
https://ntrs.nasa.gov/search.jsp?R=19700032917 2020-03-11T23:02:46+00:00Z



FTAS /TR- 68- 34 

FLOW EXCURSIONS I N  

A SIMULATED GAS-COOLED REACTOR PASSAGE 

bY 

P a u l  V i n g e r h o e t  and Eli R e s h o t k o  

S e p t e m b e r  1968 



ABSTRACT 

When a gas  flows i n  a heated s lender  tube i t  exh ib i t s  t h e  unusual 

c h a r a c t e r i s t i c  of  having two poss ib l e  flow rates f o r  a given pressure  

drop when t h e  hea t  rate t o  t h e  gas is constant .  The lower flow rate 

is uns tab le  and is  assoc ia ted  with laminar flow while  t h e  l a r g e r  flow 

rate is  assoc ia ted  wi th  turbulen t  flow and is considered s t a b l e .  

These c h a r a c t e r i s t i c s  have been noted t h e o r e t i c a l l y  and have a l s o  

t o  some ex ten t  been observed i n  the  laboratory.  

present  study is t o  experimentally s tudy t h e  c h a r a c t e r i s t i c s  of flow 

excursions bel ieved t o  r e s u l t  from t h e  laminar i n s t a b i l i t y .  

The purpose of t h e  

I n  t h e  present  work t h e  s teady-s ta te  c h a r a c t e r i s t i c s  of helium 

gas flowing i n  an e l e c t r i c a l l y  heated .094" I D  Nichrome V tube 54" i n  

length  w e r e  observed and recorded. Constant p r e s s u r e  drop excursions 

were a l s o  t r i gge red  and observed and t h e i r  t ime-his tor ies  are presented 

herein.  

excursion is non-osci l la tory and non-violent, and has a c h a r a c t e r i s t i c  

t i m e  p ropor t iona l  t o  t h e  hea t  capac i ty  of t h e  tube,  namely of t h e  

order  of seconds t o  minutes. 

The r e s u l t s  tend t o  s u b s t a n t i a t e  Reshotko's theory t h a t  an 
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1. INTRODUCTION 

1.1 Origin and General Discussion of the  Problem 

I n  the  core  of a nuc lear  rocket engine,  t he  propel lan t ,  hydrogen 

gas,  is heated i n  hundreds of paral le l  coolant  passages t o  tempera- 

t u r e s  a t  core  e x i t  as high as 20-30 t i m e s  those a t  core  entrance (1).  

A t y p i c a l  s o l i d  core  nuc lear  rocket  of t he  type discussed here in  is 

shown i n  Figure 1 depic t ing  t h e  coolant  passages i n  a cutaway. 

I n  such a r eac to r  t he  s t a t i c  pressure  drop across  a l l  the  cool- 

an t  passages is  set by the  pressure  drop between the  i n l e t  and o u t l e t  

plenums. It i s  conceivable t h a t  non-uniform flow d i s t r i b u t i o n s  could 

e x i s t  among the  flow passages,  due e i t h e r  t o  dimensional d i f f e rences  

o r  t o  non-uniform s p a t i a l  hea t  generat ion rates, thus poss ib ly  i n f l i c t -  

ing a l i m i t  on the  performance of such a nuc lear  propulsion system. 

I n  t h e  ana lys i s  of the  s teady flow of a gas i n  a tube with 

f r i c t i o n  and hea t  add i t ion  ( t h i s  model i s  app l i cab le  t o  high tempera- 

t u r e  r a t i o  heat-exchangers as w e l l  as t o  nuc lear  rocket  engin&*) one 

f inds  some i n t e r e s t i n g  p e c u l i a r i t i e s .  A t  a constant  hea t  rate t o  

t h e  gas t h e  pressure  drop versus  flow rate curves are concave upward 

i n  the  laminar-turbulent flow regime. This genera l  shape i n d i c a t e s  

t h e  ex i s t ence  of two poss ib l e  flow rates f o r  any given pressure  drop 

a t  a constant  hea t  rate t o  t h e  gas. 

* Even though only t h e  nuc lear  rocket  app l i ca t ion  i s  discussed here in ,  
t he  r e s u l t s  of t h i s  i nves t iga t ion  are of i n t e r e s t  i n  p red ic t ing  the  
s t a b i l i t y  c h a r a c t e r i s t i c s  of high temperature r a t i o  heat-exchangers, 
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Also, t he  ou t l e t - to - in l e t  gas temperature r a t i o  decreases monotoni- 

c a l l y  with increas ing  flow rate i n  laminar-turbulent t r a n s i t i o n  region. 

A r ep resen ta t ive  set of s teady-s ta te  c h a r a c t e r i s t i c s  are shown below, 

PI a 
n 

where f o r  any given flow rate the  pressure  drop increases  with 6 as 

shown. The temperature r a t i o  corresponding t o  the  minimum pressure  

drop f o r  any constant  hea t  rate curve is termed t h e  "crit ica1"temper- 

a t u r e  r a t i o .  For temperature ra t ios  g r e a t e r  than c r i t i c a l  t h e  change 

of pressure  drop with flow rate a t  constant  hea t  rate t o  the  gas  is 

negat ive.  This nega t ive  s lope  is assoc ia ted  with laminar flow. For 

temperature r a t i o s  less than c r i t i c a l  the  s lope  i s  p o s i t i v e  and the  

flow is usua l ly  turbulen t .  
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Much a t t e n t i o n  has  been devoted t o  t h e  l e f t  o r  laminar por t ion  

of t h e  s teady-s ta te  c h a r a c t e r i s t i c  curves s i n c e  t h i s  por t ion  of the  

curve is bel ieved t o  be unstable;  i n  f a c t  t h e  i n s t a b i l i t y  has been 

coined a "laminar i n s t a b i l i t y " .  

b i l i t y  spontaneous flow excursions t o  higher  o r  lower flow rates are 

presumed t o  take  place i f  one were t o  opera te  on the  negat ively sloped 

por t ion  of a s teady-s ta te  c h a r a c t e r i s t i c  curve,  assuming t h a t  t h e  

pressure  drop is  he ld  constant .  

A s  a r e s u l t  of t h i s  laminar i n s t a -  

One of t he  e a r l y  a n a l y t i c a l  endeavors on t h e  s t a b i l i t y  of gas 

flows i n  heated channels w a s  by Longmire ( 2 ) .  Using a per turba t ion  

technique he showed t h a t  i n s t a b i l i t i e s  occur when the  change i n  

pressure  drop with flow rate a t  constant  hea t  rare t o  the  gas is nega- 

t i v e .  H e  a l s o  showed t h a t  t h i s  condi t ion occurs i n  s teady ,  heated,  

laminar gas flows a t  low flow rates and so concluded t h a t  laminar gas 

flow i n  heated channels is  unstable .  

