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FULL-SCALE UNFLTEWD WCLM-ROCKJ3T-COF3 ASSEMBLY (U) 

by John S. Clark 

Lewis Research Center 

I SUMMARY 

A nuclear-rocket s t a r tup  simulation experiment has been run a t  the  Plum 
Brook s t a t i o n  of t he  Lewis Research Center. 
mulated and the analysis  of the  core (presented a s  a program f o r  a 7094 IBM dig- 
i t a l  computer) i s  described herein. Comparisons between calculated and measured 
values of nozzle chamber temperature, core material  temperature, nozzle chamber 
pressure, core pressure drop, and a x i a l  pressure d i s t r ibu t ion  a re  included. 

Analytical methods have been fo r -  

The agreement between calculated and experimental r e s u l t s  i s  very good. 
The maximum deviation between calculated and measured average nozzle chamber 
temperature f o r  th ree  d i f f e ren t  runs w a s  27O R or about 8 percent. The predic- 
t e d  core-material temperatures were compared with the  average of several  exper- 
imental temperature measurements a t  f i v e  a x i a l  posit ions within the  core; t he  
maximum difference noted w a s  about 40' R. The nozzle chamber pressure w a s  cal-  
culated t o  within 6 percent of the measured value fo r  the three runs. Calcu- 
lated core pressure drop and the a x i a l  pressure d is t r ibu t ions  were usual ly  
within the  accuracy of the  experimental data. 
a tu re )  maldis t r ibut ions within the system were observed; examination of the ex- 
perimental data led  t o  the  conclusion t h a t  the  par t icu lar  nozzle used on the  
system, with i t s  various camera windows, bleed ports,  and i n l e t  port  posit ions,  
contributed heavi ly  t o  the  flow maldistributions.  

Flow (and consequently, temper- 

INTRODUCTION 

"he development of nuclear-rocket systems requires the  de f in i t i on  of per- 
formance cha rac t e r i s t i c s  i n  a l l  modes of operation. Some of the  most complex 
flow processes a r e  incurred during the  s t a r tup  mode. The performance character-  
i s t i c s  of the  engine components during the  ea r ly  par t  of the s'tartup t rans ien t  
a r e  qui te  d i f f i c u l t  t o  analyze because of large deviations from the require-  
ments imposed on t h e  system by steady-state full-power operation. Also, var- 
ious t r ans i en t  flow phenomena are  not amenable t o  precise analyses. 

Accurate pred ic t ion  of core operating conditions i s  extremely important t o  
ensure t h e  successful  performance of a nuclear rocket. For example, the pres- 



sure drop across the core must be known i n  order t o  determine pumping require-  
ments and t o  design the  core support s t ructure .  The temperature and pressure ' 
of the  core eff luent  a re  needed for thrust calculations.  Core-material temper- 
atures af fec t  t he  r a t e  of corrosion of the  core material and influence the se- 
l ec t ion  of power density. Also, core-s t ress  calculations a re  dependent on 
mater ial-tempera t-xi-e 2z-k ixe  d. I 

I 

I n  order t o  obtain accurate predictions of f l u i d  flow and heat t r ans fe r ,  
great care must be exercised i n  the  se lec t ion  of appropriate cor re la t ion  equa- 
t ions .  Several e x i s t  f o r  gaseous hydrogen and some of these w i l l  be discussed 
ir! appendix B; appendix A contains a l i s t  of t he  symbols used i n  t h i s  report .  
Because of t he  uncertaint ies  involved i n  these correlat ions,  however, it i s  i m -  
poi%ar;t t h a t  any ana ly t ica l  procedure developed be compared with experimental 
data. Certain other assumptions a r e  m d e  i n  t he  analyses presented herein in-  
cluding (1) the  neglect of flow maldistribution i n  the core, ( 2 )  the  use of 
quasi-steady-state equations t o  predict  t r ans i en t  r e s u l t s ,  and (3) the  single- 
tube-model representation of the complex core geometry; the significance of 
these assmptions can only be assessed from experimental data. 

A fu l l - sca le  cold-flow nuclear-rocket-simulator experiment w a s  conducted 
A descr ipt ion of the  a t  the  Plum Brook s t a t i o n  of the  Lewis Research Center. 

f a c i l i t y ,  the  turbopump,, and a comparison of predicted and experimental turbo- 
pump data a re  presented i n  reference 1. The information obtained from t h i s  ex- 
periment i s  intended t o  assist i n  the  development of analog and d i g i t a l  cmputer  
calculat ion procedures fo r  predicting the  component and overa l l  performance of 
nuclear-rocket systems. O f  t he  many spec i f ic  object ives  of the  experimental 
program, the  following w i l l  be discussed i n  t h i s  repor t :  

(1) To obtain data t o  ve r i fy  or improve calculat ion methods f o r  predicting 
core pressure drop, f l u i d  temperature, and mater ia l  temperatures as a 
function of time 

( 2 )  To determine loca l  and gross overa l l  hydrogen flow and temperature 
maldistributions i n  the  nozzle and reactor  

This report  describes i n  d e t a i l  t he  reac tor  core used i n  t h e  engine sys- 
tem, presents ana ly t ica l  procedures fo r  calculat ing core thermal and f l u i d  flow 
information, and compares the  r e s u l t s  of the  ana ly t i ca l  predictions with exper- 
imental data of three t y p i c a l  runs. Although the  comparisons presented i n  t h i s  I 
report  a re  f o r  simulated s t a r tup  conditioiis, the  ana ly t i ca l  procedures presented I 
may be used t o  predict  operating conditions during the  startup, fu l i -powr ,  and , 
shutdown modes. Reference 2 compares r e s u l t s  of t he  ana ly t i ca l  procedure with 
experimental data for a NERVA t e s t  t h a t  included power generation. 

I 

APPARATUS 

A description of the  f a c i l i t y  i s  presented i n  reference 1. Figure 1 i s  a 
schematic diagram of the  complete research apparatus. 
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I React or 

The reac tor  used i n  the  experimental program i s  bas i ca l ly  the same as the 
KIWI B-1B used i n i t i a l l y  i n  the  ROVER program. 
reac tor  i s  shown i n  f igure  2. However, cer ta inmodif ica t ions  and compromises 
t o  the  KIWI B- lB  hardware design were made t o  e f f ec t  economy i n  fabr ica t ion  but 
s t i l l  s a t i s f y  the pa r t i cu la r  cold-flow-test requirements, The KIWI B-1B design 
specif ied various diameter cooling passages i n  the graphite f u e l  elements; 
these  were averaged t o  a s ingle  diameter providing the  same t o t a l  f u e l  area as 
i n  the  KIWI B-1B reac tor .  Additionally, the extruded graphite f u e l  element 
cooling passages were not coated f o r  corrosion protect ion nor were the  elements 
loaded with uranium. The r e f l e c t o r  w a s  made of aluminum ra the r  than beryllium. 
The simulated cont ro l  rods and poison p la tes  were aluminum, and no provision 
was made for t h e i r  ex te rna l  movement by actuators as i n  the  K I W I  hardware. The 

7 aluminum pressure vesse l  w a s  provided with twelve 1- -inch-diameter viewing 8 
por t s ,  s i x  each a t  the  plane of the  r e f l ec to r  i n l e t  and a t  the  r e f l ec to r  ou t l e t .  
These por t s  allowed v i sua l  recording by high-speed motion-picture photography 
and/or t e l ev i s ion  of t he  qua l i t a t ive  condition of  the  propellant passing 

strumentation was ins ta l led ,  which was not included i n  the  K I W I  B-1B design. 

A schematic drawing of t h i s  

I through the  r e f l e c t o r  system. Final ly ,  extensive pressure and temperature in-  

Figure 3 i l l u s t r a t e s  the components within the  reactor .  Figure 3(a) i s  a 
photograph of a regular  graphite module with the f u e l  elements removed t h a t  
shows some of t he  i n s t a l l e d  instrumentation (discussed i n  the  sect ion Instrumen- 
t a t i o n ) .  Figure 3(b) i s  a schematic drawing of a regular  module assembly t h a t  
shows the  s i x  fu l l - length  f u e l  elements and one shor te r  f u e l  element i n  posi-  
t i on .  B r e g u l a r l y  shaped modules a r e  located a t  t he  core periphery t o  f i l l  i n  
the  c i r cu la r  shape of the core. Also shown a re  the  attachment threads a t  the  
support p l a t e  end of the module. A module assembly attached t o  the  core support 

The fuel-element support co l l a r s  a re  shown i n  
f igure 3(b)  a t  t he  nozzle end of the module, and the  i n l e t  and ou t l e t  fue l -  

element plenums a re  a l so  shown. 
inches long and the  shor te r  center  element i s  about 49 inches long. The outside 
diameter of the  f u e l  elements i s  0.746 inch, and the  elements contain seven 

with t h e  cy l ind r i ca l  graphite ref lectoy ins ta l led .  

' p la t e  can be seen i n  f igu re  2. 

I 1 
The SIX ful l - length  f u e l  elements a re  5 3  

1 0.153-inch-diameter holes. 

1 assembled outer  aluminum r e f l e c t o r  assembly. 

Figure 3(c)  i s  a photograph of t he  assembled core 
Figure 3( d) i l l u s t r a t e s  the 

~ 

I Instrumentation 

Location. - Figures 4 and 5 show the  locat ion of the  temperature and pres- 
sure sensors discussed i n  t h i s  report  f o r  the  core and the nozzle chamber, re- 

i spectively.  The following symbols a re  used for  the  item number designation: 

RP - r eac to r  pressure 
RT - r eac to r  temperature 
NP - nozzle pressure 
NT - nozzle temperature 
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Thus, RP-28 indicates  a pressure measurement a t  an angular posi t ion of Eo, a 
radius of 1 7 . 3  inches, 0.25 inch below the core i n l e t  plane. 
indicates a pressure measurement a t  an angular posi t ion of Eo, a radius  of 
1 7 . 3  inches, 51.6 inches f rom the  core i n l e t  plane. 
measurement from RP-28 t o  RP-29 i s  dennt.ec? F,P-28/29. 

Similarly,  RP-29 

A pressure d i f f e r e n t i a l  

The z locations shown i n  the  scale of f igures  4 and 5 show approximately 
the  major instrumentation s ta t ions .  The pressure sensors a re  strain-gage-type 
transducers, and the  temperature sensors are copper-constantan thermocouples. 
Figure 6 shows d e t a i l s  of the  typ ica l  pressure and thermocouple in s t a l l a t ions .  

The pressure measurement locations shown i n  f igures  4 and 5 are  generadly 
s ~ k :  that t h e  presswe transducer cannot be located a t  the sense point. 
pressure is therefore transmitted through long, small-diameter (1/16 i n .  ) tubing 
t o  the transducer, which i s  mounted outside the pressure vessel .  
i n  pressure due t o  slow dynamic response of the  measuring system can introduce 
errors .  
t o  be negl igible ,  however, and w a s  neglected. 

The 

Rapid changes 

The e r ro r  i n  the  measured values due t o  dynamic response was  considered 

Three methods were used on the  f a c i l i t y  f o r  the  measurement of f l o w  r a t e .  
One foot below the  tank discharge opening (see f i g .  1) a cal ibrated 4-inch- 
diameter turbine-type flowmeter w a s  i n s t a l l ed  t h a t  was capable of measuring 
liquid-hydrogen flow. A venturi-type flowmeter with a 1.9-inch-diameter t h roa t  
w a s  located l$ f e e t  downstream of the pump discharge. 

z le  provided a method of determining the  flow r a t e  leaving the system. 

Finally,  t he  reac tor  noz- 

Data acquisit ion.  - The instrumentation recorded for a par t icu lar  run w a s  
connected t o  a program board a t  the  base of the  t es t  stand. From t h i s  program 
board the measured s ignals  were sent by transmission cables t o  a similar patch- 
board i n  the control  room, which w a s  approximately 1/2 mile from the  t e s t  stand. 
When the s igna l  arr ived a t  the control  building it w a s  transmitted t o  the  Data 
Acquisition and Recording Building f o r  d i g i t a l  recording or recorded i n  the  con- 
t r o l  room on the various analog recording devices. 

The d i g i t a l  recording equipnent consisted of a 100-channel 10-kilocycle 
low-level multiplexer and a 192-channel 4-kilocycle low-level multiplexer. 
Each channel on the 10-kilocycle multiplexer w a s  sampled at 1c)O saxplea per sec- 
oiid while each channel on the  4-kilocycle multiplexer was sampled 20.8 times 
per second. 

The analog system consisted of FM tape recorders,  pen-type oscil lographs,  
l igh t -sens i t ive  oscil lographs,  and voltage-balance s t r i p  charts.  

Data processing. - The d i g i t a l  data tapes were brought t o  Lewis from the  
Recording Building a t  Plum Brook. 
were f irst  averaged over severa l  samples t o  eliminate some of t he  60-cycle 
noise effects.  
and the r e s u l t s  l i s t e d .  

The mi l l i vo l t  outputs recorded on the  tapes  

Next, the  m i l l i v o l t  output was converted t o  engineering u n i t s  

Accuracy estimates. - The accuracy estimates f o r  a l l  measurements included 
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e r ro r s  inherent i n  the  sensors themselves, l ine  noise, and e r ro r s  i n  the  re- 
cording system. 
sured f o r  each parameter before the run and were found t o  be l e s s  than 0.5 per- 
cent of f u l l  scale.  

The e r ro r s  due t o  l i n e  noise and the  recording system were m e a -  

The e r ro r s  associated with t h e  pressure transducers, approximately Cl per- 
cent of f u l l  scale,  included a hys te res i s  e f f ec t ,  nonlinearity,  and temperature 
s h i f t .  Any zero s h i f t  was  eliminated i n  the  data processing by use of a prerun 
cal ibrat ion.  Measurements made of transducer temperatures during various runs 
indicated the  temperature e f f ec t  t o  be completely negligible.  The e f f ec t s  of 
hysteresis  and nonl inear i ty  were estimated by use of t he  average e r ro r s  of a l l  
transducers i n  a given range taken from individual cal ibrat ions.  

The ca l ibra t ion  used fo r  copper-constantan thermocouples conformes t o  the 
ca l ibra t ions  published by the  National Bureau of Standards t o  within the  follow- 
ing limits: 

2000 t o  -750 F, k0.750 F, -750 t o  -3000 F, 51 percent 

Calibration information below -3000 F was obtained from an average of some the r -  
mocouples individually calibrated; no accuracy estimate has been made. I n  addi- 
t i o n  t o  the  ca l ibra t ion  e r ro r s  j u s t  discussed, the  curve f i t  of the ca l ibra t ion  
data i n  the  data reduction program is not exact and i s  estimated t o  contribute 
e r ro r s  of +1.l0 F. I n  addi t ion t o  the  preceding e f f ec t s ,  thermocouple time-lag 
a l s o  contributes t o  e r rors .  More work i s  required i n  t h i s  area,  however, and 
no estimate w i l l  be made of the  e r ro r  involved i n  neglecting it. Because of the  
uncer ta in t ies  i n  the ca l ibra t ion  below -30O0 F, temperatures i n  t h i s  range w i l l  
be excluded. 

' 

The 4-inch turbine-type flowmeter was rated by the  manufacturer t o  measure 
liquid-hydrogen flows from 0 t o  20 pounds per second. 
brated by an independent laboratory with flow r a t e s  from 0 t o  14  pounds per 
second. The ca l ibra t ion  i s  estimated t o  yield results within 2 percent. Above 
14 pounds per second, an estimate of t he  accuracy has not been made. 

The flowmeter was C a l i -  

The accuracy of the  flow r a t e s  determined from the  pump discharge ventur i  
measurements w a s  believed t o  be poor. The i n s t a l l a t i o n  w a s  not standard; the  
ventur i  w a s  mounted a short  distance downstream of a 90° elbow, and no ca l ibra-  
t i o n  i n  place was  made. Thus, the  ventur i  flow r a t e  i s  not used i n  t h i s  report .  

The use of the  nozzle as a flowmeter w i l l  be discussed fur ther  i n  the  see- 
t i o n  RESULTS AND DISCUSSION; no estimate of the accuracy of t h i s  method has been 
attempted. 

It should be noted t h a t  i n  the  preceding discussion, the  accuracies d i s -  
cussed were only estimates; more work i s  required i n  the area. 

A complete descr ipt ion of 

Test Procedure 

the t e s t  procedure i s  given i n  reference 1. Some 
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of the  highlights a re  discussed here br ie f ly .  
with l iquid hydrogen, the  tank, pump, and feed l i n e s  upstream of the pump main 
discharge valve (see f ig .  1) were evacuated and purged three times with helium. 
The tank was then f i l l e d  with 1800 gallons of l i qu id  hydrogen. 

Before the run tank w a s  f i l l e d  

Since the  turbopump used had t o  be ch i l led  t o  liquid-hydrogen temperature 
before ro ta t ing ,  the tank shutoff valve was  opened ar?? liqcic? hy6rogen vas al-  
lowed into the system up t o  the  pump main discharge valve. 
t h e  pump w a s  a t  operating temperature and the  tes t  could begin. 

After about an hour, 

The steam e jec tor  system was s ta r ted ,  and when the  nozzle pressure w a s  
down t o  3 pounds per square inch absolute,  the automatic sequencer w a s  i n i t i a -  
ted. A 30-second helium purge of t he  engine and nitrogen purge of the e jec tor  
were made, and the  run-tank pressurization system ramped the  tank pressure t o  
bLle p L c ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~  ~ e v e i .  At tinis point the  steam e jec tor  system had the nozzle 
pressure down t o  0.5 pound per square inch absolute or l e s s  and t h e  data  acqui- 
s i t i o n  systems had been sequenced on. 
i n i t i a t e d  frm the controlled opening of the pump discharge valve. Time zero 
( 7  = 0)  on a l l  the runs corresponds t o  the  time when the  pump discharge valve 
be gan opening . 

&I- ---- d - L  2 - - - 2  7 - - -  

Flow of hydrogen through the  system was 

For most of t he  bootstrap runs, a f i n i t e  length of time w a s  allowed fo r  
system cooldown. 
t o  drive the turbopump during s ta r tup  was obtained frm the l a t e n t  heat of the  
system.) 
and bootstrapping was i n i t i a t e d .  

