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ABSTRACT 

An e l e c t r i c a l l y  heated d rywe l l  storage c e l l  t e s t  has been i n  opera t ion  s ince 

March 1978 a t  the Engine Maintenance Assembly and Disassembly (E-MAD) f ac i  1  i t y  

on the  Nevada Test S i t e  i n  support o f  spent f ue l  d r y  s torage technology devel -  

opment. This  document presents the  t e s t  da ta  obtained t o  date a t  e l e c t r i c  

heater  power ou tputs  o f  1.0 kW and 2.0 kW. 

The s imulated d rywe l l  s torage c e l l  cons i s t s  of a  rep resen ta t i ve  s t a i n l e s s  s t e e l  

spent f u e l  c a n i s t e r  con ta in ing  an e l e c t r i c a l  heater  assembly, a  concrete f i l l e d  

s h i e l d  p l u g  t o  which t h e  c a n i s t e r  i s  attached, and a  ca rbon ' s tee l  l i n e r  t h a t  

encloses the  c a n i s t e r  and s h i e l d  plug. The e n t i r e  t e s t  d rywe l l  i s  grouted i n t o  

a  ho le  d r i d l e d  i n  t h e  s o i l  adjacent t o  E-MAD. Temperature ins t rumenta t ion  i s  

prov ided on the  c a n i s t e r  and d rywe l l  l i n e r ,  i n  the  grout  around the  l i n e r ,  and 

a t  a  number o f  r a d i a l  l o c a t i o n s  i n  the  s o i l :  surrounding the  drywel l .  Peak 

measured c a n i s t e r  and l i n e r  temperatures are 276OF and 232°F f o r  1.0 kW and 

510°F and 458°F f o r  2.0 kW, respec t i ve l y .  

A computer model was developed t o  p r e d i c t  t he  thermal response o f  t he  t e s t  con- 

f i g u r a t i o n .  Computer p r e d i c t i o n s  o f  t he  t r a n s i e n t  and steady-state tempera- 

t u res  o f  t he  d rywe l l  components and surrounding s o i l  are presented and they  

show good agreement w i t h  the  t e s t  data. 
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1.1 PURPOSE OF REPORT 

The purpose o f  t h i s  r e p o r t  i s ' t o  p rov ide  a  t e s t  ,descr ipt ion,  t he  t e s t  resu l t s ,  

and t h e  conclus ions drawn f rom t h e  E l e c t r i c a l l y  Heated Drywel l  Storage C e l l  

Test performed a t  t he  Nevada Test S i te .  This  t e s t  was e n t i t l e d  "Soi 1  ~empera-  

t u r e  Test" under Contract  No. DE-AC08-76NV00597 and i s  r e f e r r e d  t o  as such 

. throughout  t h i s  repo r t .  This  t e s t  was s t a r t e d  as p a r t  o f  the  Spent Fuel 
I' 

Hand1 i n g  and: packaging Program (SFHPP) 1978 Demonstration ( f u r t h e r  discussed 

i n  Sect ion 1.3) an'd i s  p r e k e n t l j  being conducted as p a r t  o f  t h e  Commercial 

Waste and Spent Fuel Packaging (CWSFP) Program. 

The S o i l  Temperature Test was begun i n  March 1978, and has been operated a t  

var ious  power l e v e l s  over t he  pas t  two years. The t e s t  arrangement (shown i n  

F igure  1) ccrnsists OF an. extensi 've ly  instrumented carbon s t e e l  d rywe l l  1  iner ,  a  

s t a i n l e s s  s t e e l  c a n i s t e r  con ta in ing  an assembly o f  e l e c t r i c  heaters i n  an a i r  

atmosphere, and a  concrete s h i e l d  p lug  which supports t he  cinister from the  top  

o f . t h e  l i n e r .  The d rywe l l  l i n e r  i s  grouted i n t o  a . h o l e  i n  t h e . s o i 1 .  An a r ray  

of thermocouple w e l l s  was i n s t a l l e d  t o  measure ground temperature response t o  

t h e  e l e c t r i c  heat source. Throughout t he  tes t ,  readings f rom t h e  thermo- 

couples, heater  i npu t  vo l tage and cur ren t ,  and atmospheric cond i t i ons  have been 

recorded. 

A f i n i t e  d i f f e r e n c e  computer model was developed i n  con junc t ion  w i t h  the  S o i l  

Temperature Test t o  c a l c u l a t e  can is te r ,  d rywe l l  and s o i l  temperatures under 

t e s t  cond i t ions .  Resu l ts  f rom t h e  computer model (descr ibed i n  Sect ion 6.0) 

were compared t o  the  t e s t  temperature data, .and the  model was r e f i n e d  t o  

p rov ide  p r e d i c t i o n s  t h a t  are i n  good agreement w i t h  the  ac tua l  t e s t  r e s u l t s .  

Comparisons OF Lhe a n a l y t i c a l  p r e d i c t i o n s  w i t h  the  t e s t  da ta  are presented i n  

Sect ion 7.0. . . 



FIGURE 1 .  Soil Temperature Test Arrangement 



1.2 ORGANIZATION OF REPORT 

Th i s  r e p o r t  i s  organized t o  p resen t  . t h e  Soi 1 Temperature Test and i t s  r e s u l t s  

i n  t h e  f o l l o w i n g  o rder :  , , 
< .  . .  

~ n t r o d u c t  i o n  ( i n c l u d i n g  background of Spent Fue l  Handl i ng and 
Packaging and Commercial Waste and Spent Fue l  Packaging Programs). 

Conclusions drawn f rom t h e  t e s t  r e s u l t s .  

Tes t  ob jec t i ves .  . . 

Test hardware d e s c r i p t i o n .  

0 Test ope ra t i on  and r e s u l t s .  

Thermal model d e s c r i p t i o n .  

Comparison o f  t e s t  ' r e s u l t s  w i t h  model p red ic t ions . .  

0 Test temperature data.  

Computer code i n p u t  and ou tpu t  data.  

1.3 BACKGROUND 

The Soi 1 Temperature Test  descr ibed  i n -  t h i s  r e p o r t  was i n i t i a t e d  as p a r t  o f  t h e  

Spent Fuel  Handl i n g  and. Packaging Program (SFHPP) 1978 Demonstrat ion a t  t h e  

Nevada Test S i t e .  The o b j e c t i v e  o f  t h e  SFHPP 1978 Demonstrat ion was . t o  develop 

, and t e s t  t h e  capabi 1 i t y  o f  - sa t i . s f  a c t o r i  l y  encapsu la t ing  t y p i c a l  spent f u e l  

assemblies f rom commercial nuc lea r  power p l a n t s  and t o  e s t a b l i s h  t h e  s u i t -  

. a b i l i t y  o f  o n e . o r  more sur face  and near -sur face  concepts f o r  t h e  i n t e r i m  d r y  

s to rage  o f  t h e  encapsulated f u e l  assemblies. 

The E-MAD (Engine Maintenance, Assembly, and' Disassembly) f a c i  1 i t y ,  cons t ruc ted  

a t  t h e  Nevada Test S i t e  as p a r t  of t h e  Nuclear  Rocket Development S t a t i o n ,  was 

chosen as t h e  l o c a t i o n  f o r  . t h i s  demonstrat ion because o f  i t s  ex tens i ve  cap- 

a b i l i t i e s  f o r  hand l i ng  h i g h l y  r a d i o a c t i v e  components and because o f  t h e  d e s i r -  

ab le  s i t e  c h a r a c t e r i s t i c s  f o r  t h e  proposed s to rage  concepts. The E-MAD f a c i l -  

i t y ,  operated f o r  t h e  Department o f  Energy by t h e  Advanced Energy Systems 

D i v i s i o n  (AESD) o f  t h e  Westinghouse E l e c t r i c  Corporat ion,  i s  descr ibed  i n  more 

d e t a i l  i n  Reference 1. 



Near-surface and above-surface storage concepts were chosen f o r  t e s t i n g  dur ing  

the  SFHPP 1978 Demonstration. Each storage c e l l  i s  designed t o  accommodate one 

can is te r ,  and t h e  c a n i s t e r  i s  designed t o  con ta in  e i t h e r  one pressur ized water 

r e a c t o r  (PWR) f u e l  assembly o r  two b o i l i n g  water reac to r  (BWR) f u e l  assem- 

b l i e s .  The near-surface storage concept, o r  d rywe l l ,  shown i n  F igure  2, con- 

s i s t s  o f  a s tee l  l i n e r  grouted i n t o  a shal low hole d r i l l e d  i n  t he  a l l u v i a l  s o i l  

a t  t h e  E-MAD f a c i l i t y .  A sealed c a n i s t e r  con ta in ing  the  f u e l  assembly i n  a 

hel ium atmosphere i s  suspended from a s h i e l d  p l u g  which i n  t u r n  i s  supported by 

a step i n  the. l i n e r .  The above ground storage concept, o r  Surface Storage Cask 

(SSC), i s  shown i n  F igure  3. Here, a s t e e l  l i n e r  i d e n t i c a l  t o  t h a t  used i n  t h e  

d r y w e l l  i s  encased i n  a r e i n f o r c e d  concrete s i l o ,  and the  c a n i s t e r /  s h i e l d  p lug  

package i s  supported i n  t he  l i n e r  i n  the  same manner as i n  t he  d rywe l l .  I n  

bo th  of these storage systems, t h e  decay heat o f  t he  f u e l  assembly i s  pass i ve l y  

t r a n s m i t t e d  t o  t h e  storage c e l l  and then d i ss ipa ted  t o  t h e  environment. 

Encapsulat ion o f  t he  f u e l  assemblies was performed i n s i d e  the  sh ie lded Hot Bay 

of t h e  E-MAD f a c i l i t y ,  and t h e  d rywe l l  and SSC storage c e l l s  themselves were 

cons t ruc ted  i n  an area immediately adjacent t o  t he  f a c i l i t y .  

An o v e r r i d i n g  requirement f o r  t h e  SFHPP 1978 Demonstration Program was t h a t  the  

spent f u e l  s torage system and associated a c t i v i t i e s  no t  resull i n  an undue r i s k  

t o  the  pub l i c ,  proper ty ,  environment., o r  s i t e  employccs. One means o r  dssuring 

t h a t  t h i s  requirement would be met was t o  main ta in  the leak t i g h t  i n t e g r i t y  o f  

t h e  f u e l  c ladd ing  and the  can is te r .  Because h igh  temperature can a f f e c t  t he  

long term i n t e g r i t y  o f  bo th  of these b a r r i e r s  t o  f i s s i o n  product  release, 

thermal cons idera t ions  were an important  concern i n  the  design o f  t he  storage 

c e l l s .  P re l im ina ry  analyses performed by the Hanford Engineering Development 

Laboratory (HEDL) es tab l ished 71 5OF (380°C) as the  fue l  c ladd ing  temperature 

l i m i t  below which f u e l  c ladd ing  i n t e g r i t y  would be maintained i n  a hel ium 

environment f o r  long storage t imes (100 years) .  Scoping thermal analyses o f  

t h e  storage c e l l  concepts i nd i ca ted  t h a t  c ladd ing  temperatures reached i n  the  

SSC would be we l l  below t h e  l i m i t ,  bu t  t h a t  those reached i n  t h e  d rywe l l  cou ld  

approach t h e  l i m i t  f o r  the  f u e l  assembly decay heat l e v e l s  being considered. 
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Therefore, a ser ies of t e s t s  was i n i t i a t e d  t o  experimental ly v e r i f y  t h a t  f u e l  

c ladding temperatures would remain below the establ ished l i m i t  and t o  ob ta in  

data f o r  use i n  qua l i f y i ng  the thermal design model. 

Two v e r i f i c a t i o n  t e s t s  were defined which would provide temperature measure- 

ments 1) from the can is ter  out  i n t o  the s o i l  and 2) ins ide  a can is te r  contain- 

ing  a spent f u e l  assembly. The f i r s t  tes t ,  the S o i l  Temperature Test, was 

designed t o  u t i l i z e  an in-ground e l e c t r i c a l l y  heated drywel l  conf igurat ion t o  

measure the :spat ia l  temperature d i s t r i b u t i o n s  on the can is te r  su r f  ace, the dry-  

we1 1 1 i n e r ,  surf ace, and i n  the surrounding grout and so i  1. 'Canister tempera- 

tures from the S o i l  Temperature Test would then be inpu t  t o  a Fuel Temperature 

Test t o  determine peak fue l  cladding tehera tu res .  The Fuel Temperature Test 
, ** 

apparatus (shown i n  Figure 4) was designed t o  u t i l i z e  a can is te r  contain ing a i ..' 
t 

spent f u e l  assembly and i n te rna l  temperature instrumentation t o  measure fue l  
k 5 

cladding temperatures The can is te r  i s  i n s t a l l e d  i n  a drywel l  l i n e r  which has , 3 . 

e l e c t r i c a l  band heaters along the l i n e r  ax i a l  length. The band heaters are 
1 .  

used t o  impose the can is ter  ax i a l  temperature p r o f i l e  measured dur ing the Soi 1 
% ,  ii 

r : + 
Temperature Test on the  Fuel Temperature can is ter  t o  approximate the  thermal 

b . M i- 

environment t ha t  would be present i n  an actual  drywell .  The Fuel Temperature ${ 5 ,;; 

Test apparatus i s  located i n  one of the large hot c e l l s  (West Process Ce l l )  

i ns ide  the E-MAD f a c i l i t y .  

I n  add i t ion t o  these two ve r i f i ca t i on  tests, a S o i l  Propert ies Test was i n i t i -  

ated t o  take core samples of the s o i l  i n  the t e s t  area and measure the thermal 

conduct iv i ty .  Thermal conduc t i v i t y  measurements were made on reconst i tu ted 

s o i l  samples under laboratory condit ions. The resu l t s  o f  t h i s  t e s t  are d is -  

cussed i n  Section 6.2.5 and are included i n  Table C-1. 

The i n i t i a l  phase o f  the S o i l  Temperature Test coupled w i t h  the  Fuel Tempera- 

t u r e  Test have, t o  date, provided can is te r  and spent f u e l  c lad  temperature data 

f o r  storage of the  o r i g i n a l  SFHPP 1978 Demonstration spent f u e l  assemblies a t  

E-MAD. The S o i l  Temperature Test i s  described and resu l t s  t o  date are provided 

i n  t h i s  document. The Fuel Temperature Test i s  described and r e s u l t s  of i n i -  

t i a l  spent PWR fue l  assembly (approximately 0.9 kW heat output) t es t s  are pro- 

vided i n  Reference 14. 



FIGURE 4.. Fuel Temperature Test Configuration 



2 .  U CONCLUSIONS 

The fo l low ing  conclusions can be drawn from the r e s u l t s  o f  the S o i l  Temperature 

Test: 

The peak can is te r  temperature f o r  a  1.0 kW spent f u e l  assembly 
stored i n  a  drywel l  conf igurat ion i n  s o i l  t y p i c a l  o f  the Nevada 
Test S i t e  w i l l  be on the  order of 275OF f o r  drywel ls spaced a 
minimum o f  40 f e e t  apart. The 40 f o o t  spacing i s  judged t o  
t h e m a l  l y  i s o l a t e  the drywells. 

2. The peak can is te r  temperature f o r  a  2.0 kW spent f u e l  assembly 
stored i n  a  drywel l  i n  Nevada Test S l t e  so i  1  w i  11 be on the 
order o f  510°F f o r  i so la ted  drywells. 

3. Day-night and seasonal va r ia t ions  i n  ground and ambient a i r  
temperature have l i t t l e  effect on the peak can is ter  temperatures 
which occur a t  about 10 f e e t  below the ground surface. 

Combining the  S o i l  Temperature Test r e s u l t s  w i t h  data from the Fuel Temperature 

Test and can is te r  temperature measurements made i n  actual  drywel ls contain ing 

spent f u e l  ind icates t h a t  a  d ry  PWi4 spent fue l  assembly w i t h  a  decay heat l eve l  

i n  excess o f  2.0 kW contained i n  a  helium f i l l e d  can is te r  could be stored i n  an 

i so la ted  drywel l  conf igurat ion i n  the Nevada Test S i t e  a l luv ium s o i l  wi thout  

the peak f u e l  temperature exceeding the cur rent  temperature l i m i t  o f  71 5OF. 

Further ana ly t i ca l  e f f o r t  and t e s t s  w i t h  drywel ls contain ing spent f u e l  are 

planned t o  invest igate  the temperature regime associated w i t h  an array o f  

drywel l  s. 



3.0 TEST OBJECTIVES 

The ob ject ives o f  the S o i l  Temperature Test (as defined f o r  the  SFHPP 1978 

Demonstration) were 1) t o  provide data i n  the form o f  prototype drywel l  canis- 

t e r  temperatures which could be used, i n  conjunct ion w i t h  the Fuel Temperature 

Test, t o  ve r i f y  t h a t  spent fuel  assemblies w i t h  a decay heat l eve l  o f  about 1.0 

kW could be stored i n  Nevada Test S i t e  s o i l  wi thout  exceeding design tempera- 

t u r e  1 imi ts,  2) t o  checkout instrumentation, construct ion and i n s t a l  l a t i o n  

methods f o r  drywel ls p r i o r  t o  i n s t a l l i n g  actual  drywel ls f o r  spent f u e l  s tor -  

age, and 3) t o  provide storage c e l l  thermal response data so t h a t  thermal prop- 

e r t i e s  and boundary condi t ions could be accurately determined t o  c a l i b r a t e  and 

v e r i f y  a drywel l  thermal model. The engineering approach appl ied t o  assure 

t h a t  the S o i l  Temperature Test met the above stated ob ject ives included an 

extens ive ly  instrumented drywel l  and s o i l  t e s t  arrangement and a two phase con- 

f i r m a t i o n  t e s t  program. Confirmation Phase I was designed t o  generate data t o  

support the  spent fue l  encapsulation i n  l a t e  1978 (ob ject ives 1 and 2 above) 

and Confirmation Phase I 1  was designed t o  c o l l e c t  t e s t  data t o  support the 

v e r i f i c a t i o n  of  a drywel l  thermal model (ob jec t i ve  3 above). 

S o i l  Temperature Test Confirmation Phase I data generation and evaluat ion were 

d i rec ted  towards prov id ing a very basic understanding o f  the drywel l  storage 

c e l l  thermal response t o  ve r i f y  t h a t  the' o r i g i n a l  drywel l  thermaJ analyses were 

s u f f i c i e n t l y  conservative t o  negate any concern over spent f u e l  temperatures. 

It was decided t h a t  data evaluat ion concentrate on steady-state can is te r  mid- 

plane ( i-e., ho t tes t )  temperatures, on near-f i e l d  (drywel l  1 i n e r  and can is te r  
only)  temperatures, and on checking out i n s t a l l a t i o n  and const ruct ion methods. 

I n  addi t ion,  su f f i c ien t  t e s t  data would be generated so t h a t  evaluat ions o f  the 

e f f e c t s  of atmospheric temperature va r ia t ions  and of any unforseen problems i n  

support of necessary design changes could be made. For t e s t  data t o  be ava i l -  

able on a schedule consistent  w i t h  the SFHPP 1978 Demonstration goal o f  having 

PWR spent f u e l  assemblies i n  drywel l  storage c e l l s  by the  l a s t  quarter  o f  ca l -  

endar year 1978, an accelerated r a t e  o f  t e s t  arrangement heatup was defined. 3 



This accelerated heatup r a t e  would d r i ve  the can is te r  and l i n e r  temperatures 

above those temperatures ca lcu la ted f o r  steady-state t o  fo rce  t e s t  thermal 

s t a b i l i t y  w i t h i n  schedular requirements. 

Recognizing t h a t  the S o i l  Temperature Test i s  a pure thermal t e s t  and t h a t  i t  

i s  a t o o l  f o r  thermal model ve r i f i ca t ion ,  Confirmation Phase I1 a c t i v i t i e s  were 

d i rec ted towards generation of t e s t  data over a long per iod o f  steady-state 

operation and evaluat ion of t e s t  data t o  reduce any uncer ta in t ies  and/or con- 

se rva t i sm~  i n  the  drywel l  thermal model. Spec i f i c  areas where t e s t  data 

evaluat ion was i d e n t i f i e d  were s o i l  and grout  thermal proper i t ies ,  f a r - f i e l d  

effects, ax i a l  temperature effects, seasonal and day-night temperature var ia-  

t ions, can is te r  and l i n e r  end effects, and t rans ien t  and steady-state tempera- 

t u r e  trends. Data evaluat ion was expected t o  provide a thorough understanding 

o f  t he  various heat t r ans fe r  mechanisms present i n  the t e s t  arrangement. The 
r e s u l t s  o f  the Confirmation Phase I1 would be an i so la ted  drywel l  thermal model 

i n  which a1 1 these heat t ransfer  mechanisms were adequately modelled as demon- 

s t ra ted by close t e s t  data and model p red i c t i on  agreement. However, i t  was 

understood Lhat the drywelt thermal model would not inc lude e f f e c t s  such as 

gamma heating, etc. which would be present i n  drywel ls contain ing spent f u e l  

assemblies and, as such, i t s  use i n  drywel l  evaluations should be l imi ted.  

As p a r t  o f  the CWSFP Program, an add i t i ona l  ob jec t i ve  was i d e n t i f i e d  f o r  the 

Soi 1 Temperature Test. Since the r e s u l t s  of the  SFHPP 1978 Demonstration 

showed t h a t  peak can is ter  temperature and associated f u e l  c ladding tempera- 

tures f o r  a 1.0 kW spent fue l  decay heat leve l  were we l l  below the design 

l im i t s ,  i t  was decided t o  u t i l i z e  the  S o i l  Temperature Test t o  evaluate the 

drywel l  response t o  higher power levels.  The ob jec t i ve  o f  t h i s  add i t i ona l  work 

was t o  provide can is ter  temperature data which could be used, i n  conjunct ion 

w i t h  t h e  Fuel Temperature Test and/or fuel  assembly/cani s t e r  t hermal model s, t o  

determine the maximum decay heat l eve l  which could be accommodated by a drywel l  

storage c e l l  i n  Nevada Test S i t e  so i  1. To meet t h i s  object ive,  an add i t iona l  

S o i l  Temperature Test conf i rmat ion t e s t  program was defined. 



Confirmation Phase I11 was designed t o  provide t e s t  data f o r  p o w -  leve ls  o f  

2.0 kW and higher if necessary, which could be used t o  es tab l i sh  a re la t ionsh ip  

between canis ter  peak temperature and power leve l  and t o  v e r i f y  t h a t  the  heat 
t r ans fe r  mechanism modeling i n  the drywel l  thermal model i s  acceptable over the 

e n t i r e  range of d rywe l l  storage capab i l i t y .  The resu l t s  o f  Conformat i~n Phase 
111 would be q u a l i f i e d  modeling techniques which could be applied t o  

evaluat ions o f :  

m High power leve l  (greater than 1.0 kW) spent f ue l  storaae 

a Drywell design changes 

I n - l i ne  BrywelSs 

a Arrays o f  drywel ls 

Storage of other types of spent f u e l  

Storage o f  other nuclear waste forms 

Drywells i n  s o i l s  other than t h a t  a t  E-MAD 



4.0 TEST HARDWARE 

4.1 TEST ARRANGEMENT 

The S o i l  Temperature Test hardware arrangement i s  shown i n  Figure 1. The t e s t  

hardware cons is ts  o f  1) a drywel l  l i n e r  grouted i n t o  a 26 inch diameter hole 

d r i l l e d  approximately 19 feet  deep, 2) a t e s t  can is te r  assembly cons is t ing o f  a 

can is te r  bodb, a c losure l i d ,  and a concrete f i l l e d  sh ie l d  p lug which supports 

the Lest can lz ter  from the t o p  o f  the l i ne r ,  3) an e l e c t r i c  heater assembly 

contain ing f o u r  tubu la r  heater elements, 4) an array o f  s o i l  instrumentat ion 

wel ls  t o  measure ground temperature response, 5) an e l e c t r i c  power supply con- 

t r o l  panel f o r  heater power output control ,  and 6) a data acqu is i t i on  system t o  

record thermocouple data. Figure 5 provides a de ta i led  i l l u s t r a t i o n  of the 

Soi 1 Temperature Test drywel l  and i n s t a l l e d  hardware. Figure 6 shows the 

r e l a t i v e  dimensions and elevat ions o f  the i n s t a l l e d  hardware. Photographs o f  

the S o i l  Temperature Test hardware and i n s t a l l a t i o n  are shown i n  Appendix A. 

4.2 DRYWELi LINER 

The lower sect ion of the l i n e r  cons is ts  o f  a 15 f o o t  long sect ion o f  18 inch 

diameter by 0.25 inch wa l l  pipe. The upper sect ion o f  the l i n e r  i s  manufac- 

tured from a 3 foot  long, 0.25 inch t h i c k  p l a t e  which was r o l l e d  t o  form a 

cy l i nde r  having a 20.25 inch nominal i ns ide  diameter. The upper and lower 

sections of the l i n e r  are pos i t ioned concen t r i ca l l y  t o  one another and welded 

t o  opposite sides o f  a 21 inch outs ide diameter, 17.5 inch ins ide  diameter, 

0.375 inch t h i c k  r ing.  This r i n g  forms the ledge on which the 20 inch diameter 

sh ie l d  p lug  (which i s  connected t o  the can is te r  assembly) i s  supported. A 20 

inch  diameter, 0.375 inch t h i c k  p l a t e  i s  welded t o  the bottom o f  the  lower por-  

t i o n  of the l i n e r  t o  seal the lower end. The l i n e r  mater ia l  i s  carbon steel .  

