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VERIFICATION OF FUEL CENTERLINE TMERMOCOUPLE READINGS 

THROUGH RESPONSE TO LINEAR POWER DECREASES 

I - SUMMARY AND CONCLUSIONS 

A method i s  presented whereby t h e  t r u e  va lue  and 95% conf idence l i m i t s  

f o r  f u e l  c e n t e r l i n e  temperatures a r e  es t imated  f rom f u e l  thermocouple response 

t o  a l i n e a r  decrease i n  r o d  power. Furtherniore, i t  i s  shown t h a t  f o r  moderate 

power decreases, these es t imates  a re  independent o f  u n c e r t a i n t i e s  i n  t he  f u e l  

r o d  thermal p r o p e r t i e s  ( i n c l u d i n g  i t s  gap conductance).  The est imates a re  

a l s o  independent o f  t h e  abso lu te  va lues o f  t he  i n i t i a l  therniocouple read ing  

and power l e v e l  . 
Data i s  presented f rom power decreases on the  U.S. Nuclear Regulatory  

Commission - B a t t e l l e  P a c i f i c  Northwest Labo ra to r i es  assembly IFA-431 i n  t he  

Halden r e a c t o r .  The r e a c t o r  power was l i n e a r l y  decreased approx imate ly  20% 

i n  30 seconds on severa l  d i f f e r e n t  occasions. The one-sided 95% conf idence 

l i m i t s  on c e n t e r l i n e  temperature f rom a n a l y s i s  o f  these runs v a r i e d  f rom 67 t o  

292 C, depending on t h e  run,  t h e  rod,  and t he  power l e v e l .  However, i n  33 of  

t h e  40 cases examined, thermocouples agreed w i t h  t he  es t imated  t r u e  va lue  

c e n t e r l i n e  temperature w i t h i n  80 C. 

Fu tu re  work i s  recommended which cou ld  narrow the  conf idence l i m i t s  and 

p rov ide  an independent measure o f  t h e  f u e l - t o - c l a d d i n g  gap conductance. 





I1 - I N T R O D U C T I O N  - - - - - - - . 

This report discusses the relationship between time-varying a and steady- 

s t a t e  fuel temperature measurements from Halden Reactor instrumented fuel 

assembly IFA-431. The design and fuel preparation for  IFA-431 was done by 

Battelle-Northwest under the sponsorship of the U S N R C .  A major purpose of 

the t e s t  was to  reduce the present uncertainty in stored energy calculations 

by gaining more precise measurements of fuel-clad gap conductance. That 

meant that  uncertainty on factors that  a f fec t  gap conductance (such as rod 

power, fuel thermal conductivity, gap s ize ,  and f i l l  gas composition and 

pressure) had to be minimi zed. Careful preparation and precharacteri zation 

of the fuel was part of th i s  e f fo r t ;  another part was the development of 

cross-checks on the power and fuel temperature data. 

In particular th i s  report shows tha t  time-varying fuel thermocouple 

and assembly power measurements provide a cross-check on the accuracy of 

indicated steady-state fuel temperatures. Good reasons ex is t  for  seeking 

such a cross-check. There i s  continuous uncertainty in thermocouple per- 

formance, due to the possibi l i ty  of shunting along the length, axial tempera- 

ture gradient e f fec ts ,  and response change due to  radiation ef fec ts .  

A sketch of the 6-rod, IFA-431 assembly appears as Figure 1.  All of the 

rods consisted of 10% enriched U02 pel lets  clad in Zircaloy-4 tubing, with 

nominal dimensions 0.01279 x 0.01090 m ( O D  x ID). The rods differed in gap 

s ize ,  f i l l  gas and fuel density, as indicated in Table 1 .  

The assembly carried 1 2  fuel thermocouples and 6 vanadium neutron detec- 

tors ,  in two coplanar s e t s ,  as shown in Figure 1.  The arrangement of neutron 

detectors faci 1 i tated axial and radial def i ni tion of the thermal neutron f l  ux 

in the assembly. 
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TABLE 1. Test  Paralneters i n  IFA-431 

Rod 
Nul~lber - 

1 

Dens i ty  o f  
UO ',' Ti) --- 2E!L-- 

9 5 

9 5 

Dianic t ra l  F i l l  Gas 
( a l l  a t  1 at111 

17 t %')3" K )  

I lc 

* The 92% S f u e l  was s t a b l e  w i t h  r espec t  t o  
probable i n - r e a c t o r  d e n s i f i c a t i o n ;  t he  92% U 
was uns tab le ,  and was expected t o  d e n s i f y .  

** The va lues f o r  d iamet ra l  gap ( i  .e., t he  c l add ing  
I D  l e s s  t he  p e l l e t  d iameter )  a re  f o r  t h e  as- 
f a b r i c a t e d  f u e l  rods a t  room temperature.  

The assembly a l s o  c a r r i e d  a  c o b a l t  neu t ron  de tec to r ,  which has a  response 

t ime  t o  f l u x  changes on t h e  o rde r  o f  m i  11 iseconds and was capable o f  f o l l  owing 

and r e c o r d i n g  r a p i d  r e l a t i v e  changes i n  power. Dur ing  spec ia l  power changes, 

t he  c o b a l t  d e t e c t o r  o u t p u t  was recorded, a long  w i t h  t h a t  f rom a1 1 12 thermo- 

couples, on a  fas t -scan  system t h a t  records  a  complete da ta  s e t  every  3 sec. 

Th i s  was t h e  f e a t u r e  t h a t  enabled t he  cross-check on c e n t e r l i n e  temperature 

descr ibed  i n  t h e  n e x t  s e c t i o n .  





