i n  the l i n e  pr ior  t o  encountering the screen. The same 

phenomenon was observed f o r  the "clean" tank runs. The e f fec t  of the screen 

i s  noticeable i n  t h i s  t e s t ,  however, it does i t s  intended job of fur ther  

reducing the s ize  of the incoming droplets. 

screen would r e s u l t  i f  slugs of l iqu id  rather  than pre-atomized droplets 

impinged on the screen. 

condition although none were successful. 

Thus, the importance of t h i s  parameter as defined on the analysis was 

As 

Careful 

A more dramatic e f f ec t  of the 

Numerous attempts were made t o  encounter the former 
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The ef fec t  of heat t ransfer  between the tank wall  and the vapor i s  also shown 

again i n  Figs. 121 and 122 . The data for  Run 4-4-4 (Fig. 121 ) are bracketed 

1 -4 by the  two predictions with D = 1.38 x 10 D 

simulation of the data could be obtained i f  a smaller value f o r  & were 

specified with t h i s  value of D 

appear t o  agree best  with the zero-heat-transfer predicted. Almost exact 

agreement with the  data could be.obtained i f  a value of D 

1.94 x 10 

heat t ransfer  from the wall  t o  the vapor w i l l  decrease f o r  larger  tanks. 

f t .  It appears t ha t  a close 

I 
The data for  Run 4-4-5 (Fig.122 ), however, D' 

I 
D somewhat less than 

-4 were used. Again, it i s  emphasized tha t  the  r e l a t ive  effect of 

The temperature data obtained during Run 4-4-5 are  compared with the predic- 

t ions i n  Figs. 123 , 124 , and125 

and the j e t  temperature T 

viously explained, 

pinge on the top of the tank. 

j e t  begins t o  drop away from the tank wall (4  seconds) agrees well  with the 

observed temperature r ise  a t  thermocouple number 5. 

* 
TTR, . The "top" vapor region temperature, 

* 
agree quite w e l l  with the data (Fig. 123) .  A s  pre- J * 

predictions are  shown only when the j e t  does not im-  
TTR 

The point a t  which the  analyt ical ly  described 

Fig. 124 

with the off-centerline data. A s  before, the predicted value i s  lower than 

the measured values because the  ''bottom" region includes some of the cold gas 

i n  the j e t  mixing region. 

data agree w e l l  with $ (Fig. 125 ) . Most of the droplets which evaporate 

from the tank wall  probably do so near the bottom of the tank, thereby 

reducing the  w a l l  temperature i n  t h i s  region. 

shows the average temperature i n  the "bottom" vapor region compared 

Except fo r  thermocouple number 6, the tank w a l l  

In  t he  model analysis, t h i s  
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energy i s  removed from the wall  uniformly over t h e  inside surface; therefore, 

the resul t ing change i n  is  r e l a t ive ly  small. 
3c 

.1@.2.2 Baffle Tests 

Where there i s  a baff le  i n  the post- inlet  region, the incoming l iquid i s  

directed along the tank wall  and there  i s  no j e t ,  To simulate t h i s  s i tua t ion  

a single vapor region analysis is used and several  assumptions are  made con- 

cerning the d is t r ibu t ion  of the l iqu id  on the tank wall. 

temperature measurements, it w a s  estimated tha t  the l iqu id  r i s e s  along the tank 

wall  t o  a height of one-fourth the tank diameter. 

Based on the wall  

It i s  also assumed tha t  

the mass of l iqu id  i n  the tank i s  small enough such tha t  A* s,,, G. ~ f i h  

( the 
2 boiling heat t ransfer  c o e f f i c i m t  of 25 Btu/ft 

coefficient between the wall  and the l iqu id  on the wall) .  

Btu/ft hr"R was used f o r  the heat t ransfer  coeffiuient between the vapor and 

hus. The value used f o r  h has a small e f f ec t  the liquid-vapor interface,  

on the pressure f o r  t h i s  baffled condition because most of the evaporation 

occurs a t  the w a l l .  For t h i s  reason the value used was an estimate of a 

reasonable value and no attempt was made t o  develop an auxi l iary analysis f o r  

hUS. 

there was a baf f le  or screen over the in l e t .  To obtain predictions f o r  these 

runs the  computed flow ra t e s  (based on measured veloci t ies)  from equivalent 

$uns without i n l e t  obstructions were used. The runs were considered equiva- 

lent ,  f o r  t h i s  purpose, when the metered flow ra t e s  were very close t o  being 

the same. 

hroR was used f o r  

A value of 0.2 

2 

us 

Fluid velocity values could not be read from the post- inlet  films when 
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Predicted pressure h is tor ies  are compared with the  data fo r  the  two baf f le  

runs i n  Figs. 126 and l27 . The predicted pressure f o r  Run 4-4-1 (Fig. $26 ) 

agrees very w e l l  with the data. The prediction f o r  Run 4-4-3 (Fig. 127 ) has 

a slope which i s  greater than tha t  of the data i n i t i a l l y  but fa l ls  off t o  a 

smaller slope a t  later t i m e s .  

t o  the specif icat ion of a value f o r  i"t.rL which i s  too large. 

model when the computed rate of evaporation (a t  the w a l l  and a t  the liquid- 

vapor interface) i s  greater  than the rate a t  which l iquid i s  being added t o  

the tank, the rate of evaporation i s  s e t  equal t o  the  r a t e  of addition of 

liquid. This s i tua t ion  w a s  found t o  ex is t  i n  the analysis during most of 

Run 4-4-1, but f o r  only the first two seconds of Run 4-4-3, where there w a s  

a higher r a t e  of l iquid addition. 

r a t e s  of evaporation and the corresponding pressure r ise are  limited by the 

fill rate. 

for  Run 4-4-3, thereby over-cooling the tank wall  and giving a r a t e  of evapor- 

a t ion  (ref lected i n  the pressure r ise) which i s  too low a t  l a t e r  times. 

is fur ther  i l l u s t r a t ed  by the predicted tank w a l l  temperature which is  shown 

i n  Fig. 128 

the l iqu id  splashed up the w a l l  i n  t h i s  region. 

approximately three seconds. The measured vapor temperatures are compared 

with the predicted values i n  Fig. 129 . Most of the temperature change i n  

the vapor occurs near the bottom where the cold gas generated a t  the tank 

wall i s  added. The cold gas i s  buoyantly stable i n  the bottom of the tank 

and tends t o  inh ib i t  mixing. 

