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Optimum operation of the OMRE at high power levels requires an accurate 
.monitoring of the fuel-plate surface temperatures. These temperatures are 
being measured with 0.005-inch diameter chromel-alumel thermocouples attached 
to O.OOfi-inch thick fuel-plate cladding of Type 304 stainless ,steel. The thin 
cladding precludes the embedment of the thermocouple junction lead-wires and, 
consequently, these lead-wires are in contact with the coolant stream. Heat 
transfer from the thermocouple junction, by conduction along the lead-wires and 
by forced convection to the coolant, produces a lowering of the surface temper- 
ature in the region of the junction which results in an error in surface temper- 
ature measurement. 

Thus, the mere presence of the thermocouple alters the temperature in 
the region being measured; the problem, then, is to determine what the actual 
surface temperature would~be if the thermocouple were not present. In this 
report the term "actual surface temperature" will be used to indicate the 
surface temperature of the fuel plate in the absence of any thermocouple. 



Theore t ica l  analysie of the temperature e r r o r  can only be made upon an 
i dea l i zed  model; therefore ,a  c a l i b r a t i o n  of the  thermocouple assembly under 
simulated r e a c t o r  conditions was required. An inAt1al c a l i b r a t i o n  of the  OMRE 
eurface the~mocouples t e s t  r e s u l t s  ind ica ted  a temperature-measurement error 
much larger than ant ic ipated.1 
t o  be 0.44 and 0,s f o r  coolant temperatures of 6 0 0 0 ~  and 500@F, respect ively.  
The c a l i b r a t i o n  was baeed upon ca lcu la ted  reference sur face  temperatures 
u t i l i t i n g  experim2ntal heat t r a n s f e r  eoe f f i c i ea t s ;  t he  accuracy of theee 
c o e f f i c i e n t s  waa -15%. Considering the magaitude o f ' t h e  temperatur~-measure- 
ment e r r o r ,  EL s i g n i f i c a n t  e r r o r  in thermocouple c a l i b r a t i o n  was introduced by 
the  method employed t o  determine the reference surface temperaturee. 

o f  dsternriaing the  reference surface temperatwee was needed. 
t e a t  reported herefa a t i l i t e d  temperature measurements of t he  in su la t ed  s i d e  
of the t e a t  p l a t e  as a means of determirriag these reference temperatures. 

The temperature cor rec t ion  f a c t o r s  were found 

To ob ta in  a more accurate  thermocouple c a l i b r a t i o n  a more d i r e c t  method 
The c a l i b r a t i o n  

I 

I f .  SUXNARY OF RESU&TB ABD RECOPIMENDATIOlVS 

A. Test h8II l t6  

Experimenkal- determinat iom o f  the  error8 i n  sur face  temperature 
measurements made with the  OHRE fuel-element thermocouple assembly were 
obtained at the  following simulated reacrtor uoabi t ionst  

I 

Coolant material Santorax 0-€4 
Coolant temperature 500.F and 600V 
Coolant ve loc i ty  12 and 15 f t /eec 
Beat flux 70,000 0 170,000 Btu/(hF) (Bqbt) 

* 1. For t e e t  condi t ions which were a combioation of the maximurn 
oalues  o f  the above parameters and, therefore ,  most c lose ly  conforming t o  the  
actual reactor cordit%ons, the observed surface temperature was lower than the 
a c t u a l  sur face  temperature by 30% of the  d i f fe rence  between t h e  a c t u a l  sur face  
temperature and the-codant  temperature, Wnder r eac to r  conditions,  for  
e x m p l e ,  tf the  a c t u a l - s u r f a c e  temperature ie 750°F and coolant temperature i s  
600BF, the obeervad surface temperature will be 705OF. 