I 1 1  - ANALYSIS OF OUASI-STEADY-STATE TIME DERIVATIVE 

OF CENTERLINE TEMPERATURE (SLOPE ANALYSIS) 

The t ime v a r i a t i o n  o f  f u e l  teniperatures o f f e r s  a  measure o f  t he  f u e l  

c e n t e r l i n e  temperature which i s  independent o f  t h e  measured s teady -s ta te  

value. To see why t h i s  i s  t r u e ,  cons ider  a  very  s i m p l i f i e d  model o f  a  f u e l  

rod :  cons ider  i t  t o  be a  1  ump cha rac te r i zed  by a  vo lume t r i c  average tempera- 

t u r e  T y  su r f ace  area A, conductance H, heat  c a p a c i t y  C, volume V,  d e n s i t y  d, 

and l e n g t h  L, produc ing q power u n i t s  per  u n i t  l eng th . *  The s teady-s ta te  hea t  

balance equat ion  f o r  t h i s  model i s  s imp l y  

"Heat produced = Heat l o s t "  

o r  , 

qL = H A  (T - Tm), where Tm i s  t he  coo lan t  temperature.  ( 1 )  

The t ime -va ry i ng  equat ion  f o r  t h e  model i s  ( p e r  u n i t  t ime,  t ) ,  

"Change i n  s t o r e d  energy = Heat produced - Heat l o s t "  

We w i l l  now i n v e s t i g a t e  a s p e c i f i c  cho ice  f o r  q ( t ) ,  namely l i n e a r  v a r i a -  

t i o n  w i t h  t ime. Th is  cho ice  r e s u l t s  i n  a  l i n e a r  change i n  temperature w i t h  

t ime ( a f t e r  t r a n s i e n t  terms have d i e d  away). Furthermore, as we s h a l l  see, 

t he  r e l a t i v e  change i n  t he  q u a n t i t y  (T - Tm) i s  equal t o  t h e  r e l a t i v e  change 

* S2e Appendix A  f o r  a  complete l i s t i n g  o f  t h e  v a r i a b l e s  d iscussed i n  t h i s  
r e p o r t ,  t h e  symbols used f o r  them, and t h e i r  a p p r o p r i a t e  S I  u n i t s .  



i n  power, pe r  u n i t  t ime. Th i s  r e s u l t  occurs i r r e s p e c t i v e  o f  t h e  p a r t i c u l a r  

c o n d u c t i v i t y ,  conductance, o r  f l  ux depress ion o f  a  g iven  rod.* 

The advantages of  t h e  foregoing w i l l  be used t o  f i x  a  l i m i  t o f  e r r o r  on 

t r u e  To g i ven  q. Th i s  u n c e r t a i n t y  w i l l  be found t o  i n v o l v e  ( i n  a  s t r a i g h t f o r -  

ward way) o n l y  t h e  u n c e r t a i n t i e s  i n  r e l a t i v e  changes o f  To and q, and - n o t  

t h e  u n c e r t a i n t i e s  i n  t h e i r  abso lu te  va lues .  Furthermore t he  u n c e r t a i n t i e s  i n  

c o n d u c t i v i t y  and conductance w i  11 n o t  be invo lved .  

The p a r t i c u l a r  cho ice  proposed f o r  l o c a l  r o d  power v a r i a t i o n  w i t h  t ime, 

i .e. 

does n o t  make t h e  t r a n s i e n t  equa t ion  o f  hea t  t r a n s f e r  f o r  a  f u e l  r o d  any more 

t r a c t a b l e  a n a l y t i c a l l y .  I t i s  s t i l l  h i g h l y  non l i nea r .  However, as shown i n  

Appendix B, approx imat ions can be made which do a l l o w  an a n a l y t i c a l  s o l u t i o n  

f o r  t h e  t ime  v a r i a t i o n  i n  quas i -s teady s t a t e  o f  t he  c e n t e r l i n e  temperature.  

I n  t h i s  s e c t i o n  we wi 11 f o l l o w  through t he  s o l u t i o n  o f  t h e  lumped-parameter 

model (Equat ion  2) f o r  t h e  case o f  l i n e a r  change i n  r o d  power. The main fea-  

t u r e s  and t h e  conc lus ion  w i l l  be t he  same as t h a t  found i n  Appendix 6, w i t h -  

o u t  e s p e c i a l l y  cumbersome mathematics. 

Reca l l  t h a t  Equat ions (1) and ( 2 )  were 

(s teady-s  t a t e )  

( t r a n s i e n t )  

* Prov ided  t h a t  t h e  e f f e c t i v e  values o f  these q u a n t i t i e s  do n o t  change s i g -  
n i f i c a n t l y  i n  t h e  course o f  t h e  power change. Appendix B d iscusses t h e  
adequacy o f  t h i s  assumption f o r  t h e  da ta  i n  t h i s  r e p o r t .  



Define qN as qN = qL/HA(fi - T_) such t h a t  

1 = q i ~ / ~ ~ ( T i  - T_) = qN ( f rom t h e  s teady-s ta te  equa t ion)  
i 

I f  one de f i nes  
- 

-.- T - T  
CO 

and d i v i d e s  t he  t r a n s i e n t  equa t ion  by (Ti - Tm) , one ob ta ins  

1 d T ~  - --- 
Z d t  qN - TN, Z = HA/dVC = t ime  cons tan t  

Now l e t  q N ( t )  = 1 + b t ,  where b  = s p e c i f i e d  power "s lope '  

TN = 1  + aTN(t ) ,  n T N ( t )  = temperature response ( t o  be 

determined) 

S u b s t i t u t i n g  i n  Equat ion (4 )  and e l i m i n a t i n g  s teady -s ta te  terms y i e l d s  

w i t h  i n i t i a l  c o n d i t i o n  

aTN(0) = 0  

Laplace t r ans fo rma t i on  y i e l d s  an a l g e b r a i c  equa t ion :  

1  b  
- Z [sari ( s )  - A T ~ ( o ) ]  = -  AT^ 

S 



dATN 
Now ou r  concern w i l l  be w i t h  - d t , the  Laplace t r ans fo rm  o f  which i n  t h i s  

case w i l l  be j u s t  SnTN*(s). So mu1 ti p l y  bo th  s ides  o f  ( 5 )  by " s "  t o  o b t a i n  

Tak ing t h e  a n t i t r a n s f o r m a t i o n  o f  bo th  s ides ,  

- (ATN)= b(l - e -~ t )  
d t (See Reference 1  f o r  example) 

I n  quas i -s teady s t a t e ,  we have 

Equat ion  ( 6 )  says t h a t  as t ge ts  l a r g e r  than ~ 3 1 2 ,  t h e  change lun i t  t ime  

i n  norma l i zed  r e l a t i v e  temperature i s  equal t o  t h e  s l ope  o f  norma l i zed  power 

regard less  o f  t he  va lue  o f  t he  conductance o r  t h e  abso lu te  va lue  o f  q  o r  
- 
T. Appendix B comes t o  t h i s  same conc lus ion  f o r  t h e  c e n t e r l i n e  temperature 

o f  t h e  a c t u a l  f u e l  rod.  A p l o t  o f  norma l i zed  temperature and power shou ld  

appear as i n  F igu re  2. 