Bussard and DeLauer (3 )  used Longmire's r e s u l t  t o  show t h a t  

t u rbu len t  flow is always s t a b l e  and t h a t  laminar flows are uns tab le  

f o r  l a r g e  exit-to-entrance temperature r a t i o s .  

Guevara, McInteer and P o t t e r  ( 4 )  attempted t o  study laminar in s t a -  

b i l i t i e s  experimentally.  They used helium gas flowing i n  an electri- 

c a l l y  heated c a p i l l a r y  tube instrumented with appropr ia te  thermal,  

and pressure  regula t ing  devices t o  measure the  s teady-s ta te  charac- 

t e r i s t i c s  of t he  flow of gases  i n  heated tubes.  They found t h a t  when 

the  apparatus w a s  operated i n  the  region of nega t ive  change i n  

pressure  drop with flow rate f o r  constant  e l e c t r i c a l  heat ing 
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spontaneous o s c i l l a t i o n s  of t h e  t u b e s ' l o c a l  temperatures r e su l t ed .  

For continuous changes i n  power input  they a l s o  observed "discontin- 

OUS" changes i n  temperature. 

Harry (5) ca l cu la t ed  the  s t a b i l i t y  l i m i t s  of laminar i n s t a b i l i t y  

f o r  t h e  nuc lear  rocket appl ica t ion .  

numerical i n t e g r a t i o n  of the  flow of para-hydrogen i n  long tubes of 

s m a l l  c i r c u l a r  cross-sect ion.  H e  found t h a t  t h e  minimum pressure  

drop a t  constant  hea t  input  occurs j u s t  below t h e  flow rate where t h e  

tube e x i t  condi t ion becomes laminar,  and t h a t  laminar i n s t a b i l i t i e s  

a r e - p o t e n t i a l l y  a problem a t  low pressures  whenever the  wall-to-fluid- 

i n l e t  temperature r a t i o  i s  high. 

H e  d id  t h i s  by d e t a i l e d  

Gruber and Hyman (6) ca lcu la ted  s t a b i l i t y  l i m i t s  and flow sens i -  

t i v i t y  f a c t o r s  f o r  fully-developed laminar gas flows. 

Bankston ( 7 )  experimentally determined s t a b i l i t y  l i m i t s  of gaseous 

hydrogen flow i n  a tube and presented graphs of pressure  drop versus  

flow rate f o r  constant  hea t  input  t o  the  gas f o r  s e v e r a l  d i f f e r e n t  

test  sec t ions .  

Turney, Smith and Juhasz (8) conducted an experiment t o  deter-  

mine the  s teady-s ta te  pressure  drop c h a r a c t e r i s t i c s  of normal 

hydrogen gas flowing i n  an e l e c t r i c a l l y  heated test s e c t i o n  i n  the  

laminar-turbulent flow regime. 

s ta te  a heated channel may have two d i f f e r e n t  flow rates f o r  t he  same 

pressure  drop a t  constant  hea t  rate t o  t h e  gas. 

reasonably w e l l  wi th  theory. They a l s o  show t h a t  f o r  ou t l e t - to - in l e t  

f l u i d  temperature r a t i o s  g r e a t e r  than 5.5 the  change of pressure  drop 

Their  r e s u l t s  show t h a t  i n  t h e  steady- 

Their  r e s u l t s  agree 
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with flow rate is negat ive f o r  a cons tan t  heat  rate t o  the  gas.  

Kolbe (9)  i n  an experimental  program w a s  a l s o  ab le  t o  v e r i f y  the  

ex is tence  of two flow rates f o r  a given pressure  drop and hea t  rate 

t o  t h e  gas. 

More recent ly ,  Reshotko (10) completed a time-dependent ana lys i s  

t o  determine the  na tu re  of t h e  "laminar i n s t a b i l i t y "  problem, includ- 

ing e f f e c t s  of hea t  exchange between the  gas  and the  core  of a nuc lear  

rocket  engine. He  confirmed the  ex is tence  of an i n s t a b i l i t y  when t h e  

change i n  pressure  drop with flow rate is negat ive  f o r  a constant  

hea t  rate t o  t h e  gas. For t h e  case he  cons'idered, Reshotko concludes 

t h a t ,  

... t h e  i n s t a b i l i t y  is not  i n  any way hydro- I 1  

dynamic. Rather,  i t  i s  assoc ia ted  with the  
compat ib i l i ty  between the  hea t - t ransfer  
c h a r a c t e r i s t i c s  of t h e  flow passage and the  
thermal Charac t e r i s t i c  of t h e  core". 

B e  f u r t h e r  concludes t h a t  t h e r e  is nothing v io l en t  about t he  in s t a -  

b i l i t y ,  s ince  t h e  c h a r a c t e r i s t i c  t i m e  is  not  i n f i n i t e s i m a l ,  bu t  is of 

t h e  order  of seconds t o  minutes, and t h a t  t h e r e  i s  no o s c i l l a t o r y  

behavior,  but  r a t h e r  a s teady procession away from t h e  s teady equi- 

l ib r ium poin t  during a flow excursion. 

Applying t h i s  theory t o  the  flow passages of a nuclear  rocket  

one assumes i d e a l l y  t h a t . t h e r e  is  no r a d i a l  hea t  generat ion between 

any two flow passages and t h a t  t h e  behavior of one passage does not  

a f f e c t  t he  pressure  d i f f e rence  between t h e  i n l e t  and o u t l e t  plenums 

maintained by t h e  o the r  passages.  Thus i t  i s  conceivable,  i f  t he  

r eac to r  w e r e  t o  opera te  i n  t h e  laminar regime, t h a t  l o c a l  perturba- 

t i o n s  i n  r eac to r  hea t  generat ion might cause flow excursions.  
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Excursions t o  lower flow rates cause tube burnout,  whereas excursions 

t o  higher  flow rates consume excessive amounts o€ propel lan t .  

I n  order  t o  avoid t h i s  unstable  region, nuclear  rocket  engines 

are normally designed t o  opera te  i n  the  region where t h e  flow i n  t h e  

coolant  passages is completely turbulen t ,  i .e.,  where t h e  change i n  

pressure  drop with weight flow at  constant  hea t  rate t o  the  gas is  

pos i t i ve .  However, during s ta r t -up  and shut-down the  r eac to r  must 

aperate ,  at least temporar i ly ,  i n  t h e  uns tab le  region. The problem of 

i n s t a b i l i t y  is  no t  as se r ious  during s ta r t -up  because. of t he  s h o r t  

t i m e  involved i n  passing through t h e  laminar-turbulent regime. How- 

ever during shut-down, p a r t i c u l a r l y  a f t e r  long per iods of opera t ion  

a t  high power l e v e l s ,  t he  r e a c t o r  decay hea t  may be  s u f f i c i e n t l y  

l a r g e  t o  r equ i r e  cooling of the  core  assembly f o r  r e l a t i v e l y  long 

per iods of t i m e .  During t h i s  t i m e  i t  i s  reasonable t o  assume t h a t  a 

flow excursion could take  p lace  i n  an e r r a n t  tube when t h i s  tube 

experiences laminar o r  t r a n s i t i o n a l  flow between the  f ixed  pressure  

boundaries of the  i n l e t  and o u t l e t  plenums. 