4.2.1 LINER INSTRUMENTATION 

There are a t o t a l  of 26 thermocouples secured t o  the l i ne r .  Sixteen thermo- 

couples are attached d i r e c t l y  t o  the l i n e r  ex te r i o r  surface and 10 thermo- 

couples are supported away from the outs ide surface o f  the l i n e r  so as t o  
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be pos i t ioned i n  the grouted region surrounding the  l i n e r  a f t e r  i ns ta l l a t i on .  3 
L iner  thermocouple i n s t a l  l a t i o n  photographs are shown i n  Figures A-7 and A-8. 

Eleven o f  the s ixteen t h e m c o u p l e s  which are attached d i r e c t l y  t o  the e x t e r i o r  

surface o f  the l i n e r  are  arranged i n  an ax ia l  column a t  spacings varying from 

8.8 inches below the top o f  t he  l i n e r  t o  the l i n e r  bottom p la te .  The pos i t i ons  

are tabulated i n  Table A-1 o f  Appendix A. At  one ax ia l  e levat ion (98.7 inches 

from t h e  top of the l i n e r ) ,  there are three addi t iona l  thermocouples or iented 

a t  90°, 180° and 270° from the  thermocouple column t o  form a c i rcumferent ia l  

a r ray  around the outs ide diameter o f  the  l i ne r .  This t k e m e o u p l e  ar ray a t  

t h i s  e levat ion corresponds t o  a s i m i l a r  c i rcumferent ia l  array on the can is te r  

assembly. There i s  an add i t i ona l  thermocouple a t  the center o f  the bottom 

p l a t e  and one near the top of the l i ne r .  The thermocouple t i p  o f  the top-most 

thermocouple i s  o f fset  a t  30' from the a x i a l  column t o  avoid in ter ference w i th  

the  o r i en ta t i on  and handling features present on the upper surface o f  the 

l i n e r .  

Of the 16 thermocouples attached d i r e c t l y  t o  the outs ide surface o f  the l i ne r ,  

4 are on the upper po r t i on  of the l i ne r ,  10 are on the lower po r t i on  of the 

l i ne r ,  and 2 are on the l i n e r  bottom plate.  A l l  the thermocouples are secured 

t o  the outside o f  the l i n e r  using metal f o r 1  tape and large dlameter s ta in less 

s tee l  hose clamps. The thermocouples were taped t o  the e x t e r i o r  surface o f  the 

l i n e r  t o  ensure thermocouple sheath contact  w i th  the l i n e r .  The thermocouple 
t i p  extends approximately 0.5 inches below the  tape (i.e., the tape i s  not  i n  

d i r e c t  contact w i t h  the t h e d a u p l e  tTp j .  "'The thermocouple a t  the center o f  
the l i n e r  bottom p l a t e  i s  held i n  contact  w i t h  the bottom p l a t e  by a small 

sheet metal dimpled bracket which i s  tack-welded t o  the bottom plate.  

Ten thermocouples are attached t o  the l i n e r  e x t e r i o r  w i t h  the bottom 6 t o  12 

inches supported by a bracket which places the themocouple t i p  about 1.8 

inches away from the l i n e r  surface. Th is  standoff distance places the thermo- 

couple t i p  i n  the  approximate center o f  the r i n g  o f  grout  between the l i n e r  and 

the d r i l l e d  emplacement hole. Each standoff bracket cons is ts  o f  a 0.25 inch 3 ,  



4 .  t h i c k ,  3  i n c h  long PVC p l a t e  w h i c h . i s  strapped t o  t he  l i n e r  us ing  l a r g e  

diameter hose clamps and epoxied i n t o  p o s i t i o n  on t h e  l i n e r  e x t e r i o r .  The 

thermocouple sheathing i s  bent away f rom t h e  l i n e r  and w i r e  wrapped i n  two 

p laces t o  t h e  0.25 i n c h  by 3  i n c h  long face o f  t h e  s tandof f  bracket.  The a x i a l  

e l eva t i ons  o f  t h e  t i p s  of .  these 10 therinocouples correspond t o  t h e  t i p s  o f  t h e  

thermocouples secured d i r e c t l y  t o  t he  l i n e r  e x t e r i o r  surface. 

4.2.2 LINER INSTALLATION. 
. . '. .., . . 

The f u l l y  instrumented l i n e r  assembly was p o s i t i o n e d  and l eve led  i n s i d e  o f  a  26 

i n c h  diameter 19 f o o t  deep ho le  d r i l l e d  i n t o  E-MAD s a i l .  Photographs o f  t he  

l i n e r  and i t s  i n s t a l l a t i o n  are shown i n  F igures  A-9 and A-10. P r i o r  t o  d r i l l -  

i n g  the emplacement 'hole, an 84 i nch  square by 15 i nch  t h i c k  concre te  pad was 

poured a t  t he  l o c a t i o n  chosen f o r  t he  S o i l  Temperature Test. This  pad simu- 

l a t e d  t h a t  which would e x i s t  a t  t h e  top  o f  an ac tua l  storage c e l l  and served t o  

s t a b i l i z e  t h e  s o i l  and prov ide  a  re fe rence datum t o  a i d  i n  d r i l l i n g  and l i n e r  

i n s t a l l a t i o n  operat ions.  The pad c o n s t r u c t i o n  i s  shown i n  F igu re  A-6. A f t e r  

t he  p o s i t i o n i n g  o f  t he  l i n e r  i n t o  t he  emplacement hole, g rou t  was pumped i n t o  

t h e  bottom o f  t h e  emplacement ho le  u n t i l  i t  reached a  l e v e l  about 1  t o  2 f e e t  

above the  bottom o f  t he  l i n e r .  This  g rou t  was al lowed t o  se t  t o  secure the  

l i n e r  i n  i t s  p r o p e r l y  a l igned p o s i t i o n  and t o  reduce the  bouyancy e f f e c t  of t h e  

grou t  on t h e  l i n e r  assembly. A f t e r  t h i s  g rou t  set, t h e  e n t i r e  annulus between 

t h e  l i n e r  and the  emplacement ho le  was f i l l e d  w i t h  g rou t  t o  t h e  top  of t h e  

concrete pad. 

4.3 CANISTEK ASSEMBLY 

The c a n i s t e r  assembly cons i s t s  o f  t he  f o l l o w i n g  components: c a n i s t e r  body, 

c l osu re  l i d ,  and s h i e l d  (suppor t )  plug. The c a n i s t e r  assembly i s  shown i n  

F igu re  A-3 du r i ng  a  t r i a l  f i t u p  w i t h  t h e  l i n e r .  The f o l l o w i n g  descr ibes these 

components. 

4.3.1 CANISTEK BODY 

b' 
The c a n i s t e r  body f o r  t h e  S o i l  Temperature Test c o n s i s t s  o f  a  160 i n c h  long 

s e c t i o n . o f  14 i nch  ou ts ide  diameter, 0.375 i nch  w a l l  304 s t a i n l e s s  s t e e l  p ipe  

welded t o  a  standard 14 i n c h  diameter, 6.5 i nch  h igh  e l l i p s o i d a l  end cap. 



Welded i n t o  t he  end cap i s  a  13.25 i n c h  o u t s i d e  diameter,  8.5 i n c h  i n s i d e  

diameter,  0.5 i n c h  t h i c k  304 s t a i n l e s s  s t e e l  r i n g .  Welded t o  t h i s  r i n g  a re  4  

sheet  meta l  b racke t s  which f o rm  t h e  co rne rs  o f  an 8.26 i n c h  square which mate 

w i t h  t h e  lower end o f  t h e  e l e c t r i c  hea te r  assembly. The b racke t s  a l s o  serve as 

f u n n e l s  t o  gu ide and c e n t e r  t h e  hea te r  assembly (wh ich  s i t s  on t h e  r i n g  welded 

i n t o  t h e  e l l i p s o i d a l  end cap). These f e a t u r e s  a re  shown i n  F i g u r e  5. 

Welded i n t o  t h e  c a n i s t e r  body 4.5 inchei below t h e  c a n i s t e r  t o p  sur face  i s  a 

13.25 o u t s i d e  dtameter, 1.0 i n c h  t h i c k  304 s t a i n l e s s  s t e e l  p . l a te  c o n t a i n i n g  an 
8.5 i n c h  square c.hamf.ered opening,. Th i s  p l a t e  and opening p rov ides  c e n t e r i n g  

and suppor t  f o r ' t h e  upper end o f  t h e  e l e c t r i c  hea te r  assembly. The o u t s i d e  

upper sur face.  o f  t h e  c a n i s t e r  body con ta ins  4 b l i n d  ho les  e q r ~ a l  ly spaced around 

t h e  p i p e  c i rcumference  f o r  t h e  at tachment o f  t he  s h i e l d  p l u g  (desc r i bed  l a t e r ) .  

T h i s  c a n i s t e r  body s imu la tes  t h e  a c t u a l  s to rage  c a n i s t e r  i n  terms o f  m a t e r i a l ,  

s i z e  and shape. These a re  judged t o  be t h e  most impor tan t  parameters f u r  t h i s  

c a n i s t e r  s i nce  t h e y  p r o v i d e  f o r  p roper  thermal  s i m u l a t i o n  o f  t h e  conduc , t i v i t y ,  

thermal  d i f f u s i v i t y ,  and t o t a l  r a d i a t i n g  area of an a c t u a l  c a n i s t e r .  There are 

some d i f f e r e n c e s  between t h e  t e s t  c a n i s t e r  and an ac tua l  s to rage  c a n i s t e r .  The 

ma jo r  d i f f e rence  between t h e  two i s  found i n  t h e  c a n i s t e r  i n t e r n a l  f ea tu res .  

An a c t u a l  s to rage  c a n i s t e r  con ta ins  an i n t e r n a l  cage formed by f o u r  s t r u c t u r a l  

angles t i e d  t0gethe.r  l a t e r a l l y  by sheet meta l  p l a t e s  a t  s i x  e l eva t i ons .  Th i s  

i n t e r r i a l  cage p rov ides  suppor t  a long t h e  e n t i r e  l e n g t h  of an clncapsu'lated PWR 

spent f u e l  assembly. Thermal ly,  i t  a c t s . a s  a  thermal  r a d i a t i o n  b a r r i e r  a t  t h e  

co rne rs  o f  t h e  f u e l  assembly. A l though t h e  t e s t  c a n i s t e r  body does n o t  c o n t a i n  

t h i s  cage, i t s  presence i s  s imu la ted  i n  t h e  completed c a n i s t e r  assembly by t h e  

e l e c t r i c  hea te r .assembly  which uses f o u r  s t r u c t u r a l  angles a long i t s  e n t i r e  

leng th .  

An a c t u a l  s to rage  c a n i s t e r  d i f f e r s  f rom t h e  t e s t  c a n i s t e r  i n  t h e  f o l l o w i n g  

a d d i t i o n a l  areas: 

a D i f f e r e n t  bottom suppor t  f o r  a  f u e l  assembly 

a No t o p  suppor t  p l a t e  



I ns t rumen ta t i on  tubes on t h e  e x t e r i o r  o f  t h e  c a n i s t e r  body 

0 Hel ium r a t h e r  than a i r  i n  c a n i s t e r  
. . 

The mechanical  d i f f e r e n c e s  a re  a l l  judged t o  have a  n e g l i g i b l e  e f f e c t  on t h e  

a p p l i c a b i l i t y  o f  t h e  thermal  r e s u l t s  f rom t h i s  t e s t  t o  t h e  a c t u a l  s to rage  can- 

i s t e r .  The a i r  b a c k f i l l  media i n  t h e  c a n i s t e r  i s  judged t o  have a  smal l  e f f e c t  

on t h e  a p p l i c a b i l i t y  o f  t h e  therma l  r e s u l t s  i n  t h a t  t h e  a i r  c o n d u c t i v i t y  and 

d e n s i t y  d i f f e r e n c e s  a re  expected t o  produce a  c a n i s t e r  t e m p e r a t ~ r r ~  p r o f i l e  

wl~Sch d i f f e r s  i n  shap.e f r om t h a t  o f .  t h e  he l i um f i l l e d  c a n i s t e r .  

4.3.2 CANISTER BODY INSTRUMENTATION 

There a re  11 thermocouples which a re  a t tached  t o  t h e  c a n i s t e r  body e x t e r i o r  

sur face.  These thermocouples a re  a t tached  a t  va r ious  angu la r  o r i e n t a t i o n s  and 

a t  6 d i f f e r e n t  e l eva t i ons ,  i n c l u d i n g  one on t h e  bot tom c e n t e r  o f  t h e  e l l i p -  

s o i d a l  cap. The thermocouple at tachment method i s  t h e  same as used f o r  t h e  

l i n e r  (see Sec t i on  4.2.1). The thermocouple l o c a t i o n s  a re  descr ibed  i n  Appen- 

d i x  A, Table A-1. 

4.3.3 CLOSURE LID 

The c l o s u r e  l i d  f o r  t h e  t e s t  c a n i s t e r  i s  a  13.25 i n c h  o u t s i d e  diameter,  2.5 

i n c h  t h i c k  304 s t a i n l e s s  ' s t ee l  p l a t e .  It con ta ins  4  th rough ho les  which accept 

0.5 i n c h  d iameter  b o l t s  which t h read  i n t o  t h e  upper suppor t  p l a t e  o f  t h e  can- 

i s t e r  body. Four smal l  spacers extend f rom t h e  bo t t om 'su r f ace  of t h e  l i d  t o  

c o n t r o l  the  a x i a l  p o s i t i o n i n g  o f  t h e  c l o s u r e  l i d  when i n s t a l l e d  i n  t h e  c a n i s t e r  

body. A f t e r  assembly, t h e  annu la r  gap between t h e  c l o s u r e  l i d  and t h e  c a n i s t e r  

body i s  f i l l e d  and sealed w i t h  adhesive cement. Th i s  annulus was sealed t o  

b e t t e r  s imu la te  a  sealed, c a n i s t e r  c o n t a i n i n g  f u e l .  

There a re  f o u r  a d d i t i o n a l  ho les  i n  t h e  c l o s u r e  l i d  th rough  which t h e  e l e c t r i c  

hea te r  assembly conductor  w i res  a r e  routed.  These ho les  a re  l i n e d  w i t h  a  s tack 

o f  h i g h  temperature i n t e r l o c k i n g  ceramic tubes which a re  cemented i n  p lace.  

These ceramic i n s u l a t o r s  p r o t e c t  t h e  conductor  w i res  f r om i n a d v e r t e n t l y  

grounding t o  t h e  c l o s u r e  l i d .  



4.3.4 CLOSU2E LID INSTRUMENTATION 

There i s  one thermocouple at tached t o  t h e  t o p  cen te r  o f  t he  c a n i s t e r  c l osu re  

l i d .  The attachment o f  t h i s  thermocouple i s  by a  smal l  sheet meta l  dimpled 

bracket  which i s  tack-welded t o  t he  top  sur face  of t he  c losu re  l i d .  The 

thermocouple t i p  i s  i n s e r t e d  through t h e  dimple on t h e  bracket  and thereby  he ld  

i n  con tac t  w i t h  t h e  c losu re  l i d  top  surface. A second thermocouple i s  sup- 

po r ted  f rom the  s h i e l d  p l u g  and con tac ts  t h e  c losu re  l i d  near t h e  o u t s i d e  d i a -  

meter o f  t h e  l i d  a f t e r  assembly. This  thermocouple i s  at tached t o  t h e  under- 

s i de  of t h e  s h i e l d  p l u g  bottom p l a t e  by a  tack-welded s t ~ e e l  111eta1 bracket  and 

extends a t  a  45' angle f rom t h e  s h i e l d  p l u g  p l a t e .  

4.3.5 SHIELD PLUG 

The t e s t  s h i e l d  p lug  s imu la tes  the  concre te  f i l l e d  s h i e l d  p l u g  design f o r  t h e  

d r y w e l l  t o  be used f o r  ac tua l  spent f u e l  storage. The c a n i s t e r  assembly i s  

supported f rom t h i s  p l u g  which, i n  i t s  i n s t a l l e d  cond i t ion ,  r e s t s  on the  ledge 

i n  t h e  top  o f  t h e  drywe.11 l i n e r .  

The s h i e l d  p lug  c o n s i s t s  of a  34 i nch  long sec t i on  o f  20 i n c h  o u t s i d e  diameter 

0.25 i n c h  w a l l  th ickness  carbon s t e e l  p i p e  which has a c i r c u l a r  p l a t e  welded t o  

bo th  ends. The top  p l a t e  i s  a  19.5 i n c h  ou ts ide  diameter, 0.25 i n c h  t h i c k  

carbon steel  p l a t e  which i s  p o s i t i o n e d  about 2  inches f rom t h e  t o p  sur face  o f  

t h e  pipe. This  2 i n c h  i n d e n t a t i o n  prov ides  space a t  t h e  top  o f  t h e  s h i e l d  p l u g  

f o r  t h e  bund l ing  and connect ion of i ns t rumen ta t i on  and power leads f rom t h e  

c a n i s t e r  asse~~rbly .  Tlsc top p lc l t c  con ta ins  two 4 i nch  diameter ho les  f o r  t h e  1 
i n s t a l l a t i o n  o f , c o n c r e t e  and 3  l i f t i n g  b racke ts  f o r  hand l ing  the  e n t i r e  

assembled c a n i s t e r  assembly. These fea tu res  are shown i n . F i g u r e  A-4. 

The s h i e l d  p l u g  bottom p l a t e  i s  a  20 i n c h  ou ts ide  diameter, 0.5 i n c h  t h i c k  ca r -  

bon s t e e l  p l a t e  which i s  welded t o  t h e  face  o f  t he  20 i nch  p ipe.  Extending 

f rom and welded t o  t h e  bottom p l a t e  i s  an 11 i nch  long " s k i r t "  o f  16 i n c h  

ou ts ide  diameter, 1.031 i n c h  t h i c k  w a l l  carbon s t e e l  pipe. The i n s i d e  diameter 

o f  t h i s  " s k i r t "  i s  machined t o  p rov ide  a  reasonably c l ose  f i t  w i t h  t h e  ou ts ide  

o f  t h e  c a n i s t e r  body. There are 4 threaded ho les  i n  t h i s  s k i r t  which l i n e  up 3 



b'  w i t h  t h e  4  b l i n d  holes machined i n t o  t h e  top  p o r t i o n  o f  .the c a n i s t e r  body. 

These threaded holes accept l a r g e  diameter threaded p ins.  I t  i s  through these 

p i n s  t h a t  t he  c a n i s t e r  i s  supported f rom the  s h i e l d  plug. 

. , 

F i f t e e n  0.375 i nch  ou ts ide  diameter, 0.035 i n c h  w a l l  carbon s t e e l  tubes extend 

f rom t h e  top  t o  the  bottom s h i e l d  p l u g  p la tes .  Th i r t een  of  these tubes are 

spaced on a 16.5. inch diameter c i r c l e  and prov ide  a  r o u t i n g  pa th  f o r  t he  11 

c a n i s t e r  thermocouple leads and f o r  two s h i e l d  p lug  s k i r t  thermocouple leads. 

The c a n i s t e r  thermocouple leads are routed al'ong the  c a n i s t e r  e x t e r i o r  surface, 

pas t  'the s h i e l d  p l u g  s k i r t  i n t o  these tubes, and e x i t  t h e  top  surface f o r  con- 

nec t i on  t o  the  da ta  a c q u i s i t i o n  system. 

Two a d d i t i o n a l  tubes are loca ted on a  '10.0 i n c h  diameter c i r c l e  and p rov ide  f o r  

r o u t i n g  o f  c a n i s t e r  and c losu re  l i d  upper sur face thermocouples. One prov ides  

a  r o u t i n g  pa th  f o r  t he  thermocouple leads f o r  t he  thermocouple attached t o  the  

top  center  o f  t he  c losu re  l i d .  The o the r  prov ides a  r o u t i n g  p a t h  f o r  a  sp r ing  

loaded thermocouple which contac ts  the  ou te r  r i m  o f  the  c a n i s t e r  body a f t e r  i t  

i s  i n s t a l l e d  i n s i d e  o f  t h e  s h i e l d  p lug  s k i r t .  There are an a d d i t i o n a l  f o u r  ,0.5 

i n c h  outs ide  diameter by 0.035 i n c h  w a l l  carbon s t e e l  tubes extending f rom t h e  

top  t o  the  bottom s h i e l d  p lug  p la tes .  These f o u r  tubes are  arranged i n  a  c lose  

rec tangu lar  p a t t e r n  (1.76 inches by 1.5 inches) and prov ide  f o r  r o u t i n g  the  

f o u r  conductor w i res  f rom t h e  heater  assembly. The s h i e l d  p l u g  ins t rumenta t ion  

and conductor w i re  tubes are shown i n  F igure  A-4. 

4.3.6 SHIELD PLUG INSTRUMENTATION 

I n  a d d i t i o n  t o  two thermocouples attached t o  t h e  ou ts ide  sur face o f  the  s h i e l d  

p l u g  s k i r t ,  8 a d d i t i o n a l  thermocouples are  attached t o  t h e  s h i e l d  p lug.  Two o f  

these thermocouples are attached t o  the  top  p l a t e  o f  t he  s h i e l d  p l u g  us ing  the  

smal l  dimpled sheet metal  brackets described e a r l i e r .  One of these thermo- 

couples i s  a t  the  center  o f  t he  top  p la te ,  and the  o the r  i s  a t  the ou ts ide  

edge. Three thermocouples are loca ted i n  t h e  i n t e r n a l  c a v i t y  o f  t h e  p l u g  

s l i g h t l y  o f f s e t  f rom the  a x i a l  c e n t e r l i n e  a t  a  rad ius  o f  0.7 inches. These 

b thermocouples are supported from small  gusseted brackets which are  attached t o  

the  two innermost 0.5 i nch  diameter by 0,035 i n c h  w a l l  tubes descr ibed 



e a r l i e r .  These thermocouples were i n s t a l l e d  p r i o r  t o  t he  i n s t a l l a t i o n  o f  

concrete i n t o  t h e  s h i e l d  p l u g  c a v i t y .  The remaining th ree  thermocouples are 

i n s t a l l e d  along the  i n s i d e  w a l l  o f  t he  s h i e l d  p l u g  body a t  t he  same a x i a l  

e l e v a t i o n  as those along the  a x i a l  c e n t e r l i n e  o f  t he  plug. These thermocouples 

are  i nse r ted  i n t o  holes i n  small p i n s  which are threaded through t h e  s h i e l d  

p l u g  wa l l .  

4.4 ELECTRIC HEATER ASSEMBLY 

The e l e c t r i c  heater  assembly cons i s t s  o f  f o u r  t u b u l a r  heater  elements mounted 

i n  an 8.42 i nch  square s t e e l  frame. The frame ou te r  dimensions and the  heater  

power p r o f i l e  approximate those o f  a  PWR f u e l  assembly. D e t a i l s  o f  the  heater  

assembly are shown i n  F igu re  5 and A-2. 

The e l e c t r i c  heater  assembly frame cons i s t s  o f  f o u r  1.5 i n c h  by 1.5 i n c h  by 160 

inches long by 0.12 inches t h i c k  304 s t a i n l e s s  s t e e l  angles which are t i e d  

together  by a  se r ies  o f  f o u r  s t a i n l e s s  s t e e l  p l a t e s  welded t o  the  a'ngles a t  

n ine  e levat ions .  These s t r u c t u r a l  s i de  p l a t e s  are  1.5 inches h igh  by 0.109 

inches t h i c k .  I n s i d e  t h e  angles, f i v e  b a f f l e  p l a t e s  (7.92 i nch  square, 0.048 

i n c h  t h i c k  304 s t a i n l e s s  s t e e l )  and a  top and bottom p l a t e  (7.92 i nch  square, 

1.25 i n c h  t h i c k  and 0.75 i n c h  th i ck ,  respec t i ve l y ,  304 s t a i n l e s s  s t e e l )  are 

welded a t  var ious e levat ions .  Outs ide the  angles, cover p l a t e s  o f  0.050 inch  

t h i c k  304 s t a i n l e s s  s t e e l  are welded t o  the  angles between the  s t r u c t u r a l  s i de  

p l a t e s  t o  enclose a l l  bu t  t h e  top and bottom 2.50 inches o f  the  frame. 