Now suppose, when ac tua l  data i s  p l o t t e d  i n  t h i s  way, t he  s lopes o f  

l e a s t - s q u a r e s - f i t  l i n e s  a r e  unequal t o  a  s t a t i s t i c a l l y  s i g n i f i c a n t  degree. 

Th is  means t h a t  t he  two v e r t i c a l  sca les  drawn i n  F igure  2 do n o t  i n  f a c t  

co inc ide .  Furthermore, t h e  degree t o  which t h e  s lopes do n o t  match i s  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  degree t o  which t h e  sca les  do n o t  match. For  

example, i f  t he  s lopes do n o t  match t o  t h e  e x t e n t  o f  1W6, then Ti, t h e  

i n i t i a l  thermocouple reading,  i s  i n c o r r e c t  by 10% o f  t he  q u a n t i t y  (Ti - Tm), 

which i s  t h e  s c a l e  f a c t o r  f o r  t h e  norma l i zed  temperature.  



We a r e  now i n  a  p o s i t i o n  t o  cons ider  a c t u a l  data,  c a l c u l a t e  t y p i c a l  l i m i t s  

o f  e r r o r ,  and compare w i t h  t y p i c a l  l i m i t s  o f  e r r o r  f rom s teady-s ta te  c a l c u l a -  

t i o n s .  That  i s  t h e  s u b j e c t  o f  t he  n e x t  sec t ion .  

I I I I I I 1- 

5 10 15 20 25 30 35 40 

TIME. SECONDS 

FIGURE 2 .  Q u a l i t a t i v e  Expected Behavior  o f  qN and TN 





I V  - IFA-431 POWER DROP ANALYSIS 

The power changes used t o  c rea te  t ime- temperature da ta  cons i s ted  o f  

power decreases o f  20% i n  approx imate ly  30 sec. These power decreases were 

accomplished by c o n t r o l  r o d  movement f a r  f rom IFA-431. The whole r e a c t o r  

appeared t o  change power q u i t e  un i f o rm ly ,  based on t h e  ou tpu t  o f  severa l  

w i d e l y  spaced c o b a l t  neu t ron  de tec to r s .  A s e t  o f  3 such power drops were 

run  a f t e r  each o p e r a t i n g  month. The numbering system used by Halden t o  des ig-  

n a t e  these power drops, and t he  dates on which they  occurred,  a r e  shown i n  

Table 2. 

TABLE 2. IFA-431 Power Drops 

Hal den 
Run 

Number 

1 

Approxi  mate 
Burnup 

Date ( M W ~ / M T U )  

6/22/75 0. 

* An a s t e r i s k  (*) marks runs which were su f -  
f i c i e n t l y  l i n e a r  f o r  t h i s  r e p o r t .  



Sample da ta  f rom Rod 1 ( t h e  t y p i c a l  BWR r o d )  i s  presented i n  F i g u r e  3, 

i n  norma l i zed  form. The da ta  f o r  t h i s  f i g u r e  i s  t h a t  f o r  thermocouple TF 2 

f rom Run 3, t a b u l a t e d  i n  Appendix D. 

Appendix D con ta ins  a l i s t i n g  of raw and normal ized da ta  f rom a l l  t h e  

" l i n e a r "  power drops (Runs 3, 11, 13, 17, 21 ). The r e s u l t s  o f  leas t -squares  

f i t t i n g  of  s t r a i g h t  l i n e s  t o  t he  most l i n e a r  p o r t i o n s  o f  these drops a r e  a l s o  

presented i n  Appendix D. These t a b l e s  show the  s lope  o f  t h e  l e a s t - s q u a r e s - f i t  

l i n e  f o r  t h e  power and f o r  each o f  t he  e i g h t  thermocouples examined." For  each 

thermocouple they  a l s o  show the  d i f f e r e n c e  between t he  therniocouple (tempera- 

t u r e )  s lope  and t h e  power slope, and t h e  va lue  o f  t h i s  d i f f e r e n c e  which i s  

s t a t i s t i c a l l y  s i g n i f i c a n t  ( f r om a one-sided "t" t e s t )  a t  t h e  95% con f idence  

l e v e l .  The b a s i s  f o r  t h i s  l a t t e r  va lue  i s  rev iewed i n  Appendix C. 

Table 3 below summarizes these r e s u l t s  by showing, f o r  each thermocouple 

and each s e l e c t e d  power drop, t h e  d i f f e r e n c e  between t he  temperature and power 

s lopes. Th i s  d i f f e r e n c e  i s  expressed as a percentage o f  t h e  s t a t i s t i c a l l y  

s i g n i f i c a n t  d i f f e r e n c e .  A(+) i n d i c a t e s  t he  temperature s lope  i s  g r e a t e r  than 

t h e  power s l ope  and a ( - )  i n d i c a t e s  t h a t  t he  temperature s lope  i s  l e s s  than 

t he  power s lope. One would expect  these percentages t o  be randomly d i s t r i b u t e d  

i n  bo th  s i g n  and magnitude. Note t h a t  t h e  s i g n i f i c a n t  i n t e r v a l s  a r e  g e n e r a l l y  

15 t o  20% o f  t h e  s l ope  va lues,  which means t h a t  t h e  " d e t e c t i o n  l i m i t "  of  

erroneous thermocouple read ings  w i t h  t h e  p resen t  da ta  i s  about 15-20% o f  

(To - T_). These l i m i t s  (one-sided) a r e  presented i n  Table 4. Appendix C 

g i ves  a sample c a l c u l a t i o n  f o r  t h e  e n t r i e s  i n  Table 4. These l i m i t s  a r e  

comparable t o  t he  *17O0C es t imated  as a 95% conf idence l i m i t  f o r  To c a l c u l a t e d  

* Data f rom Rods 2 and 4 was excluded, s i nce  these rods had t o o  much thermal 
i n e r t i a  t o  cdme i n t o  quas i -s teady s t a t e  d u r i n g  t he  s h o r t  power drops d i s -  
cussed here.  