This behavior of the prediction can be traced 
* 

I n  the  analyt ical  

Therefore, f o r  Run 4-4-1, the predicted 

A rate of evaporation which i s  too high i s  predicted a t  first 

This 

. The behavior of thermocouple number sfx implies tha t  i n i t i a l l y  

The splashing subsided after 
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A high l eve l  of confidence i n  the Tank F i l l  Model analysis was achieved i n  

performing the  data correlation fo r  the  screen and baf f le  configurations, 

The correlation confirmed the importance t o  tank pressure of the  energy trans- 

fer between incoming l iqu id  and i n i t i a l  ullage gas. 

the Model analysis defined the  manner i n  which a negative tank pressure grad- 

i e n t  could be achieved i n  test. 

t o  a l lev ia te  t h i s  po ten t ia l  problem. Application of the Model t o  t e s t  data 

obtained on larger  tanks with similar screen and baffle configurations was 

the next log ica l  s tep i n  verifying the  Tank F i l l  Model. 

Proper application of 

Further, use of the Model defined a technique 
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10.3 FIVE-FOOT-DIAMETER TANK !!BSTS 

2 A screen and a baffle were designed and fabricated f o r  fur ther  tes t ing  i n  LH 

and LN2 i n  the Lockheed five-foot diameter  test tank. 

of both the screen and baff le  were scaled geometrically from those used i n  the 

two-foot-diameter tank tests. The basis of t h i s  scaling was the tank diameter; 

thus a l l  pertinent dimensions re la t ing  t o  the small-size baff le  and screen were 

multiplied by a factor  of 2.5 t o  obtain the large-size designs. I n  addition, a 

cruciform section was added t o  the base of the screen. This particular config- 

uration was added t o  simulate a combined drain f ine  i n l e t  screen and vortex 

suppressor design presently used on the LO2 tank of the S-IC. 

screen-cruciform and baffle,  showing t h e i r  location i n  the five-foot tank, i s  

presented in Fig130.  All materials used were aluminum, with the aluminum 

screen having a wire diameter of 0.01 inches and a wire spacing of 18 wires 

per inch. 

The overall  dimensions 

A drawing of the 

The assembled screen-cruciform configuration instal led on the instrument probe 

of the five-foot-diameter tank i s  shown in Fig 131. 

Fig 132 . 
t i r e  instrumentation probe tank manhole assembly i s  shown in Fig 133. 

The baff le  appaars in 

A ful l  s ize  view of the baffle configuration together With the en- 

A t o t a l  of nineteen tests were conducted with these devices using the l iquids  

hydrogen and nitrogen a s  the test f luids .  The complete l i s t  of a l l  tests con- 

ducted in t h i s  five-foot tank appears in Table 7 (Section 8) .  
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Fig. 130 Large Size Baffle Ins t a l l a t ion  
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Fig. 131 I n l e t  Screen Attached t o  Instrument Probe 
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Fig. 132 I n l e t  Baffle Attached t o  Instrument Probe 
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Fig. 13.3 Instrument Probe Mounted on Tank Manhole ( 
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10.4. TEST DATA CORRELATION 

10.4.1 Liquid Nitrogen Tests 

Results of applying the Tank F i l l  Model analysis t o  predict the measured 

ullage pressure data f o r  nitrogen tests, 9-11-1 and 2, using the Screen- 

cruciform are  presented in Figs134 & 135. It was found t h a t  use of a smaller 

droplet diameter, than applied in "clean" tank analysis, provides a be t te r  

correlation of the data. The e f f ec t  of the screen i s  evident whereas it i s  

f e l t  t ha t  use of the cruciform d i d  not no.ticeably a f f ec t  the droplet diameter. 

Ullage gas temperatures, measured both on 

compared with analyt ical  values in Figs 136 & 137for run 9-11-1. 

and off the tank centerline, are 

Agreement 

i s  especially impressive in Fig 137, where the off-centerline temperatures 

are  shown. 

the analysis predicts t h a t  a top region ex is t s .  

Again, the analyt ical  top region temperature i s  only shown when 

It i s  f e l t  t h a t  the bes t  agreement between data and the analysis was obtained 

f o r  the nitrogen screen tests. This implies t ha t  the resul t ing droplet cloud 

i n  these tests was very similar t o  t h a t  assumed in the analyt ical  model, after 

it passes though the screen. 

The pressure his tory f o r  f i l l  with nitrogen with the baf f le  over the post-iniet  

region is  shown i n  Fig 138. The baff le  d i rec ts  the incoming flow against, 

the tank w a l l ,  so  there is  no centerline j e t  in t h i s  case. 

it i s  assumed t h a t  the incoming liquid spreads along the tank wal l  with 

evaporation occurring a t  the w a l l  by the mechanism of film boiling. 