For s in i lar  tes t  condi t ions w i t h  t he  exoeption of t he  coolant 
temperature which sa6 decreased t o  500eF, the  observed surface temperature we8 
leea than the a c t u a l  surface temperature by 35% of the d i f fe rence  between the 
a c t u a l  surface temperature and the  coolant temperature. 
COnditiOn8, 9or example, i f  the a c t u a l  surface temperature is 750OF and coolant 
temperature is WOOF, t h e  observed sur face  temperature w i l l  be 663°F. 

3. Over the range of coolant v e l o c i t i e s  and heat f luxes  inves t iga ted  
there  was no s i g n i f i g a n t  effect of these parameters upon the magnitude o f  
temperature error. 

a l u m e b e t e e l  Junctioab' of the thermocouple aseembly from the  deelgn configur- 
a t ion  and placing the  chromel-steel Junction upstream with respeot  t o  the  
COOlant flow d i r e c t i o n  had no e f f e c t  upon the  lnagnitude of e r r o r  i n  sur face  

2. 

Under r e a c t o r  

4, Suitching the  o r i e n t a t i o n  of t h e  separa te  chromel-steel and 

temperature measuremento 
3 0 . 0 - 6  



The t e s t  sec t ion ,  i l l u s t r a t e d  i n  Figure.2,  conta ins  a Type 304 
s t a i n l e s s - s t e e l  p l a t e  which simulated an OMRE f u e l  p l a t e  and formed one wal l  
of  a rec tangular  coolant  channel. This coolant channel simulated the coolant 
paesage between two adjacent  f u e l  p l a t e s  i n  the ONRE f u e l  element. S i x  OMRE- 

I 
type thermocouple aseembliee were a t tached t o  the sur face  of the  s t e e l  p l a t e  

w - n . a - ~  2 h h  " !J 4 
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Be Recommendation 

'1. To ob ta in  the a c t u a l  eurface temperature from the observed 
values during r e a c t o r  operat ion,  the following re l a t ionsh ip  should be used: 

Tg = TO 
- z Tc 

1-z 
where 

Ti = a c t u a l  sur face  temperature 

To = observed sur face  temperature 

Tc = bulk coolant  temperature 

Z = temperature co r rec t ion  f a c t o r  

The temperature co r rec t ion  f a c t o r s  f o r  two OMRE design condit ions 
a r e  tabula ted  below: 

Coolant Temperature Coolant Velocity - Z 

O F  Feet p e r  Second 

500 212 0.35 

600 712 0. 30 

111. DESCRIPTION OF EQUIPMENT 

A. OMRE Thermocouple Aeaembly 

The OMRE fue l -p la te  thermocouple assembly a8  simulated f o r  the ' purpose of c a l i b r a t i o n  is ehown i n  Figure I. The thermocouple lead-wires of  
0.005-inch chromel-alumel extend p a r a l l e l  0.25 inchee along the  p l a t e  sur face  
i n  a d i r e c t i o n  normal t o  the coolant  flow. Quartz s l eeves  (0.007-inch I . D .  
with 0.003-inch wall)  i n s u l a t e  the lead-wires from the Type 304 s t a i n l e s s  s t e e l  
eurface. The p a r a l l e l  wires a r e  ind iv idua l ly  spot-welded t o  the sur face  
(approximately 0.010-inches a p a r t )  f'orming two eeparate  junct ions of  chromel- 
s t e e l  and alumol-steel. The presence of the  t h i r d  metal, s t e e l ,  does not  
a l t e r  the chromel-alumel emf i f  the two junct ions a r e  a t  the same temperature. 
Since the thermal gradient  i n  the d i r e c t i o n  of flow i s  very small  t h i s  thermo- 
couple assembly ha8 e s s e n t i a l l y  a  chromel-alumel junction. 