(Bootstrapping, as used here, means t h a t  the  power required 

After the  cooldown period, the turbine power control  valve w a s  opened, 

The tes t  was terminated by a manual i n i t i a t i o n  of the  shutdown sequencer 
when it was determined t h a t  the  t e s t  objectives had been met. After the  pump 
stopped rotat ing,  t h e  tank shutoff valve w a s  closed, and the  system w a s  com- 
p l e t e ly  purged. 

A core ana ly t i ca l  
TRAN I V t o  be accepted 
f l u i d  conditions, flow 

ANALYTICAL PROCEDURE 

Core Analytical  Code - (CAC) 

heat- t ransfer  and fluid-flow program was wr i t ten  i n  FOR- 
by an IBM 7094 computer which predicts  a x i a l  and radial 
r a t e s  i n  each passage, coolant wall temperatures, and ap- 

proximate m a t e r i a l  temperatures as a ?unction of time. 
CAC follows; a detai led descr ipt ion of t he  program i s  presented i n  appendix C. 

A b r i e f  discussion of 

Flow diagram. - A simplified flow diagram f o r  CAC i s  presented i n  f igure  7. 
It should be kept i n  mind t h a t  the  reac tor  analyzed i n  t h i s  report  had no o r i -  
f i c i n g  and had only one passage size.  Thus the  flow i s  assumed t o  be the  same 
i n  each passage and only one passage had t o  be analyzed. 
wr i t ten  to accept multipassages ( severa l  o r i f i c e s ) ,  and the following discussion 
of CAC includes the multipassage capab i l i t i e s  of t h e  program. 
gins by reading the input data (block l, f i g .  7 ) .  
t i ons  are determined as functions of the  i n i t i a l  time (block 2 ) .  

CAC, however, was 

The program be- 
Then the  core i n l e t  condi- 

The i n i t i a l  
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flow r a t e  i n  each coolant passage is  assumed t o  be the  same. Calculations be- 
g in  a t  radial passage j = l and a x i a l  s t a t ion  I = l, and the  o r i f i c e  ou t l e t  
conditions fo r  passage 1 are  calculated (block 3). A t r i a l  value f o r  the  heat 
f l u x  i t e r a t i o n  i s  obtained (block 4) ,  based on s t a t i o n  i n l e t  conditions, and 
the  pressure drop across the  f i rs t  s t a t i o n  is  calculated (block 5 ) .  
pressure-drop calculat ion i s  an i t e r a t i v e  one since ou t l e t  pressure depends on 
ou t l e t  density,  which likewise depends on out le t  pressure. 

The 

When the pressure drop across the  s t a t ion  has been determined, the ou t l e t  
and average f l u i d  propert ies  i n  the  s t a t i o n  are determined (block 6 ) ,  and a new 
value of heat flux i s  computed (block 7 ) .  
value used (block 8 ) ;  i f  they a re  not t he  sane, the  new value of heat f l u x  be- 
comes the  t r i a l  value, and the  loop i s  repeated u n t i l  convergence occurs. 

This value is compared with the  t r i a l  

The maximum mater ia l  temperature i s  now calculated (block 9 )  as the temper- 

The assumption i s  made t h a t  the  convective heat t r ans fe r  
a ture  a t  the  outside diameter of the  single-tube model used (see f i g .  8 and ap- 
pendix C f o r  d e t a i l s ) .  
across the  f l u i d  f i l m  i s  the control l ing heat- t ransfer  mechanism and therefore 
a steady-state conduction equation can be used t o  calculate  the rad ia l tempera-  
t u re  d i s t r ibu t ion  i n  the  single-tube model. This implies t h a t  the heat t r ans -  
fe r red  t o  the  hydrogen a t  each s t a t i o n  i s  assumed t o  be generated uniformly 
within the  s ing le  -tube model. 

The o u t l e t  conditions from s t a t ion  I become the  i n l e t  conditions t o  sta- 
After 

The 

t i o n  
each s t a t i o n  i n  the  first passage has been analyzed (block lo), t he  core e x i t  
conditions and pressure drop across the passage a re  determined (block 11). 
program then goes t o  the  f i r s t  s t a t i o n  of the second passage (blocks 1 2  t o  1 6  
t o  4) ,  and the  s t a t i o n  calculat ions a re  repeated (blocks 4 t o  11). 
passage i n  the  core i s  considered. 

I + 1 ( f i g .  7 ) ,  and the  analysis  i s  repeated f o r  t he  next s t a t ion .  

Thus, each 

On completion of the  passage calculations,  the pressure drops across each 
passage a re  compared (block 13); they must a l l  be equal (core pressure drop i s  a 
constant) .  
(block 14) and t h e  passage calculat ions repeated (blocks 4 t o  13). 
i s  repeated u n t i l  the  pressure drop across each passage i s  the  same. Results 
f o r  time T are l i s t e d  at  t h i s  point (block 17) .  

If they a re  not, the flow rates are adjusted i n  each passage 
The process 

Final ly ,  w a l l  temperatures a t  time T + AT are calculated by using e i the r  

The single-tube approximate method assumes t h a t  the  r a t e  of change of the 
a T$SS program (see  ref .  3) or the  single-tube model approximate method (block 
18). 
coolant w a l l  temperature with time is  t h e  same as the  rate of change of the  mean 
material temperature with time. 
formed by using the  new w a l l  temperatures f o r  time 
e n t i r e  process i s  repeated u n t i l  time equals 

An analysis of the e n t i r e  core i s  then per- 
T + AT (block 19), and the 

T f i n .  

Heat-transfer correlat ions.  - A s  pointed out i n  appendix B, the  Miller-  
Taylor co r re l a t ion  was used i n  the  comparison presented herein f o r  the turbulent 
flow regime: 
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Nu = 0.021 Reoo8 
b b b 

B = 0.29 + 0.0019 L 
D 

Similarly, the cor re la t ion  used f o r  laminar flow i s  

N%, 2 = 4. 36 + 

Pressure-drop equations. - The s t a t i c  pressure drop i s  a combination of 
both momentum and f r i c t i o n  pressure drop: 

1 - -  
mfr - G2 g I.. !?F bin + Pout (4)  

FYiction-factor correlat ion.  - The relative roughness of the core coolant 
passages was  approximately 0.0004 (see appendix B) .  The following equation w a s  
developed f o r  f r i c t i o n  fac tor  as a function of Reynolds number f o r  a r e l a t i v e  
roughness of 0.0004: 

4f = 0.1552 - 0.04412 Y + 0.005318 Y2 - 0.0002881 Y3 + 0.000005903 Y4 ( 5  1 
where Y = ln(Rebx10-6) + 10. 

For l a m i n a  flow, the f r i c t i o n  f ac to r  i s  obtained from 

64 4 f = -  
Reb 

Simplifying Assumptions 

Several assumptions had t o  be made i n  order t o  analyze the  modified K I W I  
B-1B reactor with CAC. 
fuel-element i n l e t  plenums on the temperature and pressure of the  f l u i d  enter ing 
the coolant passages w a s  neglected. I n  other  words, the  heat  t ransfer red  t o  the  

The e f f ec t  of t h e  core support p l a t e  and module and 
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hydrogen and the  pressure drop across the core support p la te  were assumed t o  be 
negligible.  Since the  passages i n  the core support p la te  were of large diameter 
and were r e l a t i v e l y  short ,  the pressure drop across the core support p l a t e  was 
known t o  be very s m a l l .  

Since there  were no o r i f i c e s  i n  the  reactor  and a l l  the  coolant passages 
were the  same diameter, only one passage w a s  used. This implies t h a t  the flow 
r a t e  should have been the  same i n  each coolant passage and therefore  no radial 
p ro f i l e s  of pressure or temperature were predicted. A l l  the  f l u i d  w a s  assumed 
t o  flow through the  coolant passages; hydrogen leaks between elements were 
neglected . 

Figure 3(b) i s  a schematic drawing of a regular module assembly showing the 
s i x  fu l l - length  f u e l  elements and one shorter fuel element i n  posit ion.  For CAC 
it was assumed t h a t  f u e l  elements and modules were a l l  52 inches long. Thus, 
the attachment threads i n  t he  center element and the  i n l e t  and ou t l e t  plenwns 
were ignored, and the  core could be analyzed by using 26 equal %inch a x i a l  i n -  
crements. 
cross-sect ional  area by the  t o t a l  core cross-sectional area.  

The core void f r ac t ion  w a s  obtained by dividing the t o t a l  core flow 

Runs Analyzed 

Twenty-six experimental runs have been made i n  the f a c i l i t y ,  each with spe- 
c i f i c  objectives.  R u n s  19,  20, and 24 were selected f o r  comparison with CAC be- 
cause more core measurements were recorded f o r  these runs than the  e a r l i e r  runs. 
Table I i s  a swnmasy of the important parameters of these runs. R u n  24 resu l ted  
i n  the highest  pressures and highest flow r a t e s  of any of t he  runs, while run 20 
w a s  a comparatively low-pressure low-flow-rate run. 
obtained f o r  run 19. Thus, a range of pressure and flow r a t e  i s  covered by the 
three  runs selected.  

Intermediate values were 

TABLE I. - MAJOR RUN PARAMETERS 

Parameter 

Tank p r e s s u r e ,  p s i a  

Time of cooldown b e f o r e  boot-  
s t r a p p i n g ,  sec  

Run t ime (considered f o r  CAC 
comparison),  sec 

Flow r a t e  a t  end of run t ime,  
l b / s e c  

Core i n l e t  p re s su re  a t  end of 
run t ime,  p s i a  

Core i n l e t  f l u i d  temperature  
a t  end of run t ime,  OR 

1 9  

35 

10 

2 5  

13.07 

37.3 

206 

Run 

20 
-- 

2 5  

10 

40 

9.35 

25.9 

1 9  7 

2 4  

35 

0 

1 2  

26.8 

78 

2 2 1  
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RESULTS AND DISCUSSION 

Experimental Input Data f o r  Core Analytical  Code 

m e  CAC calculates  core ou t l e t  conditions and conditions within t h e  core, 
as a function of posit ion,  from given i n l e t  conditions, heat-generation r a t e s ,  
aiifi a k ~ a m  init . ia.1 wall-temperature d is t r ibu t ion .  
r e s u l t s  with the experimental data from the nuclear-rocket-simulator expeririieii% , 
ce r t a in  experimental data had t o  be used as input t o  CAC; they include: 
i n l e t  pressure, core- inlet  gas temperature, t o t a l  core flow r a t e ,  and core heat- 
generation r a t e  , which f o r  these experiments was zero. 

Therefore , t o  compare CAC 

core 

Core-inlet pressure. - Two pressure transducer measurements, located i n  
the  plenum between the flow separator and the  core support p la te  a t  radii  of 
16.0 and 5.38 inches were recorded f o r  runs 19, 30,  and- 24. 
r e s u l t s  of these measurements as a function of time f o r  the three runs. 
differences can be noted between the  two measurements, and the  average of the  
two (so l id  l i ne  i n  the f igure)  i s  the  input fo r  CAC. 
the  two readings f o r  run 19 i s  about 0.5 pound per square inch a t  
25 seconds and f o r  run 20, about 0.3 pound per square inch a t  z equal t o  
40 seconds. The estimated accuracy of each of these measurements f o r  runs 1 9  
and 20 is  k0.5 pound per square inch. For run 24, t he  difference noted i s  
1 . 7  pounds per square inch a t  z equal t o  1 2  seconds; the estimated accuracy 
i s  21.5 pounds per square inch for each reading. Thus, the readings are  within 
the  estimated accuracy. 

Figure 9 shows the 
Sl ight  

The difference between 
T equal t o  

Core-inlet gas temperature. - Several measurements of core- inlet  gas tem- 
perature were recorded f o r  the three  runs considered. Figure 4 shows sche- 
mat ical ly  the  locat ion of these thermocouples within t h e  large plenum between 
the  f l o w  separator and the  core support p l a t e  and within the core support-plate 
passages. 

Figure l O ( a )  shows the temperature within the  plenum between the  flow 
separator and t h e  core support p la te  as a funct ion of distance from the  core 
center l ine , and f igure  10(b) shows the temperature within the  support-plate 
passages, a l s o  as a function of distance f r o m  the  core center l ine f o r  run 19. 
Similar r e s u l t s  were obtained f o r  runs 20 and 24. 

Figure 10 shows c l ea r ly  the  temperature maldis t r ibut ion problem a t  the  core 
inlet; %he same problem exis ted a t  the  core e x i t  and w i l l  be discussed fu r the r  
i n  the following section. 
four sensors i n  the  plenum and (2) t he  average of t he  measurements within the 
core-support-plate passages. 
peratures were a few degrees colder than the  average passage temperatures as ex- 
pected. 
temperatures averaged lower than t h e  plenum temperatures; poor instrumentation 
accuracy and flow maldis t r ibut ion a r e  believed t o  account f o r  t h i s  phenomenon. 
Thus, the average of the  four thermocouples i n  the  plenum between the  flow sep- 
a ra tor  and the  core support p la te  w a s  taken t o  be the  core- inlet  temperature 
f o r  CAC. 

Comparisons were made between (1) the average e!-f t h e  

During most of each run, the  plenum average tem- 

However, as the temperatures dropped below about 200° R, the  passage 
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Core flow r a t e .  - The tank-exit  turbine-type flowmeter measured the  flow 
r a t e  i n to  the system; storage of l i qu id  hydrogen within the  system during the  
runs, however, prohibited the  use of t h i s  flow ra te  as the  flow r a t e  through 
the  core. The calculated exhaust nozzle flow r a t e  w a s  used as the core flow 
r a t e ,  therefore ,  since it was known t h a t  hydrogen storage between the  core in-  
l e t  and the nozzle throa t  would be extremely small u n t i l  l i qu id  hydrogen entered 
the  core. The measured nozzle chamber pressure Pch and the  nozzle chamber 
temperature Tch were used t o  f i n d  the density and spec i f ic  heat r a t i o  y i n  
t he  nozzle chamber. Next, the nozzle throat  pressure w a s  obtained by assuming 
choked flow a t  t h e  nozzle throa t  and by using isentropic expansion l a w s :  

Final ly ,  t he  nozzle flow r a t e  w a s  calculated from 

Gn = 40.08 (pv lb/sec 

where 

y-1- - 2 - 

.9965 (*)(%y 'ch [l - (%) 'ch - 
c p =  

2 [. - 0.0035 kr][ - (k] 'ch 

The problem of flow, and consequently, temperature maldistribution, a l s o  
Figure l l (a )  shows a schematic of the  exhaust nozzle as complicated matters. 

viewed from the  core e x i t .  
shown i n  r e l a t i o n  t o  the  physical geometry of the nozzle, t ha t  i s ,  i n l e t  por t s ,  
openings, e t c .  
these thermocouples a f t e r  25 seconds of run 19. The maldis t r ibut ion problem i s  
apparent. 
f o r  run 19, t he  problem e x i s t s  throughout the e a r l i e r  pa r t  of the  run t o  a 
l e s s e r  degree. 
i l l u s t r a t e s  t he  temperature maldistribution problem i n  the nozzle chamber and 
gives an ins ight  i n t o  some of the causes of t h i s  problem. F i r s t  of a l l ,  it 
appears t h a t  t h e  temperatures i n  the nozzle chamber i n  the area of the short  
i n l e t  duct of t h e  nozzle are colder than temperatures i n  the areas of the  long 
i n l e t  ducts (see f i g s .  5 and 11). As the  f l u i d  en ters  the  nozzle-inlet spider 
from the  4-inch-inlet  pipe (see f ig .  l), it w i l l  take the  path of l e a s t  r e s i s -  
tance.  Since the  short  i n l e t  duct has lower resis tance t o  flow than the  long 
i n l e t  ducts,  more flow enters  the short  i n l e t  duct. As  a r e s u l t ,  the  angular 
sec tor  of t he  system corresponding t o  the short i n l e t  d.uct cools down more rap- 
i d l y  than the  res t  of t he  system. 

The approximate posi t ion of the 14 thermocouples axe 

Figure l l ( b )  shows the  experimental temperatures recorded f o r  

Also, although t h e  time shown represents the  worst case considered 

Similar r e s u l t s  were obtained f o r  runs 20 and 24. Figure 11 
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Other causes of t he  temperature maldistribution a re  the interrupt ions i n  
the  nozzle tubes caused by i n s t a l l i n g  the  turbine bleed port ,  camera port ,  and 
l i g h t  window. After these openings were cut ,  the  intersected tubes were mani- 
folded around the  ports;  the  flow wits fed back i n t o  the  tubes on the  downstream 
side; approximately 10 tubes were affected f o r  each opening. It can be seen i n  
figure 11 t h a t  the area around the turbine bleed port  and the c a ~ e r l ,  psrt I s  
definitely T&lqier t'nan the other areas.  
cooling e f f ec t  of the  short  i n l e t  duct appears t o  predominate. 

I n  the area of the  l i g h t  window, the  

The e f f ec t  of the  physical configuration of t he  par t icu lar  nozzle used i n  
the  f a c i l i t y  may be summarized as follows: 
t he  area around equal t o  Oo and ( 2 )  a "warmer'1 spot i s  expected on the  
opposite side of t he  nozzle a t  0 approximately equal t o  180°. 

(1) a "cold" spot i s  expected i n  
0 

Figure 11 also  shows that  the  center of the nozzle i s  generally cooler 
than the surrounding areas.  
function of radius f o r  t he  nozzle instrumentation-rake and core-exit-module 
plenums, respectively,  a l s o  i l l u s t r a t e  t h i s  f a c t .  
plained based on the  nozzle geometry, but i s  believed t o  be p a r t l y  a r e s u l t  of 
t he  f low separator geometry. 
t i o n  a t  a radius of 1 4  inches, shows the d i s t r ibu t ion  with the  warm spot around 
180' and the  cold spot around 0'. 