Four t u b u l a r  heaters are  secured i n s i d e  t h e  heater  frame by screw mounted p i p e  

s t raps  on the  middle seven s t r u c t u r a l  s i de  p la tes .  Each heater i s  loca ted  a t  

t he  center  of one s ide  o f  t h e  heater  frame. Clearance holes are prov ided i n  

t h e  i n t e r n a l  b a f f l e  p l a t e s  and t h e  top  and bottom p l a t e s .  f o r  t he  heaters. The 

t u b u l a r  heaters are 0.430 inches i n  diameter by 156 inches long w i t h  a  0.049 

i n c h  t h i c k  i nco loy  sheath. The heaters have a  p r e c i s i o n  wound. n i c k e l  chromium 

w i r e  heat ing  element r a t e d  a t  4  k W  heat output a t  240 v o l t s .  The heaters have 



b 2 inches of unheated s e c t i o n  a t  each end and have threaded s tud  t e r m i n a l s  a t  

each end f o r  e l e c t r i c a l  connect ions.  A l o c a t o r  r i n g  i s  welded t o  t h e  hea te r  

sheath about 0.5 inches from one end. The hea te rs  a re  capable of  o p e r a t i n g  a t  

about 1600°F a t  r a t e d  power. 

The t u b u l a r  hea te rs  a re  in te rconnec ted  a t  t h e  t op  and bottom by a s e r i e s  o f  

f ou r  0.125 i n c h  d iameter  304 s t a i n l e s s  s t e e l  w i r e  assemblies. Each assembly 

has a 0.06 i n c h  t h i c k  s t e e l  washer welded t o  bo th  ends which f i t s  over  t h e  

hea te r  s tud  t e rm ina l .  Two o f  t h e  w i r e  assemblies a t  t h e  lower  hea te r  end have 

210 i n c h  l ong  w i res  which extend th rough t h e  i n t e r i o r  o f  t h e  hea te r  assembly t o  

approx imate ly  50 inches above t h e  hea te r  frame. Two o f  t h e  w i r e  assembl ies a t  

t h e  t op  o f  t h e  hea te rs  have 54 i n c h  l ong  w i res  which extend approx imate ly  t h e  

same d i s t a n c e  above t h e  hea te r  frame. A l l  o f  t h e  w i r e  assemblies a re  secured 

t o  t h e  hea te r  s tud  t e r m i n a l s  between t h e  two hex n u t s  p rov ided  and then  brazed 

t o  the nuts.  The two hea te r  conductor  w i res  which extend th rough t h e  i n t e r i o r  

of t h e  hea te r  pass th rough a l l  seven o f  t h e  i n t e r i o r  p l a tes .  Clearance ho les  

a re  p rov ided  i n  each p l a t e  and i n s u l a t o r  b locks  o f  marimet ( t h rough  which t h e  

conductor  w i res  pass) a re  b o l t e d  t o  each o f  t h e  p l a t e s .  The f o u r  conductor  

w i res  a re  arranged i n  a  rec tangu la r  p a t t e r n  and pass th rough ceramic i n s u l a t o r s  

i n  t h e  c l o s u r e  l i d  and through tubes i n  t h e  s h i e l d  p lug.  

P r i o r  t o  t h e  comple t ion  o f  hea te r  assembly f a b r i c a t i o n ,  t h e  hea te r  subassembly 

was heated t o  approx imate ly  4.0 kW. Th i s  power ou tpu t  was ma in ta ined  f o r  48 

hours t o  a l l o w  hea te r  o f f  gass ing and t o  v e r i f y  p roper  hea te r  opera t ion .  The 

photograph o f  t h e  e l e c t r i c  hea te r  assembly shown i n  F i g u r e  A-2 was taken  p r i o r  

t o  t h i s  hea te r  "burn - in "  per iod .  A f t e r  "burn- in" ,  t h e  i n s u l a t i n g  b l ocks  were 

t i gh tened  and t he  hea te r  cover  p l a t e s  were i n s t a l l e d .  P r i o r  t o  e l e c t r i c  hea te r  

assembly i n s t a l l a t i o n  i n t o  t h e  t e s t  can i s te r ,  a  s tack o f  h i g h  temperature 

i n t e r l o c k i n g  ceramic tubes were assembled on each o f  t h e  conductor  w i r e s  and 

cemented toge ther .  Th is  p rov ided  i n s u l a t i o n  between t h e  conductor  w i r e s  and 

t he  s h i e l d  p l u g  tubes t o  p reven t  i nadve r ten t  grounding o f  t h e  w i res .  

4.5 SOIL INSTRUMENTATION WELLS 

The s o i l  sur rounding t h e  t e s t  d r y w e l l  was inst rumented w i t h  a  t o t a l  o f  58 



thermocouples divided and grouped into 6 wells. The instrumentation wells are 

oriented in a spiral pattern around the drywell so as not to affect the soil 

thermal conductivity between the heated drywell and instrumentation well and 

thus not affect soil thermal response readings. The spatial location is 

defined by a radius and angle with respect to the test axial centerline and an 
arbitrarily defined 0" reference point. The arrangement of the soil instru- 
mentation wells is shown in Figures 7 and A-1. One of the six instrumentation 

wells was spaced 60 feet from the center of the  liner and d~sigoated as  a 
reference well to provide soil temperatures unaffected by the test heat source. 

Each instrumentation well consists of a 1.0 inch diameter schedule 80 CPVC pipe . 

grouted into a 3 inch diameter hole drilled into E-MAD soil. A typical lnstru- 

mentation well is illustrated in Figure 8. The length of each well and the 

depth of each drilled hole varied between 16 and 30 feet. The sheathed thermo- 

couples for each well were.attached to the outside surface of a length of the 

CPVC pipe at various axial locations. The thermocouples were attached using 

wire ties and epoxy cement. Table A-1 in Appendix A provides the location data 

for each of the instrumentation wells as well as the depth of its thermocouple 
array. 

Each instrumented pipe was inserted into one of the  3.0 inch diameter holes and 

grouted in place. Figures A-12 and A-13 show photographs of thermocouple well 
installation. The 'top of each pipe extended above ground level. At the top of 
each pipe, an enclosure box was provided to attach the flexible conduit routed 

to the instrumentation weather enclosure. The enclosure boxes were used to 

route the thermocouple leads through the flexible conduit after installation of 

the well and conduit. 

4.6 HEATER POWER CONTROL 

Power to the four tubular heaters in the electric heater assembly is controlled 

by a variable voltage power transformer located in the Soi 1 Temperature Test 

instrumentation weather enclosure. The environmentally-controlled instrument- 

ation weather enclosure is shown in Figure A-14 and its location shown in 

Figure 7. The transformer is mounted on the cover of a waterproof, dustproof 
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e l e c t r i c a l  enclosure. The t ransformer accepts a  120 vo l t .AC i n p u t  and has an 

ad jus tab le  output  c a p a b i l i t y  o f  0 t o  140 vo l t s ,  and i s  r a t e d  f o r  7 kW. 

Mounted t o  t h e  c o n t r o l l e r  e l e c t r i c a l  enclosure are  two meters t o  determine 

t ransformer power output .  A  0  t o  150 v o l t  AC vo l tmeter  and a  0  t o  50 amp 

ammeter are mounted above the  t ransformer on the  e l e c t r i c a l  enclosure cover. 

Adjustments t o  the t e s t  power l e v e l  are made based on the  vo l tage and cu r ren t  

measurements o f  these meters. 

Also ir~ounted to the  c o n t r o l  l e r  e l e c t r i c a l  enclosure i s  a  power1 i n e  mon i to r  

c h a r t  recorder.  The recorder  cont inuous ly  moni tors the  i n p u t  vo l tage f o r  v o l t -  

age f l u c t u a t i o n s ,  ' and, the ' s t r i p  'char t '  record ing  prov ides a  permanent record o f  

app l ied  voltage. The e l e c t r i c a l  w i r i n g  f rom the  heater power c o n t r o l  t o  t h e  

e l e c t r i c  heater assembly i s  enclosed i n  underground f l e x i b l e  condu i t  f o r  

p ro tec t i on .  

4.7 DATA ACQUISITION SYSTEM 

The data  a c q u i s i t i o n  system f o r  t he  S o i l  Temperature Test cons i s t s  o f  t he  a r ray  

1 o f  thermocouples, a  data logger, and remote scanning/mul t ip lex ing u n i t s .  The 

I thermocouples are attached t o  the  t e s t  hardware as described e a r l i e r  i n  t h i s  

1 sec t i on  o f  t he  repor t .  The thermocouple leads are routed through f l e x i b l e  con- 

I d u i t  t o  the  m u l t i p l e x i n g  u n i t s  loca ted  i n  the  ins t rumenta t ion  weather enclo- 

sure. M u l t i p l e x e r  s igna l  cables are routed through underground condu i t  t o  t h e  

data logger which i s  located i n s i d e  the  E-MAD b u i l d i n g  i n  the  West Operator 

Gal l e ry .  

I . . 4.7.1 THERMOCOUPLES 

A l l  therrnocouples used i n  the  S o i l  Temperature Test described' i n  t he  prev ious 

f o l l o w i n g  secti'ons c o n s i s t  o f  a  24 gage type K, chromel-alumel thermocouple 

w i t h  ungrounded j u n c t i o n  enclosed i n  a  0.125 i nch  diameter 304 s t a i n l e s s  s t e e l  

sheath. Two 24 gage type K extension w i res  are brazed t o  t h e  thermocouple 

b 
wires  and are enclosed i n  a  0.187 i nch  diameter by 0.028 i nch  w a l l  by 2.75 i n c h  

long s t a i n l e s s  s t e e l  t r a n s i t i o n  boot. The t r a n s i t i o n  boot i s  crimped onto t h e  

end o f  t he  thermocouple cable sheath and f i l l e d  w i t h  'epoxy. 



4.7.2 DATA LOGGER SYSTEM 

An Acurex Autodata IX data logger and two remote scanning/multiplexing units 
are used for the Soil Temperature Test. Each scanning/multiplexing unit is 

capable of handling 100 thermocouples. The data logger is shown in Figure A-16 

in its installed configuration. The data logger is also used for other experi- 

ments at E-MAD (drywell and surfaced storage cask fueled storage cells and the 

Fuel Temperature Test) and for monitoring spent fuel temperatures within the 

E-MAD hot cells. The data logger operates on 120 volt, 60 Hz AC electrical 

power and is rated for operation in the range of 32°F to 110°F and 0 to 90 per- 

cent relative humidity. 

This data logger system was selected wit.h c a p a b i l i t i e s  to meet the test needs 

of the. SFHPP 1978 Demonstration with considerations for future expansion. Some 

of the capabilities being utilized for the Soil Temperature Test are as 

follows: 

Measurement of Type K thermocouple temperatures from up to 1000 
thermocouples. 

e Thermocouple open detection circuit (to determine f ai lures). 

Xemote signal conditioning and multlplcxlng for remote 
instrumentation up to 5000 feet from data logger mainframe. 

Console digital readout in identified engineering units, 
(sclcctable on the front panel). 

Printer for output data with header and engineering unit 
identification. 

Variable scan modes (single, continuous, and intervals) with 
adjustable scan intervals. 

High performance analog to digital conversion. 



5.0 TEST OPERATION AND RESULTS 

5.1 TEST SEQUENCE 

For  t h e  S o i l  Temperature Test t o  p rov ide  thermal da ta  t o  meet Conf i rmat ion 

Phase I o b j e c t i v e s  cons i s ten t  w i t h  t h e  SFHPP 1978 Demonstration design and 

spent f ue l  emplacement a c t i v i t i e s ,  an accelerated heatup pe r iod  t o  reach t h e r -  

mal s t a b i l i z a t i o n  was requi red.  The steady-state t e s t  heater  ou tpu t  was estab- 

l i s h e d  as 1.0 kW based on t h e  PWR spent f u e l  assemblies (25,000 MWD/MTU burnup 

and approximately 3 years ou t  o f  t h e  r e a c t o r )  t o  be encapsulated and s tored a t  

E-MAD. The Conf i rmat ion Phase I thermal model p red i c ted  a t ime o f  about 12 

months t o  reach thermal s t a b i l i z a t i o n  ( t i m e  when maximum c a n i s t e r  temperatures 

occur) w i t h  a constant  1.0 kW heater  output .  Wi th a March 1978 s t a r t u p  date, 

conf  i rma to ry  thermal da ta  f rom the  S o i l  Temperature Test was needed w i t h i n  
I I about 5 months. 

A parameter study o f  heater  output  versus t ime  t o  reach 1.0 kW thermal s t a b i l i -  

zat, ion was performed us ing  the  Conf i rmat ion 'Phase I thermal model. Based on 

the  study r e s u l t s ,  a  3.0 kW heater  ou tpu t  was chosen t o  acce lera te  the  t ime t o  

s t a b i l i z a t i o n  t o  about one month. 

The Conf i rmat ion Phase I t e s t  sequence cons is ted  o f  a low power l e v e l  heatup 

r a t e  phase t o  v e r i f y  t h e  opera t ion  of heaters and inst rumentat ion,  an acce ler -  

ated heatup phase a t  3.0 kW heater  ou tpu t  l e v e l  t o  ge t  t h e  t e s t  hardware and 

surrounding s o i l  a t  o r  above t h e  thermal s t a b i l i z a t i o n  po in t ,  and opera t ion  a t  

a constant  1.0 kW heater  output  l e v e l  u n t i l  thermal s t a b i l i z a t i o n  was achieved. 

The Confirmation Phase I 1  t e s t  cons is ted  o f  an extended p e r i o d  of 1.0 kW heater  

output  l e v e l .  I n  A p r i l  1979, Conf i rmat ion Phase I 1 1  t e s t i n g  was i n i t i a t e d ,  as 

par , t  o f  t h e  CWSFP Program, by increas ing  heater  power l e v e l  t o  2.0 kW. The 

b 
Phase I 1 1  t e s t i n g  was completed i n  A p r i l  1'980. Based on t h e  Phase I 1 1  t e s t  

data, i t  was concluded t h a t  extension o f  t h e  t e s t i n g  t o  a 3.0 kW heater  power 

l e v e l  would be des i rab le .  Therefore, i n  A p r i l  1980, t e s t i n g  a t  3.0 kW was 



i n i t i a t e d .  This  phase o f  t h e  S o i l  Temperature.Test operat ion,  termed Phase I V ,  

i s  c u r r e n t l y  i n  progress and t h e  r e s u l t s  o f  t h i s  phase w i l l  be repo r ted  i n  a 

subsequent t e s t  repo r t .  

Phases I, I 1  and I 1 1  o f  t h e  S o i l  Temperature Test are descr ibed i n  d e t a i l  i n  

t h e  f o l l o w i n g  sect ions.  A d iscuss ion  o f  t h e  t e s t  thermal response i s  a l so  

inc luded f o r  each phase. 

5.2 INITIAL PREPARATION AND HEATUP CHECK 

P r i o r  t o  S o i l  Temperature Test s ta r tup ,  t h e  e n t i r e  a r r a y  o f  t e s t  thermocouples 

was checked t o  assure proper  operat ion.  The heater  and c o n t r o l  panel were 

c a l l b r a l e d  so t h a t  an accurate powcr l e v e l  (wat tage)  at  t h e  heaters cou ld  be 

determined by t h e  vo l t age  and amperage measured a t  t he  c o n t r o l  panel. The da ta  

logger  was a lso  t e s t e d  t o  v e r i f y  proper  operat ion.  A da ta  logger  scan and 

p r i n t o u t  o f  a l l  thermocouples was made j u s t  p r i o r  t o  s t a r t  o f  t he  heatup check. 

The heatup check was s t a r t e d  on March 6, 1978, a t  a power l e v e l  o f  0.5 kW For  

about 19 hours, t o  v e r i f y  t h a t  t he  system was ope ra t i ng  p rope r l y .  Thermocouple 

da ta  were recorded a t  one hour i n t e r v a l s  on the  da ta  logger  and compared t o  t h e  

a i ~ b i e n t  da ta  recorded. The i n p u t  power appl ied.  t o  t h e  heaters was checked and 

recorded. 

A p r i n t o u t  o f  t h e  thermocouple readings a t  t h e  s t a r t  o f  t he  heatup check p e r i o d  

(3/6/78 a1 3:51 PM) & i ~ d  a t  t he  end o f  t h c  hcatup check p e r i o d  (3/7/75 a t  10:57 

AM) are shown i n  Appendix C, Tables C-2 and C-3, r e s p e c t i v e l y .  F igures  7 and 

A-1 show t h e  i d e n t i f i c a t i o n  and l o c a t i o n  o f  t h e  thermocouples. 

5.3 ACCELERATED HEATUP (3.0 kW POWER OPERATION) 

On March 7, 1978, a t  11 :00 AM, t h e  power l e v e l  was r a i s e d  f rom 0.5 kW t o  3.0 

kW. As expected, t h e '  c a n i s t e r  and 1 i n e r  began t o  heat up r a p i d l y .  Thermo- 

couple readings were recorded a t  one"hour i n t e r v a l s  f o r  t h e  f i r s t  day o f  3.0 kW 

power ope ra t i on  and then recorded a t  4 hour i n t e r v a l s  u n t i l  t he  t e n t h  day,. 

Thermocouple readings a f t e r  10 days were recorded a t  12 hour i n t e r v a l s .  3 



Thermocouple read ings  a t  24 hour i n t e r v a l s  f o r  t h e  f i r s t . 5  days o f  3.0 kW 

ope ra t i on  a re  shown i n  Appendix C, Tables C-4 th rough C-8. Data a re  a l s o  shown 

f o r  t h e  end o f  t h e  3.0kW t ime  p e r i o d  i n  Table C-9. 

Thermal 'data a f t e r  one day o f  3.0 kW ope ra t i on  (see  Table C-4) shows t h e  can- 

i s t e r  maximum temperature ( l oca ted  about midway down t h e  heated l e n g t h )  r i  s i n g  

f rom about 11 7°F t o  about 310°F. The c a n i s t e r  maximum temperature gradual  l y .  

rose  f rom 310°F t o  515°F a t  t h e  end o f  55 days o f  3.0 kW opera t ion .  A t  t h i s  

t ime, t h e  l i n e r  maximum temperature has r i s e n  t o  about 450°F (50°F above t h e  

p r e d i c t e d  1.0 kW l i n e r  thermal s t a b i  l i z a t i o n  temperature) ,  so t h e  t e s t  power . 8. " I ' 

l e v e l  was reduced t o  1.0 kW. The corresponding inground s o i l  thermocouple a t  

t h e  21 i n c h  r a d i a l  p o s i t i o n  and same depth was a t  about 270°F. 

Conf i rmat ion  Phase I thermal  model s t ud ies  i n d i c a t e d  t h a t  o n l y  one month of 

ope ra t i on  a t  3.0 kW would be necessary t o  reach a l i n e r  temperature o f  400°F. 

The mo is tu re  t h a t  had accumulated around t h e  t e s t  area from concre te  pad con- 

s t r u c t i o n ,  g r o u t  i n s t a l l a t i o n  and r a i n  apparen t l y  had a l a r g e  e f f e c t  on t h e  

t e s t  t r a n s i e n t  behavior .  Dur ing  i n s t a l l a t i o n  o f  t h e  l i n e r  i n  t h e  S o i l  Tempera- 
. . 

t u r e  Test, t h e  weather was very  ra i ny .  The combinat ion o f  r a i n  i n  t h e  h o l e  and 

water  i n  t h e  g r o u t  surrounding t h e  l i n e r  caused t h e  s o i l  around t h e  l i n e r  and 

g r o u t  t o  have a h i g h  mo i s tu re  con ten t .  Dur ing  t h e  3.0 kW power o p e r a t i o n  

phase, t he  temperatures measured by t h e  thermocouples i n  t h e  g r o u t  and a t  a  21 

i n c h  r a d i u s  i n  t he  s o i l  rose  t o  around 205°F ( t h e  approximate b o i l i n g  p o i n t  o f  

water a t  E-MAD). The temperatures remained a t  t h i s  va lue f o r  about 16 days and 

then  s t a r t e d  t o  s t e a d i l y  r i s e . '  The cons tan t  temperature p e r i o d  was caused by 

t he  v a p o r i z a t i o n  of t h e  water  i n  t h e  g r o u t  and s o i l .  Once t h e  s o i l  was f r e e  o f  

excess water, t h e  thermocouple readings rose  above 205°F. 

f i g u r e  8-7 has been i nc l uded  i n  Appendix B t o  show t h e  temperature d i s t r i b u t i o n  

w i t h i n  t h e  s o i  1  us ing  isotherms (cons tan t  temperature 1 i nes )  i n t e r p o l a t e d  from 

thermocouple da ta  a t  t h e  end o f  3.0 kW opera t ion .  



t h i s  power l e v e l  f o r  a p e r i o d  o f  about 12 months. To record  the  t r a n s i e n t  

temperatures more c lose l y ,  thermocouple readings f o r  t h e  f i r s t  two weeks were 

taken every f o u r  hours. The thermocouple readings a f t e r  t h e  f i r s t  two weeks 

were recorded tw ice  a day a t  4:00 AM and 4:00 PM. Thermocouple readings a t  the  

s t a r t  o f  1.0 kW power operat ion,  f o r  t h e  f i r s t  5 days, and a f t e r  5 months and 

11 months o f  1.0 kW power opera t ion  are shown i n  Appendix C, Tables C-9 t o  

C-16, respec t i ve l y .  

I t  should be noted t h a t  on February 6, 1373 a t  4:00 PM, da ta  channels were 

rearranged t o  e l i m i n a t e  use o f  the  second scanning m u l t i p l e x i n g  u n i t .  Four 

redundant c a n i s t e r  and t h r e e  r~r iundant .  1 iwr thermocouples wgre d i  sconnected 

and the  re ference w e l l  thermocouples connected to  t h e i r  channels on the  remain- 

i n g  scanning m u l t i p l e x i n g  u n i t .  F igu re  A-19 shows t h e  rev i sed  thermocouple 

, i d e n t i f i c a t i o n s .  

When t e s t  power was reduced f rom 3.0 kW t o  1.0 kW, the  c a n i s t e r  and l i n e r  

temperatures began t o  drop r a p i d l y  as shown i n  F igure  9. This  i nd i ca ted  t h a t  

f o r  a 1.0 kW heat source, the  t e s t  had been heated t o  above the  thermal 

s t a b i l i z a t i o n  temperature. About 25 days a f t e r  t h e  power was reduced t o  1.0 

kW, a s teady-state c a n i s t e r  peak temperature o f  about 276OF and a l i n e r  peak 

temperature of about 23Z°F were achieved. These peak temperatures were 

measured about ha l f  way down the  c a n i s t e r  heated length  (about 127 inches below 

ground l e v e l )  and represent  t h e  thermal s t a b i  1 i z a t i o n  temperatures. Throughout 

the  n e a r l y  'I year a t  1.0 kW, peak measured c a n i s t e r  temperatures var ied  f rom 

276°F t o  261°F and peak l i n e r  temperatures var ied  from 232°F t o  214OF due t o  

seasonal temperature e f f e c t s .  

Thermal r e s u l t s  f o r  1.0 kW opera t ion  are shown i n  F igures  9, 10 and 11. F igure  

9 presents t h e  temperature d i s t r i b u t i o n s  f o r  t h e  can is te r ,  l i n e r  and s o i l  a t  a 

depth o f  about 10.5 f e e t  f o r  t h e  e n t i r e  t e s t  p e r i o d  which represent  t h e  peak 

temperatures recorded. Inc luded i n  F igure  9 i s  the  reference w e l l  temperature 

p l o t  f o r  comparison w i t h  seasonal temperature v a r i a t i o n s  a t  t he  same depth. 

F igu re  '10 shows t h e  c a n i s t e r  and l i n e r  a x i a l  temperature p r o f i l e s  on A p r i l  1, 

1979 a f t e r  8045 hours o f  1.0 kW power operat ion.  F igure  11 shows the  

32 
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FIGURE .I 0. Canister  and Liner Axial Terrrperature Prof i l e s  a t  ;1 .kW Power 
Level Thermal Stabi 1 i za t ion ,  Apri 1 1 , 1979 
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Stabilization, April 1 ,  1979 



temperature d i s t r i b u t i o n  w i t h i n  t h e  s o i  1  us ing  isotherms (cons tan t  temperature 
3 

l i n e s )  which were i n t e r p o l a t e d  f rom t h e  thermocouple da ta  on A p r i l  1, 1979. 

The da ta  shown i n  F igures  10 and 11 are rep resen ta t i ve  of thermal s t a b i l i z a t i o n  

cond i t i ons .  

When t h e  t e s t  power l e v e l  was reduced f rom 3.0 kW t o  1.0 kW on May 1, 1978 

shr inkage cracks between t h e  d rywe l l  g rou t  and t h e  concrete pad appeared. 

These cracks are shown i n  F igures  A-17 and A-18. These cracks are assumed t o  

have occurred due t o  t h e  f a i r l y  r a p i d  decrease i n  l i n e r  temperature. Cracks 

such as these would no t  be expected f o r  d r ~  actua l  d rywe l l  f u e l  s torage expe r i -  

ment where the  thermal  t r a n s i e n t  i s  much l ess  severe. 