0 T~ 
\ 

A qN 
a ' ' 2 8 '8.' '\; - LEAST-SOUARES FIT 

' 0 ', 
- 

+ \: '\ 

- 
'\n 
' 
\ 

I I 1 I I I I I I 

5 10 15 20 25 30 35 40 45 50 
TIME, sec 

FIGURE 3. Normal ized Data f o r  Thermocouple TF2, Run 3 



TABLE 3. Summary o f  Regression Resul ts  

Temperature S l  ope M i  nus Power S l  ope (Expressed 
Rod Thermocoupl e  as Percent o f  95% S ign i f i cance  I n t e r v a l )  

Number Number Run 3  Run 11 Run 13 Run 17 Run 21 

TABLE 4. One-Si ded 95% S ign i f i cance  I n t e r v a l  f o r  Center1 i n e  
Temperature ( i n  Degrees C) 

Thermocouple Run 3  

86 

109 

6 7  

7  3  

65 

9  6  

6 7  

9  7  

Run 11 

137 

174 

107 

145 

135 

198 

146 

292 

Run 13 

115 

99 

5  8 

85 

8 7  

134 

84 

11 1  

Run 17 

102 

1  48 

6  8 

107 

9 9 
178 

115 

21 4  

Run 21 

146 

from s teady-s ta te  cond i t i ons  (Reference 2 ) .  I n  a d d i t i o n  the  est imates o f  To 

f rom the  power drop data a re  complete ly  independent o f  e i t h e r  s teady-s ta te  

readings o r  c a l c u l a t i o n s .  They thus form a  cross-check on the  thermocouple 

readings which i s  capable o f  d e t e c t i n g  s i g n i f i c a n t  thermocouple b ias  o r  d e c a l i -  

b r a t i o n .  This  has the  e f f e c t  o f  removing some b ias  from the  gap conductance 

values which are  i n f e r r e d  from the  thermocouple readings. 



Table 5 presents t he  d i f ference between i n i t i a l  thermocouple readings and 

est imated t r u e  c e n t e r l i n e  temperatures. Table 5 was produced by s imply com- 

b i n i n g  t h e  r e s u l t s  o f  Tables 3 and 4. Table 6 shows the  frequency d i s t r i b u t i o n  

o f  t he  data i n  Table 5. From Table 6 we see t h a t  the  median o f  t he  data i s  

very  n e a r l y  zero, and t h a t  data i s  p r e t t y  evenly  sca t te red  i n  the  range 280 C, 

w i t h  a mode a t  -10 C. The mean o f  t he  data i s  + I 6  C, and i t s  standard devia-  

t i o n  i s  62 C. 

TABLE 5. Est imated True Center1 i n e  Temperature Minus I n i t i a l  
Thermocouple Reading ( i n  Degrees C) 

Thermocouple 

TF 1 

TF 2 

TF 5 

TF 6 

TF 9 

TF 10 

TF 11 

TF 12 

Run 3 

-1 6 

-61 

+26 

+71 

Run 11 

+65 

+36 

+ I03  

Run 13 

+14 

+ 2 

+12 

+34 

+26 

+94 

+33 

+76 

Run 17 

-43 

- 74 

- 9 

Run 21 

--34 

-87 

- 1 

-55 
- 8 

+68 

-1 4 

-66 

Note t h a t  t he  th ree  values i n  excess of 120 C a l l  occur i n  Run 11. This  

i n d i c a t e s  t h a t  Run 11 may i n v o l v e  a power slope es t imate  t h a t  i s  s imply t oo  

low. I f  data from t h i s  run  i s  excluded, t he  remaining data has a standard 

d e v i a t i o n  o f  45 C and a mean o f  -4 C. Th is  l a t t e r  data can be s a i d  t o  i n d i c a t e  

t h a t  the  thermocouple readings agree w i t h  t h e  est imated t r u e  value w i t h i n  

80 C a t  t he  95% confidence l e v e l .  



TABLE 6. Frequency D i s t r i b u t i o n  f o r  Data i n  Table 5 

Number of  . . 
Sub-Range, Data Po in t s  i n  t h e  
Degrees C Sub-Range 

+I00 t o  +I20 

Above 120 



V - RECOMMENDATIONS FOR FUTURE WORK 

There a r e  severa l  ways t h e  r e s u l t s  i n  t h i s  r e p o r t  cou ld  be improved o r  

extended i n  f u t u r e  exper iments.  We w i l l  d i scuss  o n l y  two aspects here: 

1  ) ways t o  narrow t h e  con f idence  1 i m i t s  on cen te r1  i n e  temperature and 

2) ways t o  d e r i v e  es t imates  o f  t h e  gap conductance. 

1. Narrowing t h e  Conf idence L i m i t s  

From t h e  exper ience so f a r  i t  i s  apparent t h a t  t h e  o v e r a l l  r a t e  o f  

0.67%/sec i s  n e a r l y  i d e a l  f o r  a  power decrease; s teeper  r a t e s  produce t o o  

few data p o i n t s  i n  t he  l i n e a r  r eg ion ,  and sha l lower  r a t e s  produce power h i s -  

t o r i e s  t h a t  a r e  dec ided l y  non l i nea r .  It i s  a l s o  apparent t h a t  i n c r e a s i n g  

t he  number o f  data p o i n t s  taken per  r u n  w i l l  n o t  decrease t he  r e s i d u a l  s tan-  

dard dev ia t i on ,  which determines t h e  conf idence l i m i t s .  Thus t h e  o n l y  avenue 

open f o r  narrowing t h e  conf idence l i m i t s  i s  t o  make t h e  power decreases more 

t r u l y  l i n e a r ,  which means a l t e r i n g  t h e  method by which they  a r e  achieved. 

Th i s  cou ld  p robab ly  be done i n  t he  hel ium-3 r i g  i n  t he  Halden r e a c t o r .  