Figures 1 2 ( a )  and (b) ,  which show temperature as a 

This anomaly cannot be ex- 

Figure 12( e ) ,  the  angular temperature d is t r ibu-  

Because of the  nozzle chamber temperature maldis t r ibut ion problem j u s t  dis- 
cussed, the  select ion of t he  temperature t o  use t o  f i n d  the  density and spec i f ic  
heat r a t i o  f o r  equation (8) was d i f f i c u l t .  
r a t e  of storage within the  en t i r e  system should decrease ( a f t e r  a sharp in-  
crease i n  the  f i r s t  seconds of the run) as time increases since the  system i s  
f i l l i n g  with l iqu id  hydrogen. 
out of the  system cn should approach the  flow r a t e  i n t o  the  system GF. Thus, 
it was found t h a t ,  by using the  average of the  f ive  thermocouples on the ins t ru-  
mentation rake as the ' 'true" nozzle chamber temperature, t he  calculated nozzle 
flow r a t e  approached the flowmeter flow ra t e .  
f igures  13(a), (b ) ,  and ( e )  f o r  runs 19,  20, and 24, respectively.  The d i f fe r -  
ence between the  two flow r a t e s  shown i n  f igure  13 i s  assumed t o  be t h e  r a t e  of 
storage i n  t h e  system. 
but  decreases as time increases.  The calculated nozzle flow rates shown i n  f ig -  
ure 13 were used as the core flow rates f o r  the  CAC predictions.  

It w a s  expected, however, t h a t  the  

Therefore, it w a s  expected t h a t  the  flow r a t e  

These r e s u l t s  can be seen i n  

It i s  quite l m g e  during t h e  ea r ly  part of each run, 

Comparison of Experimental and Predicted Results 

Nozzle chamber temperature. - Figures 14(a),  (b ) ,  and ( e )  show a compari- 
son of predicted nozzle chamber temperature with the  average of t h e  five rake 
temperatures fo r  runs 19, 20, and 24, respectively.  
excellent f o r  a l l  th ree  runs. 
d i c t ion  code. 
perature, a t  T 

Agreement i s  seen t o  be 
A 0.1-second time increment w a s  used i n  t h e  pre- 

The maximum difference between predicted and experimental tem- 
equal t o  40 seconds f o r  run 20, i s  about 27' or 8 percent. 

Material temperatures. - Figure 15 compares predicted and experimental 
core-material temperatures as a funct ion of distance from the  core i n l e t  f o r  
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run 19. 
from the  single-tube model (see appendix C for  details) .  
peratures shown are  average temperatures a t  the approximate a x i a l  posi t ion 
shown. For example, the temperature shown a t  L equal t o  3 inches i s  the av- 
erage of RT-1, RT-16, RT-26, and RT-31 (see f i g .  4). Likewise, the  tempera- 
tu re s  shown at  each of t he  other s t a t ions  a r e  averages of four experimental V a l -  
ues. 
42O R are  seen at  T equal t o  25 seconds. 
t h a t  a l l  the  material-temperature thermocouples are in s t a l l ed  a t  0 
750. 
count for  some of the  differences between experimental and predicted r e s u l t s  i n  
f igure  E. 

The predicted r e s u l t s  shown are  the material temperatures obtained 
The experimental tem- 

Similar r e s u l t s  were obtained f o r  runs 20 and 24. Differences as high as 
It should be kept i n  mind, however, 

equal t o  
The temperature maldistribution, which has been shown t o  e x i s t ,  may ac- 

Figure 16 compares predicted and experimental core-material temperatures as 
a function of time at  approximately 33 inches from the  core i n l e t  f o r  run 19. 
The r e s u l t s  a r e  good over most of the  run; the maximum difference of about 30' R 
or approximately 12 percent is  seen a t  T equal t o  25 seconds. The experimen- 
t a l  temperatures shown are  the  average of RT-4, RT-19, RT-29, and RT-34. 

Nozzle chamber pressure. - Figures 17(a), (b) ,  and ( c )  compare predicted 
and experimental nozzle chamber pressure f o r  runs 19, 20, and 24, respectively.  
The f i r s t  f e w  seconds of runs 19 and 20 were characterized by pressure osc i l -  
l a t i ons  throughout t he  system, and s l igh t  differences between experimental and 
predicted pressures a r e  seen. However, only a few representat ive experimental 
points  are shown i n  the  f igures;  a p lo t  of a l l  the  points shows a band around 
t h e  predicted pressure l ine.  

During t h e  last f e w  seconds of each run, s m a l l  differences may a l s o  be 
noted between predicted and experimental nozzle chamber pressure. An explana- 
t i o n  of these small differences,  up t o  about 6 percent, may be that the calcu- 
l a t i o n  of nozzle flow rate is  probably poorest during t h i s  part of the run; 
temperature maldis t r ibut ion i n  the nozzle chamber is  maximum, and temperature 
sensor accuracy i s  poorest. Any e r ro r  i n  f l o w  rate w i l l  be squared i n  the  
nozzle-pressure and core-pressure-drop calculations since pressure drop i s  pro- 
port ional  t o  flow rate squared. 
t he  runs i s  excel lent ,  the overa l l  prediction of nozzle chamber pressure is  be- 
l ieved t o  be very adequate. 

Since the agreement over the main portion of 

Core pressure drop. - Figures 18(a), (b ) ,  and ( c )  compare the  predicted 
and experimental core pressure drop as a function of time f o r  runs 19, 20, and 
24, respect ively.  On these f igures ,  RP-28/29 and RP-33/38 (see f i g .  4) are 
measurements of the  pressure d i f f e r e n t i a l  from the core-inlet-module plenums t o  
core-exit-module plenums. 
difference between t h e  measured core- inlet  pressure, RP-121 and RP-123 (see 
f i g .  4), and the  measured nozzle chamber pressure (NP-50 and NP-51, f ig .  5 ) .  

The other experimental data i n  the  f igure  a re  the  

The experimental points shown i n  figure 18 a re  seen t o  f a l l  within a ra ther  
wide s c a t t e r  band. For the most part, the  predicted pressure drop fa l l s  within 
t h i s  band, however. FYessure osc i l la t ions  i n  the  f i r s t  few seconds of t he  runs 
me again noted i n  the  experimental data. Also, la rger  differences are noted 
between predicted and experimental values i n  the  last few seconds of each run 
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where the flow r a t e  used i s  l e s s  cer ta in ;  the  flowmeter was not ca l ibra ted  above 
14  pounds per second and the accuracy of the nozzle chamber thermocouples i s  
poorest. 
based on the  r e s u l t s  discussed. 

The prediction of core pressure drop i s  believed t o  be qui te  adequate 

!G eqls i ia t iazi  Of' t he  widely sca t te red  experimental data  may be the  flow 
maldistribution throughout t he  core coolant passages. The measured pressure 
drop, RP-33/38, a t  a radius  of 13.1 inches indicates  a higher pressure drop than 
RP-28/29 
the  weight flow r a t e  squared, it i s  indicated t h a t  t he  flow r a t e  i s  grea te r  i n  
the center of the  core than toward the  periphery. Again, mare measurements a re  
required i n  order t o  e s t ab l i sh  a de f in i t e  pat tern.  The accuracy of the  measur- 
ing instruments a l so  contribii.t.es to t h e  da%a s c a t t e r  shown i n  these f igures .  

a t  a radius  of 17.3 inches. Since pressure drop i s  proportional t o  

For runs 19 and 20 the  estimated accuracy of RP-28/29 is  k O . l  pound per 
For run 24, the square inch, and f o r  

estimated accuracies of the  two measurements a r e  k0.2 and f0.5 pound per square 
inch, respectively.  The accuracy of the  other data (core- in le t  pressure minus 
nozzle-chamber pressure) i s  estimated at  k1.0 and k2.5 pounds per square inch 
f o r  runs 19  and 20, and run 24, respect ively.  
RP-33/38, do not include the pressure drop across the  core support p la te  or the  
recovery from the core-exit-module plenums t o  the  nozzle chamber (somewhat can- 
cel ing e f f ec t s ) .  

RP-33/38, f0.25 pound per square inch. 

The pressures,  RP-28/29 and 

Axial pressure d is t r ibu t ion .  - Measurements were obtained i n  one fue l -  
element passage f o r  a x i a l  pressure d is t r ibu t ion ,  RP-1, RP-2, RP-3, RP-4, and 
RP-5 (see f i g .  4). 
t e d  pressure as a function of length a r e  presented i n  f igu re  19  f o r  run 19. 
The experimental core- inlet  pressure (RP-121 and RP-123), t he  core- in le t  
pressure used i n  the predict ion program, i s  a l so  shown i n  the f igure .  A com- 
parison between predicted and experimental nozzle-chamber pressure i s  a l s o  shown 
i n  the  f igure.  The excel lent  agreement between RP-1 and t h e  predicted pres- 
sure a t  t h a t  point substant ia tes  the  assumption t h a t  the pressure drop across  
the  core support p la te  i s  negl igible .  Also, good agreement along the length of 
the  f u e l  element indicates  t h a t  the r e l a t i v e  roughness used i n  the  calculat ions 
i s  appropriate. Agreement on t h i s  f i g w e  i s  within the  experimental accuracy of 
the measurements. 

Results of these measurements and a comparison with predic- 

CONCLUDING EIEMARKS 

Results obtained from t h e  Core Analyt ical  Code computer program showed ex- 
ce l l en t  agreement with average experimental data  f o r  simulated s t a r t u p  condi- 
t i ons ,  although severe loca l  maldis t r ibut ions were observed. For example, 
agreement between the measured and predicted nozzle-chamber pressure is  within 
about 6 percent; predicted core p re s swe  drop and ax ia l  pressure d i s t r ibu t ion  
a re ,  f o r  the most part, within the accuracy of t h e  experimental data. The accu- 
r a t e  measurement of the r e l a t i v e  roughness of t he  core coolant passages contr ib-  
uted t o  the good agreement between measured and predicted pressures.  

The maldistribution of flow and, therefore ,  temperature throughout the  core 
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has made the  accurate predict ion of individual l o c a l  mater ia l  temperatures d i f -  
f i c u l t .  
with the  average of severalmeasurements. 
dicted and average experimental core-exit  gas temperatures agreed within 2 7 O  R 
maximum, about 8 percent, although qui te  d i f fe ren t  l o c a l  experimental values 
were observed. 

However, the  predict ion of l oca l  material  temperatures compared wel l  
Similarly, the  comparison of the  pre- 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 2,  1965. 
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APPENDIX A 

SYMBOLS 

The rollowing symbols with consis tent  u n i t s  a re  used throughout t h i s  
r epor t  : 

A 

B 

C 

C l J C 2  

cP 

Dcore 

D 

F 

f 

G 

GEN 

g 

H 

HE Subr 

h 

I 

J 

j 

K 

5 
k 

16 

corre la t ion  coef f ic ien t  f o r  heat t r a n s f e r  

exponent on w a l l  t o  bulk temperature r a t i o  i n  turbulent  hea t - t ransfer  
cor re la t ion  

exponent on length t o  diameter r a t i o  i n  turbulent heat-transfer cor- 
r e l a t i o n  

in tegra t ion  constants 

spec i f i c  heat 

coolant flow passage diameter 

core outside diameter 

power d i s t r ibu t ion  f ac to r  

f r i c t i o n  f ac to r  

mass flow r a t e  per uni t  a rea  

heat-generation r a t e  per u n i t  volume 

gravi ta t iona l  con s t  an t  

enthalpy 

hydroge n-propert i e  s subroutine 

LnnC ,,,,-transfer coef f i c i e i i t  

ax i a  1 i n  c r erne nt numbe r 

number of radial groups 

radial  group number 

propor t iona l i ty  constant 

entrance loss coef f ic ien t  

thermal conductivity 



L 

& 

M 

N 

Nu 

OD 

P 

AI? 

Pe 

Pr 

Q 

@Q 

Q’ 

QC 

4 

R 

Re 

r 

T 

AT 

TOLE3 

T#SS 

v 
W 

length from core i n l e t  

incremental length of single-tube model 

Mach number 

flow-balancing i t e r a t i o n  number 

Nusselt number 

calculated outside diameter of single-tube model 

pressure 

pressure drop 

Peclet  number (Re-Pr) 

Prandtl  number 

r a t e  of heat t ransfer red  t o  coolant, Btu/sec 

net heat gained i n  single-tube model (heat generated minus heat t rans-  
f e r r ed  t o  hydrogen) i n  specif ied time increment, Btu 

heat-generation r a t e  i n  single-tube model, Btu/sec 

heat conducted t o  an a x i a l  s ta t ion ,  Btu 

heat t ransfer red  t o  hydrogen f o r  single-tube model per un i t  volume and 
un i t  time 

gas constant 

Reynolds number 

radius  

temper a t  ure 

change i n  temperature 

convergence tolerance used i n  pressure, heat-flux, and flow-balancing 
i t e r a t i o n s  

IBM 7090 code for computing t rans ien t  o r  steady-state temperature d is -  
tr ibut ions 

volume of single-tube model 

weight flow r a t e  
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X 

X 

Z 

U 

Y 

E 

e 

IJ. 

P 

T 

AT 

@ 

-9 
exponent on flow-balancing equation 

distance from top  of nozzle 

distance from top  of module 

void f r a c t i o n  (flow cross-sectional a rea  divided by t o t a l  cross-sect ional  
a rea)  

specif ic  heat r a t i o  

rrns roughness 

angular pos i t ion  i n  core 

vis  co s i t  y 

density 

time 

time increment 

compressibility f a c t o r  

Subscripts : 

a 

av  

BE 

b 

ch 

e 

F 

f 

f i n  

f r  

I 

i 
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ax ia l  

average 

tube length minus f irst  and last 1.5 i n .  

bulk 

nozzle chamber 

e x i t  

flowmeter 

f i lm 

f i n a l  

f r i c t i o n  

i n i t i a l  

a x i a l  increment number 



i n  

2 

m 

mom 

max 

min 

N 

n 

0 

old 

out 

r 

T 

t 

t h  

tr 

W 

1 

a, P 

i n l e t  

radial group number 

l o c a l  

mater ia l  

momentum 

maximum 

minimum 

flow-balancing-iteration loop number 

nozzle 

o r i f i c e  

previous i t e r a t i o n  

o u t l e t  

radial 

t o t a l  

tu rbulen t  

t h r o a t  

t r i a l  

w a l l  

s t a t i o n  i n l e t  

f i r s t  and second flow-balancing i t e r a t ions  
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HEAT-TRANSFER AND PRESSuIiE-DROP STATUS 

Heat Transfer 

Turbulent flow. - Invest igators  have studied heat t r a n s f e r  t o  hydrogen f o r  
several  years; the  NERVA (Nuclear Engine fo r  Rocket Vehicle Application) program 
has encouraged much of t h i s  work i n  the turbulent  flow regime. Several  d i f f e r -  
ent  correlat ions have been proposed t h a t  cor re la te  experimental data with vary- 
ing degrees of accuracy, f o r  d i f f e ren t  parameter ranges. For example, Wolf and 
McCmthy ( r e f ,  4) r e p r t e d  s tesdy-state  gaczo.;s hJ<rogen t z a t s  f o r  booth iiickel 
and 321 s t a in l e s s - s t ee l  tubes with inside diameters of 0.326, and 0.305 and 
0.430 inch, respect ively.  
11.09, pressures ranged from 32 t o  865 pounds per square inch absolute,  bulk 
Reynolds numbers varied from 18 000 t o  220 000, and i n l e t  bulk temperatures from 
135' t o  546' R were obtained. I n  these t e s t s ,  a minimum length of 30 diameters 
w a s  provided as a hydraulic entrance region upstream of t h e  t e s t  sec t ion  i n  or- 
der t o  e s t ab l i sh  a f u l l y  developed ve loc i ty  p r o f i l e  with a uniform temperature 
prof i le  a t  the entrance t o  the  e l e c t r i c a l l y  heated part of the t e s t  sect ion.  
About 10 diameters were provided a t  the  e x i t  of the  t e s t  section. Special ly  de- 
signed i n l e t  and e x i t  mixing chambers were used f o r  determination of pressures 
and bulk temperatures. Average Nusselt numbers f o r  the  c e n t r a l  part of the 
tubes were determined by use of 

Wall t o  bulk temperature r a t i o s  ranged from 1 .5  t o  

I n  t h i s  equation 
ches and was included t o  account f o r  the d i f fe ren t  t e s t - sec t ion  lengths con- 
sidered. 
bulk temperature, agreed t o  within +8 percent with data. 

denotes the  tube length minus the  first and last 1.5 in-  

Results of equation (Bl), with property values based on the  average 

Local Nusselt numbers were a l so  determined i n  reference 4 by use of equa- 
t i o n  (BZ); these,  however, were r e s t r i c t e d  t o  the  l a t t e r  pa r t  of the tube f o r  
the  two t e s t  sections: 

Nu w, 2 = 0.023 R e i e 8  
W 

I n  these l o c a l  calculat ions,  the average w a l l  temperature and the  average bulk 
temperature of the gas f o r  the tube region under consideration were employed. 
Properties m e  evaluated a t  the  w a l l  temperature; good agreement resu l ted .  