I n  the analysis, 
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Evaporation a l so  occurs a t  the liquid-tank vapor interface.  

l a t t e r  contribution t o  mass t ransfer  i s  usually much smdler than tha t  from 

boiling a t  the wall, it i s  included in the Model analysis. 

run, the film boiling heat t ransfer  coefficient used was 25.2 Btu/hr f t 2  OR 

and the ullage vapor-interface coefficient was taken as  0.2 Btu/hr f t 2  OR 

A s  pointed out e a r l i e r  the numerical value of t h i s  coefficient has a small 

e f f ec t  in tank pressure response. The boiling coefficient can be input a s  a 

function of the wall-liquid temperature difference i f  desired. 

which the l iquid spreads along the wall must a lso be specified f o r  the wet ted-  

wall  model. 

l e s s  l iquid height (DIMH) 

Although t h i s  

For the nitrogen 

The manner i n  

For the purposes of t h i s  study arb i t ra ry  values f o r  the dimension- 

were chosen and assumed constant throughout each run. 

A 

a t  the top of the l iquid on the wall. The prediction curves f o r  the tank pres- 

sure shown i n  Fig 138 are  f o r  l iquid spreading over the en t i re  wall  (DIMHa1.0) 

and spreading t o  a height of 0.25 times the tank diameter. 

t h i s  parameter i s  not significant i n  t h i s  case. 

of  l iquid being evaporated a t  the tank wall i s  small compared with the r a t e  

t h a t  mass i s  being added t o  the tank. 

of evaporation by a fac tor  of 3 (increasing DIMH from 0.25 t o  1.0) has a very 

small e f f ec t  on the tank pressure. 

value could be computed assuming dissipation of the incoming velocity head 

It i s  clear  t ha t  

This occurs because the amount 

A s  a result, an increase in t h i s  ra te  

Thorough evaluation of  the test data was made t o  determine the unsatisfactory 

comparison between predicted and measured pressure data f o r  t h i s  run. 

reevaluation was made of the analysis within the Model which describes l iquid 

evaporation. 

Careful 

It was found t h a t  even major changes i n  the analysis could not 
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bring the predicted and measured data i n t o  close agreement. For the first 

four seconds, a l l  of the entering l iqu id  evaporates (in the analysis) from 

the wall producing the maximum possible pressure r i s e  over this t h e  period. 

Fig138data c lear ly  show a divergence of the curves. The conclusion reached 

i s  t h a t  the f low ra t e  and/or qual i ty  data must be wrong f o r  t h i s  run, a t  

l e a s t  a t  ear ly  times. 

a t  0.835 seconds a f t e r  the f l a sh  bulb was recorded. The void fract ion meter 

registered l iquid a t  3.57 seconds a f t e r  the f i r s t  tank pressure r i s e  was ob- 

served. 

before it was observed on the films a s  would be expected. 

quali ty and/or velocity data f o r  t h i s  run are of doubtful accuracy and the 

For t h i s  run, l iquid was f i rs t  observed on the films 

I n  a l l  other runs, l iquid was indicated on the void fract ion meter 

For t h i s  reason the 

corresponding pressure prediction must be regarded in t h i s  l igh t .  

be noted, however, t h a t  when liquid begins t o  co l lec t  on the tank wall the 

slope of the pressure predictions agrees w e l l  with t h a t  of the data thereby 

supporting the va l id i ty  of the wetted wall analysis used 

It should 

the Tank.FillMode1. 

10.4.2 Liquid Hydrogen Tests 

Analysis was made of the test data for  l iquid hydrogen using the Tank F i l l  

Model. 

was used appears i n  Fig 139. For hydrogen baff le  analysis a film boiling 

heat t ransfer  coefficient of 64.5 Btu/hr f t 2  OF i s  used and, as  with the 

nitrogen, an in t e r f ac i a l  coefficient of 0.2 Btu/hr f t 2  O F  i s  assumed. To 

be t te r  understand differences between measured and predicted pressure data 

the e f f ec t  of the choice of gas velocity extrapolation a t  ear ly  times was 

investigated. 

The pressure data comparison f o r  hydrogen run 9-15-1 in which a baff le  

The two exbreme extrapolations used are shown in Fig 140. 
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I n  t h i s  case an extrapolation of the velocity data t o  high i n i t i a l  values 

does not yield a prediction which, when applied in analysis, approaches the 

data. For t h i s  run the void fract ion meter indicated l iquid (with the inter- 

pretation of the data which was used) a t  approximately the same time t h a t  the 

f i r s t  pressure rise was observed. When t h i s  qual i ty  his tory i s  input t o  the 

analysis a low pressure r i s e  i s  predicted because the ullage vapor was found 

t o  be excessively cooled by the evaporating l iquid.  

in Fig 141, where the ullage gas temperatures measured on the tank centerline 

are  compared with the predicted gas temperature. 

This i s  fur ther  i l l u s t r a t ed  

Pressure data from another hydrogen baf f le  run 

Again the prediction using a reasonable velocity extrapolakion, cannot match 

the sharp i n i t i a l  pressure r i s e  which was observed. However, the measured pres- 

sure level  i s  attained and exceeded by the prediction a t  l a t e r  times in t h i s  

instance. 

(9-15-4) are  shown in Fig 142. 

I n  the analysis a l l  of  the incoming liquid i s  evaporated u n t i l  ap- 

proximately four seconds and thereaf ter  l iquid begins t o  accumulate on the 

tank wall. In r ea l i t y  these must be more mass entering the tank i n i t i a l l y  

tha t  indicated by the interpretat ion of the void fract ion and film data a s  used 

in the analysis. 

DIMH i s  too large. 

wall could be too large a s  indicated by the slope of the predicted curve. 

The value of DTMH i s  much more s ignif icant  f o r  t h i s  run than f o r  run 9-15-1 

because the ra te  of evaporation a t  the tank wall  i s  of the same magnitude as  

the r a t e  of mass addition t o  the tank. 