It cou ld  a l s o  be done by surrounding t he  assembly by a r o t a t a b l e  shroud 

( s i m i l a r  t o  t h e  shroud on IFA-429). The shroud cou ld  be tapered o r  graded 

i n  composi t ion around i t s  c i rcumference, such t h a t  as i t  r o t a t e s  i t  cas ts  

a l i n e a r l y  i n c r e a s i n g  shadow t o  neu t ron  r a d i a t i o n  across a r o d  s i t e .  

J u x t a p o s i t i o n  o f  a  c o b a l t  d e t e c t o r  near t h e  r o d  s i t e  would adequate ly  

determine t h e  v a r i a t i o n  o f  t he  f l u x  a t  t he  r o d  s i t e  s ince  i t  i s  t he  s lope  

of t he  power t h a t  i s  impor tan t ,  n o t  i t s  ins tantaneous abso lu te  va lue.  

2. D e r i v i n g  Gap Conductance Values 

The da ta  i n  t h i s  r e p o r t  i n d i c a t e d  t h a t  t he  l i m i t i n g  va lue o f  t h e  

power- to-center l ine- temperature t r a n s f e r  f u n c t i o n  does n o t  va ry  t y p i c a l l y  



niore than %5% ove r  a  power range o f  20% and i t s  v a r i a t i o n  i s  t y p i c a l l y  l e s s  

than 3% over  a  power range o f  10%. Th is  i s  n o t  a  new o r  s t a r t l i n g  r e s u l t .  

But  i t  does p o i n t  t o  a  way t o  independent ly  es t imate  t he  gap conductance. 

I f  a  r a p i d  b u t  a c c u r a t e l y  c a l i b r a t e d  change i n  power were made (say 10% i n  

l e s s  than 5 sec)  then t h e  c e n t e r l i n e  temperature behav io r  about 20 sec a f t e r  

t h a t  change would be exponent ia l  w i t h  a  t ime  cons tan t  d i r e c t l y  r e l a t e d  t o  t he  

r a t i o  o f  the  f u e l - t o - c o o l a n t  conductance d i v i d e d  by the  f u e l  c o n d u c t i v i t y .  

Th is  independent check on bo th  c o n d u c t i v i t y  and conductance cou ld  be achieved 

by t he  same r o t a t a b l e  shroud descr ibed  above, by s imp ly  making a  r a p i d  t w i s t .  

Again, t h e  f a c t  t h a t  t h e  neu t ron  d e t e c t ~ r  r e c o r d i n g  t h e  power change i s  n o t  

e x a c t l y  a t  t h e  r o d  s i t e  w i l l  n o t  a f f e c t  t h e  r e s u l t s ,  s i nce  i t  i s  t he  u l t i m a t e  

r e l a t i v e  va lue  o f  t h e  power change t h a t  i s  impor tan t ,  n o t  t h e  instantaneous 

abso lu te  va lue  o f  t h e  power. 

Note t h a t  t h e  shroud cou ld  be graded a x i a l l y  r a t h e r  than c i r cumfe r -  

e n t i a l l y ,  and lowered p a s t  a  thermocouple e l e v a t i o n  a t  cons tan t  speed t o  

produce l i n e a r  and r a p i d  power v a r i a t i o n s .  
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APPENDIX A 

NOTATION AND SI UNITS 

The variables discussed i n  t h i s  repor t  a r e  l i s t e d  below, together w i t h  

t h e i r  symbol and appropriate SI uni ts .  

Symbo 1 Meaning SI Units 

A Fuel rod surface area m 2 

b "slope" of normalized power data ,  - .  ( f r a c t i on ) / s ec  
d q ~  

i . e .  d t 

C Effective fuel rod heat capacity jouleslkg -C 

Fuel density 

Rod power-to-centerline temperature 

t r an s f e r  function 

Fuel surface-to-cool an t  conductance 

Fuel rod length 

Rod l i near power 

Lap1 ace transform variable 

Residual standard deviation 

Centerl ine temperature 

Vol umetric average temperature 

I n i t i a l  value of T 

Normal ized r e l a t i v e  temperature 

Cool an t  temperature ( ~ 2 4 0  C )  

Time-varying portion of temperature T 

Time constant  f o r  a fuel rod 

vari es 
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APPENDIX B 

DERIVATION OF THE CENTERLINE TEMPERATURE 

RESPONSE TO A LINEAR DECREASE I N  POWER 

I n  P a r t  I 1 1  o f  t he  t e x t  i t  was shown t h a t  

t h a t  i s ,  t h e  s lope  o f  t h e  normal i z e d  r e l a t i v e  ( v o l  ume t r i c  averaged) temperature 

approaches t h e  s l ope  o f  t h e  norma l i zed  power. Th i s  r e s u l t  was d e r i v e d  f o r  a  

lumped-parameter model o f  t h e  f u e l  rod ,  under t h e  assumption o f  temperature-  

independent thermal p r o p e r t i e s .  I t  i s  by no means obv ious ( n o r  i s  i t  g e n e r a l l y  

t r u e )  t h a t  t h e  same r e s u l t  ho lds  f o r  c e n t e r l i n e  temperature o f  r e a l  f u e l  rods  

whose thermal p r o p e r t i e s  c e r t a i n l y  a r e  temperature dependent. I t  i s  t h e  pu r -  

pose o f  t h i s  Appendix t o  show t h a t  t h e  r e s u l t  (8.1 ) does h o l d  approx imate ly  

f o r  t h e  t e s t s  r epo r t ed ,  and t h a t  t h e  degree o f  approx imat ion  i s  w e l l  w i t h i n  

t h e  l i m i t s  o f  e r r o r  r e s u l t a n t  f r om  t h e  i n t r i n s i c  s c a t t e r  i n  t he  data.  

F i r s t ,  we s h a l l  d e r i v e  t h e  e q u i v a l e n t  o f  (B . l  ) f o r  t h e  cen te r1  i n e  ternp- 

e ra tu re ,  To. L e t  T r ( t )  = T  + AT ( t )  where, Tr = To - T  
ri m 

q ( t )  = qi + ~ q ( t )  

i e., t h e  sum o f  known i n i t i a l  components and unknown t ime  v a r y i n g  components. 