Taylor ( r e f .  5)  repor t s  s teady-state  r e s u l t s  of gaseous hydrogen flowing 
through tungsten tubes under the  following conditions:  
100 pounds per square inch absolute ,  l o c a l  surface temperatures up t o  5600' R,  
bulk f l u i d  temperatures about 570° R ,  l o c a l  Reynolds numbers from 2000 t o  30 000, 

pressures from 40 t o  
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l oca l  r a t i o s  of w a l l  t o  bulk temperatures f rom 1.5 t o  5 .9 ,  and heat f luxes t o  
1 700 000 Btu per hour per square foot .  Data correlated t o  within +lo percent 
by use of property values evaluated a t  fi lmtemperatures:  

Nuf = 0.021 R e o s 8  f f 033) 

Miller and Taylor examined several  correlat ions ( re f .  6 )  i n  an attempt t o  
obtain an improved cor re la t ion  i n  regions f a r  removed from the experimental data. 
As  a r e s u l t  of the  calculat ions performed f o r  reference 6, it w a s  found t h a t  a 
modification of the  Dalle Donne cor re la t ion  (see re f .  6 )  reduced the s c a t t e r  of 
t h e  experimental data considerably. 
Miller -Taylor corre lat  i on) i s  

The equation (herein re fer red  t o  as the 

NL$, = 0.021 Re:*' BOo4 b k r  
where 

B = 0.29 + 0,0019 4. 
D 

The experimental data correlated by equation (1) covered the  following range of 
var iables  : 

(1) 10 < L/D < - 240 

(2 )  200' R - -  < T < 2800' R 

(3) 1.1 5 Tw/Tb 5 8.0 

- 

I 
I 

~ 

(4)  30 000 < R e  < 400 000 - - I 
The range of var iables  considered i n  t h e  nuclear-rocket-simulator experiment 
core are about 

(1) 0 < - L/D - < 340 I 
I 

( 2 )  200' R - < Tb - < 540' R I 
(3) 1.0 < T /T 

(4) 0 < P < 80 ps ia  

(5)  2000 < Re < 150 000 

< 1.2 - w b -  

- -  

- - 
Since the  range of var iables  encountered i n  a nuclear-rocket-simulator ex- 

periment are, f o r  t he  most par t ,  within the range of variables of t he  Miller-  
Taylor co r re l a t ion  and since the  use of bulk f l u i d  properties eases the  calcula- 
t i o n  procedure, equation (1) i s  used i n  t h i s  study t o  predict  heat t r ans fe r  i n  
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the  turbulent flow 
temperature and i n  

Laminar flow. 
t en  used ( r e f .  7 ) :  

regime. 
equation (B3) on f i l m  temperatures. 

Fluid propert ies  i n  equation (B2) are based on w a l l  

- For laminar-flow heat t ransfer ,  the  Graetz equation i s  of- 

This equation assumes a f u l l y  developed ve loc i ty  p ro f i l e  a t  the  point where 
heating begins; f o r  viscous f lu ids ,  t h i s  assmpt ion  i s  va l id  because the  veloc- 
i t y  prof i le  develops more rap id ly  than the temperature prof i le .  However, for 
Prandtl  numbers near 1.0, which includes gaseous hydrogen, the  ve loc i ty  and 
temperature prof i les  develop at  s imi lm r a t e s  along the  tube, and the assurnpiiori 
of a f u l l y  developed veloci ty  p ro f i l e  a t  the  tube entrance can lead t o  large e r -  
rors i n  predictions. 

Kays ( r e f .  8 )  presents numerical solutions,  f o r  a number of heating cases 
with velocity and temperature uniform a t  the  tube entrance, t h a t  employ var ia-  
ble  veloci ty  p ro f i l e s  along the tube. Kays compares experimental data with the  
numerical solutions with good agreement. 
solutions obtained by use of the Graetz equation d i f fe red  considerably. 

Comparisons of the same data with 

Kays presents numerical solutions f o r  the  cases of (1) constant w a l l  tem- 
perature, ( 2 )  constant temperature difference,  and (3) constant heat flux input. 
It i s  believed t h a t  the assumption of constant heat f l u  input (considering an 
incremental l ength) ,  most nearly approximates the conditions present i n  the  
cold-flow experiment discussed i n  t h i s  report .  Therefore, the  equation devel- 
oped by Kays f o r  these conditions i s  used f o r  laminar-flow heat t r ans fe r  i n  the  
analyses presented herein: 

N%,t = 4.36 + 

0.036 (?) 
1 + 0.0011 (3 

Pressure Drop 

The pressure drop across a t e s t  specimen i s  usual ly  calculated i n  three 
pa r t s :  
and (3) e x i t  losses.  
equation by the proper select ion of t he  i n l e t  loss coef f ic ien t  

(1) entrance losses ,  ( 2 )  f r i c t i o n  and mmentum losses  within the  tube, 
The entrance losses  can be calculated from the  following 

%: 
4 K ~ G ~  

m i n  = Zgpin (%) 
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If no o r i f i c ing  i s  used, as i s  the  case i n  the experiment described herein,  the  
tube inside diameter D and the  o r i f i c e  diameter Do are  the  same, and a stan- 
dard head l o s s  coeff ic ient  of 0.5 may be used ( r e f .  9 ) .  

pressure a t  the  coolant passage ex i t ,  the  term 
The nozzle chamber pressure may be obtained by subtracting from the t o t a l  

The pressure drop within the  coolant passages i s  a cmbinat ion of both 
momentum and f r i c t i o n  pressure drop: 

The momentum pressure drop i s  calculated fran equation (3). 
presented, the coolant passage i s  divided into many incremental lengths; thus,  
the  calculated ou t l e t  pressure from the  f i r s t  s t a t i o n  becmes the  i n l e t  pressure 
t o  the  second, e tc .  

I n  the  analyses 

The f r i c t i o n  pressure drop i s  by far the most d i f f i c u l t  t o  calculate  
accurately.  Moynihan ( r e f .  10) shows t h a t  f r i c t i o n  f ac to r  and, hence, pressure 
drop are  s t rongly dependent on the  or ientat ion of the  flow system. I n  i so ther -  
m a l ,  incompressible, turbulent  flow, the Fanning f r i c t i o n  f ac to r  f o r  smooth 
pipes i s  w e l l  correlated by the Karman-Nikuradse equation: 

- -  I- - 4 log(Re@) -0.4 * 
Experimenters using horizontal  t e s t  sections have calculated f r i c t i o n  f ac to r s  
and have p lo t t ed  these f r i c t i o n  fac tors  as a function of bulk Reynolds number. 
Their data f e l l  below the  Karman-Nikuradse l i ne  (eq. (B7) ) .  However, f o r  ver-  
t i c a l  upflow i n  the  heat- t ransfer  section, average experimental f r i c t i o n  f ac to r s  
l i e  on or above t h i s  l i n e .  No pressure-drop data appear t o  be available f o r  the 
case of downflow i n  t h e  heat- t ransfer  section. 

Since t h e  nuclear-rocket -simulator experiment w a s  run i n  a downfiring 
a t t i t u d e ,  the  flow of gas through the  core presented the  condition of downflow. 
Further, s ince the  flow i n  t h i s  case i s  nonisothermal and compressible, the 
Karman-Nikuradse r e l a t i o n  i s  not applicable. 
pressure drop from equation (4)  where the f r i c t i o n  f ac to r  as a function of Rey- 
nolds number i s  obtained from a Moody diagram ( r e f .  11) f o r  various r e l a t i v e  
roughne s s value s . 

It was decided t o  predict  f r i c t i o n  

A f u e l  element from the  group that was used t o  make up the core studied i n  
t h i s  repor t  w a s  s p l i t ,  and surface roughness measurements were made. Two sam- 
p les  were taken with similar r e su l t s ;  r e su l t s  of one of these measurements a re  
shown i n  f igu re  20. The ac tua l  surface prof i le  i s  shown a t  the  top, while the  
var ia t ion  i n  a r i thmet ica l  average roughness is  shown a t  the bottom. The var ia-  
t i o n  i n  a r i thmet ica l  average roughness i s  seen t o  be approximately 60 micro- 
inches, and t h e  rms average roughness is obtained by increasing the  ar i thmetical  
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average roughness by about 11 percent. 
proximately 66 microinches. 

Thus, the rms average roughness i s  ap- 

The re l a t ive  roughness of t he  passage i s  then calculated by dividing the 
rms average roughness by the  passage diameter: 

A Moody diagram ( r e f .  11) presents curves of f r i c t i o n  fac tor  as a function of 
Reynolds number f o r  various r e l a t i v e  roughness values. 
f i t s  the curve presented on the  Moody diagram f o r  a r e l a t i v e  roughness of 0.0004 
and was used i n  CAC i n  the calculat ion of f r i c t i o n  pressure drop 

The following equation 

4f = 0.1552 - 0.04412 Y + 0.005318 Y2 - 0.0002881 Y3 + 0.000005903 Y4 ( 5 )  

where 

Y = ln(Reb x ~ O - ~ )  + 10 

For l aminar  isothermal flow, the f r i c t i o n  f ac to r  i s  independent of rough- 
ness and may be calculated from ( r e f .  1 2 ) :  

64 4f = - 
Reb 

Knudsen and K a t z  ( r e f .  13)  point out t h a t  a f i n i t e  length i s  required f o r  
Since the  loca l  f r i c t i o n  fac tor  t o  equal the f u l l y  developed f r i c t i o n  f ac to r .  

t h i s  length i s  approximately 6 tube diameters and is  only about one-half the  
f i r s t  incremental length considered i n  t h i s  study, t h i s  e f f ec t  i s  neglected. 
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APPENDIX c 

CORF: ANALYTICAL CODE (CAC) 

An ana ly t i ca l  heat- t ransfer  and fluid-flow program has been wr i t ten  t o  pre- 
d i c t  temperatures and pressures throughout an in t e rna l ly  heated core with a x i a l  
c i r cu la r  coolant passages. The program accepts a general core geometry and in-  
cludes multipassage (o r i f i c ing )  e f f ec t s  and nonuniform power generation. The 
program i s  wr i t ten  i n  FORTRAN N t o  be accepted by an IBM 7094 computer and i s  
used with a hydrogen-properties subroutine and a l inear- interpolat ion subpro- 
gram (DATA FUNCTION). Lis t ings of t he  CAC program (p. 3 7 )  and the  DATA FUNC- 

hydrogen-properties subroutine are  presented i n  reference 14. 
' TION subprogram (p. 47) are presented. A description and l i s t i n g  of the  

Input Data 

The input data format f o r  the  CAC program and the  DATA FUNCTION subprogram 
are presented 

TOlXLLl 

D 

DELTAL 

COD 

ALPHA 

DELTAU 

FINAL 

RUNNUM 

cow 
I 

TAUIN 

TOT 

ETRMAX 

TOLEE 

(p.  49). A descr ipt ion of each of t he  FORTRAN names follows: 

number of a x i a l  increments 

inside diameter of coolant passages, in .  

length of axial increment, in .  

core outside diameter, i n .  

void f r ac t ion  (flow cross-sectional a rea  divided by t o t a l  core 
cross-sectional area)  

time increment, sec 

f i n a l  time, sec 

run number 

convergence tolerance f o r  hydrogen-properties subroutine 
(usual ly  0. OOOOO~) 

s t a r t i n g  time, sec 

number of radial groups (see f i g .  21) 

maximum number of i t e r a t ions  f o r  pressure-drop loop, heat-flux 
loop, and pressure-balancing loop (usual ly  15) 

convergence tolerance f o r  pressure-drop loop, heat-flux loop, 
and pressure -balancing loop (usual ly  0.001) 

densi ty  of core material, lb/cu in .  RHO 
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T$SS 

v 

TS 

TAUPR 

NFLUID 

ORFSIZ( J) 

CAS( J)  

GRO( J )  

TM(I,J) 

;z} CTURB 

M 

(0) program uses a single-tube model t o  calculate  w a l l  tem- 

(1) program stops t o  allow a T ~ S S  calculat ion of w a l l  tem- 
peratures 

peratures (see sect ion Transient -wall-temperature calcula- 
t i o n )  - 

t r i a l  value of spec i f ic  volume of hydrogen f o r  hydxngefi- 
propert ies  subroutine (usual ly  3.0) 

t r ia l  value of f i lm spec i f ic  volume of hydrogen f o r  hydrogen- 
propert ies  subroutine (usual ly  3.0) 

t r ia l  value of gas temperature f o r  hydrogen-properties sub- 
rout ine (usually 300 f o r  cooldown s tudies )  

time a t  which output begins l i s t i n g  (usual ly  same as TAUIN), 
sec 

t r ia l  value f o r  f l u i d  region number f o r  hydrogen-properties 
subroutine (always 2 f o r  gas runs) 

radial posi t ion of each group, i n . ;  note: one number must 
be supplied fo r  each radial group 

o r i f i ce  s ize  f o r  each group, in.  

head l o s s  coef f ic ien t  for  each radial group 

percent of t o t a l  number of coolant passages i n  each group 

w a l l  temperatures at  time TAUIN f o r  each a x i a l  increment and 
each group, OR; several  cards may be required f o r  these 
temperatures 

turbulent heat- t ransfer-correlat ion coef f ic ien ts :  As  d i s -  

To use t h i s  correla-  
cussed i n  appendix B y  t he  Miller-Taylor cor re la t ion ,  equa- 
t i o n  (l), w a s  used f o r  t h i s  study. 
t ion ,  the user of CAC must supply ATLTRB equal t o  0.021, 
BTURB and CTURB equal t o  zero. A more general cor re la t ion  
may be used, however, 

The user must supply the  constants A, B y  and C i n  ATURB, 
BTURB, and CTURB, respect ively.  

number of curves t h a t  follow (always 8 )  
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K1 number of data points i n  curve K2 

K 2  i den t i f i ca t ion  number for curve 

In  the  formats (p. 49), X represents  a decimal d i g i t  and spec i f ies  the 
type of information i n  each f i e l d .  Notice tha t  i n  the f i e l d s  t h a t  show a deci-  
m a l  point, a decimal point must be included somewhere i n  t h a t  f i e l d .  I n  the  
f i e l d s  t h a t  do not have a decimal point shown, however, a decimal point must not 
be used and these numbers must be right-oriented i n  t h e i r  f i e l d .  

Hydrogen-Properties Subroutine 

The hydrogen-properties subroutine STATE(J) i s  coded i n  FORTRAN language 
and permits calculat ion of f lu id - s t a t e  re la t ions ,  thermodynamic propert ies ,  and 
t ransport  propert ies  of molecular hydrogen i n  any f ixed ortho-para combination. 
The subroutine covers the temperature range from melting t o  dissociat ion f o r  
pressures up t o  340 atmospheres (-5000 ps ia ) .  

Properties are obtained by combinations of ana ly t ica l  and empirical formu- 
l a t ions  with tabulat ions of published data. 
as independent var iables  as follows : 

Any two s t a t e  var iables  may be used 

C a l l  l e t t e r  

-3 

-1 

1 

2 

394 

~ 

Independent v a r i a b l e s  

Enthalpy,  pressure  

Enthalpy,  s p e c i f i c  volume 

S p e c i f i c  volume, t e m p r a t u r e  

S p e c i f i c  volume, pressure  

Temperature,  p ressure  

I t e r a t i v e  solut ions a re  used i n  calculat ing variables normally specif ied as in- 
dependent var iables .  Thus, t r i a l  values must be supplied f o r  t h e  dependent var- 
iab les .  Results a r e  independent of the  t r i a l v a l u e s ,  however, since only 
single-valued continuous formulations are used. 

DATA FUNCTION Subprogram 

The FUNCTION subprogram ca l led  DATA i s  se t  up t o  read and s to re  several  
columns of data. 
the  DATA FUNCTION subprogram w i l l  r e tu rn  t o  the ca l l i ng  program the  dependent 
variable r e s u l t i n g  from the  independent variable and curve number specified i n  
the  c a l l .  For example, t he  c a l l  

Further, when the proper c a l l  i s  made by the ca l l ing  program, 

FLOWIN = DATA(TAU,~) 

causes t h e  DATA FUNCTION subprogram t o  go t o  curve 1 (second argument) and f ind  
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(or calculate  by l inear  interpolation, if necessary), the  dependent variable 
corresponding t o  the independent var iable  TAU (first  argument). 
the cal l ing program, FLOWIN contains the  value of the dependent variable de- 
sired. 

On re tu rn  t o  

As used with the  CAC program, the  data fo r  the DATA FUNCTION subprogram are  
s e t  up as follows (see input format) : 

Curve Independent v a r i a b l e  

Time 

Time 

Time 

Time 

Tempe rat ur e 

Temperat ure  

Axial p o s i t i o n  

Rad ia l  p o s i t i o n  

Dependent v a r i a b l e  

T o t a l  f low r a t e  

I n l e t  p re s  sure 

I n l e t  t empera ture  

Maximum hea t -gene ra t ion  r a t e  

Core-mater ia l  s p e c i f i c  h e a t  

Core-mater ia l  thermal  conduc 

Axial power f a c t o r  

Rad ia l  power f a c t o r  

ri 

Curves 1 t o  4 (core flow r a t e ,  i n l e t  pressure, i n l e t  temperature, and heat- 
Curves 5 and 6 sup- 

(These p ro f i l e s  can be obtained from nuclear heat-  

generation r a t e )  contain the experimental i n l e t  conditions. 
ply the mater ia l  properties of the core, and curves 7 and 8 provide t h e  a x i a l  
and radial heating prof i les .  
ing studies. ) 

It should be noted tha t  since DATA FUNCTION uses a l i nea r  in te rpola t ion  
routine t o  calculate  values between t h e  data points ,  accuracy generally w i l l  
improve as the  number of data points increases.  

Computational Technique 

I n  order t o  contain t h i s  program i n  the  7094 core storage area: the  f o l l o w -  
ing assumptions had t o  be made: 

(1) Each radial group (see f i g .  21) i s  thermally isolated.  

( 2 )  Within each group, a l l  o r i f i c e s  a r e  the same diameter ( the  same head 
loss coefficient appl ies  t o  each passage within a group). 

(3)  The heat-generation r a t e  does not vary r a d i a l l y  within a group. 

With these assumptions, a single-tube model can be chosen for analysis  
from each group. 

Single-tube-model outside diameter. - A s  discussed previously, the  nuclear- 
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reactor  concept under consideration has circular  coolant passages p a r a l l e l  t o  
t he  longi tudinal  ax i s  of the reactor .  The single-tube model i s  determined by 
the  following analysis .  The t o t a l  core flow cross-sectional a rea  is  obtained 
from 

n 2  Flow area = a 
Dcore 

and the  flow cross-sectional a rea  f o r  a single-coolant passage i s  

n 2  Area f o r  one hole = 4 D 

Then the  number of coolant passages i s  

Number of holes = Flow area/Area f o r  one hole 

Now t h e  core mater ia l  cross-sectional a rea  can be obtained from the  r e l a t i o n  

Core material m e a  = (1 - a) 4 n 2  Dcore 

and the  mater ia l  cross-sectional a rea  per passage i s  

Material  area Core mater ia l  a rea  - 
Hole - Number of holes 

Final ly ,  the s ing le  -tube-model outside diameter i s  

4 Material  area + D2 
OD = {; Hole 

This approximation requires  t h a t  the single-tube cross-sectional m e a  times the 
t o t a l  number of holes be equal t o  the  reactor cross-sectional area. 