On A p r i l  26, 1979, a t  12:OO noon, t e s t  power was increased f rom 1.0 kW t o  2.0 

kW. For  t h e  f i r s t  seven days of increased power operat ion,  thermocouple read- 

i n g s  were taken e'very f o u r  hours. A f te r  t h i s  i n i t i a l  per iod,  thermocouple 

readings were recorded 3  t imes a  day a t  midnight ,  8:00 AM and 4:00 PM. Thermo- 

couple readings a t  t h e  s t a r t  o f  2.0 kW power opera t ion  and f o r  t h e  f i r s t  5  days 

are shown i n  Appendix C, Tables C-17 t o  C-22, respec t i ve l y .  I n  add i t ion ,  

thermocouple readings f o r  J u l y  1, 1979; September 1, 1979; January 1, 1980; and 
e- 

A p r i l  l, 1980 are inc luded i n  Tables C-23 t o  C-26 respec t i ve l y .  Ihe readings 

shown on A p r i l  1, 1980 were taken j u s t  p r i o r  t o  r a i s i n g  t h e  t e s t  power l e v e l  Lu 

3.0 kW f o r  t he  Phase I V  t e s t .  

Thermal da ta  du r i ng  t h i s  t e s t  pe r i od  showed a  r a p i d  c a n i s t e r  and l i n e r  tempera- 

t u r e  r i s e  i n  t h e  f i r s t  2  days a t  2.0 kW power l e v e l  fo l lowed by a  steady 

incr.ease t o  thermal s t a b i  1  i z a t i o n .  The peak c a n i s t e r  temperature rose f rom 

271°F a t  t h e  s t a r t  of t h e  p e r i o d  t o  365°F a f t e r  48 hours and reached a  maximum 

read ing  of 506°F i n  December 1979. The peak l i n e r  temperature rose  f rom 227°F 

t o  294°F a f t e r  48 hours and reached i t s  maximum of 458°F i n  December 1979. 

These peak readings occurred about 127 inches below ground l e v e l .  The c a n i s t e r  

and 1 i n e r  temperatures reached thermal s t a b i  1  i z a t i o n  ( n e g l e c t i n g  the  v a r i a t i o n s  

due t o  seasonal temperature e f f e c t s )  i n  about 6 months. Peak temperatures a t  

thermal s t a b i l i z a t i o n  were about 500°F f o r  t h e  c a n i s t e r  and 450°F f o r  t h e  3 



l f n e r .  The s o i l  temperatures below t h e  l e v e l  o f  c a n i s t e r  and l i n e r  peak 

temperatures (unaf fected by. seasonal v a r i a t i o n s )  con t inued  t o  s l o w l y  r i s e  u n t i  1 

reach ing  s t a b i l i z a t i o n  i n  March o f  1980 (approx imate ly  11. months i n t o  t h e  t e s t  

p e r i o d ) .  

The 2.0 kW t e s t  thermal  r e s u l t s  a re  shown i n  F igu res  12, 13 and 14. F i g u r e  12 

shows t h e  peak temperature d i s t r i b u t i o n  ( a t  about 10.5 f e e t  deep) f o r  t h e  

c a n i s t e r ,  l i n e r  and s o i l  f o r  t h e  e n t i r e  t e s t  per iod .  F i g u r e  12 a l s o  shows t h e  

re ference w e l l  temperatures recorded f o r  t h e  same depth. F i g u r e  13 shows t h e  

c a n i s t e r  and 1 i n e r  a x i a l  temperature p r o f i l e s  on A p r i  1 1, 1980 a f t e r  8184 hours 

o f  2.0 kW operat ion..  Figu're 14 p r e s e n t s ' t h e  s o i l  temperature d i s t r i b u t i o n  on 

A p r i l  1, 1980 us ing  isotherms . i n t e r p o l a t e d  f rom t h e  thermocouple data.  

I 
! 5.6 AMBIENT TEMPERATURE MEASUREMENTS 

I n  a d d i t i o n  t o  S o i l  Temperature Test n e a r - f i e l d  s o i l  temperature measurements, 

ambient a i r  temperatures and ambient s o i  1 temperatures were recorded..  A 

weather s t a t l o n  was i n s l d l l e d  rledr t h e  S o i l  Temperature Tcs t  about 3 months 

I a f t e r .  t e s t i n g  began. A cont inuous reco rd  o f  atmospheric c o n d i t i o n s  a t  E-MAD 

has been kep t  f rom t h a t  p o i n t  on. Ambient a i r  temperatures i n  t h e  E-MAD area 

were n o t  i n i t i a l l y  recorded, however, da ta  was a v a i l a b l e  f r om t h e  Yucca F l a t  

Weather S t a t i o n  (see Reference 1) t o  p r o v i d e  da ta  p r i o r  t o  weather s t a t i o n  

i n s t a l l a t i o n .  

Thermocouple read ings  f rom t h e  re fe rence  we1 1 l o c a t e d  about 60 f e e t  f rom t h e  

Soi 1 Temperature Test d rywe l l '  prov' ided a reco rd  o f  t h e  a x i a l  s o i  1 temperature 

v a r i a t i o n s  f rom atmospheric temperature changes d u r i n g  t h e  t e s t  per iod .  F i g u r e  

15 shows re fe rence  we1 1 thermocouple read ings  f o r  depths.  6 inches  ( thermocouple 

101), 18 inches ( thermocouple 102), and 192 inches ( thermocouple 107) below 

ground l e v e l .  The thermocouple read ings  f rom t h e  6 i n c h  s o i l  depth p r o v i d e  a 

good reco rd  o f  d a i l y  atmospheric temperature v a r i a t i o n s  f r o m  t e s t  s t a r t u p  o u t  

t o  about one yea r  o f  1.0 kW power opera t ion .  The thermocouple read ings  a t  t h e  

192 i n c h  s o i l  depth show t h a t  atmospheric temperature v a r i a t i o n s  have l i t t l e  

e f f e c t  deep i n t o  t h e  s o i l .  The seasonal v a r i a t i o n  i n  s o i l  temperature as a 

f u n c t i o n  o f  depth i s  shown i n  t h e  p l o t  o f  t h e  re fe rence  w e l l  tempera.tures i n  
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FIGURE 1 2 .  Peak T e m p e r a t u r e R e a d i n g s  f o r  2 kW,Test  Per iod  



THERMOCOUPLES ON CANISTER & LINER 

TEMPERATURE ( O F )  

FIGURE 13. Canister and Liner Axial Temperature Profiles a t  
2 kW Power Level Thermal Stabi 1 ization, Apri 1 1 , 1980 
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FIGURE 14. Soil Isotherms at 2 kW Power Level Thermal 
Stabilization, April 1, 1980 



FIGURE 15, Reference Well Thermocouple Temperature D i s t r i b u t i o n s  as a Func t i on  o f  Time 



F i g u r e  16. The near su r f ace  s o i l  temperature v a r i e d  from 35°F i n  March t o  

above 90°F i n  September. I n  s p i t e  o f  t h i s  range o f  seasonal ambient a i r  

temperatures, t h e  s o i l  temperature a t  t h e  depth o f  c a n i s t e r  maximum temperature 

(app rox ima te l y  127 inches)  v a r i e d  about 12OF ove r  t h e  12 month 1.0 kW power 

o p e r a t i o n  per iod .  Th i s  shows t h a t  t h e  heated t e s t  s e c t i o n  i s  deep enough i n  

t h e  ground t h a t  peak c a n i s t e r  temperatures a re  una f f ec ted  by t r a n s i e n t  day and 

n i g h t  ambient temperatures and o n l y  s l i g h t l y  a f f e c t e d  by seasonal changes. 

5.7 HEATER POWER VARIATIONS 

Throughout t h e  S o i l  Temperature Test, measurements were made o f  i n p u t  vo l t age  

t o  t h e  hea te r  power c o n t r o l l e r  and power a p p l i e d  t o  t h e  t e s t  heater .  I n p u t  

vo l t age  v a r i a t i o n s  were recorded by t h e  s t r i p  c h a r t  r eco rde r  mounted t o . t h e  

power c o n t r o l l e r  cab ine t .  The power a p p l i e d  t o  t h e  hea te r  was checked and 

recorded t w i c e  d a i l y  d u r i n g  weekdays a t  about 8:30 AM and 3:30 PM. Power 

l e v e l s  were determined f r o m  t h e  c u r r e n t  measured by t h e  power c o n t r o l l e r  

ammeter and f r om t h e  vo l t age  measured a t  t h e  t o p  o f  t h e  hea te r ' conduc to r  

w i res .  Frequent ly ,  t h e  vo l t age  was ad jus ted  t o  compensate f o r  minor  i n p u t  

power l i ne  changes and hea te r  r e s i s t a n c e  changes w i t h  temperature.  

The hea te r  power adjustments were made as necessary t o  m a i n t a i n  v a r i a t i n n z  

d u r i n g  normal work ing hours t o  w i t h i n  2  pe rcen t  of t h e  nominal power l e v e l s .  

However, d u r i n g  non-working hours, i n p u t  vo l t age  v a r i a t i o n s  r e s u l t e d  i n  hea te r  

power l e v e l s  exceeding t h i s  2  pe rcen t  va lue d u r i n g  t h e  rriurlllls o f  Aprmi 1  Lhrbouytl 

September. S'he ShuXdObin of alr c o n d l t l o n l n g  systerrls t l l rouyhuu l  Ltie Nevddd TesL 

S i t e  a f t e r  t he  f i n a l  d a i l y  hea te r  power check caused a  l i n e  vo l t age  inc rease  

which r a i s e d  t h e  hea te r  power l e v e l  o v e r n i g h t  and d u r i n g  weekends about 5  pe r -  

cen t  above t h e  recorded power l e v e l s .  Th i s  e f f e c t  i s  es t imated  t o  have r a i s e d  

t h e  average power l e v e l  by about 3  percen t  over  t h e  f i v e  summer months. 
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FIGURE 16. Reference Well A x i a l  Temperatures P r o f i l e s  



6.0 THERMAL ANALYSIS MODEL 

6.1 ANALYSIS PURPOSE AND METHOD 
I 

The purpose o f  t h e  S o i l  Temperature Test  therma.1 a n a l y s i s  i s  t o  e s t a b l i s h  a 

therma l  model f o r  t h e  i s o l a t e d  d r y w e l l  c o n f i g u r a t i o n  and t o  demonstrate t h a t  

t h e  model can produce s a t i s f a c t o r y  p r e d i c t i o n s  o f  s o i l  and d r y w e l l  tempera- 

t u r e s .  Once t h a t  goa l  i s  achieved, t h e  model and/or t h e  modzl ing techniques 

may be app l i ed  t o  spent f u e l  s to rage  c o n f i g u r a t i o n s  such as t he  f u e l e d  d r y -  

we1 l s ,  t h e  sur face  s to rage  casks, i n 1  i n e  d r y w e l l s  and a r rays  o f  d r ywe l l s .  By 

comparing model p r e d i c t i o n s  w i t h  t e s t  data, t h e  pass ive  heat  d i s s i p a t i o n  

process, s o i l  p r o p e r t i e s ,  and t h e  e f f e c t s  of power l e v e l  and seasonal ambient 

v a r i a t i o n s  w i l l  be s u f f i c i e n t l y  understood and p r e d i c t a b l e  t h a t  t h e  model can 

t h e n  be a p p l i e d  w i t h  conf idence.  

S o i l  Temperature Test  p r e d i c t i o n s  and d a t a  analyses have been performed us ing  

t h e  TAP-A d i g i t a l  comp'uter program, Reference 2. TAP-A was developed a t  AESD 

and has been used e x t e n s i v e l y  d u r i n g  t h e  p a s t  t e n  years  a t  t h a t  d i v i s i o n  and a t  

t h e  Westinghouse Advanced Reactors  D i v i s i o n .  TAP-A i s  a  f i n i t e  d i f f e r e n c e  

program which c a l c u l a t e s  s teady -s ta te  and t r a n s i e n t  temperature d i s t r i b u t i o n s  

i n  a  c o n f i g u r a t i o n  of s o ' l i d  m a t e r i a l s  u t i l i z i n g  t h e  r a d i a t i o n ,  convec t ion  and 

conduc t ion  modes o f  heat  t r a n s f e r .  , T o  app ly  t h e  program, a  two-or t h r e e - '  

' d imens iona l  c o n f i g u r a t i o n  i s  d i v i d e d  i n t o  elements c a l l e d  nodes. The nodes, 

which a re  connected t o  each o t h e r  by heat  t r a n s f e r  l i n k s  hav ing l eng ths  and 

c ross -sec t i ona l  areas, can have t ime  and temperature dependent thermal  prop-  

e r t  i e s  (dens i t y ,  heat c a p a c i t y  and c o n d u c t i v i t y )  as we1 1  as t ime  dependent heat 

gene ra t i on  ra tes .  Outer  surfaces a re  assigned t ime  dependent temperatures o r  

convec t i ve  heat t r a n s f e r  c o e f f i c i e n t s  t h a t  may a l s o  vary  w i t h  t ime  o r  w i t h  a  

surface-to-ambient temperature d i f f e r e n t i a l .  

I n  t h e  a n a l y s i s  r e p o r t e d  here in ,  t e s t  d a t a  have been compared w i t h  temperature 

p r e d i c t i o n s  generated by t h e  Con f i rma t i on  Phase I TAP-A thermal  model and model d 



b, " '  ref inements have been made t o  improve the  agreement. T h e , r a t i o n a l e  support ing 

these ref inements and t h e  s e n s i t i v i t y  o f . tempera ture  t o  v a r i a t i o n s  i n  c e r t a i n  

parameters are  discussed i n  the  f o l l o w i n g  sec t ions  and i n  Sect ion  7.0. 

6.2 MODEL DESCRIPTION , 

6.2.1 MODEL SIZE AND BOUNDARY CONDITIONS 

The TAP-A nodal model o f  t h e  S o i l  ~empera tu re  Test i s  depicted i n  F igu res  17 

and 18 and t h e  nodes represent ing  each t e s t  component are i d e n t i f i e d  i n  Table 

1. The model i s  two dimensional i n  t h e  r and z d i r e c t i o n s  ( r a d i u s  and depth, 

r e s p e c t i v e l y )  w i t h  no v a r i a t i o n s  c i r c u m f e r e n t i a l  ly. I n  the  Conf i rmat ion Phase 

I analysis,  t h e  model ' s  ou ter  rad ius  was f i x e d  a t  20 f e e t  where a cons tant  

temperature boundary c o n d i t i o n  was appl ied. This  combinat ion o f  rad ius  and 

boundary c o n d i t i o n  was found t o  underpred ic t  temperatures i n  t h e  s o i l  region.  

I n  t he  present  model, t h e  ou te r  rad ius  has been extended t o  60 f e e t  ( co r res -  

ponding t o  t h e  thermocouple reference w e l l  l o c a t i o n )  and combined w i t h  an 

ad iaba t i c  boundary cond i t i on .  Th is  change was der ived f rom a study of r a d i a l  

d i r e c t i o n  heat t r a n s f e r  from a constant  temperature c y l i n d r i c a l  c a v i t y .  Radius 

and boundary cond i t i ons  were var ied  u n t i l  t h e  temperature p r e d i c t i o n s  agreed 

favo rab l y  w i t h  t h e  exact a n a l y t i c a l  s o l u t i o n  t h a t  e x i s t s  f o r  t h e  problem. 

Based on t h i s  analys is ,  p r e d i c t i o n s  o f  f a r - f i e l d  ( r a d i i  g rea te r  than 5 f e e t )  

s o i l  temperatures should be most accurate f o r  a 1 t o  3 year  model ing p e r i o d  i f  

the  model rad ius  l i e s  i n  the  40 t o  60 f o o t  range and i s  coupled w i t h  the  

ad i abat i c boundary. 

I d e a l l y ,  the  thermal model should extend i n  t he  z d i r e c t i o n  t o  t h e  water t a b l e  

which can then be t r e a t e d  as a constant  temperature heat source o r  s ink.  A t  

E-MAD, the  water t a b l e  l i e s  approximately, a t  t he  1000 f o o t  depth. The present  

thermal model extends t o  t h a t  depth where a constant  70°F boundary c o n d i t i o n  i s  

appl ied.  I t  should be noted t h a t  most o f  t h e  thermal energy f rom t h e  d rywe l l  

and from t h e  absorbed s o l a r  r a d i a t i o n  remains i n  t h e  v i c i n i t y  o f  t h e  d rywe l l  

and i s  even tua l l y  d i ss ipa ted  t o  t h e  atmosphere. Therefore, model d e t a i l  a t  

depths g rea te r  than 75 t o  100 f e e t  should have l i t t l e  e f f e c t  on the  near- 

d rywe l l  temperatures. 

As shown i n  F igu re  18, t h e  r a d i a l  mesh spacing i n  t he  f a r - f i e l d  reg ion  i s  very 



FIGURE 17.  Near-Field Thermal Model Node Locations 



FIGURE 18. F a r - F i e l d  Thermal Model Node Loca t ions  



TABLE 1 

TAP-A MODEL NODE DESCRIPTION 

Nodes 

1-30 

31 -50 

Test Components 

Heater Assembly 

Canister 

S h i e l d  Plug S k i r t  

Shield Plug Bottom Pla te  

Liner Lower Section 

Grout a t  Bottom of Liner 

Concrete i n  Shield Plug. 

Shield Plug Top Pla te  

Shield Plug Body Pipe 

Air Gap Around Shield Plug 

Drywell Cover 

Liner Upper Section 

Grout Between Liner and Soil 

Concrete Pad 

Soi 1 

Concrete Pad 

Soi 1 

Concrete Pad 

Soi 1 

Concrete Pad 

Soil 



I. 
coarse, c o n s i s t i n g  o f  o n l y  f o u r  rows o f  nodes between the  '6 and 25 f o o t  r a d i i .  

. . Radia l  temperature grad ien ts  i n  t h a t  .region were found t o  be l ess  than 10°F/f t  

du r i ng  3.0 k W  opera t ion  and l ess  than 6OF/ft a t  1.0 kW. Therma1:model s tud ies  

i n  which the  r a d i a l  mesh spacing.was var ied  over a  wide range show s a t i s f a c t o r y  

f a r - f i e l d  temperature p r e d i c t i o n s  us ing t h i s  coarse mesh. 

6.2.2 HEAT TRANSFER MECHANISMS 

  eat t r a n s f e r  between the  e l e c t r i c  heater  assembly (nodes 1  t o  30) and the  can- 

i s t e r  i s  modeled by conduction. Heat t r a n s f e r  from the  heater  t o  c a n i s t e r  actu- 

a l l y  occurs by convect ion and r a d i a t i o n  ( p r i m a r i  l y  by r a d i a t i o n  a t  h igh  temper- 

atures) .  Since TAP-A has no mass f l o w  c a p a b i l i t y  and the re fo re  cannot model 

convect ion effects, a  s i m p l i f y i n g  assumption was made i n  the  Confirmation Phase 

I model t o  c a l c u l a t e  c a n i s t e r  temperatures u t i l i z i n g  an a r b i t r a r i l y  chosen 

c o n d u c t i v i t y  value t o  represent t h e  combinat ion o f  rad ia t i on ,  convection, and 

conduct ion heat t r a n s f e r .  A temperature dependent conduc t i v i t y ,  ca l cu la ted  

over t he  an t i c i pa ted  range of c a n i s t e r  temperatures us ing a  1000°F peak heater 
0 

temperature, i s  used i n  t h e  model. To compensate f o r  t he  e f f e c t s  o f  convect ion 

i n s i d e ' t h e  can is te r ,  the  present model inc ludes a  nonuniform a x i a l  heat gener- 

a t i o n  r a t e  f o r  t he  heater '  assembly as described i n  Sect ion 6.2.4. The heater 

assembly heat capac i ty  which i s  smal l  compared t o  t h a t  f o r  o the r  system compo- 

nents ( can i s te r ,  1  iner ,  grout,  etc.) ,  i s  modeled accura te ly  t o  produce f a i r l y  

accurate t r a n s i e n t  p r e d i c t i o n s  f o r  t he  e n t i r e  d rywe l l  system. 

Heat t r a n s f e r  from the  c a n i s t e r  t o  t he  l i n e r  and s h i e l d . p l u g  occurs by r a d i -  

a t ion,  conduct ion and f r e e  convect ion and the  thermal model inc ludes a l l  t h ree  

modes. Convection and conduct ion were t r e a t e d  us ing the  e f f e c t i v e  thermal con- 

d u c t i v i t y  approach w i t h  appropr ia te  c o n d u c t i v i t y  values i n  t he  r and z d i r e c -  

t i ons .  The r a d i a t i o n  c a l c u l a t i o n  f o r  c a n i s t e r  t o  l i n e r  heat t r a n s f e r  uses the  

shape f a c t o r  expression f o r  concent r ic  gray c y l i n d e r s  as f o l l o w s :  



where 
i 
t = e m i s s i v i t y  

A = sur face area 

1 = c a n i s t e r  ou te r  sur face 

2 = l i n e r  i nne r  surf  ace 

E m i s s i v i t y  values f o r  t h e  c a n i s t e r  (0.45) and l i n e r  (0.60) were obta ined from 

References 12 (p. 475) and 13 (p. 15 - 21), respect ive ly ,  f o r  Type 304 s t a i n -  

l ess  s t e e l  ( c a n i s t e r )  and h o t - r o l  l e d  i r o n  ( l i n e r ) .  The r e s u l t i n g  shape f a c t o r  

value (0.36) i s  app l ied  t o  c a l c u l a t i o n s  i n  t he  r a d i a l  ( c a n i s t e r  t o  l i n e r )  and 

a x i a l  ( c a n i s t e r  t o  s h i e l d  p lug  and c a n i s t e r  t o  l i n e r  sec t i on  a t  t h e  bottom o f  

t h e  d r y w e l l )  d i r e c t i o h s .  The a x i a l  r a d i a t i o n  heat t r a n s f e r  model i s  judged t o  

be acceptable s ince data  show heat t r a n s f e r  r a t e s  v e r t i c a l l y  through the  s h i e l d  

p l u g  and f rom t h e  c a n i s t e r ' s  lower end t o  be t y p i c a l l y  l ess  than 2 percent  o f  

t h e  t o t a l  heat generat ion r a t e  i n  t he  e l e c t r i c  heater assembly. 

Heat t r a n s f e r  f rom the  s h i e l d  p lug  s ides t o  the  upper l i n e r  occurs pr ' imar i  l y  by 

r a d i a t i o n  and f r e e  convect ion and by convect ion f rom the  upper sur face o f  t he  

s h i e l d  p l u g  t o  the  d rywe l l  cover p l a t e .  For  modeling purposes, conduct ion 

through an a i r - f i l l e d  space i s  assumed i n  each d i r e c t i o n .  This  approach i s  

used s ince  TAP-A has no mass f l o w  c a p a b i l i t i e s .  This  s i m p l i f y i n g  assumption i s  

judged t o  be acceptable since, due t o  the  r e l a t i v e l y  small s h i e l d  p l u g  heat 

t r a n s f e r  rates,  even l a r g e  modeling inaccuracies i n  these regions would have 

l i t t l e  e f f e c t  on c a n i s t e r  temperature p red i c t i ons .  

Heat t r a n s f e r  through t h e  s tee l ,  concrete, g rou t  and s o i l  i s  modeled by con- 

duct ion.  The t r a n s f e r  of heat through porous m a t e r i a l s  such as concrete, g rou t  

and s o i l  can occur by a combination o f  conduction, r a d i a t i o n  and convection. 

'b. 

Conduction can be a f a c t o r  a t  p o i n t s  o f  g ranu lar  contact ,  heat can r a d i a t e  

across t h e  voids between g ra ins  and convect ion heat t r a n s f e r  can occur through- 

ou t  t he  medium on both  the  microscopic and macroscopic scales. However, i n  

compacted siindy s o i l s  w i t h  f i n e s  present, conduct ion would be the  dominant 

mechanism and i n  t h i s  analys is ,  heat t r a n s f e r  i n  a l l  s o l i d  mater ia ls ,  i n c l u d i n g  

s o i  1, i s  modeled based upon ' tha t  heat t r a n s f e r  mode. 



b.  The i n t e r f a c e  between two s o l i d  m a t e r i a l s  i n  contac t  produces a res i s tance  t o  

the  f low of heat across t h a t  boundary. Since the  ex ten t  o f  ac tua l  contact  i s  

no t  known, i n t i m a t e  contac t  i s  assumed between t h e  var ious m a t e r i a l  p a i r s  

( l i n e r  and grout, grout  and so i  1, concrete .and s o i  1) and a l l  con tac t  r e s i s -  

tances are assigned zero values. 