Be Test Sect ion 
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sxpoaed t o  t h e  c i r c u l a t i n g  coolant. 
by t he  l a v i t e  plate-holder;  six reference thermocouples, used t o  determine t h e  
a c t u a l  p l a t e  temperature, were at tached t o  t h i e  @surface* The sheathed themo- 
couple lead wires, extending from the  regions of attachment t o  an area outs ide  
of the t e s t  eec t lon ,  were ContcPiaed i n  grooves c u t  irrto t h e  lavite bolder. 
ac;eembIg o f  t h e  t e a t  p l a t e  with at tached thermocouple6, all contaibed ia the 
l a v i t s  holder,  was housed i n  a rec tangular  stainless-steel duct. Two 250rwatt 
e t r f p  hea te r s  were a t tached  t o  the  ex terna l  su r f aces  of the  s t e e l  duct  t o  B B ~ V Q  
a6 guard heaters .  
reference thennocouplee i f 3  shown i n  Figure 3. 

The opposite p l a t e  Burface was i n su la t ed  

The 

Location of t he  OMRE-type rsurface thermocouples and the 

C. Teet LOOP 
If - _ - -  . ..- - - - - - -  - 

0 a 120-mn1, 130-ft head, centrifugal process pump, a by-pass f i l t e r ,  
A flow diagram of the  t e s t  loop i c s  shown i n  Figure 4, The loop 

!Fhe 

Large components euch as t he  tank, 

consis ted 
a turbine-Fype flowmeter, t he  t e s t  aect lon,  an air-cooled heat exchanger, a 
eurge tankc, and a supply ta&. 
3-inch loo-g was used as a one t u r n  secondary in a transformer b w v l d e  
rebiatance hea t ing  of the pip ing  sy8temr 
t e s t  eectlon, and valvee were heated with fatrlp hea te r s  and heat ing  cable. 
cont ro l  was provided by globe valves  in t he  main c i r cu la t fng  system and i n  t h e  
f i l t e r  byepass Byf3tem. 

Santowax 0-24 was t he  c i r c u l a t i n g  f lu id .  

Flow 

D e  Instrumentation 

The t e s t - p l a t e  temperatures and c i r c u l a t i n g  f l u i d  temperatures were 
measured with -36-gauge chrome-alamel thermocouples sheathed with stain1e-q- 
steel. The';"thermocouple . - -.- emf 'a were measured with a&e& and Northrup pre-c3eion 
poteutiometbr with an i c e  bath reference junction. 
e e l e c t o r  switches waa used t o  p e r n i t  rapid readings. Cal ibra t ion  of t h e  test- 
sec t ion  thermocouplee (OMRE-type, reference,  coolant in le t ,  and coolant  o u t l e t )  
with reference t o  each o the r  under isothermal conditione showed less than 0.3% 
devia t ion  from the  mean temperature. 

on s Foxboro cfroular-chart  emf recorde'r. 

A bank of 10-point r o t a r y  

* Fluid flow rate wa8 measured with a tu rb ine  flowmeter and recorded 
Accuracy w a 8  9 / 2  percent. - - - ~ - =  _ -  - 

Aystem pressures.were +$Ab%dated-byl Bourdon gauges.Iocate8 i n  the- 
pump suc t ion  and discharge piping. 

Power inpu t  t o  the  t e s t  p l a t e  was determined w i t h  i nd iv idua l  
cur ren t  and voltage rneaeurernents. 
with a 200:l cur ren t  transformer. The voltmeter range was 0-15 voltei. The 
accuracy of cur ren t  measurement was 21%. 

BI 0-5 ampere ammeter was used i n  conjunction 

Accuracy of voltage reading was 22% 

E. Test Sect ion Power Supply 

Al te rna t ing  cur ren t  was supplied t o  t he  tes t  p l a t e  from a 240-volt 
erupply through a regula t ing  15.7 KVA autotransformer and a step-down transformer 
Test  s ec t ion  power w a 8  l imi t ed  by t he  autotransformer capaci ty  t o  a maximum of 
800 amperes at  14.9 V O l t 8 .  
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TEST PROCEWRE " 
----- 

I V .  