A t  l a t e r  times it i s  possible tha t  the assumed value f o r  

Also, the resul t ing computed r a t e  of evaporation a t  the 

24.9 
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. .  

Section 11 

CONCUTSITONS 

The following sections contain 8 compilation of the  major conclusions which 

have been reached as a r e su l t  of the ana ly t ica l  and experimental studies 

described i n  the preceding sections. For convenience, these conclusions are 

presented under four headings, covering the work r e l a t ing  t o  t ransfer  l i n e  

flow, tank f i l l  thermodynamics, >complete f i l l  system thermodynamics and 

implosion prevention. 

11.1 TRANSFER LINE TKEmODyNAMICS 

An ana ly t ica l  technique has been developed which allows the prediction of 

the pipe wal l  temperature var ia t ion and the flowing f l u i d  s t a t e  during ch i l l -  

down of a cryogenic t ransfer  l ine .  This technique has been very successful i n  

estimating chilldown times f o r  re la t ive ly  long t ransfer  l ines .  

t i c a l  and experimental r e su l t s  indicate tha t ,  as  the length-to-diameter r a t i o  

of the t ransfer  l i ne  i s  decreased, the e f fec ts  of surging dominate the f l u i d  

Both the analy- 

flow and heat t ransfer .  

does not account f o r  these surges. 

The ana ly t ica l  model used f o r  chilldown predictions 

Experimental studies have indicated tha t ,  

f o r  the "short" l ines  tes ted,  high frequency surging can readi ly  produce a 

form of two-phase flow known as slug flow. Modeling the f l u i d  pressure drop 

and heat t ransfer  f o r  such a flow would be a very complex and demanding task.  

Thus, while the exis t ing ana ly t ica l  model i s  sa t i s fac tory  f o r  application t o  

''long" l ines  ( l i nes  having an L/D r a t i o  greater Ynan 3800 for l iqu id  hydrogen 

and 475 f o r  nitrogen or oxygen), increasingly larger  discrepancies are  t o  be 

expected between observed and predicted chilldown times as  the l i ne  length 

i s  decreased. 
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i 
An ana ly t ica l  mkthod of predicting the hagnitude and frequency of fl 

osc i l la t ions  during the i h i t i a l  stages of chilldown has been developed; 

agreement between predicted and measured values of the  frequency an8 m a p i -  

e 

tude of these osc i l la t ions  was generally between &, lo$  of 
I 

.11.2 TANK FILL THERMODYNAMICS 

An analyt ical  technique has been developed which provides 

the measured values. 

predictions of 
I 

t rans ien t  pressure and temperature variations i n  a tank being f i l l e d  with a 

f lu id  of known thermo-and hydrodynamic properties.  

i s  not r e s t r i c t ed  t o  any given f l u i d  or  tank material  o r  configuration, f i l l  

This analysis technique 

l i n e  or ientat ion or gravity leve l ,  

pressure and temperature variations i n  a tank being f i l l e d  w i t h  a cryogenic 

f l u i d  f o r  tanks having an unobstructed i n l e t ,  o r  a baffled o r  screened i n l e t .  

It has been used successfully t o  predict  

Comparisons between prediction and test  data have shown t h a t  these var ia t ions 

on a charac te r i s t ic  dimension of the l iqu id  par t ic les ,  o r  droplets, entering 

the tank. For t e s t s  performed during t h i s  study, the f l u i d  i n i t i a l l y  entering 

the tank was generally i n  the form of a two-phase spray, w i t h  l iqu id  as the 

8 

dispersed, droplet phase. Prior t o  attempts a t  t e s t  data correlation, neither 

an ana ly t ica l  nor an emperical method of predicting t h e  charac te r i s t ic  droplet  

diameter w a s  available.  A s  a r e su l t  of comparisons between ana ly t ica l  pre- 

dict ions and test  data an emperical method of specifying t h e  charac te r i s t ic  

droplet diameter was obtained. 

By specifying the correct value f o r  t h e  Characterist ic droplet  diameter, agree- 

ment between measured and predicted %;ink pressures during f i l l  within f 0.15 

psia  were obtained i n  f i l l  t e s t s  w i t h  nitrogen. 

vapor temperatures were predicted within about *5$ of the  absolute values of 

Corresponding values of ullage, 

25 4 
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the measured temperatures. 

11.3 C O M P ~ T E  F~ZL SYSTEM THEINODYN~ICS 

By coupling the t ransfer  l i ne  and t a n k - f i l l  analysis, an analyt ical  technique 

has been developed which combines the capabi l i t ies  of the two single tech- 

niques, the resul t ing computer program i s  capable of simulating the operation 

of a complete f i l l  system. Comparisons with test data from four complete 6ys- 

tern t e s t s  were made; agreement between predictions and t e s t  data 'was quite 

good. During three of the four runs f o r  which correlations were attempted, 

an implosion condition (drop i n  tank pressure below i ts  i n i t i a l  value) was 

observed. 

i n  1 p s i  of the measured values. 

The predicted pressure variation fo r  these t e s t s  was generally with- 

The complete f i l l  system computer program, l ike  the t ank- f i l l  program, may be 

used f o r  f i l l  from varying orientations and a% any gravity level.  
\ 

11.4 IMPLOSION PRE~TION TECHNIQUES. 

Both t h e  analyt ical  and the experimental work performed during t h i s  study have 

contributed toward an understanding of the mechanisms leading t o  an implosion, 

or a sudden drop i n  pressure, during tank f i l l  with a cryogenic f luid.  

found tha t  when a cryogenic l iquid f i r s t . en te rs  the  tank i n  the form of a 

It was 

droplet spray the droplets evaporate, extracting energy from the ( re la t ive ly  

w a r m )  ullage vapor. 

vapor becoxes dominant and the pressure begins t o  rise. 