6.2.3 GROUND TO AMBIENT HEAT TRANSFER 

A t  ground leve l ,  several heat t r a n s f e r  processes occur: s o l a r  i n s o l a t i o n ,  

s o l a r  r e f l e c t i o n ,  r a d i a t i o n  back t o  sky and convect ion t o  and f rom the  ambient 

a i r .  H s i m p l i f i e d  r a d i a t i o n  and convect ion model was used i n  the  Conf i rmat ion 

Phase I analys is  t o  c a l c u l a t e  ground t o  ambient heat t rans fe r .  This  was based 

on t h e  assumption t h a t  i f  r a d i a t i o n  parameter values are conducive t o  s i g n i f  i- 

cant  r a d i a t i o n  heat t r a n s f e r  from the  s o i l  sur face t o  sky (e.g., h igh  surface 

r e f l e c t i v i t y ,  h igh  e m i s s i v i t y  and low sky temperature), then i t  may be poss ib le  

t o  s a t i s f a c t o r i  l y  p r e d i c t  t he  seasonal v a r i a t i o n s  by equat' ing a i r  and so i  1 

surface temperatures and i gno r ing  s o l a r  i nso la t i on ,  r a d i a t i o n  back t o  sky and 

convect ion t o  and from the  a i r .  Since d rywe l l  thermal response t o  r e . l a t i v e l y  

h igh  decay heat l e v e l s  and i n  d rywe l l  ar rays o r  var ious spacings are no t  y e t  

ava i lab le ,  i t  was decided t o  i nc lude  a more d e t a i l e d  ground t o  sur face heat 

t r a n s f e r  model. The present  thermal model inc ludes  var ious  modes o f  heat 

t r a n s f e r  a t  t he  sur face as d e t a i l e d  i n  the  remainder o f  t h i s  sect ion.  

The so la r  i n s o l a t i o n  model i s  based upon an empi r ica l  method described i n  

Reference 3 (Eq. 3.4.2). For a s p e c i f i e d  l o c a t i o n  on the  e a r t h ' s  surface, the  

method r e l a t e s  i n s o l a t i o n  on a h o r i z o n t a l  sur face as a ' f u n c t i o n  o f  t ime over 

t he  course o f  a one-year per iod.  A f t e r  assuming 10 percent r e f l e c t i o n ,  t h e  

absorbed f r a c t i o n  i s  then inc luded i n  the  thermal model by ass igning volumetr ic  

heat generat ion r a t e s  t o  the  d rywe l l  cover p l a t e  (nodes 111 t o  117) and t o  the  

concrete pad and sur face s o i l  (nodes 243 t o  250). 

Heat t r a n s f e r  by convect ion f rom t h e  s o i l  t o  t he  a i r  i s  modeled by a convect ive 

heat t r a n s f e r  c o e f f i c i e n t  a t  t he  s o i l / a i r  i n t e r f a c e  and monthly a i r  temperature 

averages ca l cu la ted  from E-MAD s i t e  weather da ta  (see Table 2) .  The heat 

t r a n s f e r  c o e f f i c i e n t  was assigned a constant  value o f  2.6 ~ t u / h r - f t ' - ' ~  



TABLE 2 

E-MAD SITE OUTDOOR AIR TEMPERATURES - MONTHLY AVERAGES 

Month 

January 

February 

March 

Apr i  1 

May 

June 

J u l y  

August 

September 

October 

November 

December 

Te~upera l u r e  (OF) 

36 

50 

55 

60 

7 5 

8 2 

90 

88 

80 

7 5 

5 0 

35 



.' b 
( ob ta i ned  f rom Reference 3, Eq. 4.14.4) which a p p l i e s  t o  a  wind speed of 5  

m i les /hour  f o r  a  d i r e c t i o n  p a r a l l e l  t o  t h e  s o i l  sur face.  

. -, . 
R a d i a t i v e  heat  t r a n s f e r .  'to, t h e  sky f rom t h e  s o i  1, concre te  pad and t h e  d r y w e l l  

cover  p l a t e  i s  modeled us ing  t h e  f o l l o w i n g  e m i s s i v i t y  va lues f rom Reference 4, 

p. 699: 

E m i s s i v i t y  

D rywe l l  cover  p l  a te-gray p a i n t  0.95 

Concrete 

Soi  1  ( d e s e r t  su r f  ace,' d r y  sand) 

The r a d i a t i o n  c a l c u l a t i o n s  'are based on a cons tan t  sky temperature (TSKy) o f  

-50°F. Th i s  p a r t i c u l a r  va lue was determined f rom a s tudy  i n  which the  seasonal 

temperature v a r i a t i o n s  a t  t h e  thermocouple re fe rence  we1 1 ( una f f ec ted  by d r y -  

w e l l  heat source) were p r e d i c t e d  and compared w i t h  t e s t  data.  The q u a l i t y  o f  

t h e  agreement 'between t h e  da ta  and c a l c u l a t i o n s  i s  i n d i c a t e d  i n  F i g u r e  19. I t  

i s  noted t h a t  a  TSKY of -50°F, w h i l e  n o t  p h y s i c a l l y  impossible,  i s  lower  t han  

expected. However, t h e T S K y  ob ta ined  by t h i s  a n a l y s i s  method may compensate 

f o r  model i .naccurac ies such as low sur face  r e f l e c t i v i t y ,  h i g h  i n s o l a t i o n ,  e tc .  

elsewhere i n  t h e  model. I n  add i t i on ,  t h e  s o i l  su r f ace  temperature i s  no t  ' 

p a r t i c u l a r l y  s e n s i t i v e  t o  TSKy v a r i a t i o n s  i n  t h a t  a  50°F change i n  TSKy 

corresponds t o  a  su r f ace  temperature change o f  o n l y  6OF. Therefore,  t h e  a c t u a l  

sky temperature cou ld  e a s i l y  be d i f f e r e n t  f rom - 5 0 0 ' ~  and n o t  have much e f f e c t  

on d r y w e l l  temperature p r e d i c t i o n s .  

6.2.4 CANISTER HEAT FLUX DISTRIBUTION 

The Conf i rmat ion  Phase I model con ta ined  a un i f o rm  heat  gene ra t i on  r a t e  d i s t r i -  

b u t i o n  i n  t h e  hea te r  assembly r e g i o n  (nodes 1 t o  30). Consequently, t h e  can- 

i s t e r  model t y p i c a l l y  e x h i b i t e d  a f l a t  a x i a l ' h e a t  f l u x  p r o f i l e  except  near t h e  

t o p  and bottom where t h e  d i s t r i b u t i o n  tapered o f f  due t o  end e f f e c t s .  A com- 

p a r i s o n  of measured temperatures w i t h  c a l c u l a t i o n s  produced by t h a t  model 

showed t h e  model c o n s i s t e n t l y  unde rp red i c t s  s o i l  temperatures i n  t h e  near-  

s u r f  ace r e g i o n  ( 0  t o  40 i n c h  depth) .  u hat d iscrepancy cou ld  be due t o  



FIGURE 19. Reference Well Temperature Comparison - Test Data and Predictions 
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'a. i n s u f f i c i e n t  heat f l o w ' f r o m  the  upper end o f  t h e  can i s te r .  model. To eva lua te  

c a n i s t e r  heat f low, t he  ac tua l  c a n i s t e r  heat f l u x  d i s t r i b u t i o n  was c a l c u l a t e d  

us ing  temperature da ta  f rom t h e  p a i r s  o f  adjacent c a n i s t e r  and l i n e r  thermo- . 

couples i d e n t i f i e d  i n ~ . ~ $ b l k  3. 

Assuming the  c a n i s t e r  and l i n e r  .are p o s i t i o n e d  c o n c e n t r i c a l l y  and t h a t  tempera- 

t u r e s  and heat f l o w  do no t  vary c i r c u m f e r e n t i a l l y ,  the  l o c a l  c a n i s t e r  heat f l u x  

a t  a  p a r t i c u l a r  e l e v a t i o n  can be expressed a s ~ f o l l o w s  i n  terms o f  t he  c a n i s t e r  

and l i n e r  temperatures a t  t h a t  l o c a t i o n :  

where 
2 @ - heat f l u x ,  B tu /h r - f t  

b  '- r a d i a l  c learance between l i n e r  and can i s te r ,  F t  

Ke - e f f e c t i v e  thermal c o n d u c t i v i t y  o f  t he  gas i n  t he  c learance 
reg  i o n  (cons ider ing  bo th  conduct ion and f r e e  convect i o n )  , 
Btu/hr- f t -OF 

r~ - c a n i s t e r  ou ter .  rad ius,  f t  

r L - l i n e r  i nne r ,  radius, ft 

F - shape f a c t o r  

u - Stefan-Boltzman constant,  0.1714 x  ~ t u / h r - f t ~ - ~ ~ ~  

Tc - c a n i s t e r  temperature, O K  

T~ - l i n e r  temperature, O R  

The f i r s t  term on the  r i g h t  hand s ide  o f  t h i s  equat ion descr ibes heat t r a n s f e r  

between t h e  c a n i s t e r  and l i n e r  by t h e  combined e f f e c t s  o f  conduct ion and f r e e  

convect ion. The e f f e c t i v e  thermal conduc t i v i t y ,  Ke, was c a l c u l a t e d  us ing  t h e  

method discussed i n  Reference 5 (p.  331, 332) and i s  t y p i c a l l y  g rea te r  than t h e  

thermal c o n d u c t i v i t y  of a i r  [evaluated a t  1/2 (Tc + TL)] by a  f a c t o r  o f  2 t o  

3. Radiat ion,  t he  dominant heat t r a n s f e r  mode between t h e  c a n i s t e r  and l i n e r ,  

i s  accounted f o r  by t he  second term. 

The ana l ys i s  procedure cons is ted  o f  f i r s t  determin ing l o c a l  heat f l u x  values a t  



TABLE 3 

CANISTER AND LINER THERMOCOUPLES USED I N  CANISTER HEAT FLUX CALCULATIONS 

Cani s t e r  L i n e r  

Thermocouple E l  evaition* Thermocouple Angle** Thermoco l p l  e Angle 
P a i r  ( i n . )  No. (Deg. ) No. (Beg ) 

1 29.5 01 4 0 030 0 

2 29.3 01 5 135 030 0 

3 60.0 01 6 0 031 0 

4 60.0 01 7 90 0 32 9 0 

5 60.8 01 8 180 0 33 180 

*Measured from top, o f  car!i s t e r  . 
**See F igure  7 f o r  0' p o s i t i o n .  



b 
t h e  f i v e  thermocouple e leva t ions .  The r e s u l t i n g  heat f l u x  p r o f i l e  was i n t e g r a -  

. t ed  over  t h e  c a n i s t e r  l eng th  and t h e  est imated d rywe l l  power l e v e l  was compared 

w i t h  t h e  known ac tua l  power l e v e l .  The i r  r a t i o  (ac tua l / es t ima te )  was always 

l ess  than 1.0 ( t y p i c a l l y  0.55 t o  0.65) and t h i s  was a t t r i b u t e d  p r i m a r i l y  t o  t he  

shape f a c t o r  va lue o f  1.0 which was used i n  t h e  r a d i a t i o n  c a l c u l a t i o n s .  This  

r a t i o  was then .app l i ed  as a  m u l t i p l i e r  on t h e  heat f l u x  est imates a t  t h e  f i v e  

thermocouple e leva t ions .  Whi le t h e  need f o r  t h e  m u l t i p l i e r  stems p r i m a r i l y  

f rom t h e  r a d i a t i o n  c a l c u l a t i o n a l  method, i t  was app l ied  t o  bo th  t h e  r a d i a t i o n  

and t h e  convect ion/conduct ion term t o  s i m p l i f y  t h e  ca l cu la t i ons .  Th is  approach 

r e s u l t e d  i n  v a r i a t i o n s  between t e s t  da ta  and p red i c ted  l o c a l  heat f l u x e s  o f  
I I 

I l e ss  than 8 percent  at ,  1.0 kW and l e s s  than 4 percent  a t  t he  2.0 and 3.0 kW 

power l eve l s .  The cor rec ted  heat f l u x  p r o f i l e s  obta ined i n  t h i s  manner are 

shown i n  F igu re  20. 

The main d i f f e r e n c e  between these p r o f i l e s  and t h e  un i fo rm f l u x ' d i s t r i b u t i o n  i s  

t h a t  a  peak heat f l u x  peak now occurs a t  t h e  c a n i s t e r ' s  upper end. ' A f l u x  peak 

a t  t h a t  l o c a t i o n  cou ld  be expected due t o  n a t u r a l  c i r c u l a t i o n  e f f e c t s  w i t h i n  

t h e  can i s te r .  The c a n i s t e r  hca t  f l u x  d i s t r i b u t i o n s  o f  F igu re  20 have been 

i n p u t  i n  t h e  present  model, and, as shown i n  F igu re  21, t h e i r  use has l e d  t o  . . 
improved s o i l  temperature p r e d i c t i o n s  i n  t h e  near-surface zone. I t  i s  t he re -  

f o r e  apparent t h a t  the  c a n i s t e r  heat f l u x  d i s t r i b u t i o n  does have an apprec iable 

i n f l u e n c e  on d rywe l l  and s o i l  temperature p r e d i c t i o n s  and t h a t  t h e  c a n i s t e r  

model needs t o  i nc lude  t h e  appropr ia te  heat f l u x  d i s t r i b u t i o n .  

6.2.5 MATERIAL PROPERTIES 

The var ious  m a t e r i a l s  used i n  t he  S o i l  Temperature Test and t h e  thermal proper-  

t i e s  i n p u t  t o  t h e  thermal model are i d e n t i f i e d  i n  Table 4. Thermal c o n d u c t i v i -  

t i e s  o f  t h e  grou t  and s o i l  were determined exper imenta l l y  s ince  they  are 

s p e c i f i c a l l y  app l i cab le  t o  t h e  E-MAD area. The thermal c o n d u c t i v i t y  o f  g rou t  

( a  two-to-one m ix tu re  by weight o f  s o i l  and cement) was measured as a  f u n c t i o n  

o f  temperature i n  l abo ra to ry  t e s t s  performed by Holmes and Narver, Inc.  Test 

samples o f  t he  grou t  were poured du r i ng  d rywe l l  i n s t a l l a t i o n  f o r  use i n  the  

l a b o r a t o r y  t es t s .  The r e s u l t s  o f  t h a t  work are shown i n  F igu re  22. 



"REFERENCED T O  CANISTER UPPER E N D  

FIGURE 20. ' Can i s te r  A x i a l  Heat F l u x  D i s t r i b u t i o n s  Der ived  
f r om Can i s te r  and L i n e r  Temperature Data 

58 . 



FIGURE 21. Test  Data and P red i c t i ons  a t  40 Inch  Depth Showing Can is te r  
t ieat .Flux Modeling E f f e c t s ,  1 kW Operation, August 31, 1978 
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TABLE 4 

SOIL TEMPER1,TURE TEST MATERIAL THERMAL PROPERTIES 

Thermal 
Densi ty  , Heat Capacity Conduct iv i ty  

Mater i .al .  Drywel l  Component p (1  b / f t 3 )  ~ , ( ~ t u / l  b-OF) . ~ ( 3 t u / h r - f t - O F )  Source 

Concrete Sh ie ld  plug, ground 142.0 . 0.2 1.05 Ref. 6, pp . 4-9, 4-97 
l e v e l  pad 

S t a i  nq ess Steel  Canister  490.0 0.11 1 0'. 0 Ref. 7, p. 533 

Carbon Steel  L iner ,  drywe? 1 490.0 0.11 23.0 Ref. 7, p. 533 
cover p la te ,  s h i e l d  
p lug  can 

Grout Grout 
cn 
0 Soi 1 Soi 1 

117.0 0.20* See F ig .  22 

105.0 0.25** See Fig.  26 

*Value based on d ry  s o i  1 , dry  concrere Cp values. 

**Dry s o i l  p lus  5 percent  moisture'  assumed. 



TEMPERATURE (OF) 

6 1567 1 -2A 

FIGURE 22, Labora to ry  Measured Grout  Thermal Conduc t i v i  ty 



Since  s o i l  thermal  c o n d u c t i v i t y  i s  a  parameter o f  major  importance i n  t h e  

a n a l y s i s  o f  d r y w e l l  thermal  performance, t h e  c o n d u c t i v i t y  va lue  o r  r e l a t i o n s h i p  

used must be s e l e c t e d - c a r e f u l l y .  To i l l u s t r a t e  i t s  i n f l uence ,  s teady -s ta te  

p r e d i c t i o n s  o f  temperature versus r a d i u s  a t  c a n i s t e r  mid-plane a re  p l o t t e d  i n  

F i g u r e  23 f o r  t h r e e  t y p i c a l  values o f  s o i l  c o n d u c t i v i t y  w i t h  a l l  o t h e r  para-  

meters h e l d  constant .  The c o n d u c t i v i t y  va lues  were ob ta ined  f r om Reference 8 

and t h e y  app ly  t o , a  v a r i e t y  of s o i l s  cove r i ng  a  range o f  mo i s tu re  con ten t s  and 

d e n s i t i e s .  Generally., low c o n d u c t i v i t i e s  a re  assoc ia ted w i t h  dry ,  l i g h t w e i g h t  

s o i l s  w h i l e  mois t ,  h i g h  d e n s i t y  s o i l s  e x h i b i t  h i ghe r  c o n d u c t i v i t i e s .  I t  i s  

apparcnt  f rom F i g u r c  .23 t h a t  the  d r y w e l l  temperature f i e l d  i n  genera l  and t h e  

c a n i s t e r  temperature i n  p a r t i c u l a r  a r e  s e n s i t i v e  t o  s o i l  c o n d u c t i v i t y  

v a r i a t i o n s .  

Fo r  t h e  ] ~ o i  1  Temperature Test, E-MAD s o i  1  d e n s i t y  and thermal  c'onduct i v i  t y  were 

measured by  Holmes and Narver, Inc ,  i n  l a b o r a t o r y  t e s t s  us ing  boreho le  

samples. The samples were taken  a t  f o u r  depths (5, 10, 15 and 20 f e e t )  and 

t h e i r  mo i s tu re  contents ,  d e n s i t i e s  and composi t ions were determined. A t  a  

l a t e r  date, t he  d r i e d  samples were recombined w i t h  t h e  c o r r e c t  mo i s tu re  ( t y p i -  

c a l l y  5.0 t o  5.2 percen t  by weight  a t  each l e v e l )  and compacted t o  t h e  c o r r e c t  

d e n s i t y  t o  fo rm c y l i n d e r s  (2.8 inches i n  d iameter  by 5.6 inches  i n  l e n g t h )  on 

which c o n d u c t i v i t y  t e s t s  were performed. The t e s t s  employed the . t r a n s i e n t  l i n e  

source method descr ibed  in.References 9 and 10. By p l a c i n g  t h e  samples i n  a n ,  

e l e c t r i c a l l y  heated furnace,  t h e  thermal  c o n d u c t i v i t y  versus temperature 

measurements were ob ta ined  which a re  t a b u l a t e d  i n  Table C - 1  and graphed i n  

F.iyurhe 24. 

As noted above, - t h e  s o i  1, samples con ta ined  5 percen t  mo i s tu re  a t  t h e  beg inn ing  

o f  .the t e s t .  However, n e a r l y  20 hours were a l lowed t o  e lapse between t e s t s  a t  

each temperature and s i nce  t h e  furnace was n o t  a i r - t i g h t ,  i t  i s  v i r t u a l l y  c e r -  

t a i n  t h e  samples q u i c k l y  l o s t  t h e i r  i n i t i a l  mois ture.  Above 200°F, a l l  mois- 

t u r e  would have vapor ized  and t h e  d a t a  ob ta i ned  .app ly  t o  d r y  s o i l  cond i t i ons .  

However, d u r i n g  t h e  t e s t s  below.200°F, t h e  samples cou ld  have con ta ined  some 

mo is tu re  b u t  a t  l e v e l s  l e s s  than  t h e  o r i g i n a l  mo i s tu re  con ten t  due t o  evap- 



' RADIUS (INCHES) 

6 1567 1 -5A 

FIGURE 23. Radial Temperature P r o f i l e  P red ic t ions  a t  Can i s t e r  Midplane 
a s  a Function of  Soi l  Thermal Conduct ivi ty ,  1 kW Operat ion,  
August 31, 1978 



FIGURE 24, ' Labora to ry  Measured E-MAD Soi 1  Thermal C o n d u c t i v i t y  



I. 
o r a t i o n  du r i ng  t h e  s t a b i l i z a t i o n  per iod.  Therefore, t h e  measured thermal 

c o n d u c t i v i t i e s  a t  70 and 100°F are expected t o  be lower than c o n d u c t i v i t i e s  a t  

t h e  same temperature w i t h  5 percent  moisture. 

The Conf i rmat ion Phase I model u t i l i z e d  t h e  thermal c o n d u c t i v i t y  da ta  f rom t h e  

E-MAD s o i l  samples and t h e  r e s u l t i n g  p r e d i c t e d  d rywe l l  temperatures were s i g n i -  

f i c a n t l y  h igher  than the  t e s t  data. An assessment o f  t he  p o t e n t i a l  thermal 

c o n d u c t i v i t y  discrepancy i n  temperature range o f  70 t o  200°F was made by com- 

p a r i n g  the  E-MAD s o i l  da ta  w i t h  pub l i shed s o i l  da ta  and c o n d u c t i v i t y  c o r r e l a -  

t i o n s .  A c o r r e l a t i o n  descr ibed i n  Reference 11 was used s ince  i t  ;as developed 

f o r  sandy s o i l s  comparable t o  t h a t  a t  E-MAD. The E-MAD samples conta ined 

approximately 70 percent  sand (S i02) .  A1 though t h e  c o r r e l a t i o n  assumed the  

o t h e r  main s o i l  component i s  c l a y  (E-MAD samples showed no c l a y ) ,  t h e  c o r r e l a -  

t i o n  has been used i n  t h i s  study p r i m a r i l y  t o  i l l u s t r a t e  t h e  i n f l u e n c e  o f  mois- 

t u r e  on s o i l  thermal c o n d u c t i v i t y .  A comparison o f  t h e  c o r r e l a t i o n  conduct- 

i v i t y  p r e d i c t i o n s  w i t h  E-MAD s o i l  t e s t  da ta  are shown i n  F igu re  25. The 

c o r r e l a t i o n  as publ ished i n  Reference 11 o n l y  covers a temperature range of 40 

t o  100°F. For  a f i x e d  mois tu re  content,  t he  c o r r e l a t i o n  shows a weak depen- 

dency on temperature; and there fo re ,  t h e  c o r r e l a t i o n  can probably  be sa fe ly  

ex t rapo la ted  between 100 and 200°F, as was done i n  F igu re  25. 

Several  observat ions can be made concerning F igu re  25. F i r s t ,  t he  low mois tu re  

p r e d i c t i o n s  are s i m i l a r  t o  t he  h igh  temperature (above 200°F) c o n d u c t i v i t i e s  

measured f o r  t h e  E-MAD s o i l  samples. Since t h e  samples tes ted  were d r y  above 

200°F, t he  reasonable agreement a t  h igh  temperatures supports t he  use of t h i s  

c o r r e l a t i o n  f o r  t h e  h igh  sand conten t  s o i l  a t  E-MAD. Second, t h e  c o r r e l a t i o n  

p r e d i c t s  low temperature c o n d u c t i v i t i e s  o f  n e a r l y  0.9 Btu/hr- f t -OF f o r  mo is tu re  

l e v e l s  of 5.0 percent  as compared w i t h  0.5 Btu/hr-f t -OF measurements from t h e  

E-MAD s o i l  samples. Thi rd,  t he  measured E-MAD s o i l  c o n d u c t i v i t y  cont inued t o  

f a l l  between 70 and 200°F ins tead o f  f o l l o w i n g  t h e  s l i g h t  r i s i n g  t r e n d  p r e d i c -  

ted  by the  c o r r e l a t i o n .  These th ree  observat ions support  t he  conten t  i o n  t h a t  

t h e  E-MAD t e s t  samples, a f t e r  be ing mixed and molded w i t h  t h e  c o r r e c t  mo is tu re  

content,  l o s t  a  p o r t i o n  o f  t h a t  mo is tu re  by evaporat ion even before t h e  roqm 

temperature t e s t s  were.performed.. 
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FIGURE 25, E-MAD Soil Thermal Conductiyi ty Test Data and Predictions 



To improve t h e  .thermal model p r e d i c t i o n s  based on t h e  'above descr ibed evalua-  

t i o n ,  t he  thermal c o n d u c t i v i t y  versus temperature re1  a t  ionsh ip  shown i n  F i g u r e  

26 has been i n p u t  t o  t h e  model. I t  w i l l  be observed t h a t  t h e  h i g h  temperature 

(about 200°F) c o n d u c t i v i t i e s  are comparable t o  t he  E-MAD sample t e s t  da ta  w h i l e  

t h e  c o n d u c t i v i t i e s  a t  lbw temperatures are h igher  than the  E-MAD data  and 

r e f l e c t  i n  s i t u  mo is tu re  e f f e c t s .  

6.2.6 ELECTRIC HEATEtl POWER VARIATIONS 

As noted i n . S e c t i o n  5.7, vol ' tage v a r i a t i o n s  a t  t h e  e l e c t r i c  heater  t e r m i n a l s  

du r i ng  t h e  warm months o f  t h e  year  apparent ly  i n  response t o  t h e  

c y c l i n g  a i r  c o n d i t i o n i n g ' l o a d .  The heater  c o n t r o l l e r  s e t t i n g  which was checked 

and adjusted ( i f  necessary) dur ing  t h e  warm dayt ime hours was n o t  adjusted t o  

account f o r  t h e  vo l tage v a r i a t i o n s  a f t e r  working hours and r e s u l t e d  i n  a  h ighe r  

vo l tage across the  te rm ina l s  a t  n ight ,  Heater c o n t r o l l e r  i n p u t  vo l tage da ta  

records were analyzed t o  determine t h e  o v e r a l l  e f f e c t  on heater  power 1eve.l. 