Santowax O - M  was c i r c u l a t e d  at constant  flow rate and constant 
terpperatureo A t Z a  f i x e d  power inpu t  t o  the  t e s t  p l a t e  the  system wae allowed 
t o  reach equil ibr ium and t h e  following measurenents were taken: 

1. Voltage drop aaross t e s t  p la te .  
2. Current through t e s t  p la te .  
3. Coolant flow rate .  
4, Coolant i n l e t  and exit temperatures. 
5.  Zest-plate aurface t e rnpera tu rea r~  
6.  Teat-plate referelrue temperatures. 
7. Temperatures i n  laoite plate-holder. 

i 8. Temperatures of outs ide  surface  of t e s t  sect ion.  

Two s e t s  of measurements were taken f o r  the  same experimental 
condit ions at  a time i n t e r v a l  of approximately five d n u t e s .  

? For condit ions of constant  coolant temperature and constant flow r a t e ,  
the  heat  input  was var led  over a range of heat  f l u x  from approximately 70,000 
t o  170,000 ~tu/(hr)/(sq f t ) .  

Data were obtained f o r  coolant tenpera tures  o f  approximately SOOeF and 
6 0 0 0 ~  and coolant v e l o c i t i e s  of 12  and 15 ft per  eec. 

The t e s t -p la te  surface  and reference thermocouples nere c a l i b r a t e d  i n  
p lace  by c i r c u l a t i n g  the coolant at severa l  temperatures with  no power input  
t o  the t e s t  plate .  

During i n s t a l l a t i o n  of the  t e s t  assembly i n t o  t h e  t e s t  loop two 
reference thermocouples, R-4 and 8-6, nere broken. Since r e p a i r  of these  
thermououples would have caused extensive delay I n  the experimental program, the  
t e s t  was pekformed with insulatad-surface temperature measurements taken at four 
posi t ions ;  them measurements y ie lded adequate information t o  meet the t e s t  
objectives. 

A. In t roduct ion  

The need f o r  c a l i b r a t i o n  of the  OMIIE fuel-plate  thermocouple 
assembly stems from t h e  following reasoast  

1. P m s e m e  of the  thermocouple on the  f u e l  p l a t e  p r o d ~ c e s  l o c a l  
turbulence of the  coolant stream which i n  t u r n  inc reases  the l o c a l  heat tranefez 
coef f i c i en t  and r e s u l t s  i n  a l o c a l  lowering of the  p l a t e  temperature. 

2. Presence of the  thermocouple lead-wires i n  the r e l a t i v e l y  cold  
temperature tone &-+bs coolant etream induces l o s s  of heat  from--tb thermo- 
couple junctions by conauctlon through the  l ead  wires and convection t o  the  
coolant ,  t h e  e f f e c t  again being a l o c a l  lowering of the  fue l -p la te  temperature. 

Thus the  a c t u a l  temperature of the  f u e l  p l a t e  is deareaeed i n  the  
region of t h e  thermocotaple and the ind ica ted  p l a t e  temperature i s  too  low. 
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Since the l o c a l  lowering of t h e  fue2Aplate temperatme is a funct ion of t he  
hea t  t r a n s f e r  propertieer of t he  r eac to r  coolant,  bt d e t e d n a t i o r t  of the  ex ten t  
of eurface temperature measurement error requi res  t e s t  conditioner which w i l l  
s imulate the  r e a c t o r  heat  t r a n s f e r  cha rac t e r i s t i c s .  
c i r c u l a t i n g  the  r e a c t o r  coolant,  Saatowax O - M ,  a t  the  two design coolant 
temperaturee o f W 0 P  and ~OOOF, and a t  the dereign. coolant v t loc i tg .  of 13--- - 
f t  per  8ecltal6o a t  12 f t / s ec  t o  determine e f f e c t  of coolant ve loc i ty) .  