1.2 Purposes of Inves t iga t ion  

The purposes of t h i s  i nves t iga t ion  are: f i r s t ,  t o  ob ta in  as 

ex tens ive  a set as poss ib l e  of s teady-s ta te  operat ing da ta  f o r  a 

s i n g l e  flow passage; and second, t o  experimentally t r i g g e r  and observe 

an excursion a t  constant  pressure  drop from an uns tab le  laminar 

equi l ibr ium po in t  on the  negat ively s loped po r t ion  of a s teady-s ta te  

c h a r a c t e r i s t i c  curve to the  corresponding s t a b l e  turbulen t  equi l ib-  

rium po in t  on t h e  p o s i t i v e l y  sloped por t ion  of t h e  same s teady-s ta te  
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characteristic curve. The experimental results w i l l  in  each case b e  

compared with theoretical predictions. Excursions t o  lower flow rates 

w i l l  not b e  discussed herein. 



2. APPARATUS 

2 . 1  Apparatus Design 

The experimental  apparatus used i n  the  present  i nves t iga t ion  w a s  

designed and constructed by Kolbe (9).  The test s e c t i o n  w a s  spec i f i -  

c a l l y  designed t o  s imula te  a nuc lear  r eac to r  flow passage and in s t ru -  

mented t o  observe the  s teady-s ta te  flow c h a r a c t e r i s t i c s  of helium gas 

i n  t h e  laminar-turbulent regime a t  low pressures .  

2.2 General Arrangement and Ins t rumen ta t ion . .  

A schematic drawing of t h e  test apparatus  is  shown i n  Figure 2 .  

The test s e c t i o n  is  made of Nichrome V (80% n i c k e l ,  20% chromium) and 

is 4.5 f e e t  long, 0,094 inches I.D., and has a w a l l  th ickness  of 0.020 

inches,  Nichrome V w a s  chosen because of t h e  s m a l l  v a r i a t i o n  of its 

r e s i s t i v i t y  with temperature (111. The tes t  s e c t i o n  i s  suspended 

between the  i n l e t  and o u t l e t  plenums by a sp r ing  suspension system t o  

allow f o r  thermal expansion when t h e  test s e c t i o n  is e l e c t r i c a l l y  

heated by a v a r i a c  regulated A&. source. A l i q u i d  n i t rogen  hea t  

exchanger is used t o  obta in  a cons tan t  gas temperature a t  the  en t rance  

of 140°R. 

A pressure  r egu la to r  regula tes  t he  i n l e t  p ressure  from a high 

pressure  r e se rvo i r  t o  a constant  i n l e t  p ressure  of 1 psig.  A second 

pressure  r egu la to r  between the  high and low pressure  r e s e r v o i r s  con- 

t r o l s  and maintains a constant  pressure  drop across  the  test sec t ion .  

The d i f f e r e n t i a l  p ressure  across  t h e  test  s e c t i o n  is measured by a 

transducer.  A l l  o the r  pressures  are measured using pressure  gauges. 

- 8- 
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The i n l e t  and ouc le t  gas temperatures are measured by a copper- 

constantan and a shielded chromel-alumel thermocouple r e spec t ive ly ,  

Five thermocouples mounted on the  tube w a l l  a l s o  measure tube w a l l  

temperatures a t  f i v e  a r b i t r a r y  poin ts .  

A rotameter is  placed i n  the  l i n e  j u s t  before  t h e  i n l e t  plenum 

t o  measure the  flow rate. 

To g e t  an idea  of t he  l i m i t s  of t he  apparatus ,  a t  a constant  

i n l e t  p ressure  of 1 ps ig ,  p ressure  drops of up t o  5 p s i  and electrical 

heat ing inpu t s  of up t o  96.4 w a t t s  may be  imposed. 

The whole system is  i n  a closed loop. The test s e c t i o n  and the  

i n l e t  and o u t l e t  plenums are confined i n  a vacuum tank t o  t r y  and 

e l imina te  hea t  l o s ses  by convection, 

Photographs of t h e  apparatus and recording instruments are 

shown i n  Figures 3 and 4 respec t ive ly .  



3. STEADY-STATE OPERATION 

3.1 One-Dimensional Flow Analysis 

An approximate solution to the steady one-dimensional flow of a 

perfect gas in a constant-area fLow passage with friction and heat 

addition was obtained by Harry (5) and is shown in Appendix A. 

Harry's result for the case of uniform heat additlon is equation 

(A. 1.19, 

(3.1.1) 

The first term in the square brackets represents the momentum 

pressure drop while the second term represents the frictional pressure 

drop. At low flow rates the frictional pressure drop dominates and 

at high flow rates the momentum pressure drop dominates. 

3.2 Steadg-State Flow Characteristics 

In the present investigation helium gas enters the flow passage 

at liquid nitrogen temperature (140 R). The steady-state character- 

istics were calculated using equation (3.1.1). For laminar flow 

f 

m = 0.65. The results of these calculations are shown in Figure 5 

0 

= 16, n = 1, m = 0.65, and for turbulent flow fo = 0.046, n = 0.2, 
0 

-10- 
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f o r  a number of gas heat ing rates." 

s ta te  a l l  the  h e a t ,  Q ,  goes i n t o  hea t ing  the  gas.  The appropr ia te  

equat ion (eq. A.1.10) can be  r ewr i t t en  as, 

Remember t h a t  i n  t h e  steady- 

o r  i n  terms of the  temperature r a t i o ,  'I 

Figure 5 shows t h a t  t h e  pressure  drop versus  flow rate curves 

f o r  constant  hea t  rate t o  t h e  gas are concave upward. This i n d i c a t e s  

t he  ex is tence  of two flow rates f o r  any constant  pressure  drop. The 

temperature r a t i o  i s  inverse ly  propor t iona l  t o  t h e  flow rate a t  a 

constant  hea t  input  t o  the  gas as indica ted  i n  Figure 5. 

According t o  Harry (5) t h e  flow is a r b i t r a r i l y  chosen as laminar 

up t o  a Reynolds number of 2100 and turbulen t  down t o  a Reynolds 

number of 1000, where the  Reynolds number is evaluated a t  the  f i l m  

temperature, [Tf = (TW + Tb)/2]. 

c r i t e r i o n  w a s  employed except t h a t  t h e  Reynolds number w a s  evaluated 

a t  t h e  bulk gas temperature. Turney, Smith, and Juhasz ( 8 )  substan- 

t iate,  by experiment, t h a t  t h i s  procedure y i e l d s  reasonable r e s u l t s .  