A de t a i l ed  f l o w  diagram of CAC i s  shown i n  f igure 22. 
cussion of CAC progresses, the  reader may f ind it helpful t o  follow the develop- 
ment of t he  program i n  the  flow diagram. 

A s  the  present dis-  

I n l e t  conditions. - For time T~ CAC obtains the  t o t a l  weight flow r a t e  

, and the  maximum heat-generation r a t e  

through t h e  core 
T 

respect ively,  of the DATA FUNCTION subprogram. Then, f o r  t he  f i rs t  i t e r a t i o n  of  
t he  pressure-balancing loop,  the  flow r a t e  i s  assumed t o  be the same i n  each 
passage i n  t h e  core. Thus, 

iin, the core- inlet  pressure Pin, t he  core- inlet  temperature 
GENmax, from curves 1, 2, 3, and 4, 

i n  

= /Number of flow passages i n  

The hydrogen densi ty  i s  obtained fram the  hydrogen-properties subroutine, and 
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t h e  program i s  ready t o  begin analyzing each group separately.  The pressure on 
the  downstream side of the  o r i f i c e  on the  f i rs t  passage i s  obtained from 

This pressure and the core- inlet  temperature define the  s t a t e  of t he  f l u i d  a t  
the in l e t  t o  the f i rs t  a x i a l  s ta t ion .  

T r i a l  value f o r  heat flux. - The determination of heat f lux  over an a x i a l  
s ta t ionmust  be an i t e r a t i v e  procedure since it i s  a function of the average 
bulk f l u i d  temperature i n  the increment, which i n  t u r n  i s  a function of heat 
flux. Thus, f o r  t.he first i t e r a t i o n  i n  the  heat-flux loop 

1 

where ktr is  calculated based on the  f l u i d  propert ies  of t h e  i n l e t .  

Pressure-drop loop. - The pressure drop across each s t a t i o n  i s  a l s o  an 
i t e r a t i v e  procedure since pressure drop i s  a function of ou t l e t  density,  which 
i n  t u r n  is a function of ou t l e t  pressure. 
l e t  i s  obtained from the hydrogen-properties subroutine with temperature and 
pressure used a t  the  independent var iables .  The f l u i d  enthalpy at  the s t a t i o n  
ou t l e t  i s  approximated by using the t r i a l  value of heat flux and a simplified 
form of the energy equation: 

The f l u i d  enthalpy at  the  s t a t i o n  in-  

Hout = H1 + 
W 

(c5 1 

Also, the ou t l e t  pressure i s  assumed equal t o  the  s t a t ion  i n l e t  pressure 
on the  f irst  i t e r a t ion .  The hydrogen-properties subroutine i s  ca l led  with en- 
thalpy and pressure as the independent var iables .  Thus, the s ta t ion-out le t  
f l u i d  properties a re  defined, and the  pressure drop across the  s t a t i o n  can be 
calculated. 

The average temperature, average pressure,  and average Reynolds number are  
obtained, and the  f r i c t i o n  f ac to r  i s  calculated frm equation (3) or ( 4 ) >  de- 
pending on the Redpo1ds EGX?X~. 

The calculated pressure drop i s  then obtained frm equations (3) and (4) ,  
and the  calculated ou t l e t  pressure i s  then  determined from 

P = P  - m  
out 1 

A comparison i s  made a t  t h i s  point t o  see if t h e  calculated ou t l e t  pressure i s  
equal t o  the t r i a l  value of ou t l e t  pressure used. 
pressure becomes the  t r i a l  value, and the  loop i s  repeated u n t i l  convergence 
occurs. 

If not, the  calculated ou t l e t  
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Heat-flux loop. - The ou t l e t  pressure and the  t r ia l  value of ou t le t  en- 
thalpy have been obtained and define t h e  f l u i d  temperature a t  t h e  s t a t i o n  out le t .  
Thus, average bulk f l u i d  temperature and average s t a t i o n  pressure can be deter-  
mined, from which a bulk Reynolds number can be calculated. If the  flow i s  lam- 
inar (Re < 2300) a 
t i o n  ( 2 ) .  

For turbulent  
from equation (~1) 
f lux  i s  determined 

A check is  made a t  
less than  1: 

The new value 
two values a re  not 

convective heat- t ransfer  coef f ic ien t  i s  determined from'equa- 

flow, the convective heat- t ransfer  coeff ic ient  i s  obtained 
o r  the  Miller-Taylor equation (eq. (1)). The s t a t ion  heat 
from 

t h i s  point t o  be sure tha t  t he  Mach number i n  the  passage i s  

of heat f l u x  i s  compared with the  t r i a l  value used. If these 
the  same, the calculated value is used as a new t r i a l  value, 

and the  loop i s  repeated u n t i l  convergence r e su l t s .  Notice that the pressure- 
drop loop l ies  inside the  heat-flux loop and m u s t  be sa t i s f i ed  on each heat-flux 
it e r a t  ion. 

Maximum material temperature. - I n  calculat ing the maximum mater ia l  temper- 
a ture ,  t he  assumption i s  made tha t  the convective heat t ransfer  across the ' f l u i d  
f i lm  i s  the  control l ing heat-transfer mechanism. Therefore, a steady-state con- 
duction ca l cu la t ion  of mater ia l  temperature a s  a function of radius  should yield 
r e s u l t s  s u f f i c i e n t l y  accurate f o r  a qua l i ta t ive  estimate of the  temperatures 
present within the  f u e l  element. The basic  equation ( r e f .  13) i s  

Integrat ing y ie lds  

but 

dT 
d r  = max at r = r  - 
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Integrating again gives 

but 

Thus , 

T = T  a t  r = r  
m,max max 

q%ax q%ax 
4k 2k In  rmax C2 = Tm,max + - - - 

A t  the coolant w a l l ,  r = rw and T = Tw, 

&$ - 2  - 2  

+ Tm,max 
T = - -  
W 4 k  2k 

Rearranging i n  terms of diameters, OD = 2rmax, D = 2r, 

I .2 1 

Notice t h a t  6 represents the  heat t ransfer red  t o  t h e  hydrogen f o r  t he  
A s  a r e s u l t  of t he  assump- single-tube model per uni t  volume and un i t  time. 

t i o n s  made, t h i s  analysis is  a t  bes t  an approximation of t he  t r ans i en t  condi- 
t ims present a t  s ta r tup  or cooldown of a power run or a cooldown (no in t e rna l  
heat generation) study. 

Outlet conditions. - The preceding analyses a re  applied t o  each a x i a l  in-  
crement; the ou t l e t  f l u i d  propert ies  of increment I become the  i n l e t  f l u i d  
properties of increment I + 1. The e n t i r e  analysis  i s  then repeated f o r  each 
passage. 

Next, the t o t a l  pressure at  the  e x i t  of each passage i s  calculated,  

Y 
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from which a nozzle chamber pressure is  calculated f o r  each passage 

(1 - a)'G? 
J 

'ch,j = 'T,j - 2gP j 

A pressure drop from core i n l e t  t o  nozzle chamber i s  calculated f o r  each passage 

- pout e. = Pin 
J 

and these pressure drops should be the same (the core pressure drop is  f ixed)  
f o r  each p s s a g e .  
adjusted u n t i l  t h i s  condition is  sa t i s f i ed .  

If they are not,  t he  flow r a t e s  through each passage must be 

Pressure balancing. - With the coolant passage diameter constant throughout 
t he  core, the  flow rates are assumed the same i n  each passage f o r  the first 
i t e r a t ion .  This is  usual ly  not the case, however, and adjust ing the  flow r a t e s  
i n  the various passages is  usual ly  required. 

I n  ad jus t ing  the  flow r a t e s  on the  second i t e r a t ion ,  the momentum pressure 
drop is  neglected f o r  simplicity.  The f r i c t i o n  pressure drop i s  approximately 
proportional t o  the  weight flow rate squared; that is  

or 
7 .2 AP-W 

Therefore, f o r  t h e  second flow-balancing i t e r a t i o n  

or  

But 
calculated from the  AP*s obtained on the f i r s t  i t e r a t ion .  A t  the  same time, 
t he  t o t a l  flow rate through the  core remains the  same: 

APp must be the  same f o r  a l l  passages, so a mean pressure drop must be 
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It theref ore follows t h a t  
J 

and the desired mean pressure drop can be calculated from: 

2 

Now, the weight flow r a t e  i n  each passage can be calculated from equation (C12). 
Another analysis  i s  performed on each passage by using the  corrected flow rates, 
and the r e su l t i ng  pressure drops f o r  each passage a re  again compared. They a r e  
not l i k e l y  t o  be equal, however, s ince the previous adjustment on flow rates w a s  
made by neglecting the  momentum pressure drop. 

Since the  heat added t o  the  coolant i n  a reac tor  does s ign i f i can t ly  a f f e c t  
the  momentum pressure drop, i t s  e f f e c t  should now be included. Therefore, it i s  
now assumed t h a t  the  passage coolant flow r a t e  i s  proportional t o  the  core pres- 
sure drop, not t o  the  1/2 power as i n  equation ( C l l ) ,  but t o  some other  power 
t h a t  includes the  momentum pressure drop e f f e c t :  

The exponent can be calculated from the  r e s u l t s  of t he  f i r s t  and second passage 
i t e r a t i o n  

x 

(?)j = (2,j 
and 

x. = 
J 

In (2jj 
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The average core pressure drop i s  again calculated as outlined by using equa- 
t i o n  (C14), and the  new weight f l o w  r a t e  i s  obtained f o r  each passage by using 
equation ( C 1 6 )  with the new exponent X j .  This i t e r a t i v e  procedure i s  repeated 
u n t i l  the  pressure drop across each passage i s  the  same. A t  t h i s  point, CAC 
wri tes  the output l i s t i n g  f o r  time T; a sample i s  presented a t  the end o f ’ t h i s  
appendix (p. 5 2 ) .  

Transient-wall-temperature calculation. - The operator using CAC i s  allowed 
two methods of calculat ing w a l l  temperatures a t  time T + AT. The f i r s t  uses 
another program, N S S ,  t o  obtain accurate t rans ien t  r e s u l t s  (see ref .  3), and 
the  second uses a single-tube approximate method t o  calculate  new wall tempera- 
t u re s .  

T$SS method: 
t rans ien t  temperature d i s t r ibu t ion  of a three-dimensional i r regular  body by 
using a f i rs t - forward difference method. 
spec i f ica t ion  (TgSS = 1 i n  the input data) ,  CAC w i l l  provide a l i s t i n g  of t he  
output data a t  time T and W i l l  stop. The operator must then s e t  up the  TgSS 
deck with f l u i d  temperatures, heat- t ransfer  coef f ic ien ts ,  w a l l  temperatures a t  
time T ,  and heat-generation r a t e s ,  a l l  as  a function of a x i a l  posi t ion ( these 
parameters are provided by the  CAC output l i s t i n g ) .  
required as input t o  TgSS. 

The TgSS program solves the heat- t ransfer  equations f o r  t h e  

If the  operator of CAC m a k e s  t he  @SS 

Geometry data a re  a l so  

q S S  then calculates  the t rans ien t  temperature d is t r ibu t ion  from time z 
t o  time 
t r ans fe r  coef f ic ien t )  supplied. 
l i s t i n g  contains t h e  temperature d is t r ibu t ion  (including the  required wall %em- 
peratures)  desired. 
w a l l  temperatures and resubmit the program f o r  the  flow analysis  a t  time 
T + AT. 

T + AT by using the  boundary conditions ( f l u i d  temperature and heat- 
A t  time ‘I + AT, @SS stops,  and i ts  output 

Now, the operator must set  up the  CAC deck with the  new 

Since the  accuracy of t h i s  method improves with a smaller AT, it is  ob- 
vious t h a t  much time would be required t o  obtain r e s u l t s  f o r  even a f e w  seconds 
of data. A s  a r e s u l t ,  the  single-tube approximate method w a s  developed. 

Single tube approximate method: If the  operator makes no TgSS specifica- 
t i o n  (@SS = 0 i n  the  CAC input data), CAC w i l l  ca lcu la te  w a l l  temperatures f o r  
time T + AT as follows: The DATA FUNCTION subprogram i s  ca l led  on f o r  t h e  
power f ac to r  as a function of a x i a l  and r a d i a l  posi t ion.  Then the  single-tube- 
model heat-generation r a t e  (Btu/sec) can be obtained fo r  each a x i a l  s t a t i o n  and 
each radial passage : 

The r a t e  of heat t r ans fe r  t o  the  hydrogen 

rate, and the  difference mult ipl ied by the  t ime  increment: 
Qi i s  subtracted from the heating 

, j  
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The DATA FUNCTION subprogram i s  ca l led  on again for  values of thermal conduc- 
t i v i t y  and specif ic  heat of the core mater ia l  (as a function of w a l l  tempera- 
t u r e )  for  each a x i a l  s t a t i o n  i n  each radial group. 
t o  an ax ia l  s t a t ion  may be calculated: 

Now the  net heat conducted 

A t  t h e  l a s t  a x i a l  increment i n  each passage 

2 
.) 

II (OD2 - D )AT - 
ALI c T w , i - 1 , j  - T w , i , j  = k  Qcfin, j  m , i , j  4 

The heat conducted t o  the f irst  s t a t i o n  i n  each passage i s  assumed t o  be l o s t  by 
convection on the  i n l e t  end of t h e  passage; thus 

Also, t o  ensure stable r e s u l t s  as T increases,  the net heat gained by an a x i a l  
increment by conduction i s  assumed t o  be always ne.gative or zero; posi t ive V a l -  

ues of Q C i J j  a re  s e t  equal t o  zero. 

Now the  change i n  temperature of each a x i a l  s t a t ion  i n  each radial  passage 
from time T t o  T + AT i s  calculated 

& j , j  + Q C - j , j  - - 
ATi,j vp c 

Pm,i,j 

and w a l l  temperatures a t  time 
change of the  w a l l  temperature with time i s  equal t o  the  r a t e  of change of t he  
mean material  temperature with time : 

T $. AT are obtained by assuming that t h e  r a t e  of 

N e x t ,  time i s  increased incrementally 

r = T + A T  

and the  en t i r e  analysis i s  repeated. The analysis  i s  complete when t h e  time 
reaches 'fin' 

The advantage of t he  single-tube-model calculat ion of w a l l  temperature i s  
apparent when it i s  rea l ized  t h a t ,  with the  single-tube model method, a run can 
be calculated i n  a matter of minutes while t he  TfSS method could require  many 
hours. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 

C 
C 

Program Listing of CORE ANALYTICAL CODE 

CAI; - CORE A N A L Y T I C A L  CODE - A N  A N A L Y T I C A L  P R E D I C T I O N  
PROGRAM TO STUDY THE H E A T  TRANSFER AND F L U 1 0  FLOW 
C H A R A C T E R I S T I C S  OF A C I R C U L A R  H E A T I N G  ELEMENT W I T H  

WORKING F L U I D  AND A HYDRUGEN P R O P E R T I E S  S U B R O U T I N E  
MUST B E  USED ( S T A T E  AND STATE S 1 W I T H  T H I S  PROGRAM 

C I R C U L A R  COOLANT PASSAGES. HYDROGEN IS USED A S  THE 

COMMON /STATEl/STORE(50)/STATE2/UNITS~COMP~CONV/STATE3/CS(215) 
l / S J A T E 4 / J U N K ( 5 0 )  

ASSIGNMENT OF I N P U T  - OUTPUT DATA STORAGE I N T O  -STORE- 
I N D I R E C T  ASSIGNMENTS ARE C ( 9 ) t  C P ( 1 O ) t  C V ( 1 1 ) p  H ( 1 2 ) r  ( D P / D T ) V ( l 3 )  

5 READ ( 5 ~ 1 2 ) T O T A L L ~ D ~ D E L T A L ~ C O D ~ A L P H A ~ D E L T A U ~ F I N A L ~ R U N N U M  
R E A D  ~ 5 ~ 1 2 ) C O N V ~ T A U I N ~ T O T ~ E T R M A X t T O L E R ~ R H O  
READ (5,12)TOSStVtVFILMtTStTAUPR 
READ ( 59 1 4 ) N F L U I D  
J T O T A L = T O T  
I T O T A L  = T O T A L L  
I T O T M l = I T O T A L - l  
R E A D  
R E A D  ( 5 , 1 0 ) ( 0 R F S I Z ( J ) r J = l r J T O T A L )  
R E A D  ~ 5 ~ l O ) ( C A Y L ( J ) t J ~ l ~ J T O T A L l  

( 5 t 10 L( R A D (  J 1 ,  J z l  t J T O T A L )  

0001 
0002 
0003 
0004 
0005 
0d06 
0007 
0006 
0009  
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029  
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039  
0040 
0041  
0042 
0043 
0044 
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READ 
READ ( 5 ~ 4 ) ( ( T M ( I ~ J l r I = l r I T O T A L l r J = l r J T O T A L )  
READ (5,101 ATUKB,BTLJRBrCTURB 

( 59 10) ( G R O I  J )  9 J = l *  J TOTAL)  

C 
C 

WRITE ( 6 r 3 0 0 l R U N N U M  
WRITE !S;?O2!DELTAU 
WRITE [ 6 r  303)  T A U I N  
WRITE ( 6 r 3 0 4 ) F I N A L  
WRITE ( 6 r 3 0 5 J O E L T A L  
WRITE ( 6 9 3 0 6 1 0  
WRITE ( 6 r 3 0 9 ) T O T A L L  
WRITE ( 6 r 3 1 0 l C 0 0  
WR I T €  ( 6 3 11 )HHO 
WRITE ( 6 r 4 1 5 ) A L P H A  
WRITE ( 6 r 4 2 5 1 T O T  
WRITE ( 6 r 3 1 2 l T O L E R  
W R I T k  ( 6 9 3 1 3 ) E T H M A X  
WR I T t  ( 6 r 428 1 
WRITE ~ 6 r 4 3 0 l ~ ~ T M ~ I ~ J l ~ I ~ 1 ~ I T ~ T A L ~ ~ J ~ l ~ J T O T A L ~  
WRITE ( 6 9 4 4 7 )  
IFIBTURB.EQ.O.)GO TO 470 
WR I T b  
WRITE ( 6 9 4 4 9 1  

( 6 9  448) ATURBr  OTURB, CTURB 

ti0 TU 4 7 1  
C 
C M I L L € R - T A Y L O R  C O R R E L A T I O N  
C H ~ 0 ~ 0 2 l ~ K / O ) ~ R E + * 0 ~ 8 ) ( P R * * O ~ 4 ) ( T W A L L / T B U L K ~ ~ *  - ( . 2 9 + . 0 0 1 9 L / D )  
C 
470 W R I T E ( 6 r 4 7 2 )  
472 F O R M A T ( L H J * 4 8 H T U R B U L E N T  - H I L L E R - T A Y L O R  CORRELATION-BULK PROP.) 