The ana l ys i s  f o r  t h e  1.0 and 2.0 kW per iods  i n d i c a t e d  t h a t  t he  i n t e g r a t e d  power. 

output  by t h e  heater  was h i g h e r ' t h a n  nominal by about 3 percent  du r i ng  t h e  

A p r i l  t o  September p e r i o d  bu t  v i r t u a l l y  equal t o  t h e  nominal va lve du r i ng  t h e  

remaining months o f  t he  year. This  v a r i a b l e  power e f f e c t  has been inc luded i n  

t he  thermal model t o  more accura te ly  represent  a c t u a l  t e s t  cond i t i ons .  



FIGURE 26. E-MAD S o i l  Thermal Conduc t i v i t y  as Der ived 
from Test  Data and P r e d i c t i o n  Comparisons 
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7.0 THERMAL ANALYSIS RESULTS 

7.1 MODEL EVALUATION CRITERIA 

Wi th  p roper  inpu t ,  t h e  S o i l  Temperature Test  d r y w e l l  thermal  model should 

produce accura te  temperature p r e d i c t i o n s  f o r  t,he c a n i s t e r ,  l i n e r ,  and n e a r f i e l d  

s o i l  zone. Accurate c a n i s t e r  temperatures a re  impor tan t  as i n p u t  t o  indepen- 

dent  f u e l  assembly s t u d i e s  (Fue l  Temperature Test, e tc . )  whi l e  accura te  s o i  1  

temperatures a re  impor tan t  f o r  d r y w e l l  a r ray  and thermal  i n t e r a c t i o n  analyses. 

The most impor tan t  model e v a l u a t i o n  c r i t e r i a  i s  t o  c o r r e c t l y  p r e d i c t  tempera- 

t u r e  t r ends  and r e l a t i o n s h , i p s  . f o r  a  range o f  power l e v e l s  and f o r  t h e  v a r i a -  

t i o n s  i n  seasons. S a t i s f y i n g  t h i s  t h i r d  c r i t e r i a  w i l l  demonstrate t h a t  t h e  

thermal  model c o r r e c t l y  models t h e  app rop r i a te  heat  t r a n s f e r  mechanisms and 

ma in ta i ns  t h e  p roper  r e l a t i o n s h i p s  between these mechanisms as system f o r c i n g  

f u n c t i o n s  and boundary c o n d i t i o n s  change. As l ong  as t h e  model s a t i s f i e s  t h i s  

c r i t e r i a ,  smal l  d i f f e r e n c e s  between p r e d i c t e d  and measured temperatures should 

no t  be o f  concern. I n  most.cases, t h e  d i f f e r e n c e s  can be recognized and 

exp la ined  based upon inaccurac ies  i n  model i npu t ,  actua l .  t e s t  c o n f i g u r a t i o n  

u n c e r t a i n t i e s  and/or heat t r a n s f e r  mechanism u n c e r t a i n t i e s .  

The f o l l . ow ing  sec t i ons  p resen t  a  comparison o f  thermal  model temperature p r e -  

d i c t i o n s  w i t h  da ta  f rom t h e  S o i l  Temperature Test. The d i scuss ion  w i l l  f ocus  

on t h e  1.0 k~  and 2.0 kW ope ra t i ng  pe r i ods  w i t h  se lec ted  r e s u l t s  f r om t h e  

acce le ra ted  heatup pe,r iod (3.0 kW). 

7.2 MODELDATA COMPARISONS 

. 7.2.1 CANISTER AND LINER AXIAL TEMPERATURE PROFILES 

P red i c ted  temperature p r o f i l e s  f o r  t h e  c a n i s t e r  a n d . l i n e r  a re  compared w i t h  t h e  

t e s t  da ta  i n  F igu res  27, 28,. and 29. Genera l ly ,  t h e  p r e d i c t e d  r e l a t i o n s h i p s  

between t h e  c a n i s t e r  and l i n e r  temperatures agree w e l l  w i t h  t h e  data, espe- 

c i a l l y  a t  t h e  1..0 kW and 2.0 kW power l e v e l s .  Dur ing  t h e  acce le ra ted  heatup 

p e r i o d  (3.0 kW), low l i n e r  temperatures were recorded a t  t h e  bot tom o f  t h e  d r y -  

w e l l  and a re  r e f l e c t e d  , i n  low c a n i s t e r  tempera tu res .a t  t h a t  e l e v a t i o n .  



THERMOCOUPLES ON CANISTER & LINER 

I 1 1 1 

- TEST DATA --- PREDICTIONS 

TEMPERATURE ( O F )  

6 1567 1 -26A 

FIGURE 27. C a n i s t e r  and Liner  Axial Temperature P r o f i l e  Comparison 
f o r  3 kW Operat ion,  Acce le ra ted  Heatup Per iod ,  Apri l  30, 1978 



THERMOCOUPLES O N  CANISTER & LINER 

- TEST'DATA - PREDICTIONS 1 
TEMPERATURE ( O F )  

6 1567 1 -25A 

FIGURE 28. Canister and Liner Axial Temperature Profile 
Comparison for 1 kW Operation, August 31 , 1978 
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THERMOCOUPLES ON CANISTER 81 LINER 

TEMPERATURE ( O F )  

6 1567 1 -27A 

FIGURE 29. C a n i s t e r  and Liner  Axial Temperature P r o f i l e  Comparison 
f o r  2 kW Operat ion,  August 31 , 1979 



As shown i n  F i g u r e  27, t h e  low temperatures were n o t  p r e d i c t e d  by t h e  thermal  

model. T h i s  d iscrepancy i s  a t t r i b u t e d  ma in l y  t o  t h e  h i g h  mo i s tu re  c o n d i t i o n s  

t h a t  e x i s t e d  i n  t h e  d r y w e l l  a t  t h e  beg inn ing  o f  t h e  Soi  1  Temperature Test  (see  

Sec t i on  5.3). U n t i l  t h e  excess mo i s tu re  was d r i v e n  o f f  by v a p o r i z a t i o n  o r  

o t h e r  mechanisms, i t  acted t o  inc rease  bo th  t h e  thermal  c o n d u c t i v i t y  and t h e  

heat c a p a c i t y  o f  s o i l  beneath t h e  d r ywe l l ,  the reby  suppress ing temperatures a t  

t h a t  l o c a t i o n .  Once t h a t  r e g i o n  d r ied ,  t h e  s o i l  c o n d u c t i v i t y  decreased thus  

r a i s i n g  t he  c a n i s t e r  a n d , ' l i n e r  temperatures r e l a t i v e  t o  t h e  midplane tempera- 

t u r e s  and caus ing them t o  approach t h e  p r e d i c t e d  values. Evidence of t h i s  i s  

shown F i g u r e s - 2 8  and 29. 
e 4 

7.2.2 TRANSIENT CANISTER AND SOIL TEMPERATURES 

Canis ter ,  s o i  1  and re fe rence  we1 1  temperature d a t a  f r om t h e  3  and 11 Foot 

depths are compared w i t h  p r e d i c t i o n s  i n '  f i g u r e s  30 and 31 f o r  power ope ra t i on  

a t  1.0 kW. The s o i l  and re fe rence  w e l l  p r e d i c t i o n s  a t  b o t h  e. levat ions show t h e  

c o r r e c t  seasonal e f f e c t s  and a re  t h e r e f o r e  s a t i s f a c t o r y .  The c a n i s t e r .  p r e d i c -  

t i o n s ,  however, l a g  t h e  measurements a f t e r  t h e  power change from 3.0 kW t o  1.0 

kW and, more impo r tan t l y ,  they  a l so  l a g  t h e  seasonal v a r i a t i o n s  d u r i n g  t h e  l a s t  

f i v e  months o f  t h e  1.0 kW per iod .  I n i t i a l l y ,  t h i s  was thought  t o  r e f l e c t  a '  

p o s s i b l e  inaccuracy i n  heat  c a p a c i t y  f o r  t h e  g r o u t  and s h i e l d  p l u g  models ( t h e  

s o i  1  heat c a p a c i t y  appears t o  be s a t i s f a c t o r y  s i nce  t h e  p r e d i c t e d  s o i l  tempera- 

t u r e s  do t r a c k  t h e  measured seasonal v a r i a t i o n s ) .  However, thermal  model 

analyses i n  which t h e  g r o u t  and concre te  s p e c i f i c  heat c a p a c i t i e s  were reduced 

50 percen t  f rom t h e  handbook values (see Table 4) had v i r t u a l l y . n o  e f f e c t  on 

t h e  p r e d i c t e d  c a n i s t e r  temperatures. 

An a l t e r n a t e  exp lana t i on  f o r  t h e  c a n i s t e r  temperature d iscrepancy p e r t a i n s  t o  

t h e  e f f e c t s  of n a t u r a l  c i r c u l a t i o n  o f  a i r  w i t h i n  t h e  c a n i s t e r .  I n  t h e  t e s t  

c a n i s t e r ,  a i r  c i r c u l a t i o n  would t r a n s m i t  temperature changes a t  one p o i n t  on 

t h e  c a n i s t e r  more q u i c k l y  and more e x t e n s i v e l y  a long t h e  c a n i s t e r ' s  l e n g t h  than  

would be p o s s i b l e  i f  conduc t ion  were t h e  o n l y  heat  t r a n s f e r  mechanism present .  

As noted i n  Sec t i on  6.2.2, t h e  hea te r  t o  c a n i s t e r  heat  t r a n s f e r  model cons ide rs  

o n l y  conduc t ion  w i t h  f r e e  convec t ion  be ing neglected.  



FIGURE 30. S o i l  Temperature, Tes t  Data and P r e d i c t i o n s  f o r  t k e  3 Foot Depth Dur ing  1 kW Operat ion 
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FIGURE 3 1 .  ~ o i i  Temperature Test Data and P red i c t i ons  f o r  t he  11 Foot Depth Dur ing 1 k# Operat ion 



An e f f e c t  o f  c a n i s t e r  i n t e r n a l  a i r  c i r c u l a t i o n  i s  t h a t  a  temperature t r a n s i e n t  

a t  one e l e v a t i o n  on t he  c a n i s t e r  can be a  s t r ong  f u n c t i o n  o f  t r a n s i e n t s  a t  

o t h e r  e l eva t i ons .  Th i s  i s  i l l u s t r a t e d  by a  comparison o f  F i gu res  30 and 31. 

A t  t h e  3  f o o t  depth, t h e  measured c a n i s t e r  temperature i s  i n  phase w i t h  t h e  

s o i l  and re fe rence  w e l l  temperatures. However, a t ' t h e  11 f o o t  depth, t h e  

c a n i s t e r  temperature a c t u a l l y  appears t o  be phased ahead o f  t h e  s o i l  

temperatures and i s  ve ry  n e a r l y  i n  phase w i t h  c a n i s t e r  temperatures a t  t h e  3  

f o o t  depth. Th i s  s t r o n g  l i n k  between c a n i s t e r  temperatures a t  t w o . d i f f e r e n t  

e l e v a t i o n s  i s  p a r t l y  due t o  a x i a l  heat  conduc t ion  which i s  i nc l uded  i n  t h e  

thermal  model. However, as evidenced by t h e  r e l a t i v e l y  s low response o f  t h e  

p r e d i c t e d  c a n i s t e r  . temperatures . d u r i n g  t h e  l a s t  f i v e  months o f  t he  1  . O ,  kW 

per iod ,  i l~odel i isy  id11 i b l e r .  IledL Lransfer by conduction a lone i s  n o t  s u f f i c i e n t  

t o  produce comple te ly  accura te  r e s u l t s .  A i r  c i r c u l a t i o n  w i t h i n  t h e  c a n i s t e r  

,(and i n  t h e  annular  space between t he  c a n i s t e r  and 1 i n e r ) ' s h o u l d  be taken  i n t o  

account. 

Canis ter ,  s o i l  and re ference w e l l  temperatures f o r  t h e  2.0 kW o p e r a t i n g  p e r i o d  

a re  p l o t t e d  i n  F igu res  32 and 33. As w i t h  1.0 kW operat ion,  t h e  s o i l  and 

re fe rence  w e l l  p r e d i c t i o n s  a t  t he  3  f o o t  depth a re  s a t i s f a c t o r y ,  b u t  t h e  can- 

i s t e r  p r e d i c t i o n s  l a g  t h e  measurements d u r i n g  t h e  1.0 kW t o  2.0 kW heatup 

per iod .  L a t e r  i n  t h e  2.0 kW per iod ,  t h e y  respond more s t r o n g l y  t han  d e s i r e d  t o  

seasonal e f f e c t s .  Again, b o t h  observed d isc repanc ies  a re  appa ren t l y  r e l a t e d  t o  

c a n i s t e r  a i r  c i r c u l a t i o n  e f fec ts .  I n  ' the f i r s t  case, t h e  r a p i d  c a n i s t e r  tem- 

p e r a t u r e  t r a n s i e n t  a t  t h e  3  f o o t  d e p t h . i s  undoubtedly due t o  h o t  a i r  c u r r e n t s  

r i s i n g  f r om the  e l e c t r i c  hea te r  assembly. These c u r r e n t s  impinge d i r e c t l y  on 

t h e  unders ide  o f  t h e  c a n i s t e r  c l o s u r e  l i d  w h i l e  t h e  thermocouple sens ing can- 

i s t e r  temperature a t  t h e  3  f o o t  dep th  i s  l o c a t e d  on t h e  l i d ' s  upper sur face.  

I t  should be noted t h a t  t h e  p r e d i c t e d  c a n i s t e r  temperature p l o t s  i n  F igu res  32 

and 33 have been normal ized such t h a t  p r e d i c t e d  temperatures and t e s t  d a t a  were 

i n  exac t  agreement a t  t h e  beg inn ing  o f  t h e  2.0 kW t e s t  pe r i od .  T h i s  f a c i l i -  

t a t e s  comparing p r e d i c t i o n s  and t e s t  d a t a  as w e l l  as e x p l a i n i n g  d i sc repanc ies  

between t h e  A p r i l  1979 c a n i s t e r  temperature p r e d i c t i o n s  i n  F igu res  30 and 32 

and i n  F igu res  31 and 33. 
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FIGURE 32. S o i l  Temperature Tes t  Data a'nd P red i c t i ons  f o r  
t he  3 Foot Depth Dur ing 2 kW Operat ion 
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FIGURE 33: .So i l  Temperature Test  Data and Predict i -ons f o r  
the  11 Foot Depth During 2 kW Operat ion 
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The second d iscrepancy ( o c c u r r i n g  a t  bo th  t h e  3  and 11 f.oot depths) i s  a l so  

a t t r i b u t e d  t o  i n t e r n a l  a i r  c i r c u l a t i o n  i n  t h e  c a n i s t e r  and i s  r e l a t e d  again t o  

t h e  f a c t  t h a t  seasonal temperature v a r i a t i o n s  a t  a  p o i n t  on t h e  c a n i s t e r  are 

more s t r o n g l y  dependent upon s o i l  and c a n i s t e r  temperature v a r i a t i o n s  a t  o t h e r  

.depths than t h e  present  conduc t ion-cont ro l led  thermal model al lows. Therefore, 

whi l e  seasonal so i  1. temperatures a t  a  c e r t a i n  depth may be decreasing a t  a 

p a r t i c u l a r  t ime, temperatures a t  another depth may s t i l l  be r i s i n g .  These com- 

p e t i n g  e f f e c t s  are t ransmi t t ed  throughout t h e  c a n i s t e r  by t h e  c i r c u l a t i n g  a i r  

and they  are  f a c t o r s  i n  determin ing a  l o c a l  c a n i s t e r  temperature and l o c a l  s o i l  

temperature.. 

7.2.3 RADIAL TEMPERATURE PROFILES 

Curves o f  temperature versus r a d i u s  a t  t h ree  depths (3, 8, and 13 f e e t )  are 

p r e s e n t e d . i n  F igures  34, 35, and 36 For 1.0 and 2.0 kW power ope ra t i on  and i n  

F igures  B-1, B-2, and 8-3 f o r  3.0 kW accelerated heatup operat ion.  A t  1.0 kW 

and 2.0. kW, t h e  p l o t s  apply  t o  t imes when t h e  e f f e c t s  o f  changing heater  power 

l e v e l  had f o r  t h e  most p a r t  disappeared, and any t r a n s i e n t  c o n d i t i o n s  would be 

due t o  seasonal va r i a t i ons .  The 3.0 kW curves were taken f rom t h e  l a s t  day o f  

accelerated heatup when the  power l e v e l  t r a n s i e n t  e f f e c t s  were r e l a t i v e l y  

strong. 

The t e s t  data-.appearing i n  t h e  curves were taken f rom can i s te r ,  l i n e r  and g rou t  

thermocouples and f rom s o i l  r eg ion  thermocouples i n  i ns t rumen ta t i on  w e l l s  2  

through 6  (see Figures 7  and A-1). The thermal model p r e d i c t i o n s  a t  nodes 

corresponding t o  t h e  thermocouple l o c a t i o n s  are i n  c l ose  agreement w i t h  the  

t e s t  data. I n  add i t ion ,  temperature d i f f e r e n t i a l s  between c a n i s t e r  and l i n e r ,  

l i n e r  and grout,  g rou t  and s o i l ,  etc., and are p red i c ted  accura te ly .  

7.2.4 SOIL AXIAL TEMPERATURE PROFILES 

F igures  37, 38, and 39 present  comparisons o f  g rou t  and s o i l  temperature 

measurements and p red i c t i ons .  ' The grou t  thermocouples are supported o f f  the  

l i n e r  a t  t h e  10.8 i nch  .radius and s o i l  thermocouples are loca ted  a t  t h e  21 and 

60 i n c h  r a d i i .  Data are inc luded i n  t h e  f i g u r e s  f o r  t h e  1.0 kW and 2.0 kW 
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power l e v e l s  as w e l l  as f o r  the  accelerated heatup 'period. General ly,  the  d 
agreement between data  and p r e d i c t i o n s  i 's good, and i t  demonstrates t h e  a b i l i t y  

o f  the  thermal model t o  p r e d i c t  both n e a r - f i e l d  and f a r - f i e l d  temperature 

d i s t r i b u t i o n s .  

7.2.4 CONCLUSIONS FROM MODELDATA' COMPARISON 

The S o i l  Temperature Test thermal model as described i n  t h i s  r e p o r t  does a  

f a i r l y  good j o b  o f  p r e d i c t i n g  e l e c t r i c a l l y  heated d rywe l l  peak temperatures and 

t r a n s i e n t  temperature trends.' However, t he  accuracy o f  c a n i s t e r  and l i n e r  tem- 

pera ture  p r e d i c t i o n s  was found t o  be in f luenced by the  modeling o f  heat t r a n s -  

f e r  mechanisms i n s i d e  t h e  d rywe l l  and out  i n  the  s o i l .  The two dreas where 

a d d i t i o n a l  v e r i f i c a t i o n  and/or model ref inement i s  needed are the  e f f e c t s  o f  

f r e e  convect ion and r a d i a t i o n  i n s i d e  t h e  c a n i s t e r  and between c a n i s t e r  and 

l i n e r ,  and the e f f e c t s  o f  i n - s i t u  s o i l  thermal c o n d u c t i v i t y  changes w i t h  tern- 

perature.  Test da ta  and p r e d i c t i o n  eva lua t i ons  show t h a t  c a n i s t e r  and l i n e r  

temperature p r e d i c t i o n s  bo th  above and below the  midplane l e v e l  are s e n s i t i v e  

t o  these e f f e c t s .  

Free convect ion e f f e c t s  o f  a i r  i n s i d e  the  t e s t  c a n i s t e r  and t o  a  l esse r  ex ten t  

between c a n i s t e r  and l i n e r  were assumed t o  have caused a  nonuniForm a x i a l  heat 

f l u x  p r o f i l e  which peaks near the c a n i s t e r ' s  upper end. Due t o  computer code 

l i m i t a t i o n s ,  f r e e  convect ion e f f e c t s  were modeled by imposing a  skewed a x i a l  

heater  assembly heat generat ion r a t e  r a t h e r  than by us ing mass f l o w  dependent 

temperature c a l c u l a t i o n s  between heater,  c a n i s t e r  and l i n e r .  I n  add i t ion ,  t h e  

tendency o f  r a d i a t i o n  t o  be the dominant heat t r a n s f e r  mechanism between the  

heater  and c a n i s t e r  a t  h igher  temperatures was not  inc luded i n  t h e  model. A 

more accurate method of modeling heat t r a n s f e r  i n s i d e  the  c a n i s t e r  should be 

developed which inc ludes  both f r e e  convect ion and r a d i a t i o n  e f f e c t s  over  the  

e n t i r e  range o f  heater  power output  and c a n i s t e r  temperatures. I n  t h i s  way, 

model p r e d i c t i o n  agreement w i t h  t e s t  da ta  f o r  t he  e n t i r e  d rywe l l  cou ld  be 

improved. 

The r e l a t i o n s h i p  o f  s o i l  c o n d u c t i v i t y  t o  temperature u t i l i z e d  i n  t he  thermal 

model was found t o  have a  s i g n i f i c a n t  e f f e c t  on d rywe l l  and s o i l  temperature 



p r e d i c t i o n  agreement w i t h  t e s t  data. The s o i l  c o n d u c t i v i t y  values used i n  t h e  

model were based on c o r r e l a t i o n s  from 1  i t e r a t u r e  f o r  comparable s o i  1s and f rom 

an a n a l y t i c a l  eva lua t i on  o f  s o i l  temperature da ta  r a t h e r  than t h e  S o i l  Proper- 

t i e s  Test da ta  conducted a t  E-MAD. I n i t i a l  model analyses us ing  t h e  S o i l  Prop- 

e r t i e s  Test c o n d u c t i v i t y  da ta  overpred ic ted  t e s t  c a n i s t e r  temperatures. M o i s - .  

t u r e  v a r i a t i o n s  i n  t he  s o i l  samples tes ted  and i n  t h e  s o i l  i t s e l f  are judged t o  

cause t h e  d i f f e r e n c e s  i n  s o i l  thermal c o n d u c t i v i t y .  A more accurate r e l a t i o n -  

sh ip  of " i n - s i t u "  thermal c o n d u c t i v i t y  f o r  t he  range o f  mo is tu re  l e v e l s  and 

s o i l  temperatures around the  d rywe l l  should improve o v e r a l l  d r y w e l l  and s o i l  

temperature p r e d i c t i o n  agreement w i t h  t e s t  da ta  f o r  bo th  t r a n s i e n t  and thermal 

s t a b i l i z a t i o n  cond i t ions .  

7.3 COMPARISON OF DRYWELL THERMAL RESPONSE 

The thermal response o f  t h e  Soi'l Temperature Test d rywe l l  a t  thermal s t a b i l i z a -  

t i o n  was d i f f e r e n t  For 2.0.kW heater  power ou tpu t  from t h a t  f o r  1.0 kW. A.com-. 

pa r i son  o f  c a n i s t e r  and l i n e r  temperature d i s t r i b u t i o n s  de r i ved  f rom t h e  t e s t  

da ta  f o r  t h e  two power l e v e l s  revea l s  a  marked d i f f e r e n c e  between a x i a l  p ro -  

f i l e s . .  . These d i f f e r e n c e s .  i n  a x i a l  p r o f i l e s  can be expla ined by the  heat t r a n s -  

f e r  mechanisms invo lved i n s i d e , t h e  c a n i s t e r  and ou t  i n  t h e  s o i l .  

Can is te r  and l i n e r  a x i a l  temperature p r o f i l e s  f o r  1.0 kW and '2.0 kW power 

l e v e l s  are shown i n  F igures  10 and 13, r e s p e c t i v e l y  w i t h  a  comparison o f  can- 

i s t e r  p r o f i l e s  shown i n  F igu re  B-4. Above t h e  c a n i s t e r  midplane, t h e  t e s t  da ta  

show t h a t  a  doub l ing  o f  t he  power l e v e l  caused a  corresponding f a c t o r  o f  2  

increase i n  t h e  d i f f e r e n t i a l  between c a n i s t e r  temperat;res and ambient tempera- 

t u r e  (measured a t  thermocouple . re ference w e l l  - see F igures  16 and 19). Below 

t h e  midplane, t h e  d i f f e r e n t i a l s  increased by f a c t o r s  g rea te r  than 2.0 and as 
' ,  

h igh 'as  3.5 a t  t h e  lower end o f  t he  can i s te r .  The l o c a t i o n  o f  t h e  minimum can- 

i s t e r  temperature s h i f t e d  f rom t h e  bottom end ( f o r  1.0 kW) t o  t h e  t o p  end o f  

t he  c a n i s t e r  ( f o r  2.0 kW). The p r o f i l e  f o r  2.0 kW i s  much f l a t t e r  over  t h e  

c a n i s t e r ' s  heated l e n g t h  ( v a r y i n g  f rom t h e  peak by about 10 percent )  than t h a t  

f o r  1.0 kW. 