I n  t h i s  i nves t iga t ion  the  same 

* The p rope r t i e s  of helium used he re in  are those of re ference  1 2 .  
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3.3 T e s t  Procedure 

Before any da ta  were taken the  whole helium loop and vacuum 

chamber surrounding t h e  test; s e c t i o n  were purged t o  the  atmosphere. 

They were then evacuated t o  a vacuum of approximately 0.01 t o r r .  

vacuum chamber w a s  then sea led  off  from t h e  helium loop by c los ing  a 

shut-off valve connecting the  two, The helium loop w a s  then f i l l e d  

with helium gas from a high pressure  s to rage  tank t o  a pressure of 

18 ps igc  The l i q u i d  n i t rogen  was then allowed t o  flow through the  

hea t  exchanger. 

were then turned on. The i n l e t  pressure w a s  adjusted t o  1 psig.  The 

pressure  drop (independent va r i ab le )  w a s  cont ro l led  by t h e  pressure  

r egu la to r  downstream of the  test s e c t i o n  while  t h e  flow rate 

(dependent var iab le)  w a s  read a t  any t i m e  through a g l a s s  tube i n  i ts  

construct ion,  

The 

The helium c i r c u l a t i n g  pump and e l e c t r i c a l  heat ing 

The system was assumed t o  he i n  s teady-s ta te  when a l l  of the  

ind ica to r s  were reading constant  values ,  

The s teady-s ta te  . cha rac t e r i s t i c s  r e l a t i n g . p r e s s u r e  drop and 

temperature r a t i o  with flow rate €or var ious e l e c t r i c a l  heat ing rates 

are shown i n  Figure 6 ,  These da ta  w e r e  obtained f o r  a given electri- 

cal heat ing rate hp increas ing  the  pressure drop, using the  down- 

stream pressure  regula tor ,  from approximately ,25 t o  4-0 ps i .  The 

pressure drop w a s  increased i n  increments- 

took several minutes t o  reach s teady-s ta te  condi t ions-  When steady- 

state condi t ions preva i led  t h e  appropr ia te  measurements were taken. 

A f t e r  each increase  i t  
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The constant  electrical heat ing curves i n  Figure 6 were repro- 

duc ib le  t o  wi th in  approximately 7%, thus giving a certain degree of 

confidence i n  the  r e s u l t s  of the  experiment. 

By ca lcu la t ing  t h e  average hea t  'rate. t o  thet gas.,. (a, using t h e  

W equation q =(XI Cp (Tout - Tin) i t  w a s  found t h a t  

can t ly-a long  curves of constant  electrical hea t  input  as seen by 

Figure 1,  Idea l ly  (in t he  s teady-state  so lu t ion )  a l l  e l e c t r i c a l  

heat ing should go i n t o  heat ing $he gas, 

t h a t  t h e r e  were considerable  hea t  leaks  t o  the  test sec t ion ,  The 

beat leaks  were such t h a t  even a t  zero electrical heat ing the re  was 

s u b s t a n t i a l  heat ing of t h e  gas. An ana lys i s  of t h e  hea t  l o s ses  w a s  

attempted by Kolhe (Appendix C ,  Reference 9), bu t  not  a l l  of t h e  hea t  

l o s ses  could be  accounted f o r  s a t i s f a c t o r i l y .  

var ied  s i g n i f f -  

Therefore, i t  w a s  concluded 

Nevertheless i t  w a s  s t i l l  poss ib l e . to .gene ra t e  t h e  s teady-state  

c h a r a c t e r i s t i c s  f o r  constant  6 by connecting po in t s  of equal 6 on 

each of: t he  curves of constant  e l e c t r i c a l  heat ing.  

shown in Figure 8, 

These curves are 

In  t h e  same manner t h e  temperature r a t i o s  for 

constant  were a l s o  p lo t t ed  i n  Figure 8, 

Using the  technique j u s t  described it w a s  poss ib le  t o  obta in  t h e  

s teady-s ta te  operat ing c h a r a c t e r i s t i c s  as described i n  Sect ion 3.2. 

3 .4  Resul ts  

In comparing the  t h e o r e t i c a l l y  ca lcu la ted  s teady-s ta te  r e s u l t s  

of Eigure 5 with t h e  experimental r e s u l t s  of Figure 8, the  degree of 

agreement depends s i g n i f i c a n t l y  on whether t h e  flow is laminar o r  

tu rbulen t .  I n  t h e  turbulen t  region t h e  pressure  drop i s  i n  agreement 
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t o  wi th in  approximately 10%. I n  t h e  laminar region, however, t he  

experimentally observed pressure  drop tends t o  be  as much as 56% 

g r e a t e r  than predic ted  using equation (3.1.1). The agreement i s  b e t t e r  

f o r  h igher  flow rates and poorer f o r  lower flow rates. 

One might explain t h i s  r a t h e r  poor agreement with theory i n  t h e  

following manner. 

dominates i n , t h e  equation f o r  pressure  drop. Since t h e  f r i c t i o n a l  

pressure  drop is a s t rong  funct ion of v i s c o s i t y ,  thus temperature, 

b e t t e r  agreement would have been e s t ab l i shed  i f  t h e  v i s c o s i t y  had been 

evaluated a t  t h e  f i lm  temperature. Better agreement would have a l s o  

followed i f  t h e  f r i c t i o n  f a c t o r  had accounted f o r  t h e  r a d i a l  tempera- 

t u r e  grad ien t .  Turney, Smith and Juhasz (7)  accounted f o r  t hese  

e f f e c t s  and a l s o  t h e  pressure  l o s s e s  due t o  entrance and e x i t  geometry. 

By numerically computing t h e  pressure  l o s s e s  i n  successive segments 

of t h e i r  test s e c t i o n  they achieved t h e o r e t i c a l  r e s u l t s  which agreed 

with experiment t o  wi th in  10%. Their  apparatus w a s  of similar con- 

s t r u c t i o n  t o  t h a t  of t h e  present  i nves t iga t ion  except t h a t  Chey used 

I n  t h e  laminar region t h e  f r i c t i o n a l  pressure  drop 

normal hydrogen gas as the  test f l u i d  and measured t h e  w a l l  tempera- 

t u r e  every few inches.  

I n  the  turbulen t  flow region the  dominant pressure  drop is  t h a t  

of t h e  momentum change and the  e f f e c t s  just mentioned above have 

n e g l i g i b l e  cont r ibu t ion  t o  t h e  pressure  l o s s .  

Remember a l s o  t h a t  equation (3.1.1) is  on$y . .  an approximate 

s o l u t i o n  f o r  es t imat ing the  pressure  drop. 