A s  a r e su l t  the pressure and temperature of the ullage 

Consequently, any means 

of promoting energy interchange between the incoming, cryogenic f lu id  and the 

ullage vapor w i l l  tend t o  produce a drop i n  ullage pressure. Conversely, any 

' means of reducing energy interchange between the entering 

25 5 

f l u i d  and t h e  ullage 
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vapor (as with a so l id  baf f le  covering the tank i n l e t )  will reduce the 

poss ib i l i ty  of an implosion. 
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Appendix A 

Scin t i l l a  t ion  
Detector 

CALIBRATTON OF LIQUID VOLUME FRACTION METER 

High Voltage 
Power Supply 

The volume fract ion measuring system is  i l l u s t r a t ed  in the block diagram 

of  Figure A -1. 

pulse height analyzer (scaler-timer) ; a high voltage power supply and a Cd.109 

It consists of a scin5i l la t ion detector (and preamplified), a 

Scale r/Timer 
A 

X-ray source (8  mc) I n  addition, a digital-to-analog converter and oscillograph 

recorder are  used t o  convert the scaler  d i g i t a l  droplet  % a  DC output and record 

the signal. The Cd.109 radioactive source was choaen because a weak X-ray 

( 2 2  Kev) was determined t o  give good resolution for the present application. 

Channel with 
Two-Pha se Flow 

Digital-to-Analog 
Converter 

Strip-Chart 
Recorder 

Fig. A - 1  Schematic Diagram of Liquid Volume Fraction Measuring System 
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Although the volume f rac t ion  meter i s  a very useful device, it measures 

'linstantaneous" volume ( o r  mass) fraction, not quali ty.  Furthermore, 

the f lu id  f low geometry a f fec ts  the resu l t s  of the meter calibration. 

Quality can only be determined if the s l i p  r a t i o  i s  determined independently. 

Two methods of calibration of the meter f o r  use with LN2 were considered: 

( a )  use of an analog non-cryogenic l iquid and non-condensible vapor com- 

bination, and (b) use of an analog solid-gas combination. The former was 

chosen since it was f e l t  the true flow geometry could be best  simulated. 

From a calculation of the absorption cross sections f o r  22 Kev X-rays, it 

was found t h a t  a methanol (CH OH) - ethanol ( C  H OH) mixture would simulate 3 2 5  
LN absorption cross section: i.e., 2 

= 0.372 cm"' (p' ) LN2 

c 
( /"? meth. 0.398 cm"' 

where,&' i s  the mass absorption coefficient (tabulated i n  Ref. 5 f o r  

djfferent  molecules and a s  a function of X-ray energy), . p 
density in the equation I=Ioe 

the f lu id  

t and x i s  length. - r P X  

The arrangement of the sc in t i l l a t i on  detector, Cd-109 source, lead COllima - 
tion, and 1/2-inch diam tube i s  shown in Figure A-2. These components are  

mounted in the t ee  section which i s  used i n  the t ransfer  l i ne  and sphere tests. 
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To ensure a high sensi t ivi ty ,  a re la t ive ly  tbin-walled aluminum tube, 1/2-inch 

O.D. by 20 m i l  wall and 4-13/16 inches long, i s  used, since 

re la t ive ly  low absorption cross section. It was necessary t o  mount the 

sc in t i l l a t i on  detector i n  the tee in an aluminum can with a 10 m i l  aluminum 

window t o  prevent large deflections of the beryllium window on the detector 

due t o  pressure differences i n s i d e  and outside the detector. 

aluminum has a 

Preliminary tests were made t o  es tabl ish the operating high voltage, the 

scaler window width and the Cd-109 spectrum. With the scaler i n  in tegra l  

mode (counts a l l  pulse 

function of Emh (window voltage lower levelland EH (phototube high voltage). 

The resu l t s  shown i n  Figure A-jindicate t h a t  most of the pulses (i.e., the 22 

Kev-photo peak) occur i n  the range 1.0 

A high voltage value of EH = ll9O vol t s  was selected. 

spectrum was run using E 

( a i r )  t o  determine i f  there was a significant spectrum s h i f t  over the extreme 

above Emin) the count ra te  was determined a s  a 

Emin’  2.0 vol t s  and f o r  EH !3 1200 vol t s .  

Next, the source 

= ll9O vol t s  f o r  both 100% ethanol and 0% ethanol H 

l iquid f rac t ion  range. These spectra, shown in  Figure A-4. are seen t o  be 

very similar. 

peak a t  % = 3.9 volts .  

i s  therefore approximately 22 Kev/volt. 

The 22 Kev-photopak occurs a t  % = 1.0 vol t s  and the 88 Kev 

The scaler  multiplication factor  a t  E = 1190 vol t s  H 
Since it i s  desired t o  use only 

the 22 Kev radiation, 

were selected t o  be Emin = 0.25 vol t s  (window lower bound) and E,,, = 1.80 vol t s  

(window upper bound). 

are minimized due t o  small inaccuracies in t h e i r  set t ings.  

Since these occur a t  low points on the spectrum, e r rors  

The scaler  set t ings 

t o  be used are: 
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1000 

High 

F'IGURE A-3 .Relationship Between 

Voltage Setting, %, Volts 

Cadmium 109 Activity and High Voltage 
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FIGUREA-k(a) Cadmium 109 Spectrum with Ethanol 
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EH = 1190 vol t s  (high voltage) 

x 100 gain (preamplifier) 

= 0.25 vo l t s  (lower window bound) E m i n  

E = 1.80 vol t s  (upper window bound) max 

It is  desirable t o  operate a t  as high a count r a t e  a s  possible; however, the 

resolution of pulses begins t o  drop o f f  s ignif icant ly  above 100,000 cts/sec. 