Now l e t  t h e  f u e l  r o d  be cha rac te r i zed  by a  t r a n s f e r  f u n c t i o n  G(s)  r e l a t i n g  

AT ( t )  t o  ~ q ( t ) ,  such t h a t  t h e  Laplace t r ans fo rm  o f  AT ( i  .e. ,  t h e  " o u t p u t " )  
r r 

i s  equal t o  t h e  t r a n s f o r m  o f  Aq ( t h e  " i n p u t " )  t imes t h i s  t r a n s f e r  f u n c t i o n :  
* 

ATr(s) = G(s)  Aq*(s) 



The t r a n s f e r  f u n c t i o n  o f  course con ta ins  a l l  the  aspects o f  t he  f u e l  r o d  

( i t s  f u e l  and c l a d  thermal p r o p e r t i e s ,  i t s  gap conductance, i t s  geometry, 

i t s  f i l m  c o e f f i c i e n t  and i t s  f l u x  depress ion) ,  and i s  a  very  cor i ip l icated 

and temperature-dependent f u n c t i o n .  Cut l e t  G ( s )  be t h e  e f f e c t i v e  t r ans -  Q 
f e r  f u n c t i o n  a t  a  g iven  power l e v e l  q = Q, so t h a t  G ( s )  i s  assumed i n -  Q 
dependent o f  nT;(s). We w i  11 i n v e s t i g a t e  t he  l i m i  t a t i o n s  o f  t h i s  assumption 

i n  a  moment. Note t h a t  t he  temperature-dependent components o f  G have Q 
been eva lua ted  a t  t he  s teady -s ta te  temperature d i s t r i b u t i o n  a t  q = Q. r4ow 

l e t  us t ake  a  power s t e p  a l l  the  way f rom q = 0 t o  q = Q, and w r i t e  down the  

Laplace t rans fo rm o f  ATo, t he  r e s u l t a n t  temperature r i s e .  Our i n i t i a l  con- 

d i  t i o n s  a r e  

Tr = 0 

qi = O ,  t s 0  

and 

Thus 

'QWQ AT*, = - 
S 

We know t h a t  t h i s  express ion  w i l l  o n l y  l ead  t o  a  c o r r e c t  answer as t -t a o r  

S -+ 0, s i n c e  we a r e  u s i n g  G f o r  t he  t r a n s f e r  f u n c t i o n .  Furthermore we know Q 
t h a t  as t + , ATr (TQ - Tm) , where T  i s  t h e  s teady-s ta te  cen te r1  i n e  tem- 

Q 
p e r a t u r e  a t  q = Q. Thus 

Th i s  r e s u l t  w i l l  be u s e f u l  i n  a  moment. 



Now cons ider  a  sma l l ,  1  i n e a r  power decrease f rom power l e v e l  q = Q. 

Va r i ab les  Tr and q  a r e  

T r ( t )  = T,.Q + AT#) 

q ( t )  = Q - b t  

so Aq = - b t .  Note i n i t i a l  c o n d i t i o n s  a re  

We can w r i t e  down the  t r ans fo rm  o f  t h e  r e s u l t a n t  a T o ( t )  as 

We can a l s o  w r i t e  down t h e  t r ans fo rm  o f  t h e  t ime  d e r i v a t i v e  o f  ATo( t ) ,  s i nce  

Thus 

The quasi  s t eady -s ta te  va lue  o f  t h i s  d e r i v a t i v e  w i l l  be 

Now l e t  us d i v i d e  B.3 by B.2: 

I f  we d e f i n e  



much as before, and recognize that 

then we have, from B.4 

that  i s ,  the slope of the normalized re la t ive  centerline temperature approaches 

the slope of the normalized power, under the assumption that  G i s  indepen- Q 
dent of ATr. Note that  i t  i s  the quantity 

that  determines the quasi-steady s t a t e  slope during a l inear  power decrease. 

Thus an examination of T r ( t + a  ) a t  d i f fe rent  power levels would reveal the 

dependence of G on q .  This information could be used to  determine "acceptable" 

ranges of l inear  power decreases, for  which a constant ( i n i t i a l  value) trans- 

f e r  function could be used. This examination of G could be done experimentally 

by bringing the assenibly up  to a given power, waiting -for and recording steady- 

s t a t e  centerline temperatures, then increasing the power and recording the 

s teady-state temperatures again. The process would be repeated for  many di f -  

ferent power levels. Quite comparable results , however, may be obtained by 

using a computer program such as G A P C O H - I I ( ~ )  o r  FRAP-s (~)  which rel iably 

incorporates a l l  the temperature-dependent properties of the fuel rod. The 

resul ts  of such a procedure are presented in Table B.l, for  computer input 



c o n d i t i o n s  a p p r o p r i a t e  t o  TF 2 a t  f u l l  r e a c t o r  power. As can be seen, t he  - 

t r a n s f e r  f u n c t i o n  does n o t  change g r e a t l y  ove r  t h e  t y p i c a l  range of  t h e  
* 

power drops desc r i bed  i n  t h i s  r e p o r t .  

S i m i l a r  ana lyses have been performed f o r  a l l  t h e  thermocouple l o c a t i o n s  

cons idered i n  t h i s  r e p o r t ,  w i t h  s i m i l a r  r e s u l t s .  

TABLE B.1. Apparent L i m i t i n g  Values o f  E f f e c t i v e  
TF 2 T rans fe r  Func t i on  

Temperature Change Due t o  U n i t  
Power Lev 1, 8 Step Power I n p u t ,  

w/m x 10 rc/ (WI m)l x 10-2 

Note: The dashed l i n e s  r e p r e s e n t  t h e  app rox i -  
mate l i m i t s  o f  a t y p i c a l  power drop.  