It might a l s o  be  mentioned here  t h a t  i n  t ry ing  t o  opera te  the  

apparatus a t  low pressure  drops,  spontaneous o s c i l l a t i o n s  i n  pressure  
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drop, flow rate, and temperatures w e r e  sometimes observed. It  i s  

thought by t h e  author  t h a t  t hese  o s c i l l a t i o n s  w e r e  i n  no way rela- 

ted  t o  t h e  i n s t a b i l i t i e s  o r  flow excursions of t h e  kind discussed 

herein.  Rather,  they are thought t o  be  a r e s u l t  of some mechanical 

i n s t a b i l i t y  r e l a t e d  t o  the  cons t ruc t ion  of t he  apparatus  ( t h e r e  were 

considerable  v ib ra t ions  i n  p a r t s  of t h e  helium loop caused by t h e  

v ib ra t ions  of t h e  c i r c u l a t i n g  pump). By manually increasing t h e  

pressure  drop t o  a poin t  where t h e  o s c i l l a t i o n s  ceased and a f t e r  

s e v e r a l  a t t e m p t s  a t  slowly decreasing t h e  pressure  drop, t h e  low 

pressure  drop operat ing po in t s  could be s a t i s f a c t o r i l y  obtained i n  

s teady operat ion.  



4 .  EXCURSION STUDIES 

-4 .1 S t a b i l i t y  of One-Dimensional Flow With Constant Pressure Drop 

A time-dependent s t a b i l i t y  ana lys i s  w a s  performed by Reshotko 

(10) using a per turba t ion  technique. This ana lys i s  is presented i n  

Appendix B. H i s  r e s u l t s  a f f i rm  t h e  commonly accepted c r i t e r i o n  t h a t  

flows of t he  type discussed he re in  are sub jec t  t o  i n s t a b i l i t i e s  when 

t h e  change i n  pressure  drop with weight flow a t  constant  heat  rate t o  

t h e  gas  i s  negative.  H e  shows with equation k.1.4) t h a t  i n s t a b i l i t i e s  

may occur when 

H e  concludes t h a t ,  

... t he  i n s t a b i l i t y  is no t  i n  any way hgdro- I 1  

dynamic. Rather it is as soc ia t ea  wi th  the  
compat ib i l i ty  between t h e  hea t - t ransfer  
c h a r a c t e r i s t i c s  of t he  flow passage and the  
thermal c h a r a c t e r i s t i c  of t h e  core." 

Reshotko phys ica l ly  expla ins  t h e  i n s t a b i l i t y  and flow excursions 

a t  constant  pressure  drop as follows: i f  a flow passage w e r e  being 

operated a t  an equi l ibr ium poin t  on the  l e f t  l e g  of t h e  U-shaped 

c h a r a c t e r i s t i c  curves shown i n  Figure 8, an excursion a t  constant  

pressure  drop t o  a higher  flow rate would r equ i r e  add i t iona l  hea t  t o  

t h e  gas. This hea t  would be  provided by f u r t h e r  cooling of t h e  core  

-16- 
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and t h e  excursion would continue; i n  an excursion from the  same 

equi l ibr ium po in t  t o  a lower flow rate a t  cons tan t  pressure  drop t h e  

gas r equ i r e s  less hea t .  Thus t h e  a d d i t i o n a l  hea t  goes i n t o  heat ing 

t h e  core.  Therefore,  one concludes t h a t  t h e  l e f t  o r  laminar l e g  is 

uns tab le  s i n c e  unbounded excursions a t  constant  pressure  drop may 

occur. For completeness excursions a t  constant  pressure  drop are now 

examined f o r  t h e  r i g h t  leg .  Operating on an equi l ibr ium poin t  on t h e  

r i g h t  Zgg an excursion t o  higher  flow rate a t  constant  pressure  drop 

would r equ i r e  a decrease i n  the  hea t  rate t o  t h e  gas and s i n c e  the  

core  is being cooled by t h i s  i nc rease  i n  flow rate the re  is an in- 

crease i n  the  heat ing rate t o  the  gas  and the  flow is  dr iven  back t o  

t h e  equi l ibr ium point .  

lower flow rate requ i r e s  an inc rease  i n  the  hea t  rate t o  t h e  gas  

and t o  the  core ,  but  s i n c e  t h e  hea t  generat ion rate of t he  r eac to r  

is constant  the  flow r e v e r t s  back t o  the  equi l ibr ium poin t .  There- 

fo re ,  t h e  higher  flow rate equi l ibr ium poin t  is  s t a b l e .  

An excursion a t  constant  pressure  drop t o  

4.2 Excursion a t  Constant Pressure  Drop 

The a n a l y s i s  of an excursion a t  constant  pressure  drop w a s  done 

by Reshotko (10) and i s  a l s o  presented i n  Appendix B. The t i m e  f o r  

an excursion is  given i n  dimensionless t i m e  u n i t s ,  T ,  t h a t  are 

r e l a t e d  t o  phys ica l  t i m e  by equation CB.2.2) as, 

1 A  T = - -  [%] t 
2% &h 0 

(4.2 a 1 )  
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While the steady-state flow and heat transfer characteristics of 

a flow passage are dependent solely on the fluid and internal geometry 

of the flow passage, the time for an excursion is r,elated to the heat 

capacity of the core as shown in equation (4.2-1). 

The time in dimensionless time units for an excursion to higher 

flow rate at constant pressure drop is given by equation (B.2.1) as, 

T =  (4.2.2) 

where X and Y are defined in section B.2. 

Equation (4.2.2) can be evaluated numerically from any set of 

steady-state operating curves. For examplie, in this investigation 

equation (4.2.2) was solved for both the steady-state characteristics 

shown in Figures 5 and 8. The excursion characteristics of Figure 5 

are shown in Figure 10 and those of Figure 8 are shown in Figures 11 

and 12. 

4.3 Test Procedure 

All flow excursions were run at a constant pressure drop of 1 
2 psi. The constant heating curve of = 0.376 BTU/sec-ft was chosen 

as the steady-state heating curve on which to base the excursions. 

Therefore as seen in Figure 9 the excursion would run from = 0.376 0 
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2 (IV = 96.4 w a t t s ,  - = 1 . 1 7  lbm/sec-ft ) t o  (7 = -376 (IV = 0 w a t t s ,  

W 2 - = 2.90 lbm/sec-ft ) a t  a constant  pressure  drop of 1 ps i .  A 

A 

The excursion w a s  i n i t i a t e d  by operat ing on t h e  uns tab le  equi- 

l ib r ium poin t  on t h e  l e f t  l eg  of t h e  s teady-s ta te  operat ing curve a t  

Qo = .376 Btu/sec-ft  , Ap = 1 p s i .  

shu t  o f f  t o  t r i g g e r  t h e  excursion.. 

drop and i n l e t  p ressure  were manually ad jus ted  t o  maintain constant  

values  of 1 p s i  and 1 ps ig  respec t ive ly .  

and flow rate measurements were recorded a t  successive t i m e  i n t e r v a l s .  

The t imedhis tory r e s u l t s  of such an excursion are shown i n  Figure 13. 