The d i f f e r e n c e s  i n  t he  c a n i s t e r  p r o f i l e s  can be r e l a t e d  t o  t h e  temperatures o f  



t h e  c a n i s t e r  and s o i l  surrounding the  drywel l .  As discussed i n  Sect ion 6.2.4, I 
t h e  f r e e  -convect ion e f f e c t s  o f  a i r  i n s i d e  t h e  can is te r .were  be l ieved t o  cause I 
t h e  c a n i s t e r  heat f l u x  shape (and r e s u l t a n t  temperature p r o f i l e )  t o  be skewed I 
towards the  top o f  t he  can is te r .  The power inc'rease f rom 1.0 kW t o  2.0 kW I 
r a i s e d  t h e  c a n i s t e r  peak temperature t o  about 500°F and the  l i n e r  peak tempera- 

t u r e  t o  about 400°F. A t  these h igher  temperatures, heat t r a n s f e r  by r a d i a t i o n  

becomes dominant over  f r e e  convect ion and tends t o  f l a t t e n ' t h e  heat f l u x  

shape. I n  a d d i t i o n  t o  i n t e r n a l  c a n i s t e r  e f fec ts ,  t he  increase i n  heater  power 

l e v e l  caused more o f  the  s o i l  below the  d rywe l l  t o  be heated above 200°F 

causing t h a t  s o i l  t o  d r y  ou t  ( t h e  ex ten t  o f  s o i l  e f f e c t e d  can be seen by 

comparing the s o i l  isotherms shown i n  F igures  11 and 14). Once t h e  s o i l  was 

dry, i t s  thermal c o n d u c t i v i t y  decreased r e s u l t i n g  i n  a r i s e  i n  c a n i s t e r  and 

l i n e r  temperatures. F igures  8-5 and B-6 i l l u s t r a t e  c a n i s t e r  afid I l n e r  a x i a l  

temperature p r o f i l e  changes du r ing  2.0 kW power operat ion.  As shown i n  these 

f i gu res ,  t he  temperatures o f  t he  c a n i s t e r  and l i n e r  lower end increased a t  a 

f a s t e r  r a t e  than the  c a n i s t e r  midplane u n t i l  t he  e n t i r e  d rywe l l  area reached 

thermal s t a b i l i z a t i o n .  
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APPENDIX A 

SOIL TEMPERATURE TEST HARDWARE AND INSTALLATION 

Th is  Appendix p rov ides  a d d i t i o n a l  i l l u s t r a t i o n s  o f  the  S o i l  Temperature Test 

hardware and i n s t a l l a t i o n .  Table A-1 and F iyures  A-1 and A-19 p rov ide  d e t a i l e d  

i n fo rma t ion  on the locati 'on o f  can i s te r ,  l l n e r ,  grout, and s o i l  thermocouples. 

F igures  A-2 through A-18 show photographs taken du r ing  the  cons t ruc t ion ,  

assembly, and i n s t a l l a t i o n  o f  the  S o i l  Te~iiperature Test. 



TABLE A-1 

Depth 
Be1 ow 
Ground 

TIC 
No. 

Radius 
( In . )  

Orientation 
(Degrees) 

Level 
(Inches) Location 

On Bottom of Drywell Cover Pla te  
On Top Plate of Plug 
7.6" Below Top of Concrete, Inside Pluy 
19.7" Below Top of Concrete, Inside Plug 
27.9" Below Top of Concrete, Inside Plug 
On Plug .Liner, A t  Top P la te  
On Plug Liner, 7.6" Below Top of Concrete 
On Plug Liner, 19.7" Below Top of Concrete 
O n  Plug Liner, 27.9" Below Top of Concrete 
On Outside of Plug, 36.4" Below Top of Plug 
On Outside of Plug, 41.8" Below Top of Plug 

Center of Canister Lid 
Top R i m  of Canister  
Side of Canister ,  29.5" Below Top of Canister  
Side of Canister ,  29.5" Below Top of Canister  
Side of Canister, 60.0" Below Top of Canister  
Side of Canister ,  60.0" Below Top of Canister  
Side of Canister ,  60.0" Below Top of Canister  
Side of Canister ,  60.0" Below Top of Canister  
Side of Canis ter ,  90.4" Below ,Top of Canister  
Side of Canister ,  120.8" Below Top of Canister  
Side of Canister ,  151.2" Below Top of Canister  
Side of Canister ,  151.2" Below Top of Canister  
Center of Canister  Bottom Cap 

.On Liner, 1.2" Below Top of Liner 
On Liner, 8.8" Below Top of Liner 
On Liner, 22.2" Below Top of Lin,er 
On Liner, 30.6" Below Top of Liner 
On Liner, 42.1" Below Top of Liner 
On Liner, 68.2" Below Top of Liner 
O n  Liner, 98.7" Below Top of Liner 
On Liner, 98.7" Below Top of 'Li ner 
On Liner, 98.7" Below Top of Liner 
On Liner, 98.7". Below Top of Liner 
On Liner, 129.1" Below Top of Liner 
On Liner, 159.5" Below Top of Liner 
On Liner, 189.9" Below Top of Liner 
On Liner, 209.6'' Below Top of Liner 
On Liner Bottom Plate  
Center of Liner Bottom P.late 



TABLE A-1 (CONTD. ) 

TIC 
No. - 

Radius 
( I n . )  

O r i e n t a t i o n  
(Degrees ) 

Depth 
Be1 ow 
Ground 
Level 
( Inches)  Locat ion  

6.4 I n  Concrete Pad, 6.4" Below Top Surface 
19.8 Below Pad, 19.8" Below Top Surface 
30.2 Below Pad, 30.2" Below Top Surface 
39.7 Supported O f f  L i ne r ,  12.1" Bclow Top o f  L i n e r  
65.8 Suppurted O f f  L l ne r ,  68.2" Helow Top o f  L i n e r  
96.3 Supported O f f  L i ne r ,  98.7" Below Top o f  L i n e r  

126.7 Supported O f f  L i ne r ,  129.1 " Below Top o f  L i n e r  
157.1 Supported O f f  L i ne r ,  159.5" Below Top o f  L i n e r  
187.5 Supported O f f  I . iner ,  189.9" Below Top o f  L i n e r  
207.2 Supported O f f  L i ne r ,  209.6" Below Top o f  L i n e r  

INSTRUMENTATION WELLS 

1 .0" Be1 ow Ground Level* 
7.6" Below Ground Level 
19.8" Below Ground Level 
40.9" Below Ground Level 
68.2" Below Ground Level 
98.6" Below Ground Level 
129.0" Below Ground Level 
159.4" Below Ground Level 
189.8" Be1 ow Ground Level 
213.2" Below Ground Level 
229.7" Be1 ow Ground Level 
253.7" Below Ground bevel 
301 .7" Be1 ow Ground Level 

1 .ON Below Ground Level 
7.6" Below Ground Level  
30.2" Below Ground Level 
40.9" Below Ground Level 
68.2" Below Ground Level 
98.6" Below Ground Level 
129.0" Below Ground Level 
159.4" Below Ground Level 
189.8" Below Ground Level 
219.2" Below Ground Level 

1.5" Below Ground Level 
12.1 " Be1 ow Ground Level 
34.9" Below Ground Level 

*Reference ground l e v e l  i s  2.4" below t o p  r i m  o f  l i n e r .  



TABLE A-1 (CONTD.') 

TIC Radius Orientation 
No. - ( In .  ) (Degrees) 

720 (60 f t )  30 
720 (60 f t )  30 
720 (60 f t )  30 
720 (60 f t )  30 
720 (60 f t )  30 
720 (60 f t )  30 
720 (60 f t )  30 
7 2 0 ( 6 0 f t )  30 
720 (60 f t )  30 

Location 

60,7" Below Ground Level 
91 . I "  Be1 ow Ground Level 
121.5" Be1 ow Groun'd Level 
151.9" Be1 ow Ground Level 
182.3" Below Ground Level 
219.2" Below Ground Level 
253.7" Below Ground Level 
301 .7" Be1 ow Ground Level' 

1.5" Be1 ow Ground Level 
12.1 " Be1 ow Ground Lev61 
34.9" Below Ground Level 
60.7" Below Ground Level 
91.1 " Be1 ow Ground Level 
121.5" Below Ground Level 
151 .9" Be1 ow Ground Level 
200.1 " Be1 ow Ground Level 

1.5" Below Ground Level 
12.1 '' Below Ground Level 
34.9" Below Ground Level 
60.7" Be1 ow Ground Level . ,  

91 . I "  Be1 ow Ground Level 
121.5" Below Ground Level 
151.9" Below Ground Level 

REFERENCE ,WELL 

6.0" Below Ground Level 
18.0" Below Ground Level 
36.0" Below Ground Level 
60.0" Below Ground Level 
96.0" Below Ground Level 
132.0" Below Ground Level 
192.0" Below Ground Level 
252.0" Below Ground Level 
312.0" Below Ground Level 



I FIGURE A-'1 . Iden t i  ' f ica ' t ion .and Cocat ion of  'Therrnocoupl~es 



FIGURE A-2, Electric Heater Assernbl v 



FIGURE A-3. lister Assembly Prior to  Fi tup  with Liner 
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FIGURE A-4. Top View o f  Canister Assembly Shield Plug Fi tup Inside Liner 



FIGURE A-5. Grading Completed and Pad Forming Started f o r  Soil Temperature Test 





FIGURE A-7, Thermocoupl es Instal 1 ed on Liner 



F I G U R E  A-8. Thermocouple Bead Routing on Liner 



FIGURE A-9. Positioning Liner Over Hnlf 



FIGURE A-1 0. - Liner Three-Quarters Instal 1 ed 



r13.t 
,~k C -  FIGURE A-1 I.  Too s f  So41 T e m p e r a t u r e  T e s t  Sh i e ld  P l u g ,  Liner & T h r e e  Thermocouple  We1 1 s  



FIGURE A-1 2 ,  Thermocouple We1 1 Suspended Over Hole 



FIGURE A-13, Thermocouple Well Fully Installed in  Hole 



FIGURE 8-14, View of S o i l  Temperature Test Area 



FIGUEE A-15. Soil Temperature Test lrstallation With Drywell Cover In Place 



FIGURE A-16. Data Logger Installation in E-MAD West Gallery 



F I ~ R E  A-17. Cracks in  Grout &round Ljnev, Formed Idhen Power Mas Reduced 
From 3 kW %a 1 kW 



FIGURE &-181, Cracks in Grout Around LineF, Formed When Power Was 
kduced From 3 kW to 1 kb 
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FIGURE A-19. Identi f i ca t i oh  and Location o f  Themouples  
After Feb~uary 6, 1979. 



APPENDIX B 

TEST DATA AND MODEL PREDICTIONS 

Th i s  Appendix p resen ts  a d d i t i o n a l  curves o f  t e s t  da ta  and model comparisons 

w i t h  t e s t  data.  



RADIUS (INCHES) 

FlGURE B-1. Radial Temperature Profiles for the 3 Foot 
Depth During 3 kbJ (Accelerated Heatup) Operation, 
April 30, 1980 



FIGURE 8-2.  Radial Temperature Prof i l e  f o r  the 8 Foot Depth 
During 3 kW (Accelerated Heatup) Operation, 
April 30, 1980 



FIGURE 8-3.  Radial Temperature Prof i l e  f o r  the 13 Foot Depth 
During 3 kW (Accelerated Heatup) Operati on, 
Apri 1 30, 1980 



THERMOCOUPLES O N  CANISTER & LINER 

FIGURE 8-4. Comparison of Canister Axial Temperature Profiles for 
1 kW (Apri 1 1 ,  1979) and 2 kW (April 1 , 1900) Operation 
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TEMPERATURE ( O F )  

FIGURE B-5. Comparison of canister Axial Temperature 
Profiles During 2 .kW Operation 



THERMOCOUPLES ON CANISTER & LINER 

TEMPERATURE ( O F )  

6 15576-4A 

FIGURE B-6. Comparison of Liner Axi a1 Temperature 
Profiles During 2 kW Operation 



FIGURE 6-7. Soil Isotherms a t  End of Accelerated 
h a t u p  Peri od, May 1 , 1978 



APPENDIX C 

SOIL TEMPERATURE TEST DATA 

Test data are provided in this Appendix for the Soil Temperature Test. Table 

C-1 provides the laboratory measured thermal-conductivity data from the Soil 

Properties Test conducted at E-MAD. The remainder of this Ap'pendix provides 

data from the test thermocouples. ~e.e Table A-1 for the detailed identifica- 

tion and the location of the Soil.Temperature Test thermocouples. Figures 8 

and A-1 show these locations. Figure A-19 provides a revised thermocouple 

location identification for readings after February 6, 1979. Tables C-2 

through C-26 provide thermocouple readings at the times and for the test 

operating conditions shown below: 

Table Oate - Test Operat.1 ng Cond I t I on ' 

Start of Test - 0.5 kW Power Operation 

Start of 3 kW Power Operation 

3 kW Power Operation 

3 kW Power Operation 

3 kW Power, Operat ion 

3 kW Power Operation 

3 kW Power Operation 

End of 3 kW, Start of 1 kW Power Operation 

1 kW Power Operation 

1 kW Power Operation 

1 kW Power Operation 

1 kd Power Operation 

1' kW Power Operation 

10/2/78 1 kW Power Operation C-15 

C-16 4/1/79 1 kW Power Operation 

C-17 4/26/79' End of 1 kW, Start of 2 k~ Power Operation 



Table Test Opera t ing  Cond i t i on  

2 kW Power Opera t ion  

2 kW Power Opera t ion  

2 kW Power Opera t ion  

2 kW Power Opera t ion  

2 kW Power Opera t ion  

2 kW Power Opera t ion  

2 kW Power Opera t ion  . 
2 kW Power Opera t ion  

End o f  2 kW, s ta t - t  o f  3 kW Puwer Operat lor l  



TABLE C-1 

MEASURED THERMAL CONDUCTIVITY OF SOIL INSIDE E-MAD COMPOUND* 

Temperature 
Conducti v i  t v  Depth (Feet) 

*Thermal c o n d u c t i v i t y  measured i n  Btu/hr- f t -OF 

**Reading was judged erroneous due t o  problem 
w i t h  potent iometer .  

- 
Measured " 

( O F )  

7 0 

. .  100 

200 

300 

400 

500 

600 

700 

2 0 

0.479 

0.517 

0.321 

0.295 

0.298 

0.287 

0.261 

0.343** 
. . 

. 
5 '  

, 0.466 . 

0.374 

0.248 

0.253 

0.243 

0.247 

0.250 

0.231 

10 

0.520 

. . 0.350 

0.246 

0.257 

0.255 

0.258 

0.244. 

. 0.231 

15 

0.513 

, 0.525 

0.349. 

0.269 

0.265 

.O .266 

0.274 

0.262 



\ 

TABLE C-2 ,-. 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 
? 

DATE: 3/6/78 TIME: 3:51 PM 

OPERATING HOURS: 0 AT POWER LEVEL: 112 kW  eatup up Check) 

TOTAL OPERATING HOURS*: NIA 

THERMOCOUPLE READINGSk 

TIC No. Temp(OF) T ICNO.  Temp("F) T ICNO.  Temp("F) 

* See, F igu re  A-1. f o r  TIC l ' oca t ton  

I'OY 
108 
1107 
106 
105 
1 0'41 
103. 
1:02 
101 
100 
099 
098 
09 7 
096> 
095. 
094 



TABLE C-3 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 3 / 7 / 7 8  TIME: 1 0 : 5 7  AM. 

OPERATING HOURS: o AT POWER LEVEL: 3 kw 

TOTAL OPERATING HOURS: 0 

THERMOCOUPLE READINGS * 
T I C  No. Temp (OF) 

* See F i g u r e  A-1 f o r  T/C l o c a t i n n  



TABLE C-4 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 3/8/78 TIME: 11:07 AM 

OPERATING HOURS: 24 AT POWER LEVEL: 3 kW 

TOTAL OPERATING HOURS: 24 

THERMOCOUPLE READINGS * 

T/C No. Temp(OF) T ICNO.  Temp("F) TIC No. Temp (OF) 

* See F i g u r e  A-1 fo r  TIC l o c a t i o n  



TABLE C-5 

1 .  SOIL TEMPERATURE TEST - .TEMPERATURE DISTRIBUTION 

DATE: 3 / 9 / 7 8  TIME: 1 1 : 0 7  AM 

OPERATING HOURS: 4 8  AT POWER LEVEL: 3 kW 

TOTAL OPERATING HOURS: 4 8  

* See' F i g u r e  A-1 f o r  T/C l o c a t i o n  



TABLE C-6 

SOIL  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 3/ 1 0 / 7 8  TIME: 11:10 AM 

OPERATING HOURS: 72 AT POWER LEVEL: 3 kW 

7 2 TOTAL OPERATING HOURS: 

THERMOCOUPLE READINGS * 

T / C N o .  Temp("F) T / C N o .  ~ e m p ( O F )  T/C No. 

%ee F igure  A-1 f o r  T/C l o c a t i o n  

1 2 8  



. . 

I TABLE C-7 

SOIL  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 3 1 1  1.178 TIME: 11 :1'0 AM 

OPERATING HOURS: 9 6  AT POWER LEVEL: 3 kW 

TOTAL OPERATING HOURS: 9 6  

THERMOCOUPLE READING9 . . 

*' See Figure A-1 f o r  T/C l o c a t i o n  
1 2 9  



TABLE C-8 
. ... 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 3/12/78 TIME: 11 :10 AM 

OPERATING HOURS,: 120 AT POWER LEVEL.: 3 kW 

TOTAL OPERATING HOURS: 120 

THERMOCOUPLE READ I NGS* 

T/C No. 

035 
034 
U33 
032 
031 
030 
029 
028 
02 7 
02 6 
02 5 
024 
02 3 
022 
02 1 
020 
01 9 
018 
01 7 
01 6 
01 5 
01 4 
01 3 
01 2 
01 1 
01 0 
009 
008 
007 
006 
005 
004 
003 
002 
001 

Temp ( O F )  

227.1 
225.4 
234.1 
227.7 
225.0 
207.5 
193.2 
149.7 
118.6 
85.0 
75.2 

197.1 
261.0 
259.7 
331.2 
350.4 
344.2 
354.4 
351,4 
348.1 
348.4 
345.6 
256.7 
294.1 
240.3 . 
213.3 
176.0 
139.5 
104.8 

91.1 
170.7 
136.8 
105.0 

93.5 
63.9 

T/C No. Temp(OF) T/C No. 

109 
108 
107 
106 
105 
104 
1 03 
102 
1 O i  
100 
099 
098 
097 
096 
095 
094 
093 
092 
091 
U90 
089 . 
08 8 
087 
086 
08 5 
084 
083 
08 2 
08 1 
080 
07 9 
078 
07 7 
07 6. 
07 5 
07 4 

* See F igu re  A-1 f o r  T/C l o c a t i o n  



TABLE C-9 

I .DATE: 5/1/78 TIME: 11:OOAM 

OPERATING HOURS : 1 320 AT POWER LEVEL: 3 kW 

TOTAL OPERATING HOURS : 1 320 

THERMOCOUPLE READINGS* 

T/CNo. Temp(OF) TICNO. Temp(OF) 'TIC No. 

035 450.5 073 
034> 433.5 072 
033 439.5 07 1 
032 440.5 070 
031 433.1 069 
030 395.0 068 
029 280.9 067 
028 208.3 066 
02 7 171.6 065 
026 1 30.1 064 
025 11  3.4 063 
024 266.6 062 
023 340.7 06.1 
022 339.4 060 
021 481 .5 059 
020 515.8 058 
01 9 496.3 057 
01 8 . 508.0 056 
01 7 506.7 055 
01 6 499.8 054 
01 5 494.2 053 . 
01 4 473.5 052 
01 3 334.6 051 
01 2 372.7 050 . 
01 1 335.7 049 
01 0 298.7 048 
009. 231.5 047 
008 197.7 046 
007 166.4 045 
006 140.4 044 
005 216.6 043 
004 204.0 042 ' 

003 160.2 041 
0 0.2 140.8 040 
00 1 88.0 039 

038 
037 
036 

* See Figure ?,-I for T/C location 

Temp (OF) 



TABLE C-10 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 5/2/78 TIME: . 11:OO AM' 

OPERATING HOURS: 24 AT POWER 'LEVEL: 1 kW 

TOTAL OPERATING HOURS: 1344 

THERMOCOUPLE READ I NGS* 

T/C No. Temp(OF) - T ICNO.  Temp(OF) 

* See F i g u r e  A-1. f o r  TIC l o c a t i o n  

T/C No.. 



TABLE C-11 

SOIL'TEMPERATURE TEST -. TEMPERATURE DISTRIBUTION 

DATE: 5/3/78 TIME: 11:OOAM. 

OPERATING HOURS: 48 AT POWER LEVEL: 1 kW 

TOTAL OPERATING, HOURS: 1368 

THERMOCOUPLE READ1 NGS* 

T/C No. Temp(OF) T/CNo. Temp("F) T/C No. Temp(OF) 

* See Figure A-1 for T/C location 



TABLE C-12 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 5/4/78 TIME: 11:OOAM 

OPERATING HOURS: 7 2  AT POWER LEVEL: . 1 k~ 

TOTAL OPERATING HOURS: 1392 

THERMOCOUPLE READINGS* 

T/C No. Temp("F) T / C N o .  Temp("F) T/C No. 

* See Figure A-1 for T/C location 



TABLE C-13 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 5 / 5 / 7 8  TIME: 11:OO AM 

OPERATING HOURS: 9 6  AT POWER LEVEL:, 1 kw 

TOTAL OPERATING HOURS: 1 4 1 6  

THERMOCOUPLE READINGS* 

T / C N o .  Temp(OF) T I C  No. . Temp("F) T / C N o .  Temp(OF) 

* See F igu re  A-1 f o r  .T/C l o c a t i o n  

.: 1 3 5  



TABLE C-14' I 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 5/6/78 TIME: 11:OOAM 

OPERATING HOURS : 120 AT POWER LEVEL': 1 kW 

TOTAL OPERATING HOURS: 1440 

T/C No. Temp("F) T / C N o .  Temp("F) 

* See Figure A-1 for T/C location 

T/C No. Temp (OF) 



TABLE. C-15 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 1 0 / 2 / 7 8  TIME: 4 : 0 0  PM 

OPERATING HOURS: 3701  AT POWER LEVEL: 1 kW 

TOTAL OPERATING HOURS: 5021  . ' 

THERMOCOUPLE READINGS * , 

T I C N O .  Temp(OF) T/C No. Temp("F) T I C N O .  Temp("F) 

* See F i g u r e  A -1  f o r  T/C l o c a t i o n  

1 3 7  



TABLE C-16 ' 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: . 4 / 1 / 7 9  TIME : 4 : QO. PM 

OPERATING HOURS: 8 0 4 5  AT POWER LEVEL: 1 kw' 

TOTAL OPERATING HOURS: 9 3 6 5  

THERMOCOUPLE READINGS * 
T I C  No. ~ e r n p ( O F )  T/C No. Temp(OF) T I C N O .  Temp(OF) 

* See F i g u r e  A-19 f o , r  T/C l o c a t i o n  



TABLE C-17 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTREBUTION 

DATE: 4/26/79 T IME:  12300. P.M. 

OPERATING HOURS: 0 AT POWER LEVEL: 2kW 

TOTAL OPERATING HOURS: 9961 

T I C  No. 

uy  l 
030 
029 
028 
027 
026 
025 
024 
023 
022 
021 
020 
01 9 
01 8 
01 7 
01 6 
01 5 
01 4 
01 3 
01 2 
01 1 
01 0 
009 
008 
007 
006 
005 . 

004 
003 
002 
001 
000 

THERMOCOUPLE READINGS * 

T/C No. Temp(OF) T /C  No. 

099. 
098 
097 
096 
095 
.094 
093 
092 
091 
090 
089 
n88 
087 
086 
085 
084 
083 
082 
08 1 
080 
079 
078 
077 
076 
07 5. 
074 
073 , 

072 
071 
070 
069 
068' 
067 
066 

* See F igu re  A-19 f o r  T/C l o c a t i o n  



TABLE C-18 . . 

DATE: 4/27/79 TIME: 12:OO 

OPERATING HOURS: 24 AT POWER LEVEL: 2 kW 

TOTAL OPERATING HOURS: 9985 

THERMOCOUPLE READINGS* 

T/C No. 

3 1 
30 
29 
2 8 

Temp ( O F )  

273.0 
255.3 
194.1 
158.4 
129.9 
105.6 
105.9 
188.7 

59.7 
236.2 
324.0 
349.4 
62.2 
64.9 
60.4 

346.7 
344.6 
335.9 
248,8 
278.1 
240.7 
217.5 
176.8 
142.1 
117.8 
114.4 
1 59.9 
135.2 
117.6 
117.8 
143.3 
92.9 

T/C No. 