The lead shielding around the aluminum tube was selected a s  shown i n  Fig. A-3 

t o  give a maximum count ra te  (i.e., f o r  no l iquid) of approximately 175,000 

cts/sec. 

pulses wi l l  not a f f ec t  the accuracy of the measurement and a high count ra te  

Since actual  calibration i s  being performed, the loss of  some 

i s  desirable. The end points f o r  LN have been run and were: 2 

0% LN2 - 174.35 Kcts/sec 

100% LN2 - 129.57 Kcts/sec 

The a l l  l iquid condition f o r  both methanol and ethanol were: 

100% methanol - 127.66 Kcts/sec 

100% ethanol - 129.29 Kcts/sec 

Since the l a t t e r  simulates LN2 within 1/2% of the difference in count ra te  

between the a l l  gas (GN2) and a l l  l iquid (LN2) cases ethanol was used as  

the calibration f lu id  t o  simulate LN2. 

2 The calibration technique consisted of passing measured quant i t ies  of GN 

and ethanol (l iquid) i n  a thoroughly mixed condition through the volume 

fract ion measuring s ta t ion.  The calibration therefore represents the 
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homogeneous two-phase flow distribution. 

and shown photographically in Figure A-6.The ethanol and GN2 flow ra t e s  are  

measured by the turbine flowmeter and calibrated rotomekrs respectively. 

The two f lu ids  a re  thoroughly mixed in the mixing section t o  ensure equal 

l iquid and gas velocity a s  the mixture  passes downward through the measuring 

s ta t ion.  Since there i s  l i t t l e  evaporation o r  gas absorption, the volume 

fract ion of each phase can be computed from the measured f l o w  rates ,  assuming 

equality of l iquid and gas veloci t ies .  It was found t h a t  a t  the extreme of 

volume fract ion and primarily f o r  low liquid fractions,  it was d i f f i c u l t  t o  

maintain a thoroughly mixed  condition. 

the range from 0 t o  100% l iquid,  the technique was successful. 

are presented in FigureA-7 where some deviation i s  seen f o r  low liquid fractions.  

The system i s  sketched in Figure 

However, over the major portion of 

The results 

I n  addition t o  t h i s  experimental calibration, the functional re la t ion between 

transmitted radiation f l u x  (count r a t e )  and l iquid volume fract ion was com- 

puted f o r  the ci rcular  tube and f lu id ,  assuming a plane X-ray flux i n i t i a l l y .  

For the geometry shown in the following sketch: 
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Mixing 
Section 

Sc in t i l l a t ion  
Detect o r  J 
A1 tube 

< Glass tube 

Liquid Flow 
(Turbine Meter) 

J 

cd -109 
Source 

:0  $ -n-riT 

Porous Tube 

Pre s surized 

Ethanol 
Reservoir 

F'IGURE A-5  Schematic Diagram of Calibration Apparatus 

for Liquid Fraction Measurement System 
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FTG. A-6 Liquid Volume Fraction Meter Calibration Apparatus 
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Fig. A-7 Calibration of Volume Fraction Measurement System 
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11, I2 and I The relations between the f luxes Io, 

mean liquid volume f rac t ion  FL are: 

a s  a function of h and 3 

-Ab W h )  ~ ; m  = 1, e 

i ~ , f A j =  1; e -A+ A- 4- 
Z,(hl -A;& (&w 

= Zo e e 

and similarly: 

where the subscripts A and L re fer  t o  aluminum and the l iquid,respectively.  

Eq. A - 1  was integrated numerically over - f l o g  h 5 6 j f o r  the 

geometry of i n t e re s t  Ro = 0.50 inch and $'e!= 0.020 inch and fo r  aluminum 

property values of 4 = 2.82 g/cm 3 and rA/= 2.4.4 cm2/gm, and 

2 
ethanol property values of f L  = 0.794. and /(, = 0.462 cm /gm. 

resu l t s  are shown on Figure A-7as curve A normalized t o  the 0% liquid-count 

ra te .  

The 

The curve shows 5% deviation from the cal ibrat ion data a t  100% liquid, 

and it i s  not  expected t h a t  the calculation should be exact because the por- 

t ion  of the X-ray spectrum used i s  from approximately 5.4 t o  39 Kev and a 

mean mass absorption coeff ic ient  corresponding t o  22 Kev X-ray was used. 

The end points f o r  the cal ibrat ion are known t o  be accurate. The shape 

of the curve is  of primary importance, and since it i s  very similar in shape 

t o  the cal ibrat ion data, (except f o r  low FL ), confidence i n  the cal ibrat ion 

data i s  grea t ly  increased. 

curve and it i s  replotted in  dimensionless form i n  Figure A-8. 

Curve ( B )  will be the established cal ibrat ion 
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Appendix B 

LITERATURF SURVEY AND PRELIMINARY CALCULATIONS 

B.1 LITERATURF, SURYEY 

"he objective of t h i s  t ask  i s  t o  co l lec t  i n  a cent ra l  location the r e su l t s  of 

work previously performed i n  the  following areas: 

0 Line Chilldown Analysis 

0 Receiver Tank Thermodynamics 

0 Transfer of Cryogenic Fluids 

D Receiver Tank Implosion 

0 

0 

Two-Phase Flow i n  Cryogenic Fluids 

Experimental Studies of Transfer Line and Receiver 

Tank Behavior During Cryogenic Liquid Transfer 

Vir tual ly  a l l  of the l i t e r a t u r e  reviewed has pertained t o  the problem of 

t ransfer  l i n e  chilldown or  such re la ted  phenomena as  the characterization of 

two-phase flow geometry and qual i ty  measurement. 

large number of references available on the subjects (over t en  thousand 

on two-phase-gas-liquid flow alone), the review w a s  r e s t r i c t ed  t o  only the 

most recent, pertinent references and those of a bibliographical nature. 