2 - 
The e l e c t r i c a l  heat ing w a s  then 

During the  excursion t h e  pressure  

The gas  e x i t  temperature 

4.4 Resul ts  

Looking a t  Figure 10 one sees t h a t  t h e  genera l  shape of an excur- 

s i o n  curve ( i . e . ,  t h e  t ime-history of G )  is  descr ibed as follows: 

gradual  i nc rease  i n  

uns tab le  equi l ibr ium po in t ;  a rap id  increase ;  a maximum; a rap id  

decrease followed by a gradual  decrease i n  6 t o  i ts  f i n a l  s t a b l e  

equi l ibr ium po in t  corresponding t o  t h e  o r i g i n a l  value of a. 
shape and dura t ion  of t h e  i n i t i a l  i nc rease  i n  Q is  d i r e c t l y  dependent 

on t h e  means and magnitude of t h e  i n i t i a l  per turba t ion ,  t he  most 

meaningful way of comparing theory with experiment is perhaps t o  com- 

pare  t h e  t i m e  i t  takes  t o  go from 1 / 2  m a x i m u m  (1/2 r i s e ) ,  approaching 

Qmax 3 

a 

as the  excursion f i r s t  proceeds away from t h e  

Since t h e  

- 
t o  1 /2  maximum (I/Z f a l l ) ,  leaving Qma. 

I n  the  c a l c u l a t i o n  of t he  excursion c h a r a c t e r i s t i c s  from equation 

4.2.2 one must know t h e  value of a 
flow passage G 

I n  analyzing a nuclear  r e a c t o r  0' 
is  equal  t o  t h e  hea t  rate t o  t h e  gas a t  t he  i n i t i a l  0 
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uns tab le  equi l ibr ium poin t  and from equation (B . l a3 ) ,  

thus 0 is constant  during an excursion s i n c e  3 is constant .  Since 

i t  w a s  impossible t o  keep 3 
r a t e )  constant  during an excursion on the  present  apparatus ,  a lower 

l i m i t  of g w a s  e s t ab l i shed  as t h a t  value of Ti which corresponded t o  

t h e  zero  e l e c t r i c  power input  corresponding t o  t h e  appropr ia te  flow 

rate (Figure 8). Thus an upper l i m i t  of = constant  and a lower 

l i m i t  of go # constant  (go = the  corresponding zero e l e c t r i c  power 

hea t  rate value)  were es tab l i shed  f o r  t h e  present  ca l cu la t ions  of 

excursion t i m e s .  

t o  f a l l  somewhere i n  between these  upper and lower l i m i t s .  

i nd ica t ing  t h e  upper and lower l i m i t s  of 

0 0 

0 ( t h e  equivalent  of r eac to r  energy release 

0 

0 

The a c t u a l  t i m e  f o r  an excursion would be expected 

A sketch 

is shown i n  Figure 14. 0 

The c h a r a c t e r i s t i c  t i m e  w a s  found from equation (4.2.1) t o  be 

19.3 seconds, ( i . e .  1 T  = 1 9 . 3  sec ) .  This c h a r a c t e r i s t i c  t i m e  i s  the  

same f o r  a l l  t he  excursions observed s ince  the  same i n i t i a l  uns tab le  

equi l ibr ium poin t  w a s  used f o r  a l l  excursions.  

The excursion r e s u l t s  using equation (4.2.2) on t h e  t h e o r e t i c a l  

s teady-s ta te  c h a r a c t e r i s t i c s  of Figure 5 are shown i n  Figure 10. 

corresponding experimentally observed excursion c h a r a c t e r i s t i c s  are 

shown i n  Figure 13. 

t h i s  case s i n c e  the  c h a r a c t e r i s t i c  curves were obtained completely by 

t h e o r e t i c a l  means. The t i m e  from 1 /2  rise t o  1 / 2  f a l l  was'19T f o r  

The 

Only the  upper l i m i t ,  Ti = constant ,  is shown f o r  0 
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theory and 4.1T f o r  experiment. This d i f f e rence  i n d i c a t e s  t h a t  t he  

completely t h e o r e t i c a l l y  ca lcu la ted  excursion t i m e  is  much too  high. 

This poor agreement is  understandable s i n c e  t h e  s teady-s ta te  charac- 

teristics of Figure 5 are i n  e r r o r  by as much as 56% as mentioned i n  

s e c t i o n  3.4. 

Applying equat ion (4.2.2) t o  the  experimentally observed steady- 

state c h a r a c t e r i s t i c s  of Figure 8 y i e l d s  the  r e s u l t s  shown i n  Figures  

11-and 1 2  f o r  Go = constant  (upper l i m i t )  and Go # constant  (lower 

l i m i t )  r espec t ive ly .  The corresRonding experimentally observed 

excursion c h a r a c t e r i s t i c s  are those of Figure 13. 

I n  comparing theory (Figures 11 and 12) and experiment (Figure 

13) one .not ices  a discrepancy i n  t h e  values  of G 
curves are however based on t he  s teady-s ta te  d a t a  of Figure 8 which 

are reproducible  only t o  about 7%. Hence t h e  value of 

Figure 13 is  wi th in  expectat ions.  The excursion t i m e s  are compared 

between 

on t h e  way down. 

p r e d i c t s  an excursion t i m e  from'l/Z r ise t o  1 / 2  f a l l "  ( a t  

of 6T, 30% above t h e  experimental  value of 4.7T. For Ti # constant  0 

theory p r e d i c t s  3.5T, 28% below experiment. 

The t h e o r e t i c a l  m a x '  

%ax of 

2 2 = 0.450 B tu / f t  -sec on t h e  way up and G = 0.450 B t u / f t  -sec 

One f inds  t h a t  f o r  Go = constant  equation (4.2.2) 

= 0.450) 

The experimentally observed excursion t i m e  would be expected t o  

l i e  somewhere between the  upper and lower l i m i t s  presented herein.  

Thus t h e  agreement of theory with experiment is  c e r t a i n l y  reasonable.  

Not only does equat ion (4 .22 )  p r e d i c t  excursion t i m e s  reasonably 

w e l l ,  bu t  t he  experiment tends t o  support  t h e  not ion  t h a t  an excursion 
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is non-violent i n  na ture .  Rather i t  is  a steady-procession-away from 

an uns tab le  equi l ibr ium poin t .  The experiment a l s o  supports  t h e  not ion  

t h a t  an excursion is non-osci l la tory i n  na ture  and t h a t  t he  charac- 

ter is t ic  t i m e  i s  in t imate ly  connected with t h e  hea t  capaci ty  of t he  

core. 