WRITE ( 6 ~ 4 5  1 I 
451 FORMAT ( l H J ~ 6 1 H H = 0 . 0 2 1 ( K / D ) ( R E . . 0 . 8 ) ( P R * * O ~ 4 ) ( T U A L L / T B U L K ~ * *  - t o 2 9  

1+.0019L/D) / /  1 
WRITE ( 6 9 4 4 9 )  

C 
471 DO 6 J = l r J T O T A L  

DO 6 I = l * I T O T A L  
6 TWALL( I r J l = T H ( I r J )  

H A X I T R  = ETRMAX 
PY = 3 , 1 4 2 5 9 2 6  
PYOVR4=PY/4.0 
GEE = 32.2 
E J A Y z 7 7 8  
AKON=Z.*GEE+EJAY 
R=767.0 
D$Q = D*D 
CODSQ=COD*+2 
FLAR=ALPHA+PYDVR4*CODSP 
AR=P YOVR4* DSQ 
ENUH=FLAR/AR 
1 I = k N U H  
kNUM= I I 
l F ( E N U M 1 6 5 2 , 6 5 1 r 6 5 2  

651 ENUM=1.0 
652 DO 11 J Z l r J T O T A L  
11 GRO ( J l  = G R O ( J l * E N U H  

S A R ~ I ~ O O - A L P H A ) * P Y O V R ~ * C O D S Q  

OD=SPRT(4oO*PAR/PY+DSQ)  

C A Y 1  = 576 .O/ (PY*OSQ)  

PAR = SAR/€NUM 

ODSO=UD**Z 

0045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 
0053 
0054 
0055 
0056 
0057 
0058 
0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
GO9 1 
0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0134 
0105 
0106 
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C 
C 
C 
C 

CAY3 = PY*O*OELTAL 
CAY4 = 1oO/CAY3 
CAY5 = PY* (OOSQ-DSQ)*OELTAL/4 .0  
W = CAY5*RHO 
TAU = TAUIN 
AL=CAY5/(aElTAL4DELTALJ 
XOVRD = DELTAL / 0 
EYES1. 

IN-ITIALIZE TRIAL VALUES FOR STATE( J I  

VL-0 25 
V G s 7  0 
V IN=V 
VL IN=VL 
VG IN=VG 
VFLM I N  =YFILH 
NFLU IN=NFLUIO 

C 
UN I TS=O. 
C A L L  STATES 

C 
DUMMY = OATAI1.0~0) 

C 
C 
C 
C 

47 5 
1 

C 
C 
C 

C 
C 
C 

C 

C 
C 
C 

3 

7 

9 

8 

BEGIN CALCULATIONS WITH NEW T I M E  INCREMENT 

FLOWIN = DATA( TAU, 1 I 
PEE=OATA( TAU, 2 1 
T I N  = DATA(TAUt3) 
Q61N = DATA(TAUp4) 
N= 1 
NF INAL-N 
DO 3 J=lrJTOTAL 
FLOW(JIN)=FLOHIN/ENUM 

BE6IN CALCULATIONS YITH NEW FLOW-RATES 

DO 9 J = l r J T O T A L  
G( JL=CAYl*FLOW( JpN) 
GSQ( J )  =G( J ) * G I  J)  
J= 1 

TS = T I N  
P=PEE*144*0 

RE-INIT4ALIZE T R I A L  VALUES FOR S T A T E ( J 1  

V=U I N  
VL=VL I N  
VG=VG I N  
VFILM=VFLM I N  
NFLUIDrNFLU I N  

C A L L  STATE t.3) 
Hl=H/ 778 . 0 
HlHOLO=Hl 
DENSIN = l . O / V  

BEGIN PASSAGE CALCULATIONS 

0107 
0108 
0109 
0110 
0111  
0112 
0113 
01 14 
0115 
0116 
0117 
0118 
0119 
0120 
0121  
0122 
0123 
0124 
0125 
0126 
0127 
0 1 2.8 
0129 
0130 
0131  
0132 
0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
0141  
0142 
0143 
0144 
0145 
0146 
0147 
0148 
0149 
0150 
0151  
0152 
0153 
0154 
0155 
0156 
0157 
0158 
0159 
0160 
0161  
0162 
0163 
0164 
0165 
0166 
0167 
0168 
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C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 

10 
I = 1  
Pl=RIN( J )  
T 1  = T I N  

RE-INITIALIZE TRIAL VALUES FOR S T A T E ( J 1  

V=:w I N  
VL=VL I N  
VG=VG I N  
VF ILM=VFLM I N  
NFLUID=NFLU I N  

BEGIN STATION CALCULATIONS 

2 TFILM=Tl 
P = Pi*144.0 
C A L L  STATE(4) 

VISCIN = V I S C O S  
DENSl=I./VF I L M  

HEAT TRANSFER AND FLOW CALCULATIONS 

1008 DUMYl=(G(J)*D)/(VISCOS*12.) 
TERM1- DUMYl**.e 
DUMY2 = CPFILM*VISCOS/THERMK 
TERM2 = DUMY2**.4 
IF(CTURB)3939* 3940,3939 

3940 TERM3 = ATURB 

C FIRST S T A T I O N  MAYUE 

2 0 1  DUHY4 = ATURB 

GO TO 203 

3939 I F  t 1-2)201g202r202 

GO TO 206 
202 DUMY4 = ATURB*(DELTAL*(EYE-l.)/D).+(CTURB) 

206 DUMY5 = ATURB*( DELTAL*EYE/D) **CTURB 
TERM3 =(DUHY4 + OUMY5)/2o 

203 E L L = D E L T A L * O o 5 * ( 2 o + E Y € - l o )  
BTURBl= -(0.29+.0019*ELL/D) 
I F ~ ~ 8 T U R B . E Q o O o ) B T U R B = 8 T U R B l  
TERM4n(TWALL(I,J)/Tl)**(BTURB) 
TERM = THERHK/(D+l2.*778.) 
HC=TERM*TERHl*TERM2*TERM3*TERM4 
Q=HC*CAY3*(TWALL( I s J ) - T l )  
IF ( a )  204,204,205 

2 0 4  Ci=i.E-20 
205 ITER=O 

KLMN=O 
QOLD=Q 

L 
L 
C BEGIN Q LOOP ITERATION 
C 

40  ITER = I T E R + l  
0 = (QOLD+Q)/2o 
O O L O  = Q 
I T R  = 0 
H2=Hl+O/FLOW(J,N) 
P2=Pl 

C 

0169 
0170 
0171  
0172 
0173 
0174 
0175 
0176 
0177 
0118 
0179 
0180 
0181  
0182 
0183 
0186 
0185 
0186 
0187 
0188 
0189 
0190 
0191 
0192 
0193 
0194 
0195 
0196 
0197 
0198 
0199 
0200 
0201 
0202 
0203 
0204 
0205 
0206 
0207 
0208 
0209 
0210 
0211  
0212 
0213 
0214 
0215 
0216 
0217 
02 18 
0219 
0220 
0221  
0222 
0223 
0224 
0225 
0226 
0227 
0228 
0229 
0230 
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C B E G I N  PRESSURE LOOP I T E R A T I O N  ,. 
L 

45 I T R  = I T R + 1  
POLD=PZ 
P = P 2 * 1 4 4 . 0  
H= HZ * 7  78 0 
C A L L  S T A T E  (-3) 

T F  I L M = T S  

CALiL S T A T E ( 4 )  

D E N S Z = l  *O/V 

P a P 2 * 1 4 4 .  

TERM~2.*(G(J)*D)/(l2~*~VISClNtVISCOS)) 
1 F ( T € R M ~ 2 3 0 0 . 0 ) 4 6 r 4 6 t 4 7  

C 
C 
C 
C 
C 
C 
C 
46 

C 
C 
C 
C 
47 

C 

I 

r 

L A M I N A R  I S O T H E R M A L  F R I C T I O N  FACTOR 

F 1 6 * 0 / T E R H  
GO T O  5 1  

R E L A T I V E  ROUGHNESS = 0.0004 

REYRE = TERM*( l .OE-6)  
R E V R E l  f A L O G ( R E V R E )  + 10. 
F ~ ( 0 . 1 5 5 2  - O o 0 4 4 1 2 * R E V R E l  + 0 . 0 0 5 3 1 8 * ( R E V R E 1 ) * * 2 o  - 0.0002881* 

l ( R E V R E 1 ) * * 3 *  + 0~000005903*1REVRE1) * *4oO )/4.0 

5 1  S P Y O L l  = l . O / D E N S l  
S P V O L 2 = 1  .O/DENSZ 
FR I C T = F  
TERMl=(GSQ(J)/GEE)*(SPVOLZ-SPVOLl) 
DL TPM= TERM 1 
DPLUSD = D E N S l + O E N S I  

DL TPF= T ERMZ 
D E L P A P  = T E R M l t T E R H Z  

TERM2=(4 .0*F*DELTAL*GSQo) / (D+GEE.DPLUSD)  

P 2  P l - D E L T A P / 1 4 4 . 0  
I F ( P 2 1 5 4 r 5 5 . 5 5  

W R I T E  (6r250)PltP2rTERMlrTERM2tDELTAPtI 
54  W R I T E  (6r200)  

GO TO 5 
55 E R R O R = A B S I l . O - P O L D / P Z )  

48 I F (  I T R - M A X I T R  1 4 5  r49e49 
49 W R I T E  (.6r100) 

5 0  P = P 2 * 1 4 4 . 0  

I F ( E R R O R - T O L E R ) S O r 5 0 r 4 8  

GO T O  5 

H=H2*778 .O 
C A L L  S T A T E ( - 3 )  

0231 
0232 
0 2 3 3  
0 2 3 4  
0 2 3 5  
0 2 3 6  
0 2 3 7  
0 2 3 8  
0 2  39 
0240 
0 2 4 1  
0 2 4 2  
0243 
0 2 4 4  
0245 
0246 
0 2 4 7  
0 2 4 8  
0249 
0 2 5 0  
0251 
0252 
0 2 5 3  
0 2 5 4  
0 2 5 5  
0256 
0 2 5 7  
0258 
0 2 5 9  
0260 
0261 
0 2 6 2  
0 2 6 3  
0264 
0265 
0 2 6 6  
0267 
0268 
0269 
0270 
0 2 7 1  
0 2 7 2  
0273 
0274 
0 2 7 5  
0276 
0277 
0278 
0279 
0280 
0281 
0282 
0283 
0284 
0285 
0286 
0 2 8 7  
0288 
0289 
0290 
0291 
0292 
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5432 

I 50 1 

C 
C 

50 2 

I 39 37 

C 
I 3938 

504 

505 

506 

50 7 

503 

56  

, 57 
9 1  77 
9 1  78 

I 58 
59 

C 
C I 60  

REPREV=REAVG 

REAVG=TERH 

DUHY2=CPFILH*VISCOS/THERMK 
P ECL ET= T EH H DUM Y 2 

TERN=(G( J)*D)/(VISCOS*l2.)  

I F ( T E R M - 2 3 0 0 0 ) 5 0 1 t 5 0 2 t 5 0 ~  

ELL = Oo5*DELTAL*(2.*EYE - 1.) 
C H ~ I L V P ~ 4 o 3 6 * ~ 0 o 0 3 6 * ~ E C L E T / ~ E L L / D ~ ~ / ~ l ~ + O ~ O O l l * t P E C L E T / ~ E L L / D ~ ~ ~  
HC=! TUE!?!N/ ! I?+13,+77R. 1 ) *CHILVP 

GO TO 503 

OUHYZ = CPFILM*VISCOS/THERHK 
TERMl=TERM*+.8 

TERN2 DUHY2**o4 
T E R H ~ = T H E R H K / ( D , L ~ O + ~ ~ ~ O )  
IF(GTUR8)3938t3937t 3938 
TERM4 = ATUHB 
GO TO 507 
FIRST SECTION MAYtlE 

DUMY4= ATURB 
GO TO 506 

DUnY4=ATURB*(XIN/D)**(CTURB) 
XOUm=EYE*DELTAL 
DUMY5=ATURB*( XOUT/D) **(  CTURB) 

IF( 1-21 504r505 t  505 

XIN=(EYE-lo)*DELTAL 

TERM4=( DUHY4 + DUHY5) / 2 o  
tLL+DELTAL*Oo5*(2 . *EYE- l - )  
BTURBlZ -(Oo29+.0019*ELL/O) 
IF (BTURB.EUoO. )BTURBIBTUHBl  
T E R M S = ( T W A L L ( I t J ) / T B A V G (  I p J )  )**IBTURB) 

Q=HC+CAY3+LTWALL(ItJ)-TEAVG(ItJ)) 

TERMltSQRT(GAMMA*GEE*R*TBAVG(ItJ)) 

HC=TERHl*TERH2*TERH3*TERM4*TERM5 

GA HM A= C P /C V 

A M A C H = ( 2 . 0 , G ( J ) ) / ( D P L U S ~ * T E R M l )  
AHOCKtJ) = AHACH 
IF(AMACH-1oO) 57956 t56  
W R I T E  1 6 t 3 5 0 )  
WRITE (6r35S)AMACH 

IF (9) 9177 t9177 t9178  
Q= 1 Ea20 
ERROR = ABS(loO-QOLO/Q) 
I F ~ Q ~ L E ~ 0 o 0 0 0 0 0 0 0 4 9 9 )  GO TO 60  
IF(KLMN-GEo1)GO TO 60  

GO TO 5 

IF (ERROR-TOLER) 6 0 t 6 0 t 5 8  
I F  ( ITER-HAXITR)40t59 t59  
WRITE (61120)  
WRITE ( 6 ~ 1 2 5 ) E R R O R t Q t T O L E R t ~ O L D ~ I  
TERM=(REPREV+TERM)/Z. 
ITER=1 
KLHN=KLHN+ 1 

GO TO 5432 
IF(KLHNoGE.2) GO TO 5 

0293 
0294 
0295 
0296 
0297 
0298 
0299 
0300 
0301 
0302 
0303 
0304 
0305 
0306 
0307 
0308 
0309 
03 10 
0311 
0312 
0313 
0314 
0315 
0316 
0317 
0318 
0319 
0320 
0321  
0322 
0323 
0324 
0325 
0326 
0327 
0328 
0329 
0330 
0331  
0332 
0333 
0334 
0335 
0336 
0337 
0338 
0339 
0340 
0341  
0342 
0343 
0344 
0345 
0346 
0347 
0348 
0349 
0350 
0351  
0352 
0353 
0354 



QQ (‘1 t J )=Q+CAY4 
C 
C C A L C U L A T E  MAX M A T E R I A L  TEMPERATURE BASED ON STEADY S T A T E  MODEL 
C 

QDOT = P / C A Y 5  
DOVRDI=ODSQ/DSQ 
DCONST ( O D S Q * ( A L O G ( D O V R D I ) )  - ( O D S Q - D S Q ) ) / 1 6 o  
DUMB = T W A L L ( 1 . J )  
DUCT ( 1 9  J 1 = D A T A (  DUM89 6 )  
T M A X ( I t J )  = T W A L L ( I ~ J ) + Q O O T * D C O N S T / D U C T ( I 1 J )  

C 
C 

IF ( I - I T O T A L ) 7 0 r 7 5 r ~ S  
70 I = I + 1  

E Y E = I  
TL = T 2  
P 1  = P 2  
H l - H Z  
GO T O  2 

C 
C PASSAGE E X I T  C O N D I T I O N S  
C 

75 R H O E ( J ) = O E N S Z  
T E t  J 1 =T2 
P E (  J ) = P 2  
I F ( J - J T O T A A )  76,77971 

76 J=J+1 
HL =H 1 HOLD 
GO TO 8 

77 00 775 J = l t J f O T A L  
AKONST=288.O+GEE*RHOE~J) 
GOURGl  5 GAHMA/(GAMMA-l.) 
P T ( J ) = P E ( J ) * l ( 1 o + ( ~ G A M M A ~ l o ~ / 2 o ~ * A M O C K ( J ~ * A M O C K ~ J ~ ~ * * G O V R G l  1 
P C H A H ( J ) P P T ( J ) - ( ~ ~ O - A L P H A ) + + ~ + ~ S Q ( J ) / A K O N S T  

775 P D R O P ( J , N ) = P E E - P C H A M l J )  
776 C O N T I N U E  

C 

C 
C BEGIN FLOW BALANCING Loop 

PMXzO 0 
P M N = l  E 2 0  
DO 777 J X l r J T O T A L  
PMXtAMAXl(PDROPlJ,N4pPMX) 

777 P M N = A M I N l ( P D R O P (  J s N j  r P M N )  
778 C O N T I N U E  

ERROR=ABS( loO-PMX/PMN)  
I F ( E R R 0 R - T O L E R )  101r101r79 

79 I F ( N - M A X I T R )  82r81r81 
81 WRITE I6r360)ERRORtPMX*PHNIfOLER 

GO TO 5 

N F  I N A L - N  
82 N=N+l 

DO 825 J t l r J T O T A L  
825 S I ~ M A ( J ) = ( G R O ( J ) * F L O W ( J , N - l ) ~ ) / ( S Q R T ( P D R ~ P ( J ~ N - l )  1 )  