Three of the most notable of the l a t t e r  are included i n  t h i s  report  as  

References 1, 2, and 3. 

Because of the extremely 

Abstracts of the pertinent references, many of which have been used exten- 

s ively i n  the t ransfer  l i n e  analysis, have been reviewed by individuals 

working on spec i f ic  tasks. 
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B . 2  PRELIMINARY CALCULATIONX 

The objective of preliminary hand calculations of t ransfer  line and receiver 

tank conditions was t o  provide an estimate of the boundaries of parameters which 

should be varied during i n i t i a l  flow phenomena tests, and t o  give some insight  

in to  the magnitude of changes in mass and energy t ransfer  required t o  produce 

s ignif icant  e f f  c t s  on receiver-tank in te rna l  pressure and i n l e t  flow geometry. 

These 

pected t o  strongly influence planning and execution of the flow phenomena tests: 

estimates have been directed primarily toward two areas which are ex- 

1. The f l o w  pattern occurring in two-phase f lu id  flow 

in the t ransfer  line 

2. The gross thermodynamic phenomena affecting t ransient  

pressure changes within the receiver tank during f i l l  

- B .2.1 Two-Phase Flow Maps 

Researchers have recognized several two-phase flow patterns; in an attempt t o  

analyze two-phase flow phenomena, they have categorized these patterns on the 

basis of empirical observations. These c lass i f ica t ion  attempts have been made 

because, owing t o  the complex nature of the two-phase flow phenomenan, there are  

presently no analyt ical  models applicable over the en t i re  range of two-phase flow 

flow geometries. If the flow pattern i s  known, &he appropriate analyt ical  model 

can be chosen; and, subsequently, pressure drops and heat-transfer coefficients 

can be determined. 
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The number of d i s t i n c t  two-phase flow patterns i s  somewhat a r b i t r a r i l y  deter- 

mined and var ies  from observer t o  observer. 

of the gravity vector, generally more flow patterns are  distinguishable f o r  

horizontal two-phase flow than f o r  ve r t i ca l  flow. Alves ( R e f .  4) has described 

these f l o w  patterns a s  f o l l o w s :  

Because of the asymmetric direct ion 

1. Bubble Flow. Flow i n  which bubbles of gas move along the upper 

par t  of  the pipe a t  approximately the same veloci ty  a s  the l iquid.  

This type i s  similar t o  f ro th  flow, i n  which the en t i re  pipe i s  

f i l l e d  with a f ro th  s imilar  t o  an emulsion 

2. Plug Flow. Flow i n  which al ternate  plugs of l iquid and gas move 

along the upper par t  of the pipe 

3. S t r a t i f i ed  Flow. Flow i n  which the l iquid f l o w s  along the bottom 

of the pipe and the gas f l o w s  above, over a smooth liquid-gas 

interface 

4. Wavy Flow. Flow which i s  similar t o  s t r a t i f i e d  f l o w  except t h a t  

the gas moves a t  a higher veloci ty  and the interface i s  disturbed 

by waves t ravel ing in the direct ion of  f l o w  

5. Slug Flow. Flow i n  which a wave i s  picked up periodically by the -- 
more rapidly moving gas t o  form a f rothy slug which passes through 

the pipe a t  a much greater veloci ty  than the average l iquid veloci ty  

6. Annular Flow. Flow i n  which the l iquid forms i n  a film around the 

inside wall of the pipe and the gas f l o w s  a t  a high veloci ty  a s  a 

central  core 

7.  Spray Flow. Flow in which most o r  nearly a l l  of the l iquid i s  en- 

trained a s  spray by the gas. This has a lso been called d i s p e r s e d  flow. 
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Geometries typical  of these types of flow are i l l u s t r a t ed  in Fig B-1. 

I n  an attempt t o  define the various flow patterns in terms of flow properties, 

a var ie ty  of flow geometry maps have been devised. Most of the experimental 

data with which these correlation attempts have been conducted were gathered 

under adiabatic o r  isothermal two-component conditions in which the ratirh of 

gas t o  l iquid mass flow along the pipe remains constant. 

Fig S. ~ - 2 , ~ - 3  and .B-4 i l l u s t r a t e  four of the proposed correlations. 

symbols used on these plots are  identified i n  Table B-1. 

The sbmbols 

O f  these flow maps, the one which has received the most  a t tent ion i s  the Baker 

correlation 

meters include physical properties of the f lu id ,  thus making the correlation 

more specif ical ly  applicable t o  a particular flow. 

(Fig B-2).An advantage of t h i s  map i s  t h a t  the correlation para- 

The Baker correlation i s  based on data obtained from the adiabatic flow of a 

two-component water-air mixture flowing a t  atmospheric pressure i n  a pipe. 

The various lines on the map indicate general regions of t rans i t ion  rather 

than d i s t i n c t  flow boundaries. Data f o r  two-component adiabatic flow, ob- 

tained from Ref. 4 and 5, have been plotted on Fig. B-2- 

The data obtained from Ref. 4 are  a compilation of the work of three independent 

investigators, Alves, Gazley, and Kosterin. 