A s  an added degree of confidence i n  t h e  experimental observat ions,  

t h e  excursion d a t a  were reproducible  t o  wi th in  approximately 5%. e 



5. CONCLUSIONS 

I n  t h e  present  i nves t iga t ion  s teady-s ta te  operat ing character-  

i s t i c s  have been obtained experimentally f o r  laminar, t r a n s i t i o n a l  

and turbulen t  flow of a gas i n  a heated tube. Excursions from an 

uns tab le  laminar equi l ibr ium poin t  t o  a s t a b l e  tu rbu len t  equi l ibr ium 

poin t  a t  constant  pressure  drop w e r e  t r i gge red  and observed. It w a s  

shown t h a t  t he  t ime-history of an excursion is d i r e c t l y  r e l a t e d  t o  t h e  

hea t  capac i ty  of t he  core ,  and t h a t  an excursion is non-violent and 

nonsosc i l la tory  i n  nature ,  

During an excursion t h e  gas is heated and t h e  hea t  rate t o  t h e  

gas reaches a maximum at  a flow rate j u s t  l a r g e r  than t h a t  f o r  a 

n e u t r a l  dis turbance.  The c h a r a c t e r i s t i c  times were-observed t o  be of 

the  order  of seconds t o  minutes and t h e  excursion w a s  seen t o  be a 

s teady procession away from an uns tab le  laminar equi l ibr ium po in t  t o  

a s t a b l e  turbulen t  equi l ibr ium point .  This na tu re  supports  t h e  

theory of Reshotko (10). 

with t h e  a i d  of feedback mechanisms a nuclear  rocket  might be  operated 

i n  t h e  "unstable" region. 

It a l s o  tends t o  support  t h e  not ion t h a t  

It is  a l s o  concluded t h a t  one might opera te  a r eac to r  core  i n  t h e  

"unstable" region f o r  extended per iods of t i m e  i f  t he re  were b u i l t  i n  

means such t h a t  t h e  pressure  drop versus  flow rate curves,  f o r  con- 

s t a n t  hea t  generat ion,  are monotonic. 

e f f i c i e n c i e s ,  s i n c e  very high e x i t  temperature l e v e l s  ( l imi ted  only 

by care material l i m i t a t i o n s )  may be  obtained coupled with r e l a t i v e l y  

low propel lan t  consumption rates, whereas opera t ing  i n  the  s t a b l e  

This might even lead t o  b e t t e r  

-23- 
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region one must be content t o  have a high propel lan t  consumption, low 

e x i t  temperature nuclear  rocket.  

N o  conclusions can be drawn i n  t h i s  i nves t iga t ion  conkerning 

t h e  mechanism of t r i gge r ing  an excursion i n  an a c t u a l  r eac to r .  I n  

order  f o r  t he  excursions t o  occur a t  cans tan t  pressure  drop i n  the  

present  apparatus  t h e  excursion had to  be  "forced" t o  proceed from 

t h e  uns tab le  equi l ibr ium pa in t  t o  t h e  s t a b l e  equi l ibr ium po in t  by 

shut t ing off t h e  e l e c t r i c a l  hea t ing  and cons tan t ly  ad jus t ing  t h e  

pressure  drop t o  remain constant .  Conversely, i n  a nuclear  rocket  

t h e  pressure  drop hetween t h e  plenums would always remain constant  

while  a s i n g l e  e r r a n t  passage might experience a flow excursion due t o  

some dis turbance.  Nevertheless,  t h e  c h a r a c t e r i s t i c s  of such an 

excursion are presented here in .  



APPENDIX A 

HARRY'S STEADY STATE ANALYSIS 

A.1 One-Dimensional Steady-State Equation 

The assumptions in Harry's analysis of a gas flowing in a heated 

channel (5) are the following : 

a. Perfect gas relationship 
1 

p = p R T  

b. Constant area tube 

c. Very low Mach numbers 

d. The friction factor is approximated as a function of Reynolds 

number 

f e -  fO 

Ren 

e. The viscosity is assumed a function of temperature 

f. Constant heat input distribution along the tube 
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The equations to be solved are: 

Continuity 

d - (pAu) 0 dx 

Momentum 

L & + u d u + f  u 2 = 0  
p dx g dx rh 2g 

Energy 

f u2 1 9 d x + -  -dx= C dT - - d p  
U 'h 'g P P 

State 

p = pRT 

(A.l.1) 

(A. 1.2) 

(A.1.3) 

(A.1.4) 

where q, the power per unit mass, is related to Q, the power per unit 

of surface area, by the relation 

Q = Pqrh 

Using assumption (a) equation (A.l. 1) becomes 

(A. 1.5) 

U P  
(A.1.6) 



-27- 

The equation of state can be put into difhrential form as 

(A.1.7) 

Substituting equations (A.1.6) and (A.1.7) into (A.1.2) gives 

Now, substituting (A.1.5) into (A.1.3) yields 

* 
[--&+$$]dss= C P dT - P 

If dT is eliminated and p = p RT is substituted into the last two 

equations collecting terms gives 

(A. 1.8) 

Using the sonic relations 

C 2 = y g R T  
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one can show t h a t  

- =  U2 = (y - 1)M2 gTCp ygRTC 
P 

(A.1.9) 

Since f o r  t h e  s teady-s ta te  a l l  t h e  hea t  input  goes i n t o  heat ing 

the  gas ,  u t i l i z i n g  assumption ( c )  one can say 

Adx 

h Q-F- WC dT = 
P 

where A is  the  cross-sect ion 1 area 

(A: 1,lO) 

f t h e  tube.  

Subs t i t u t ing  equations (A.1.9) and (A.l.10) i n t o  (A.1.8) a f t e r  

mult iplying through by p p = p p R T and dropping terms of order  

M2 y i e l d s  

2 
p dp + (x) (dT + - T dx) = 0 

& A  2rh 

In t eg ra t ing  t h i s  equation along t h e  flow passage gives  

(A. 1 , l l )  



Now, using assumptions (e) and (d) 

m 
P(T)  = woT 

f 0 fo Pn 

C4rh (XI1 
f (x)  = - = 

Ren W n  

equation (A. 1.11) becomes 

where P is the arithmetic average of the inlet and outlet pressures. 
avg 

Utilizing assumption (f) and integrating equation (A.1-10) along 

the tube yields 

. Q, x 

Defining the temperature ratio as 

(A. 1 e 13) 
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one can s u b s t i t u t e  t h e  temperature r a t i o  and equation (A-1.13) i n t o  

(A.1,12) and i n t e g r a t i n g  t o  t h e  end of t h e  tube g ives  

(A.l. 14) 



APPENDIX B 

RESHOTKO'S STABILITY AND EXCURSION ANALYSIS 

B . l  S t a b i l i t y  of One-Dimensional Flow With Constant Pressure  Drop 

The average hea t  rate t o  the  gas ,  used i n  t h i s  t r a n s i e n t  

ana lys i s  is  equivalent  t o  t h e  hea t  rate, Q ,  used i n  Harry's  (5) 

s teady-s ta te  ana lys i s .  Here G is defined as 

L 

6 -5 L 1 Q(x,t)dx 
0 

The assumptions used i n  Reshotko's ana lys i s  (10) are: 

a. 

b. 