SUMeO 0 
00 826 J S l r J T O T A L  

P D # V ( N ) ~ ~ l F L O W I N / S U M )  +*2 
IF(Iy-2) 83183988 

826 S U M = S U M + S I G M A ( J )  

83 DO 835 J P 1 , J T O T A L  
835 X(.J)t=.5 

GO TO 89 

0355 
0356 
0357 
0358 
0359 
0360 
0361 
0362 
0363 
0364 
0365 
0366 
0367 
0368 
0369 
0370 
0371 
0372 
0373 
0374 
0375 
0 3’76 
0377 
0370 
0379 
0380 
0381 
0382 
0383 
0384 
0385 
0386 
0387 
0388 
0389 
0390 
0391 
0392 
0393 
0394 
0395 
0396 
0397 
0398 
0399 
0400 
040 1 
0402 
0403 
0404 
0405 
0406 
0407 
0408 
0409 
0410 
0411 
0412 
0413 
0414 
0415 
0416 

43 



88 DO 8 8 5  J = l t J T O T A L  
AA(*J)=ALOG(FLOW(JtN-l)/FLOW(J,N-Z)) 
B B ( J ) = A L O G ( P D R O P ( J t N - l ) / P D R O P ( J t N - 2 ) )  

885 X ( J ) = A A (  J ) / B B ( J )  
89 DO 6 0 2  J S l t J T O T A L  

602 F L O W ( J t N ) = F L O W ( J t N - l ) t ( P D A V ( N ) / P D R O P ( J ~ N - l ) ) ~ t X ( J )  
GO TO 7 

C 
C CONVERGED R E S U L T S  A T  T I M E  = T A U  
C 

101 I F ( T A U - T A U P R ) 9 3 t 1 0 2 t l O 2  
102 W R I T E  ( 6 r 3 2 5 ) R U N N U M  

WRITE ( 6 t 3 2 6 ) T A U  
W R I T E  ( 6 ~ 3 2 8 ) P E E  
WRITE ( 6 t 3 2 9 )  T I N  
WRITE ( 6 t  330) UENS IN 
WR I T E  ( 6 s 3 3  1) FLOW I N  
WR I T E  ( 6 r450 ) PDROPt  1 t N F  I N A L )  
WRITE ( 6 t Q O O ) P C H A M (  1) 
DO 9 2  J f l t J T O T A L  

WRITE 
rJRITE ( 6 ~ 3 3 5 )  
WR I TE ( 6 t 336 1 
WRITE (69337) 
WRITE ( 6 ~ 3 3 8 )  
DO 90 I = l t A T O T A L  

E J  = J 
( 6 t 3 3 2  1 E J  r O R F S  IZ( J 1 

90 H R I T E  ~ 6 , 3 4 0 ~ I ~ T 8 A V G ~ I ~ J ~ ~ T H A X ~ I ~ J ~ ~ T W A L L ~ I ~ J ~ ~ P A V G ~ I t J ~ t R H O 8 U L ~ I t  
l J )  t P Q (  I t  J) * R E (  I t J )  tHCEE( I t  J )  

WRITE (6.345) 
WRITE ( 6 t 3 4 6 ) T E (  J )  
WRITE ( 6 t 3 4 7 ) P E l J )  
WRITE ( b t 3 4 8 ) R H O E t  J) 
WRITE ( 6 t 4 3 5 ) C A Y L ( J )  
WRITE ( 6 * 4 4 0 ) R A D ( J )  
WRITE ( 6 t 4 4 5 ) G R O ( J )  
WRITE ( 6 t 4 4 6 ) A M O C K t  J I  

92 WRITE ( 6 t 4 1 0 ) F L O W ( J t N F I N A L )  
C 
C (1 )  T O S S ( S T O P 1  OR ( 0 )  S I N G L E  TUBE MODEL C A L C U L A T I O N  OF WALL 
C TEMPERATURE A T  T I M E  T A U  + O E L T A  TAU 
C 

93 I F ( T O S S - 1 . O L  781t515 
781 I F ( T A U - F I N A L 1  80t5t5 

C 
C S I N G L E  1UBE MODEL 

80 DO 85 J t l t J T O T A L  
DO 85 I = l t I T O T A L  
ARR = 1 
DUM = APR+DELTAL 

OUHH = RAD(  J) 
EHULT = D A T A (  DUM, 7)  

E M U L T I  = DATA(DUMH,8)  
ON( I t J )  = U G I N + E H U L T + E M U L T I + C A Y 5  

DO 86 J x l t J T O T A L  
DO 8 6  I=lt I T O T A L  
D U H B = T M ( I t J )  
DUCT( I , J ) = D A T A ( D U H B t 6 )  
CEEP( I t  J ) = D A T A (  DUMB* 5 )  
00 8 6 5  J = l , J T O T A L  

85 D P ( I t J )  = (UNlItJ)-QT(ItJ))+D€LTAU 

86 

0417 
0418 
0419 
0420 
042 1 
0422 
0423 
n R .  

0425 
0426 
0427 
0428 
0429 
0430 
0431 
0432 
0433 
0434 
0435 
0436 
0437 
0438 
0439 
0440 
0441 
0442 
0443 
0444 
0445 
0446 
0447 
0448 
0449 
0450 
0451 
0452 
0453 
0454 
0455 
0456 
0457 
0458 
0459 
0460 
0461 
0462 
0463 
0464 
0465 
0466 
0467 
0468 
0469 
0470 
0471 
0472 
0473 
0474 
0475 
0476 
0477 
0478 

U-.L- l  
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Q L (  1 9  J)=O.O 
865 Q L ~ I T O T A L r J ~ ~ D U C T ~ I T O T A L ~ J ~ ~ A L ~ ~ T M ~ I T O T A L ~ l ~ J ~ ~ T M ~ I T O T A L ~ J ~ ~ * D E L T A  

1u 
DO 866 J t l s J T O T A L  
DO 866 I = Z , I T O T M l  
Q L ( I ~ J ~ = D U C T ( I r J ) * A L * ~ T M ~ I + l ~ J ) + T M ~ I ~ l ~ J ~ ~ 2 ~ O * T M ~ I , J ~ ~ * D E L T A U  
I F I Q L I I r J ) ) 8 6 6 r 8 6 6 r 8 8 6 6  

8866 PL( IrJ)=O. 
866 C O N T I N U E  

00 87 J S l r J T O T A L  
DO 87 l = l r I T O T A L  
D E L T A T I I r J ) = ( D Q ( I r J J + ~ L ( I ~ J ) ) / ( W f C E E P ( I ~ J ~ )  
T M ( I r J ) = T M ( I r J ) + D E L T A T ( I I J )  
I F ( T H (  I r J ) - T B A V G ( 1 1 J ) ) 8 7 1 r 8 7 , 8 7  

871  T M ( I s J 1  = T B A V G ( 1 , J I  
87 T W A L L ( I r J ) = T M ( I r J )  

T A U  = TAU+DELTAU 
GO TO 1 

C 
C 
C 
C 

4 FORMAT(12F6 .O)  
10 FORMAT( 12F6.43 
12 FORMAT (,8F9 . 4 1 
14 FORMAT( 111) 

100 F O R M A T ( 3 3 X ~ 6 6 H M A X I M U M  NUMBER OF I T E R A T I O N S  WAS REACHED BEFORE PRES 
l S U R E  CONVERGED) 

1 VERGED) 
120 F O R H A T ( 2 X ~ 5 9 H M A X I M U H  NUMBER OF I T E R A T I O N S  WAS REACHED BEFORE P CON 

125 FORMAT ( 2 x 1  8HERROR = r F 7 0 5 , 5 X 1 9 H Q  USED = r F L 3 . 8 r 5 X r l Z H T O L  

ZOO FORMAT(2X,22HPRESSURE WENT N E G A T I V E )  
250 F O R M A T ( 2 X r 4 H P l  0 r F 1 1 . 3 r 4 H P 2  = r F 1 1 . 3 r 7 H T E R H l  = r F 1 1 * 3 r 7 H T E R H 2  = r F 1 1 *  

l E R d N C E  = r F 7 0 5 r 5 X * 8 H O L D  Q = r F 1 0 . 8 , l O H  S T A T I O N  =,I31 

1 3 r 8 H D E L T A P  = r F l l . 3 r l l H  S T A T I O N  = ,121 
300 F C l R M A T ( 2 H l  r l O H R U N  NUMBERtF8.0936X,23HPRINT OUT OF I N P U T  DATA / / I  
302 F O R H A T ( 2 X r 2 3 H T I H E  INCREMENT ( S E C )  = r F 6 - 2 )  
303 F O R M A T ( 2 X r Z L H I N I T I A L  T I M E  ( S E C )  = rF6.2) 
304 F O R M A T ( Z X , 4 4 H F I N A L  T I M E  IN SECONDS ( C A L C U L A T I O N S  S T O P )  = rF7.2) 
305 F O R M A T ~ Z X I Z ~ H L E N G T H  OF C E L L  ( :NCHESI = rF6.2) 
306 F O R M A T ( 2 X r 2 7 H I N S I D E  D I A M E T E R  ( I N C H E S )  = rF7.4) 
307 F O R M A T ( 2 X r 2 8 H O U T S I D E  D I A M E T E R  ( I N C H E S )  = rF7.4) 
308 F O R M A T ( 2 X , 3 4 H I N L E T  PRESSURE L O S S  C O E F F I C I E N T  = r F 6 . 3 )  
309 F O R M A T ( 2 X r 3 3 H N U M B E R  OF S T A T I O N S  PER PASSAGE = r F 5 - 0 )  
310 FORMAT(2X,A5HCORE D I A M E T E R  prF9.4) 
311 F O R M A T ( Z X ~ 4 l H D E N S I T X  OF CORE M A T E R I A L  ( L B / C U *  I N C H )  = r F 8 . 5 )  
312 FORMAT(2X~24HCONVERGENCE TOLERANCE 0 rF7.5) 
313 F O R M A T ( 2 X ~ 4 7 H M A X I H U M  NUMBER OF I T E R A T I O N S  FOR CONVERGENCE * r F 5 - 0 )  
325 F O R M A T ( 2 H A  r l O H R U N  NUMBERrF8.0,39Xrl4HPROGRAM OUTPUT / / I  
326 F O R M A T ( 2 X r 7 H T I M E  = r F 6 . 2 1  
328 F O R H A T ( Z X e 1 6 H P R E S S U R E  ( I N )  = ,F10.3) 
329 FORMAT(2Xr l9HTEMPERATURE (IN) f rF9.3) 
330 F O R M A T ( 2 X r l S H D E N S l T Y  ( I N )  = rF10.6) 
331 F O R M A T ( Z X r 9 H F L O W I N  * rF10-6 )  
332 F O R M A T t Z H J  9 4 3 X 9 1 4 H P A S S A G E  N U M B E R ~ F ~ O O , ~ X , ~ ~ H D R I F I C E  D I A M E T E R  = r F  

335 F O R M A T ( 5 2 X s 2 9 H ( A V E R A G E  V A L U E S  IN EACH C E L L ) / / )  
336 F O R M A T ( 1 3 X ~ l O H B U L K  F L U I D r 3 X p l Z H M A X  H A T E R I A L ~ ~ X ~ ~ H W A L L I ~ O X ~ ~ H B U L K ~  

1 4 0 X r 1 3 H H E A T  TRANSFER)  
337 F O R M A T ~ 2 X ~ 7 H S T A T I D N ~ 3 X ~ l l H T E M P E R A T U R E ~ 3 X ~ l l H T E M P E R A T U R E ~ 3 X ~ l l H T ~ M P  

l € R A T U R E ~ 3 X , 8 H P R E S S U R E , 4 X ~ 7 H D E N S I T Y ~ 9 X r 9 H H E A T  F L U X , 7 X r B H R E Y N O L D S r S X  
2 r 1 5 H C O E F o  ( B T U / S E C - )  

16-41 

0479 
0480 
0481 
0482 
0483 
0484 
0485 
0486 
0487 
0488 
0489 
0490 
0491 
0492 
0493 
0494 
0495 
0496 
0497 
0498 
0499 
0500 
0501 
0502 
0503 
0504 
0505 
0506 
0507 
0508 
0509 
0510 
0511 
0512 
0513 
0514 
0515 
0516 
0517 
0518 
0519 
0520 
0521 
0522 
0523 
0524 
0525 
0526 
0527 
0528 
0529 
0530 
0531 
0532 
0533 
0534 
0535 
0536 
0537 
0538 
0539 
0 5 4 0  
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338 F O R M A T ( l 3 X r 9 H ( R A N K I N E ) r 5 X r 9 ~ ~ R A N K I N E ) , 5 X , 9 H ( R A N K I N E ) , 6 X r 5 ~ ~ P S I J , 4 X  
l r lOH(LB/CU F T ) , 3 X r 1 7 H ( B T U / S E C - S Q o I N C H ) ~ 6 X ~ 3 H N O o , 5 X r l 9 H I N C ~  SQ - DE 
ZGREE R ) / / )  

340 F O R M A T ~ 5 X ~ I 2 ~ F 1 5 ~ 3 r F l 4 ~ 3 ~ F l 4 ~ 3 ~ F l l ~ 3 ~ F l 2 ~ 5 ~ F l 8 ~ 8 ~ F l 5 ~ Z r F l 5 ~ 6 ~  
345 FORMAT(2HJ r54Xp23HPASSAGE EXIT CONDITIONS) 
346 FORMAT(54X,14HTtMPERATURE = rF10.41 
347 FORMAT( 54x1 llHPRESSURE = . F i ; . i t i  
348 FORMAT(54Xr1OHDENSITY = rF14.6) 
350 FORMAT,[ ZXr3OHMACH NUMBER HAS EXCEEDED UNITY) 
355 FORMATI2Xt14HMACH NUMBER rF10.2) 
360 FORMAT (ZXIBHERROR rEl5.8r4Xr7HPMAX = rEL5.8r4Xr7HPMIN = rE15.8 

400 FORMAT(~XIZ~HNOZZLE CHAMBER PRESSURE =rF8.2) 
410 FORMAT(49Xr28HFLOW-RATE I N  EACH PASSAGE = rF9.6//) 
415 FORMAT(ZXr 15HVOID FRACTION xrF7.4) 
420 FORMAT(2Xr20HRADIUS OF G Y R A T i Q F i  =,Ff.4) 
425 FORMAT(2Xr27HNUMBER OF PASSAGE GROUPS = rF5.1) 
428 FORMAT(56XrZlHHATERIAL TEHPERATURES) 
430 FORMAT121F6.0) 
435 FORMAT(2HJ r44Xr33HINLET PRESSURE LOSS COEFFICIENT =rF7.4) 
440 FORMAT(54Xr17HRADIAL POSITION = rF7.2) 
445 FORHAT(46Xfi33HNUMBER OF PASSAGES WITHIN GROUP =rF7.0) 
446 FORHAT(50Xr23HPASSAGE EXIT MACH NO- = p  F7.5) 
447 FORMATtZHJ 95x1 26HHEAT TRANSFER CORRELATIONS) 
448  FORMAT(2HJ r15HTUKBULENT- H=rF6.4t49H (K/D)  (RE+*O.8) (PR**O 

lr4Xp8HTOLfR = r E l f i o 8 J  

1.40)* (TWALL/TBULK)*+(rF6.3rl2H) ( L / D ) * + ( r F 6 0 3 r 2 8 H )  ( d U  
2LK PROPERTIES) J 

lOl lREPR/(X/DJ (BULK) ) 

449  FORMAT (2HJ r73HLAMINAR- H=(K/0)(4.36+ (0*036RkPR/(X/D) I /  (1+0-0 

450 FORMAT(~XI~~HPRESSURE DROP =rF11.6) 
EN 0 

0541  
0542 
0543 
0544  
0545 
0546 
0547 
0548 
0549 
0550 
0 5 5 1  
0552 
0553 
0554  
0555 
0556 
0557 
0558 
0559 
0560 
0561  
0562 
0563 
0564 
0565 
0566 
0567 
0568 
0569 
0570 
0571  
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C 
C 
C 
C 
C 
C 

C 

C 
101 
102 

10 

70 

75 
1 

2 

3 

4 

5 

6 

7 

8 

12 

11 

Listing of DATA F U N C T I O N  Subprogram 

DATA FUNCTION 
DATA FUNCTION IS A SUBPROGRAM WHICH READS TWD- 
DIMENSIONAL DATA INTO CORE STORAGE AND LINEARLY 
INTERPOLATES OR EXTRAPOLATES FOR DATA POINTS AS 
THE USER DESIRES. 