6 5 
6 4 
C 3 
6 2 
6 1 
60 
5 9 
58 
57 
56 
5 5 
54 
53 
5 2 
5 1 
5 0 
4 9 
48 
4 7 
46 
4 5 
44 ' 

4 3 
42 
4 1 
40 
3 9 
38' 
3 7 
36 
35 
34 
3 3 
3 2 

T/C No. Temp ( O F )  . .. 

*See Figure A-19 f o r  T/C L o c a t i o n  



TABLE C-19 

SOIL  TEMPERATURE TEST - TEMPERATURE DISTRI'BUTION 
. . 

DATE: 4 / 2 8 / 7 9  TIME: 12:OO 

OPERATING HOURS: 4 8  AT POWER LEVEL: 2 kW 

TOTAL OPERATING HOURS: 10,009 

THERMOCOUPLE READINGS * 
T / C N o .  Temp("F) T I C N O .  Ternp(OF) T I C  No. 

*See ~ i ~ u r e  A-19 f o r  T I C  Locat ion  

: 1 4 1  



TABLE C-20 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 4 / 2 9 / 7 9  TIME: 12:OO 

OPERATING HOURS: 7 2  AT POWER LEVEL: 2 kW 

TOTAL OPERATING HOURS: 10,033 

THERMOCOUPLE READINGS * 

T / C N o .  Temp(OF) T I C  No. Temp(OF1 

*See F igure  A-19 f o r  T/C Locat ion  



TABLE C-21 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRI.BUTION 

DATE : 4130179 TIME: 12:00 

OPERATING HOURS: 96 AT POWER LEVEL: 2 kw 

TOTAL OPERATING HOURS: 10,057 

THERMOCOUPLE READINGS. * 

T/CNo.  Temp(OF) T IC  No. Temp(OF) T I C  No. 

*See F igure  A-19 f o r  T I C  Locat ion  



TABLE C-22 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 5 / 1 / 7 9  TIME: 12:OO 

OPERATING HOURS: 120 AT POWER l..EVEL: 2 kW 

TOTAL OPERATING .HOURS: 10,081 

THERMOCOUPLE READINGS * 

T I C  No. Ze_mp(OF) -- U.C.No.. Tpmp(OF) Temp ( O  T :) 

*See F igu re  A - j 9  f o r  T/C Locat ion  

1 4 4  



TABLE C-23 

S O I L  TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE: 7/1/79 T IME:  4:00 p.m. 

OPERATING HOURS: 1 588 AT POWER LEVEL: 2 kW 

TOTAL OPERATING HOURS: ' 11,549 

, THERMOCOUPLE READINGS * 

T/C No. Temp(OF) . T I C  No. T e m p ( O ~ )  T/C No. 

99 
9 8 
97 
96 
95. 
94 
9 3 
9 2 
9 1 
9 0 
8 9 
88 
8 7 
'86 
8 5 
84 
83' 
8 2 
81 
.80 
7 9 
78 
7 7 
7 6 
7 5 
7 4 
7 3 
7 2 
7 1 
70 
6 9 
6 8. 
6 7 
6 6 
65 * 

Temp (OF) 

, 

*See Figure A-19 f o r  T/C Location 



TABLE C-24 

S O I L  TEMPERATURE TEST - TEMPERATURE IDISTRIBUT.ION 

DATE: 9 / 1 / 7 9  TIME: 8 : 0 0  a.m. 

OPERATING .HOURS: 3 0 6 8  AT POWER :EE:VEL*: 2 'kW 

TOTAL OPERATING HOURS: 1 3<, 0 2 9  

THERMOCOUPLE .READINGS * 

T/.C No. Temp.( O + F )  

*See F igu re  A-19 f o r  T/C Locati,on 

146 



TABLE C-25 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRI.BUTION 

DATE: 111 180 TIME: 4:00 p.m. 

OPERATING HOURS: 6004 AT POWER LEVEL: 2 kW 

TOTAL OPERATING HOURS: 15,965 . 

THERMOCOUPLE READINGS * 

T / C N o .  Temp(OF) T / C N o ;  ~ e m p ( ' ~ )  TICNO. Temp(OF) 

: . *See F. igure A-19 f o r  TIC Locat i ,on 



TABLE C-26 

SOIL TEMPERATURE TEST - TEMPERATURE DISTRIBUTION 

DATE : 4 1  1 / 8 0  T IME:  1 1  : 4 $  a.m. 

OPERATING HOURS : 8 1  8 4  AT POWER LEVEL: 2 kw 

TOTAL OPERATING HOURS: 1 8 , 1 4 5  

THERMOCOUPLE READINGS * 

T/C No. Temp(OF) T/C No. Temp(OF) T I C N O .  Temp(OF) 

*See Figure A-19 fo r  T./C Location 

1 4 8  



APPENDIX D  

TAP-A INPU'T AND OUTPUT 

Th i s  Appendix con ta ins  a  c o p y . o f  t y p i c a l  computer p r i n t o u t  o f  t h e  TAP-A i n p u t  

da ta  and output .  data.  Model,  temperatures f o r  t h e  end of ~ ~ r i l ,  1978 

(ace le ra ted  heatup p e r i o d ) ;  t h e '  end o f  August, 1978 and A p r i l ,  1979 (1.0 kW 

power ope ra t i on ) ;  and t h e  end o f  August, 1979 and February, 1980 (2.0 kW 

ope ra t i on )  a re  p rov ided  i n  t h e  ou tpu t  p r i n t o u t s .  The nodes a re  i d e n t i f i e d  and 

t h e i r  l o c a t i o n s  a re  shown i n  F igu res  17 and 18. For  an exp lana t i on  of t h e  

i n p u t  da ta  and i t s  format,  see Reference 2. 



TAP-A INPUT DATA 

IDEO I O R  T H I S  T A P - A  
BY Y o u  00000000o 

45. 44. 
45. 48. 
49. so. 

111: ll?. 
118. 122. 
122. 0. 



TAP-A INPUT DATA (Cont'd) 



TAP-A INPUT  DATA ( C o n t ' d )  



TAP-A INPUT DATA ( C o n t ' d )  

205. 
205. 
205. 
206. 
206. 
207. 
207. 
226. 
227. 
228. 

1. 
11. 
21. 
31. 
32. 
33. 
34. 
35. 
36. 
46. 
47. 
48. 
49. 
so. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
71. 
72. 
73. 
74. 
7s. 
76. 
77. 
78. 
79. 
so; 
81. 
82. 

85 
84.. 
85. 
86. 
87. 
88. 
89. 
VO. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 

. 98. 
99. 

loo. 



TAP-A INPUT DATA ( C o n t ' d )  



TAP-A INPUT  DATA (Cont'd) 



TAP-A INPUT DATA (Cont'd) 

7 loo. 
7 102. 
7 103. 
7 104. 
7 105. 
7 lob. 
7 107. 
7 107. 
7 108. 



TAP-A INPUT DATA ( C o n t ' d )  



TAP-A INPUT DATA (Cont'd) 

7 21s. 0. 
? 216. 0. 
7 217. .O. 
7 218. 0. 
7 219. 0. 
7 220. 0. 
7 221. 0. 
7 222. 0. 
7 223. 0. 
7 224. 0. 
7 225. 0. 
7 226. 0. 
7 226. 0. 
7 227. 0. 
7 228. 0. 
7 229. 0. 
7 230. 0. 

$3;: 0. 
0. 

7 ZU. 0. 
7 234. 0. 
7 235. 0. 
7 236. 0. 
7 237. 0. 
7 l? 0. 
't 11. 0. 
7 21. 0. 
7 21. 0 b 

7 22. 0. 
7 23. 0. 
7 24. 0. 
7 25. 0. 
7 26. 0. 
7 27. 0. 
7 28. 0. 
7 29. 0. 
7 SO. 0. 
7 30. 0. 
7 20. 0. 
7 10. 0. 
7 35. ' 0. 
7 $1. 0. 
7 51. 0. 
7 31. 0. 
7 32. 0. 
7 336 0. 
7 '  34. 0. 



TAP-A INPUT DATA (Cont 'd )  

7 so; 0 .  
7 81. 0. 

7 82. 0. 
7 83. 0. 
7 84. 0. 
7 85. 0. 
7 86. 0. 
7 87. 0. 
7 88. 0. 
7 89. 0. 
7 90. 0. 
7 91. 0. 
7 92. 0. 
7 93. 0. 
7 94. 0. 
7 95. 0. 
7 96. 0. 
7 97. 0. 
7 98.. 0. 
7 99. 0. 
7 100. 0. 
7 101. 0. 
7 102. 0. 
7 103. 0. 
7 104. 0. 
7 105. 0. 
7 106. 0. 
7 107. 0. 
7 108. 0. 
7 109. 0. 
7 110. 0. 
7 111. 0. 
7 112. 0. 
7 113. 0. 
7 114. 0. 
7 115. 0. 





TAP-A INPUT DATA (Cont'd) 



TAP-A INPUT  DATA (Cont 'd )  



TAP-A INPUT DATA (Cont'd) 

? 80. 0. .5Otl1*Ob .18?SI*00 0. .strtt*oi .40oor*oi 
P #I. 0. .)OOS~*OI .485ot*w 0. o z o  .~ooot~oi 8: 

.46101*00 0. O O  .O)Ol*Ol • 
.514zt*ol .40~0t*oi 8 

? 14. .11411*01 .12001*02 0: 
? 9s. .M241*04 .1SWt*00 .5142t*01 01000t*02 0. 
? Sba 0. .5142t*Ol .1300t*OZ 0. 
? S9. 0. .30261*04 .12411*00 .94Q8t*OZ .11201*02 0. 
7 60, 0. .10271*04 .12411*00 1: .S498t*02 r1SZOt*02 0. 
? 61. 0. .50161*04 .12411*00 .S4981*02 .b0001*01 0. 
? 62. 0, .M19t*O4 .11411*00 0: .5491t*02 O t * O  0. 
? 0. 0 0 .10501*04 .12411*W 0. .~4981*02 1 0 * 0 2  0. 
? 64, 0. 0 5  0 1 4 1 1  0. .S498C*OZ r1ltOt+02 0. 
? 63. 0. .303~t*04 .1241t*00 0. .94981*02 .lSZOt*OZ 0. 
? ' bba 0. .3033t*O4 .12411*W 0. .9498t*OZ .ISZOt*OZ 0. 
? 67. 0. .5(l541*04 .lZ411*00 .9498C*02 1 .llZOt*OZ 0. 
1 68. 0, .14981*02 .1SZ01*02 0. 
? 69, 0. .50561*04 .12411*00 .9498t*O2 .1SZOf*02 0. 
? PO. 0. oS498t*OZ Z O O Z  0. 
? ?I. 0. .3058t*O4 .1Z411*00 0. .9698t*02 .77SOt*01 0. 
? 14. 0. .U)Jqt*Ob obWOt*01 0. .514ZL*O1 .15Wt'OZ 0. 
? ? I n  0. .)0101*04 *6000t *01 0. .51421*01 .20001*02 0. 
? ?b. 0. .30411*04 . W t * 0 1  0. .514Zt*01 .lZWt*OZ 0. 
I 77. 0. .mzt+or , m t + o i  .)trzt*ol .4ooot*ol O. 
? 111. 0. .Yi451*04 .aSmt*m 1; .5142t*Ol .40001*01 0. 
7 112. 0. .10441*04 .1100C*00 .5142141 . ~ ~ W C * O Z  0. 
? 113. 0. .W)451*04 .ZSOQt*OO .)1421 *01 .2000t*02 0. 
? 1 . 0. .)O~bl*Ob .2500t*00 0: .51421*01 .2800t*OZ 0. 
? 11s. 0. .~)4?t*04 .25001*00 .514Zt*Ol .51Obt*OZ 
? 116. 
? 117. 
? 117. .1194t* 3 .2SWt*00 
7 140. .1101*85 .a~st*ol 8: 
? 245. .11421* 1 .2338t*OJ 
7 244. .114a*81 1 0  1: 
? 249. 142t41 .452Ot*O4 
? 246, .1142191 .111bt*OS 0: 
? 247. 1 b l  ? b  0. 
? 258. .514Z1*01 b 0. 
? 239. 1 * 0 1  .Illbt*OS 0. 
7 240. .51b2t*01 .4520t*04 0. 
? 241. .1683t*04 0. 
? 242. 
8 

3 .8100t* 2 0. 
1. .motto, .I 1 w - w  .smt*8, .I ,ut-oe 

8 1, 4- 0. 0. 
8 2. 1 ::::::% ,,0001,5 .?I 29t-W 
8 2. e95Sll-06 0. 0. 



TAP-A INPUT DATA (Cont 'd )  

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
il. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 



TAP-A INPUT  DATA (Cont'd) 



TAP-A OUTPUT 

1 CAT. 
.loo0 
,1000 
.I000 . ZSW . ZUK) 
.2sw . 2HK) 
,2300 
.ZIT0 
.2000 
,2000 
.zoo0 
. 2 m  . zm 
.2500 . ZSM 

T CAP. 
. lo00 
l 1 O O O  
,1000 
.2sw 

.zs00 

.2400 

.2S30 
,2000 
.zoo0 
,2000 . zsm 
.2sw 

' TtW. 
345.00 
? w ; m  

1000.00 
lP0.00 

100.00 

im. 00 
700.00 
100.00 
w . 0 0  
7m.00 
1 m . m  

100.00 

1MltRMAL )(ODES , . 
NODE WTtRXAL VOCWt BASE 6EM.l BASE 6EM.2 7E)IPERAlUIt 

1 201 .191M*O3 . 5896E-01 0. 60.00 
2 * 201 .19lOE45 .3134€-01 0. 60.00 
3 201 .lVlOt*O3 .28lSE-Ol 0. 60.00 
4 201 .1910C45 .2694E-01 0. 60.00 
S 201 .191M*OS .2654E -01 0. 60.00 
6 201 .19l0C*O3 .Z734E-Ol 0. 60.00 
7 201 .191M*O5 .Z77St-O1 0. .60.6(, 
8 201 .lVlOC*O5 .2734t-Ol .O. 60.00 
9 ' 201 .191Ot*O3 .261 4E -01 0. 60.00 

i o i  
201 
201 
201 



TAP-A OUTPUT (Cont ' d )  



TAP-A OUTPUT (Cont 'd) 



TAP-A OUTPUT (Cont 'd )  
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TAP-A OUTPUT (Cont ' d )  

1 vs .164t91 
06 .24ot-02 
97 .5S2€-02 
# .70E-02 
107 .447E-03 lob .5151-0& 



TAP-A OUTPUT (Con t ' d ) 



TAP-A OUTPUT (Con t ' d )  

.560(-02 lab 

.560242 187 

.S68€-02 lea 

.568€-02 189 

174 

175 

171 
177 
178 
179 
180 
183 
182 
183 
184 
185 
1 ab 
187 
lea 
189 
190 
191 
192 
193 
194 
195 
196 

.901€-03 180 

.62OE-03 181 

.3lOE-O3 200 

.724€-02 244 

.724€-02 184 

.7ZOE-02 185 

.710€-02 lab 

.620~-02 187 

.5OlE-02 lea 

.4WE-02 189 



TAP-A OUTPUT ( C o n t ' d )  



TAP-A OUTPUT (Cont ' d )  

C O I C I D  CONVlC?lOM,SAl  C O N D U C T I V I T T  W C O I T A C T  COMDUCTAMCt T A D L t l  . 
T M L ~   TIN^ cot l r .  TINI cotrr.  TIN^ cotrr.  TIN^ cotrr. 

( T t r * )  (It*) ( T t r * )  ( T t r * )  

* t C W A * I  ¶ I  
R A D l A T I O N  < O * l l C T  
R A D I A T I O *  CONMICT 
R A b I A T l O U  C O N N I C T  
R A D l A T 1 O N  CONMtCT 

' I A D I A T I O N  C O M ( l C T  
R A D I A I I O I  C O W t C T  
R A D I A T I O N  C O * * t C T  

R A D I A T I O N  CONMlCT 
R A B l A T l O *  C m l C l  

P I C *  C O t P  . b b * ) t - W  
. b 4 * 7 t *  
. b 4 * T t +  
. 6 4 9 ) t +  
. 6 4 * 7 t - W  
. 6 4 Q T l - 0 6  
. 6 4 * 7 1 - 0 6  . 6 4 v T l - 0 6  
.~~V?I-W 
. r & v ? c - o e  
, 6 4 8 ~ 1 - 0 6  

T~NI cotrr. 
( T t r * )  

m.000 . 1 7 s e - o b  

m.000 . 0 5 S t + b  





TAP-A OUTPUT (Cont'd) 

S P t C l l I t D  1t 
S P t C l f I t D  T i  
a r t c l f l t o  ~t 
S P t C l l l t D  T t  
COMSTAMT f l L  
R A D I A T I O M  CO 
COMSTAMT f I L  
R A D I A T I O N  CO 
CONSTANT f l L  
R A D I A T I O N  CO 
S P E C I I I L D  TE 
TEMP C O m E C T  
TEMP C O W ( t C 1  
TEMP C o W E C l  
TEMP C O w * E C l  
TEMP C O m E C T  
TEMP COWMECT 
TEMP C O m E C l  
TEMP C O m E C l  
TEMP C O I M E C l  
TEMP COW(LCT 
TEMP C O m E C T  
T E R  C W E C l  
TEMP C O m E C l  
TE* C O m E C l  
T E R  C O m E C l  
TEMP C O m E C l  
T E R  C O m E C T  
T E R  C O m L C l  
YEW' C U W E C T  
T E R  C O m E C l  
T E R  C O m E C l  
T E R  C O m E C l  
T E R  C O m E C T  
T E W  C O m E C l  
T E R  C O m E C T  
T E R  C O m E C T  
T E R  C O m E C l  
T E I P  C O m E C l  
T E R  C O m E C T  
T E R  C O m t C T  
T E R  C O m E C T  
T E R  C O m E C l  
T E R  C O m E C T  
T E R  C O m E C T  
TEMP C O m E C l  
T E W  C O m E C T  

3037 60.00 5037 60.00 TEMP COMMtCtED 835'. 6636 
3038 60.00 5058 60.00 TEMP COMMECl tD  626.0765 
3039 60.00 5039 60.00 . TEMP COMMECTED 40.8407 
5040 60.00 5040 60.00 TEMP, CONMECTiD 62.018 
3041 60.00 5041 60.00 . TEMP C W M ~ C ~ L D  37.6991 
3042 60.00 5042 60.00 TEMP COctMLCTEB 12.5666 

V O L W t  Y E I C H T L D  I M l t R N A L  OR AREA M E I 6 H T L D  SURfACE AVERAGES 
I R W  10 f R W  TO FROM TO f R 0 R  TO I R W  TO R TO f R M  TO 
CALCULATED SPREAD B L T Y L L M  IMTLRMAL MODES 103 B 



TAP-A OUTPUT DATA 

TEMPERATURE PREDICTIONS FOR END OF A P R I L ,  1978 
ACCELERATED HEATUP ( 3  KW OPERATION) 

APRIL 1978 3 RY ACCELERATED M E A T - V  
.ZO?E*07 .bb?E*O7 .216E*05 .SWE-O2 -.MOE*01 .SO(W*OZ .300E*Ob 

t 1 5043. 0. .6000€*02 0. 0. 0. 
1 SOb5. 0. .6000€*02 0. 0. 0. 
1 5047. 0. .6000E*02 0. 0. 0. 

12 111. 117. .bbWE-O3 0. 0. 0. 
12 263. 250. .1S16E-03 0. 0. 0. 
25 0. 0. .1000E*01 0. 0. 0. 

SECONDS 
TEW 
876.11 
875.35 
799.60 
808.07 
621.23 
616.94 
364.65 
650.5s 
516.7v 

11 
1 6 
21 
26 
31 
36 
61 
46 
5 1 
56 
61 
66 
71 
7 6 
81 
06 
91 
96 

101 
106 
111 
116 
121 
126 
131 
1W 
161 
lb6 
151 
156 
161 
166 
171. 
176 
181 
lab 
191 
196 
201 
206 
211 

8 j  
08 
93 
Va 

103 
108 
113 
118 

:3 
133 
1W 
163 
lba 
153 
158 
163 
168 
1 T3 
178 
183 ' 

188 
193 
198 
203 
208 
21 3 



TAP-A OUTPUT DATA ( C o n t ' d )  

TEMPERATURE PREDICTIONS FOR END OF AUGUST, 1 9 7 8  
1 KW OPERATION 

NODE 
1 
6 

1 1  
16 
21 

. 26 
3 1 
36 
4 1 
46 
51 
56 
61 
66 
7 1 
76 
81 
86 
el 
96 
101 
106 
1 1  1 
116 

TEMP 
535.75 
524.61 
484.41 
477.36 
366.46 
371.14 
218..26 
256.37 
273.37 
176.00 
194.14 
162.77 
188.47 
215.52 
122.60 
117.24 
1W.55 
109.11 
154.18 
98.40 
95.01 
96.49 
88.17 
M.27 
97.a 
157.32 
211.87 
134.79 
130.33 
182.08 
154.36 
101.06 
81 .25 
133.95 
156.16 
120.01 
94.52 
124.47 
129.68 
102.79 
92.93 
107.58 
IP.71 

NODE 
4 
9 
14 
19 
2 4 
29. 
34 
39 
4 4 
49 
54 
59 
64 
69 
74 
79 
84 
89 
94 
w 

'104 
109 
114 
119 
124 
1 29 
1% 
139 
144 
149 
154 
159 
164 
169 
174 
,179 
184 
189, 
194 
199 
204 
200 
21 4 

MODE T L W  



TAP-A OUTPUT DATA ( C o n t ' d )  

TEMPERATURE PREDICTIONS FOR END OF A P R I L ,  1979 
1 KW OPERATION 

A P R I L  1979 1 KY 

T E W  NODE 
U7.77 
496.42 f 

TCRP 
486.65 
436.78 
439.32 
392 :42 
3 p ? 9 8  
2 3.99 
1 5 5 , B V  
237.53 
203.5!, 
izj.7. . 
136.4: 
129.2. 
176.34 
147.M 
107.36 
123.54 
103.99 
83.97 
78.31 
102.99 
74.27 
116.70 
72.05 
94.57 
119.08 
158.55 
151.27 
74.33 
125.08 
146.79 
1UJ.bU 
87.89 
96.47 
129.15 
124.75 
87.07 
92.47 
113.88 
105.77 
77.85 
PO. 34 
89.78 
72.00 

loo 
105 
110 
11 5 



TAP-A OUTPUT DATA ( C o n t  ' d )  

TEMPERATURE PREDICTIONS FOR END OF AUGUST, 19.79 
2 KW OPERATION 

tNAL TlWERAtURES AT .468E*M 
MOO€ TEMP WOO€ 

1 608.48 2 

SECONDS 
I f  )lP 
755.44 
754.07 
693.44 
698.39 

NOOE TEMP 
. 4 746.03 

9 715.78 
14 692.14 
19  MO.59 

iii iz ; 73 
279 81 .61 
284 70.74 
280 . 70.00 



TAP-A OUTPUT (Cont ' d )  

TEMPERATURE PREDICTIONS FOR END OF FEBRUARY, 1979 
2 KW OPERATION 

I A L  T C W I  
MODE 

8ECOMD8 
TEMP 
7Z8.94 
739.17 
bbs. 68  
ba3.62 
$16.59 
SS8.63 
304.00 
373.48 
442.62 
301. Sf 
2s7.97 
201.S8 
282.Sl 
378.02 
1w.41  
180.31 
144.89 
95.87 

183.82 
7s.50 
6). 67 
72.03 
s 9 . u  
56.49 2;; 

234.43 
1V.M 
2v2.81 
276.43 
lbo.01 
n.19 

lS2.09 
261.34 
l79.92 

61.09 
133.26 
18b.21 
131 .89 

61.91 
121.21 
91.97 

MODE 
4 
9 

14 
19  
24 
29 
34 
39 
44 
49 
$4 
$9 
64 
69  
7 4 
79 
04 
89 
94 
99 

104 
l o 9  
11 4 
119 
124 
129 
134 
139 
144 
149 
154 
159 

1% 
174 
179 
184 
189 
1 94 
199 
2Q4 
200 
21 4 

MODE 
s 

10 
1 s 
20 
2 5 
30 
35 
40 
4 s 
so 
5 5 
60 
65 
70 
75 
w 
8 s  
90 
9s 

100 
10s  
110 
11 s 
120 
12s  
1 M  
135 
1 4  
149 
1 so 
1 ss 
160 
16s  
1 70 
17s  
180 
185 
loo lor 
200 
20s 
210 
21s 

1 
6 

11 
1 6 
2 1 
2 b 
3 1 
36 
4 1 
4 6 
s 1 
36 
61 
66 
7 1 
76 
81 
86 

' 91 
96 

101 
106 
111 
116 
121 
1.26 
131 
136 
141 
146 
151 
1 56 
141 
l b b  
171 
176 
181 
l a b  
191 