C. 

d. 

The flow is  adequately descr ibed by one-dimensional r e l a t i o n s  

t h a t  inc lude  hea t  add i t ion  and f r i c t i o n .  

Hydrodynamic i n s t a b i l i t i e s  of t h e  na tu re  assoc ia ted  

wi th  nonuniform ve loc i ty  and temperature p r o f i l e s  are 

unimportant. 

The thermal response t i m e  of t h e  core  is the  character-  

i s t i c  t i m e  f o r  t h i s  problem s i n c e  i t  is very l a r g e  

compared t o  t h e  t i m e  f o r  an acous t i c  d i s turbance  t o  

travel the  length  of the  tube. The thermal response t i m e  

of t he  core  is a l s o  l a r g e  compared t o  t h e  residence 

t i m e .  

The s p e c i f i c  hea t  of t h e  r eac to r  coolant  gas is cons tan t ,  

bu t  t h e  s p e c i f i c  hea t  of t h e  core  may vary with temperature. 



e. 

f. 

g* 

h. 

i. 

3 -  

k. 

The core temperature, Tw (x, t), does not vary in a 

direction perpendicular to the flow direction, thus 

radial conduction is neglected. 

The axial conduction term is small compared to the 

other terms in the core energy equation. 

The average nuclear heat release, 4 ,  is assumed constant. 

The friction factor is approximated as a function of the 

Reynolds number as 

- 

fO 

Ren 
f x -  

The heat flux, Q, has the same axial distribution as the 

reactor heat release, 4 .  

The viscosity is assumed to vary with temperature as 

The gas inlet temperature, T1, is constant. 

The equations to be solved are grouped as follows: the gas 

equations; the core energy equation; the equation for heat transfer 

between thescore and the gas. The procedure followed is to formulate 

the equations governing the integral properties of the tube flow. 

Some integral properties are mass flow, pressure drop, temperature 

ratio, average heat rate to the gas, and some characteristic wall 

temperature. The equations are then studied for their response to 



a s m a l l  d i s turbance  about an equi l ibr ium poin t .  

"The time-dependent terms i n  t h e  flow equat ions 
become neg l ig ib ly  s m a l l  and only t h e  time-depen- 
dent t e r m  i n  t h e  equation governing t h e  energy 
balance of t he  core  is  re ta ined .  The one-dimen- 
s i o n a l  t r a n s i e n t  flow i n  the  tubes may thus be  
regarded as a continuous succession of steady- 
s ta te  flows governed only by those terms appear- 
ing i n  t h e  s teady-s ta te  flow equations'.' (10). 

The equations governing the  gas  are: 

CONTINUITY 

The con t inu i ty  equation is nothing more than a statement t h a t  

t h e  mass flow pe r  u n i t  area, - is constant  over t h e  length  of 

t h e  coolant  passage, b u t  can be  a func t ion  of t i m e .  

W 
A' 

MOMENTUM 

For any passage whose s teady-s ta te  opera t ion  is known ( f o r  

example Figure 8) the  momentum r e l a t i o n  is  ava i l ab le  i n  " in tegra l"  

form as 

ENERGY 

The equation governing the  co re  is: 
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The equation coupling the  core with the  gas is: 

Solving these  equat ions g ives  one equation governing t h e  t r a n s i e n t  

behavior of a reac to r  passage and t h a t  por t ion  of t he  core  assoc ia ted  

with it .  

A p ,  t h i s  equation is 

When put  i n  the  form appropr ia te  t o  an excursion a t  constant  

where 

and 

(B. 1.1) 
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- L  

1 T h  = [ q(x)ln h dx 

0 

where q(x) is a normalized distribution and is equal to unity for 

uniform heating. 

To simulate a small perturbation about an equilibrium point let, 

(B. 1.2) 

where ( l l  < < ( )o. Substituting equations (B.1.2) into equafion 

(B.l.1) yields 
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Zero Order: 

(B. 1.3) 

F i r s t  Order: 

a 0 & d t  = -YoG1 

The zero order  so lu t ion  is t h e  equi l ibr ium condition where a l l  

t he  r eac to r  hea t  release goes i n t o  heat ing the  gas. 

B t  Examining t h e  f i r s t  o rder  so lu t ion  by l e t t i n g  vary as e 

y i e l d s  t h e  growth rate given by 8 as 

Therefore,  when B is negat ive the  equi l ibr ium condi t ion is  res tored .  

When is  p o s i t i v e  an i n s t a b i l i t y  is indica ted .  Examining B one sees 

t h a t  f o r ,  

/LI 

a I n  h 
a T  

a condi t ion t h a t  is j u s t  about always t r u e ,  i n s t a b i l i t i e s  can occur 



when, 

(B .l. 4) 

Therefore,  equation (B.1.4) is the  c r i t e r i o n  f o r  i n s t a b i l i t y .  

"Physical ly ,  the  i n s t a b i l i t y  is  not  i n  any way 
hydrodynamic. Rather,  i t  is  a consequence of t h e  
compat ib i l i ty  between the  hea t - t ransfer  character-  
istics of t h e  flow passage and the  thermal character-  
i s t i c  of t h e  core  ( lo ) . "  

B.2 Excursions A t  Constant Pressure  Drop 

To i n i t i a t e  an excursion a t  cons tan t  pressure  drop a s m a l l  

0' i n i t i a l  displacement of 6, from its uns tab le  equi l ibr ium va lue  of 6 
along a l i n e  of constant  pressure  drop i n  a d i r e c t i o n  corresponding 

t o  an inc rease  i n  flow rate is  appl ied.  The excursion then cont inues 

a t  constant  pressure  drop u n t i l  t h e  high-flow-rate s t a b l e  equi l ibr ium 

poin t  is  reached. 

The equation descr ib ing  a complete flow excursion a t  constant  

pressure  drop is  equation (B.1.1). The i n t e g r a t i o n  i s  c a r r i e d  out  

more conveniently i n  terms of temperature r a t i o ,  T, which decreases  

monotonically during an excursion r a t h e r  than 6 which f i r s t  i nc reases  

then decreases.  The i n t e g r a l  t o  be  evaluated f o r  an excursion t o  

higher  flow rate a t  constant  pressure  drop is, 
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where 

- rnn(1- ] 
T -  

and, T is a dimensionless time defined as 

(B. 2-1) 

(B.2.2) 

where hl is the heat transfer coefficient evaluated at the entrance 

temperature. For laminar flow hl = 4 . 3 6  K/(4 rh) and for turbulent 

flow hl = (x) W 1-n C f pln/[2 ( 4  rhIn Pr 2/31 
P O  

! 
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Figure 1. Cutaway Sketch of a Sol id  Core h c l e a r  
Rocket Keactor 
(From NASA Keport SP-20, re fe rence  13) 
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