The parameters used in Baker's correlation are defined as  

1/3 P 1/2 
y = 0 = pa (!3] 

= [( 7 . 5  x 10 -2 )  (A)] S 
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B U B B L E  

P L U G  

S T R A T I F I E D  - 
SLUG 

ANNULAR 

SPRAY 

FLOW - 
WAVY 

Fig. E1 Flow P a t t e r n s  

Tab le  B-1 

SYMBOL IDENTIFICATION (FLOW GEOMETRY MAPS) 

0 WAVY v SPRAY ANNULAR 

SPRAY e SLUG-WAVY I 
A WAVY-ANNULAR X SLUG 

A SE MI-WAVY-ANNULAR + BUBBLE 

El ANNULAR a3 STRATIFIED 

m SEMI-ANNULAR E€l PLUG 
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are the gas and l iquid densities, i s  l iquid viscosity, where P g and f i  P 
and i s  l iquid surface tension. 

S 

A s  indicated, there i s  excellent correlation between the data and the Baker 

f l o w  map. 

component adiabatic two-phase flow in the plug-flow region. 

t ion  reported has confirmed the basic s imilar i ty  of one- and two-component 

adiabatic two-phase flows and has verified the appl icabi l i ty  of the correlations 

or iginal ly  developed f o r  two-component flows. 

Kordyban (Ref. 6) has extended Baker's correlation t o  single- 

The flow correla- 

Relatively f e w  attempts have been made t o  extend Baker's correlation t o  diabatic 

evaporating two-phase flow. Efforts i n  this report  t o  extend the diabatic 

correlation have been hampered by a lack of visual-observation data. 

f o r  diabatic single-component evaporating flow have been obtained from Refs. 7 

and 8; these have been plotted i n  Fig B-3.This graph reveals t h a t  the f l o w  

correlation holds t rue only f o r  annular flow, even though numerous flow geometries 

were observed. Bronson (Ref. 9 )  has indicated tha t  it i s  permissible t o  apply 

the Baker correlation t o  the diabatic flow of l iquid hydrogen. However, no data 

were presented t o  substantiate h i s  claims. 

Some data 

The lack of correlation between diabatic data and an adiabatic flow map i s  not 

surprising. 

heating length a f f ec t  the flow pattern; the r e su l t  i s  t h a t  the flow i s  much more 

complicated than in the adiabatic case. A major e f f ec t  of heat addition i s  the 

generation of large amounts of vapor, with resul t ing acceleration forces on the 

flow. Since the vapor volume of the f l u i d  i s  increasing, the flow patterns and 

t ransi t ions can be expected t o  differ  from those of an adiabatic f low.  

For the case of diabatic evaporating flow, both heat flux and 

This 
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vapor acceleration is  thought t o  be the controlling fac tor  in the formation 

of single-component diabatic two-phase flow patterns. 

To account f o r  vapor generation in diabatic flow, a flow map 

the parameters of volume f l o w  fract ion and Froude number has been developed in 

Refs. 

the e f fec ts  of flow acceleration. These parameters are  nondimensional and 

therefore have the advantage of  more general appl icabi l i ty  than Baker's para- 

meters. 

(Fig B-4) based on 

8 and 10. It was f e l t  t ha t  these two parameters would take in to  account 
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3.2.2 Estimate of Tank Pressure Response 

Using the resu l t s  of the tank f i l l  analysis (described in Section 4 

with appropriate simplifying assumptions, a simplified set of equqtions were 

along 

obtained which can be solved by hand t o  yield an approximation t o  the tank 

pressure response during f i l l .  

a s sumptions : 

The simplified model i s  based on the following 

o Liquid which enters  the tank i s  saturated and vaporized instantan- 

eously, the temperature of the vapor then being raised instantaneously 

t o  t h a t  of the bulk of the ullage vapor. 

The qual i ty  his tory a t  the i n l e t  i s  given by X = e-at , where the 

term a represents a dimensionless constant. 

* 
o 

o There i s  no venting. 

o There i s  no heat t ransfer  between the tank wall and the ullage vapor. 

o The dimensionless f i l l  ra te  i s  constant. 

With these assumptions, the dimensionless pressure response may be calculated 

from Eq. (l)*: 

(B-1) 

/ 

This expression must be integrated numerically, but the calculation i s  re la t ive ly  

* Symbols are  def ined  in AppndixC and Vol. IT. 
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simple and can be accomplished without the use of a computer. A s  an example, a 

solution was obtained f o r  hydrogen, assuming the following conditions: 

= 14.7 psia pi 

5 a = 7 x 1 0  
3 = 10 .* 

"f 

The simplified model assumed i s  not valid when the gas temperature nears the 

saturation temperature, since there i s  not suf f ic ien t  heat t ransfer  t o  vaporize 

a l l  the l iquid a s  it enters  the tank. 

only u n t i l  the ullage vapor temperature i s  equal t o  the saturation temperature. 

The resul t ing pressure his tory i s  shown i n  Fig. ~ - 5 .  A s  the ullage vapor tempera- 

ture approaches the saturation temperature, the pressure will start t o  increase 

a s  indicated by the dashed l ine ,  since heat t ransfer  from the tank wall to the 

vapor becomes more significant.  

For t h i s  reason, Eq. B-1 i s  integrated 

Due t o  the influence of the size of incoming l iquid droplets on l iquid evapora- 

t i on  ra tes  and the resul tant  pressure response (as  discussed in Sections 10 and 

13, the c r i t i c a l  assumption in t h i s  analysis i s  t h a t  incoming liquid droplets 

are  vaporized instantaneously. 

pressure rise indicated on FigB-Sis t h a t  which i s  approached when the s ize  of 

the incoming droplets approaches zero. 

means of estimating the i n i t i a l  tank pressure response. 

This assumption implies t ha t  the i n i t i a l  ra te  of 

For t h i s  case Eq.(B-l)provides a simple 
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