.FUNCTION DATA (XBARrL) 

DIMENSION X(125+8)r NUM(8)r Y(125r8) 

FORMATI 2 I3 ) 
FORMAT112F6.21 
IFtL)lOrlOr11 
READ f5rlOl)M 
WRITE (6r80)M 
DO 12 ImlrM 
READ (5rlOl)KlrKZ 
NUnIK2 3 =K1 
READ (5.102)(X(JrK21rJ~lrKl) 
READ (5r102)(Y(JrK2)rJ~lrKl) 
IF (M-8175r75r70 
WRITE (6959) 
GO TO 12 
GO TO (1,2r3a4,5,6r7r8)rI 
WRITE (6 r90)Kl rK2 
WRITE (6951) 
WRITE (6,601 (X(JrK2)rYIJrK2)r J”lrK1) 
GO TO 12 
WRITE (6,90)KlrK2 
WRITE (6952) 
WRITE (6,60)(X(JrK2)rY(JrK2)r JIleK1) 
GO TO 12 
WRITE (6r901KlrK2 
WRITE (6,531 
WRITE (6r6O)(X(JrKZ)rY(J,K2), JnlrK1) 
GO TO 12 
WRITE (6r90IKlrK2 
WRITE (69541  
WRITE (6r60)(X(JrK2)rY(JrK2)r JIlrK1) 
GO TO 12 
WRITE I6r90)KlrK2 
WRITE (6rS5) 
WRITE (6,6O)(X(JrK2)rY(JrK2)r JSlrK1) 
GO TO 12 
WRITE (6r901KlrK2 
WRITE ( 6 ~ 5 6 1  
WRITE (6,60)(X(JrK2)rY(JrK2), JPlrK1) 
GO TO 12 
WRITE 16r90)KlrKZ 
WRITE (6,571 
WRITE (6,6O)(X(JrKZ)rY(JrK2), JslrK1) 
GO TO 12 
WRITE (6,90)KlrK2 
WRITE ( 6 9 5 8 )  
WRITE (6r60)IX(JrKZ),Y(JrK2)r JelrK1) 
CONTINUE 
DATA- 0 0 
GO TO 13 
N=NUM ( L 1 
IP IXBAR*X( l rL ) )  14r14r15 
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1 4  

1 5  
17  

18 
19 
20 

2 1  
2 2  

23 
1 3  
c 
C 
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  

6 0  
8 0  
90 

48 

FORMAT (52X,4HTIME,14X,9HFLOW-RATE / / I  
FORMAT (52X,4HTIME,12X, l 4 H I N L E T  PRESSURE / / )  
FORMAT (52Xr4HTIME,lOX,llHINLET TEMPERATURE / / I  
FORMAT (52X,4HTIME,lZXtl3HMAXIMUM POWER / / )  
FORMAT ( ~ ~ X , ~ ~ H T E M P E R A T U R E , ~ X W ~ ~ H S P E C I F I C  HEAT / / )  
FORMAT (48X,llHTEMPERATUREr6X~ZOHTH€RMAL CONDUCTIVITY / / I  
FORMAT 147X,14HAXIAL POSITIONe5X,18HAXIAL POWER FACTOR / / )  
FORMAT ( 4 6 X v l S H R A D I A L  POSITION,5X,19HRAOIAL POWER FACTOR / / I  
FORMAT(ZX,59HNUMBER OF INPUT VECTORS EXCEEDS NUMBER OF WRITE OUT F 

lORMATS / / I  
FORMAT (49X,F8.2,14X,Fl l .5)  
FORMAT(lHl,SX*39HNUMBER OF INPUT VECTORS I N  THE ARRAY I S 9 1 3  / / I  
FORMAT ( l H J s 2 5 X ~  

1 49HNUMBER OF ELEMENTS I N  FOLLOWING VECTORS SHOULD BE,14*2X 
2927HAND THE ASSOCIATED INDEX I S 1 1 4 1  

END 



Core A n a l y t i c a l  C o d e  Input  F o r m a t  

1 9 
T O T A L L  
x x . m  

C a r d  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

10 18 19  27 28 36 37 45 46 54 55 63 64 72 
D D E L T A L  COD ALPHA DELTAU F I N A L  RUNNUM xx.xxxx xx.xxxx xx.xxxx x x . m  x x . m  x x . m  x x . m  

1 9 
C O W  
x x . m  

10 18  1 9  27 28 36 37 45 46 54 
T A U I N  T O T  ETRMAX TOLER RHO 
xx.xxxx x x . m  x x . m  xx.m x x . m  

1 9 
TJdSS 
xx.xxxx 

I 1  1 

10 18  19  27 28 36 37 45 
V VFILM TS TAUPR 
x x . m  xx.xxxx x x . m  x x . m  

NFLUID 
X 

1 617 12  
RAD( I)- 
x . x x x x ~ x . m  

13  18 1 9  24 25 30 3 1  36 37 42 43 48 49 54 55 60 6 1  66 67 72 

x . m  x.xxxx x.xxxx x . m  x . m  x.xxxx x . m  x . m  

1 617 12  
ORFSIZ( I)- 
x . m ~ x . x x x x  

13  18  19  24 25 30 3 1  36 37 42 43 48 49 54 55 60 6 1  66 67 72 

x.xxxx x . m  x.xxxx x.xxxx x.xxxx x . m  x . m  x . m  

1 617 12  13  18 19  24 25 30  31 36 
CAYL( I)- 
X.xxxx~X.xxXx x . m  x . m  x . m  x . m  

37 42 43 48 49 54 55 60 6 1  66 67 72 

x . m  x . m  x . m  x.xxxx 

12  13  18 19  24 

x . m ~ x . m  x . m  x . m  

1 3  
M 

25 30 3 1  36 37 42 43 48 49 54 55 60 6 1  66 67 72 

x.xxxx x . m  x.xxxx x.xxxx x . m  x.xxxx 

49 

1 617 1 2  
m(1, J)-- Xxxx.X~xxXX.X 

13  18  19  24 25 30  3 1  36 37 42 43 48 49 54 55 60 6 1  66 67 72 

xxxx.x xxxx.x xxxx.x m . x  xxxx.x xxxx.x m . x  xxxx.x m . x  m . x  

1 6 
ATURB 
x . m  

7 1 2  13  18  
BTURB CTURB 
x.xxxx x . m  



Card 

13 1 6 7 12  
TIME (set)-+ 
xxx.xx xxx.xx 

14  

13 18 19 24 25 30 31 36 37 42 43 48 49 54 55 60 61  66 67 72 

xxx.xx xxx.xx xxx.xx xxx.xx m.xx xxx.xx xxx.xx m.xx xxx.xx xxx.xx 

15 

1 617 12113 1RIl9 24 

xxx.xx~xxx.xx~xxx.xx~xxx.xx 
FLOW RATE (lb/sec)- 

i 6  

66 67 -- 2'; 30  31 36 37 42 43 40 49 24 2; I d  

xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx m.xx xxx.xx xxx.xx 

17 

K 1  

18 

1 3 4 6  
K 2  

x x 2  

19  

i 61 I 12 13 18  
TIME (sec)- 
xxx.xx(xxx.xx xxx.xx 

20 

~~. 
19 24 25 30 31 36 3 7  42 43 48 49 54 55 60 6 1  66 67 72 

m.xx m.xx xxx.xx m.xx xxx.xx m.xx xxx.xx xxx.xx xxx.xx 

21 

24 

xxx.xx xxx.XX~Xxx.XX~xxx.XX 

22 

25 30 31  36 3 7  42 43 48 49 54 55 60 6 1  66 67 72 

xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx m.xx 

23 

K 1  
xx 

24 

1 3 4 6  
K2 
3 ~- ~ 

37 42 

m.xx 
~- 

43 48 49 54  55 60 61  66 67 72 

xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx 

1 617 1 2 / 1 3  18119 24 
INLET TEMPERATURE (OR)- 
xxx.xx~xxx.xx~xxx.xx(xxx.xx 

25 30 31  36 3 7  42 43  48 49 54 55 60 61  66 67 72 

xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx xxx.xx m.xx xxx.xx 

K 1  

~ 

1 3 4 6  
K2 

x x 4  

xxx.xx~xxx.xx 
13 18  19  24 25 30 31  36 37 42 43  48 49 54 55 60 61  66 67 72 

xxx.xx m.xx xxx.xx xxx.xx m.xx x x x . x x , m . x x  XXX.XX X-XX.XX X-XX.X-Y 

1 6 7 12  13 18 1 9  2 4 / 2 5  30131 36 
MAXIMUL HEAT !ENERAT!ON RATE (Btu/( s e c )  
xxx.xx(xxx.xx~xxx.xx~xxx.xx)xxx.xx~m.xx 

37 42 43 48 49 54  55 60 6 1  66 67 72 
( i n . 3 ) ) L  

- 

xxx.xx~xxx.xx xxx.xx m.xx m.xx m.xx 
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Card 

25 1 9  24 

xxx.xx 

26 

25 30 31 36 37 42 43 48 49 54 55 60 61 66 67 72 

xxx.xx xxx.XX xxx.xx xxx.xx xxx.xx xxx.XX xxx.xx xxx.xx 

27 1 3 4 6  
K1 

28 

K2 
X X 6  

29 

19 24 

xxx.xx 

30 

25 30 31 36 37 42 43 48 49 54 55 60  61 66 67 72 

xxx.xx m.xx m.xx xxx.xx xxx.xx xxx.xx m.xx xxx.xx 

31 

1 3 4 6  
K 1  

32 

K2 
x x 7  

33 

24 

xxx.xx~Xxx.xx~xxx.Xx xxx.xx 

34 

25 30 31 36 37 42 43 48 49 54 55 60 61 66 67 72 

xxx.xx xxx.xx m.xx xxx.xx m.xx xxx.xx xxx.xx xxx.xx 

35 

1 6 7 12  113 18119 24125 30 31 36 
A X I A L  LOWER FACTOR (Pi/P,ax)- 
XXX.xx~xXx.xx~xxx.xx~xxx.xxIxxx.xx m.xx 

37 42 43  48 49 54 55 60 61  66 67 72 

m.xx xxx.xx xxx.xx m.xx m.XX xxx.xx 

1 3 4 6  
K1 K2 
x x 8  

24 25 30 31 36 37 42 43 48 

xxx.xx xxx.xx~xxx.Xx~xxx.xx m.xx m.xx m.xx xxx.xx 
49 54 55 60 61  66 67 72 

m.xx xxx.Xx 

31 36 

m.xx 
37 42 43 48 49 54 55 60 61  66 67 72 

xxx.xx xxx.xx xxx.xx xxx.xx 
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Vent- 

-Gaseous hydrogen 

,-Tank facility valve 

,-Tank shutoff valve 

ischarge valve 

\I 

Liquid-hydrogen 
dump valve 

,-&in. propellant 
feed l ine pipe 

I 
I 

Figure 1. - Schematic drawing of nuclear-rocket cold-flow experiment. 
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’* Flow separator 
Spring retainer 
Support plate- 
Mylar seal 
Asbestos seal 

Y I 

support tube 

Fuel element 
Module 

I I / / /  /A 
/ 

Pressure vessel 

Mylar seal 

Fuel-element support 

Reflector bracket 

1 ir u 
Figure 2. - Schematic drawing of reactor. 

u 
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(a )  Instrumented fuel elements and module. 

,-Full-length fuel element 

- . . . . . . 

A 

t 

'olenum / I 

support collarsJ 

.i 52.B in. 
A-A 

(b) Core regular module assembly. 

Figure 3. - Reactor components. 
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( c )  Installation of plunger. spring, and plug assembly. 

( d )  Outer aluminum reflector i n  assembly stand. 
Figure 3. - Concluded. 
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CORE INLET 

in core, of module. 

deg in. 

RP-121 
RP-123 

RT-343 
RT-344 
RT-345 
RT-349 
RT-350 
RT-353 
RT-354 
RT-392 

16 180 -10 
5.38 180 -7.75 

Fluid temperature 

162 
5.5 354 
5.5 174 

17. 1 

Angular position 
in core, 

0, 
deg 

-3.12 
-3.12 
-3.12 
-6.75 
-6.75 
-8.25 
-8.25 
-3.12 

Distance from to1 
of module, 

2, 
in. 

RP-28 
RP-29 
RP-33 
RP-38 

esignation Item IRadius* r, 

17.3 15 .25 
17.3 15 51.6 
13.1 15 .25 
13.1 15 51.6 

I in. 

RT-1 
RT-2 
RT-3 
RT-4 
RT-5 
RT-15 
RT-16 
RT-17 
RT-18 
RT-19 
RT-20 
RT-25 
RT-26 
RT-27 
RT-28 
RT-29 
RT-)O 
RT-31 
RT-32 
RT-33 
RT-34 
RT-35 

Material temperature 

0.17 I 
I 

9.6 
12.5 

14.4 
17.0 

1 
0.62 

1 

75 

Fluid temoerature 

1.0 
8.8 

16.6 
32.3 
47.9 
49.5 
2.6 

10.4 
18.2 
33.9 
49.5 
49.5 
2.6 

10.4 
18.2 
33.9 
49.5 

3.1 
10.9 
18.7 
34.4 
50. 

RT-56 1.7 
RT-58 8.8 
RT-59 12.9 
RT-60 13.9 
RT-61 17.0 

Distance 
from top 
of module, 
2 

t 
-8.25- 
-6.75- 

-3.12- 

0- 

3.0 - 

10.4 - 

18.2 - 

34.4- 

51.0- 

52.25- 

1 L 

1 1 1 1 
0 5 10 15 

Radius, r, in. 

Figure 4. - Core instrumentation locations. 
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RAKE 
I I I I I 
1 Item 
designation r, in core, of nozzle, 

1 Radius, 1 A.n:!!ar pcsi!k!~ I Di:!:nce from !GP 

in. 8, x, 
deg in. 

Fluid temperature 

NT-60 11.5 22 4.0 
NT-61 5.5 22 
NT-62 . 5  202 
NT-63 5.5 202 I I I 

NOZZLE CHAMBER 

in core, of nozzle, 

in. 

Fluid temperature 

Instrumenta- 

t -- ... . . . 

NT-67 
NT-68 

Pressure 

320 12.5 

Figure5. - 

. 

1 I I I I 
18 9 0 9 18 

Radius, r, in. 

Nozzle-chamber instrumentat ion.  



Fil ler p lug  (same material as base) 

Base material 

Copper-constan tan thermocouple 
(brazed in plug) 

(a) Thermocouple installation for  material temperature 
measurements in metal parts. 

thermocouple 

(b) Thermocouple instal lat ion in graphite parts. 

Figure 6. - Details of typical 

Potted with a luminum 1/16-in.-diam tube 

0.040-in. -diam tube (0.005-in. 
wall) brazed to 1/16-in.-diam tube 

0.029-in. d r i l l  for 

( c )  Static-pressure-tap instal lat ion in reactor components. 

pressure and thermocouple installations. 
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Read input  data U 
Calculate core I in le t  conditions 

j = 1  

value for heat 
I 

pressure drop 

and average f l u id  

f l ux  based on  
average f l u id  
properties I"*"" p 
converged? 

1 Yes 
9 

I Calculate maximum I material temperature 

15 
7 

j = 1  u 
Correct 
passage 
flow rates 

Are  pressure 

across a l l  
passages? 

1 

+Last passage?] 

1. 
11 I 

10 + Determine core 
exit  conditions 

c and pressure 
drop across 

Was t h i s  last Yes 
increment? 

No passage 

I = I + l  
I 

Yes ? No - 
T = T + A T  

Determine wall 
temperatures at 
t ime T + A T  

+-I List resul ts 

Figure 7. - Simplif ied flow diagram for Core Analytical Code (CAC). 
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A-A 

Figure 8. - Single-tube-model geometry. 
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& 
E .- 
c L 

0 

c 0 

U c 
3 

.- 
c 

- 64 

W 
L 0 
0 



0 RT-349 12 342 
0 RT-350 12 162 
0 RT-353 5.5 354 

20 10 0 10 20 5 

0 10 20 
Radius, r, in. 

(b) W i t h i n  support plate passages. 

Figure 10. - Core i n le t  gas radial temperature profiles as funct ion of 
radius. R u n  19. 
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I ,rNozzle-inlet 
&' long duct 
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Figure 11. - Nozzle chamber instrumentat ion schematic drawing and temperature 
distr ibut ion af ler 25 seconds of run 19. 
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Figure 12. - Core exit gas temperature profiles for run 19. 
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Figure 13. - Flow rate as function of time. 
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Figure 14. - Nozzle-chamber temperature as funct ion of time. 

69 



600 

ce 520 

e c c 440 
c m 
L 
a) a. 

P) 
E 
c 

5 360 

F 

L 
P) c m 

P) L 

0" 280 

Predicted maximum ma- 
t er i a l  temper at u r e  2 m I l  l l l l l l ~ ~ ~ ~ ~ .  

0 8 16 24 32 40 48 56 
Distance from core inlet, L, in. 

Figure 15. - Core-material temperature as func t ion  of distance from core in let  
for run 19. 
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Figure 16. - Core-material temperature as func t ion  of 
t ime at L -  33 inches for run 19. 
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Figure 17. - Nozzle-chamber pressure as function of time. 
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Figure 18. - Core pressure drop as function of time. 
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Figure 19. - Coolant pressure as function of distance from core inlet for run 19. 
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f i le  Scale - 100. 

Figure 20. - Surface profile and variations in average roughness of core fue l  elements. 

k-Core diameter 

Assumptions: 
(1) Al l  or i f ices in each group are t h e  same diameter. 
(2) Conduction between groups i s  negligible. 
(3) Radial heat generation does not vary w i t h i n  each group. 

Figure 21. - Core radial geometry model 

74 



ow area = n2DZore 

rea for one hole = ;D2 

lmber Of 

aterial area = 11 - nl$DZore 
aterial area . Material area 

Hole Number 01 holes 
ngle tube model outside diameter 

Fldu area 
Area lor one hole 

D = 4- 
= 767 
TI 

win = DATA I?, 11 

Pin DATA I?, 2) 
Tin DATA I?, 31 
ENmax  = DATA I?, 41 

Number of holes 

f 
13 

'old pout 
pout. Hout 

pout- bu t ,  Tout. Cpout. b u t  

1 H2Subr 

pav = ( p i n +  pout$ 
'b,av, 'av 

1 H2 Subr 

pb,av 

Reb =l 
vb,av 

Laminar: f = 16/Reb 
Turbulent: Y = In(RebxlO-q t 10 

GD 

f = (0.1552 - 0.04412 Y t 0. W5318 Y2 

If Pout negative - go to 5 

Error = 1 -% I poutl 
Error < TOLER? 

Yes I 
5i 

G.D 
Reb = 1 

Prb = 

htr=AaReo 

Q = htrOAUT, - Tb, 11 

- 
Hout. Pout 

Tout 
+ H2 Subr 

Tb,av = (11 tTout)12 

lb,av, 

Pay ~ (PI  + POUt1/2 

1 H2 Subr 

CP. h )1 

Reb i 
c 

Laminar: 

Turbulent: 

h = A f R e o . 8 P r o . 4 ( ~ ~ ( ~ f  

Q = hnDAL(Tw - Tbl 

=t+k 
If M > 1 - go to 5 

L 

Error = 11 -TI Qold 

Error < TOLER? 
NO Yes 

4 

I End of passage? I 

Te =Tout 
Pe Pout 

- 
Figure 22. - Detailed f l w  diqram lor Core Analytical Cade (CACI. 

r - 5 -  Write output 

75 



ce. T b e  Administistion 
ropriate dir~emination 

3 
NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: Scientific and technical information considered 
important, complete, and a lasting contribution to existing knowledge. 

. TECHNICAL NOTES: Information less broad in scope but nevertheless 
. of &pdrtarlCf2 as.a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

, CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS Information derived from or of value to 
NASA activities but not necessarily reporting the results of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Details on the availability OF these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