* I n  t h i s  example, t h e  change i s  <2%which  leads  t o  a -6% b i a s  i n  t h e  
s l ope  o f  t h e  temperature response t o  a p e r f e c t l y  l i n e a r  power decrease. 
However, t h e  con f idence  l i m i t s  on power and temperature s lopes a re  
g e n e r a l l y  2 -3  t imes  as l a r g e .  
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APPENDIX C 

REVIEW OF THE TEST FOR EQUALITY OF 

SLOPE OF TWO LEAST SOUARES F I T  LINES 

The se lec ted  norma l i zed  power da ta  f o r  each r u n  i s  used t o  e s t a b l i s h  

an es t imated  power s lope  by t h e  f a m i l i a r  method o f  l e a s t  squares f i t t i n g  o f  
* 

a  s t r a i g h t  l i n e .  The computer program MARTHA was used t o  do t h i s .  L i k e -  

wise, l e a s t - s q u a r e s - f i t  l i n e s  were e s t a b l i s h e d  f o r  se lec ted  normal ized tempera- 

t u r e  da ta  f rom each thermocouple d u r i n g  each run .  Now l e t  bl be t he  power 

s lope  f o r  a  g i ven  run  and b2 be t h e  s lope  o f  t h e  normal ized temperature f o r  

some s p e c i f i c  thermocouple. Then i t  i s  a  wel l -known r e s u l t  t h a t  t h e  q u a n t i t y  

i s  d i s t r i b u t e d  as "t" w i t h  (nI+ n2 - 4 )  degrees o f  freedom where nl, n2 a r e  

t he  number o f  da ta  p o i n t s  used f o r  power and temperature,  r e s p e c t i v e l y  (see, 

f o r  example, Reference 5, p. 555).  I n  t he  above q u a n t i t y ,  S represen ts  t he  
P  

pooled s tandard d e v i a t i o n ,  which i s  de f i ned  f rom 

* MARTHA i s  a  package o f  subrou t ines  f a c i l i t a t i n g  i n p u t  and ou tpu t  f rom 
t h e  main program descr ibed  i n  Ref. 6. The "normal equat ions"  o f  
leas t -squares  a n a l y s i s  a r e  so lved  by an i t e r a t i v e  technique, and t he  
r e s u l t s  manipu la ted t o  p resen t  conf idence 1  i m i  t s .  



2 2 
where Sr and Sr a r e  t he  " r e s i d u a l  mean squares," i . e . ,  t h e  sum o f  t he  

1  2 
squared d e v i a t i o n s  f rom the  l e a s t - s q u a r e s - f i t  l i n e ,  d i v i d e d  by  (n  - 2 ) .  

S i m i l a r l y  SS and SSX a r e  t h e  "ad jus ted  sums o f  squares" o f  t h e  indepen- 
X1 2 

dent  v a r i a b l e  X ( i n  t h i s  case, t i m e ) .  They a r e  de f i ned  as 

where X i s  t h e  mean va lue  f o r  t h e  p a r t i c u l a r  da ta  s e t .  

As an example o f  t h e  c a l c u l a t i o n  o f  a  s i g n i f i c a n t  d i f f e r e n c e  i n  s lopes 

a t  t h e  95% con f idence  l e v e l ,  cons ider  t he  reg ress ion  r e s u l t s  l i s t e d  f o r  TF 1, 

Run 3  (Table D-3). We see t h a t  

1  = 7 (power) 

L 

The pooled s tandard  d e v i a t i o n  i s  

There fo re  

The c r i t i c a l  "t" f o r  a  one-sided t e s t  w i t h  8 degrees o f  freedom i s  1  -860. 

Therefore,  t h e  s i g n i f i c a n t  va lue  f o r  t he  d i f f e r e n c e  i n  s lopes (bl - be) i s  



(0.000690) x 1.860 = 0.00128. S ince t h e  power s l o p e  i n  t h i s  case was 0.00938, 

t h e  r e l a t i v e  d i f f e r e n c e  t h a t  i s  s i g n i f i c a n t  i s  

0.00128 = 13.6% 
0.00938 

T h i s  r e l a t i v e  d i f f e r e n c e  can be t r a n s l a t e d  i n t o  a  s i g n i f i c a n c e  i n t e r v a l  f o r  

a  c e n t e r l i n e  temperature  f r o m  t h e  f a c t  t h a t  t h e  norma l i zed  temperature  i s  

p r o p o r t i o n a l  t o  11 ( To - T  ) F o r  t h i s  case To i s  871 C ,  and T _ i s  taken 

as 240 C f o r  a l l  cases. Thus t h e  s i g n i f i c a n c e  i n t e r v a l  i s  

13.6% x (871 - 240) = 86 C 

( c f .  Tab le  4 )  . 
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APPENDIX D  

RAW AND NORMALIZED DATA, AND REGRESSION RESULTS 

The t a b l e s  i n  t h i s  appendix occur  i n  se t s  o f  t h r e e  each. The f i r s t  

t a b l e  of each s e t  p resen ts  t h e  a c t u a l  c o b a l t  neu t ron  d e t e c t o r  and thermo- 

couple readings f rom a  g iven  power drop. The second t a b l e  i n  the  s e t  p re -  

sents  the  same da ta  i n  norma l i zed  form, where power and measured c e n t e r l i n e  

temperature have been normal ized as 

and 

4, = q ( t ) / q i  . 

The dashed l i n e s  i n  t a b l e s  o f  normal ized da ta  rep resen t  t he  l i m i t s  o f  t he  

l i n e a r  p o r t i o n s  o f  these data.  The t h i r d  t a b l e  i n  each s e t  p resen ts  t h e  

r e s u l t s  o f  f i t t i n g  a  s t r a i g h t  l i n e  through these l i n e a r  p o r t i o n s  by t h e  method 

o f  l e a s t  squares. Th is  i s  c a l l e d  s imple l i n e a r  regress ion ,  and t h e  " regres-  

s i o n  r e s u l t s "  l i s t e d  i n c l u d e  t he  1 )  s lope  o f  t he  reg ress ion  l i n e ,  2) t he  d i f -  

fe rence  between t he  power s lope  and t he  s lope  f rom t h e  temperature da ta  o f  

each thermocouple, and 3 )  t h e  va lue  of  t h i s  s lope  d i f f e r e n c e  t h a t  i s  s i g n i f i -  

c a n t  a t  t he  95% con f idence  l e v e l . *  

A lso  i nc l uded  i n  t he  " reg ress ion  r e s u l t s "  t a b l e s  a re  t he  r e s i d u a l  s tan-  

dard  d e v i a t i o n  and t he  ad jus ted  mean square o f  t h e  t ime  v a r i a b l e .  These 

q u a n t i t i e s  determine t he  95% s i g n i f i c a n c e  i n t e r v a l ,  and they  a re  de f i ned  and 

d iscussed i n  Appendix C. 

* Th is  i s  r e f e r r e d  t o  as t h e  "95% s i g n i f i c a n c e  i n t e r v a l . "  



T i  me, 
(set) 

0 

3 

6 

9 

12 

15 

18 

2 1 

TABLE D-1. Power and Temperature Data f o r  Run 3 
(Temperatures i n  Degrees C) 

Normal i zed 
Coba l t  

De tec to r  
Output  

Thermocouple No. 
T F 1  T F 2  T F 5  T F 6  T F 9  T F 1 0  T F 1 1  ------- 



TABLE D-2. Norma l i zed  Temperature Data  f o r  Run 3 

T i  me, Therniocouple No. 
(sec)  TF 1 T F 2  T F 5  T F 6  T F 9  T F 1 0  T F 1 1  T F 1 2  



Data 
Source 

Cobal t 
De tec to r  

TF 1 

TF 2 

TF 5 

TF 6 

TF 9 

TF 10 

TF 11 

TF 1 2  

TABLE D-3. Regression Resu l t s  f o r  Run 3 

S i g n i f i c a n t  Res idual  Ad jus ted  
Slope o f  Slope Slope Standard Mean Square 

B e s t - F i t  L ine ,  D i f f e r e n c e ,  D i f f e r e n c e ,  D e v i a t i o n ,  f o r  Time, 
sec-1 sec-1 sec-1 sec-1 sec2 



T i  me, 
se c 

TABLE D-4. Power and Teniperature Da ta  f o r  Run 11 
(Temperatures i n  Degrees C )  

Norma 1 i zed 
Cobal t 

De tec to r  
Output  

Thermocouple No. 
TF 6 TF 9 TF 10 TF 11 ---- 



TABLE D-5 .  N o r m a l i z e d  T e m p e r a t u r e  D a t a  f o r  Run 1 1  

T i m e ,  
Sec 

T h e r n i o c o u p l  e No. 
TF 1 T F 2  T F 5  T F 6  T F 9  T F 1 0  T F 1 1  T F 1 2  



Data 
Source 

Coba l t  
De tec to r  

TABLE D-6. Regression Resu l ts  f o r  Run 11 

S i g n i f i c a n t  Residual  Ad jus ted  
Slope o f  Slope S l  ope Standard Mean Square 

Best -F i  t L ine .  D i f f e r e n c e ,  D i f f e r e n c e ,  Dev ia t i on .  f o r  Tjnie 
set-1 set-1 sec-1 sec-1 sec 



TABLE D-7. Power and Temperature Data f o r  Run 13  

Norma l i zed  
C o b a l t  

Time, D e t e c t o r  
sec O u t p u t  

Themiocoupl e No. 
TF 5 TF 6 TF 9 TF 1 0  ---- 

671 881 825 1082 

672 883 827 1083 

672 882 826 1083 

672 882 827 1081 

668 875 821 1075 

660 862 812 1062 

650 847 801 1043 

639 833 787 1025 

631 821 772 1008 

622 803 762 985 

612 791 748 964 

603 776 734 943 

594 761 723 925 

590 756 716 91 0 

588 752 709 900 

582 745 703 889 



T i  me, 
Sec 

TABLE D-8. Norma l i zed  Temperature Data  f o r  Run 13 

Thermocouple No. 

TF 1 T F 2  T F 5  T F 6  T F 9  T F 1 0  T F 1 1  T F 1 2  



Data 
Source 

Coba l t  
De tec to r  

TABLE D-9. Regression Resu l t s  f o r  Run 13 

S i g n i f i c a n t  Res idual  Ad jus ted  
Slope of Slope Sl  ope Standard Mean Square 

Bes t -F i  t L i n e ,  D i f f e r e n c e ,  ~i f f e r e n c e  , D e v i a t i o n  , f o r  Tinie , 
sec-1 sec-1 sec-1 sec-1 sec2 



TABLE D-10. Power and Temperature Data f o r  Run 17 

Normal i zed 
Coba l t  

Time, Detec to r  Thermocouple No. 
sec Output  TF 1 TF 2 TF 5 TF 6 TF 9 TF 10 TF 11 TF 12 -------- 



TABLE D-1 1 . Normal i zed Temperature Data  f o r  Run 17 

T i  me, Therniocouple No. 
sec TF 1 T F 2  T F 5  T F 6  T F 9  T F 1 0  T F 1 1  T F 1 2  



Data 
Source 

Coba l t  
De tec to r  

TF 1  

TF 2 

TABLE D-12. Regression Resu l ts  f o r  Run 17 

S i g n i f i c a n t  Residual  Ad jus ted  
Slope o f  Sl  ope S l  ope Standard Mean Square 

Best -F i  t L ine ,  D i f f e r e n c e ,  D i f f e r e n c e ,  Dev ia t i on ,  f o r  T'me, 
sec-1 sec -1 sec-1 ~ e c  -1 sec 1 



TABLE D-13. Power and Temperature Data  f o r  Run 21 

T i  me, 
se c 

Norma l i zed  
C o b a l t  

D e t e c t o r  
O u t p u t  

Thermocoupl e No. 
TF 1 TF 2 TF 5 TF 6 TF 9 TF 10 TF 11 T F E  -------- 



TABLE D-14. Norma l i zed  Temperature Data  f o r  Run 21 

Time, Thermocouple No. 
Sec TF 1 T F 2  T F 5  T F 6  T F 9  T F 1 0  T F 1 1  T F 1 2  



Data 
Source 

Cobal t 
De tec to r  

TABLE D-15. Regression Resu l ts  f o r  Run 21 

S i g n i f i c a n t  Residual  Ad jus ted  
Slope of  Slope Slope Standard Mean Square 

Best -F i  t L i n e ,  D i f f e r e n c e ,  D i f f e r e n c e ,  Dev ia t i on ,  f o r  Time, 
sec -1 sec-1 sec- 1  ~ e c - 1  sec2 
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