This wa6 accomplished by 

Method 
To calibrate the OMRE sur face  thermocouple aersenbly under simulated 

r e a c t o r  condi t ions an e l e c t r i c a l l y  heated p l a t e ,  insu la ted  on one side and cool- 
ed QII t he  o the r  with c i r c u l a t i n g  Santowax-0-M, was u t i l i z e d .  Specimens of t h O  
OXRE-type sur face  thermocouple wmenbly were at tached t o  the  cooled sur face  bf 
t h e  p l a t e  and t he  ind ica ted  plate-surface temperaturea were recorded. Reference 
sur face  temperatures of t he  t e e t  p l a t e  were measured with therolocouples attached 
t o  the  in su la t ed  sur face  o f  the  p l a t e ,  thus  aver t ing  t h e  soorce 'of  temperature 
rreaeursment e r r o r  inherent  i n  the OMRE surface thermoconple configuration; 
nfilpely, expoetwe of the thermocouple t o  the coolant stream. 

opposite of the  associated OMRE thermocouplee but s e r e  de l ibe ra t e ly  dieplaced 
1 Inch upstream. T U B  '11188 done to .preclude measurement of a reference sur face  
temperature which would be lowered by the  l o c a l  cooling of t he  plate  caused by 
t he  OHRE thermocouples. Because of t h e i r  loca t ion ,  therefore ,  the  reference sttr 
face  thermocouple8 furnirrhed temperature data which had t o  be corrected f o r  the  
tempera t tue"6a i f ien t  through the  p l a t e  and for the  gradient  p a r a l l e l  t o  t he  
longi tudina l  d s  of t he  p l a t e ;  the corrected reference aurface temperatures rep 

're8ented $.ate %4mperatures In t he  regions of the CMBE thermocouples that would 
ex ist  were' the  themnocouples riot preaent,  i.e.( the actual sur face  tenperataras .  

Cal ibra t ion  of the  OHRE thermocouple was accompllehed by comparison 
of t he  observed sur face  temperaturea with the ca l cu la t ed . ac tua l  sur face  temp- 
e ra tu re s  un&rd;Pproltimate r eac to r  deafgn condi t ions of heat  flux and coolant 
veloci ty .  
series was with the coolant temperature maintained at: 5OO.F and t he  o ther  seciea 
was with the  coolant temperature held at  600Ob". 

B* .IIc 

z'3!hC reference thenaocouples as shown In Figure 3 were not d i s e c t l y  

The t e s t  d a t a  were obtained in two s e r i e s  of e x p e r b e n t a l  runs; one' 

.- 

The lnaximum probable e r r o r  in a c t u a l  OMRE sur face  temperatures due 
t o  correc t ion  of the observed temperaturee by t he  recommended nZn values  is 
2.5% f o r  the condi t ions of 750*F t r u e  surface and 600" coolant and 2.8% for the  
condftion of 750°F t r u e  sur face  and fjOO°F coolant (See Appendix). 
of e r r o r  fer barred upon the probable e r r o r  i n  experimentally d e t e r a b e d  teap-. 
e ra tu re  cor rec t ion  f a c t o r e  "2P and the  measurement e r ro r6  aesociated n i t h  
determining r eac to r  coolant and observed p l a t e  temperatures. 

The maxinum probable errors i n  t he  experimentally determlaed tenp- 
e ra tu re  correction f a c t o r s  W 8  ranged from 13% t o  2 6  (See Appendix). 

To Unit the  maximum probable e r r o r  in t o  20%, d a t a  obtained 
at  heat  fluxes lees than  100,000 But/(hr)(eq f t )  were discarded. 
heat fluxes t he  temperature d i f f e renas  between the t e s t  p l a t e  eurfacc and the  
coolant was too mall t o  y i e ld  aocurate  r e s u l t s _  because CEe ',bstmukenLaltc.'i 
temperature measurement errors were almost of the  same order  a8 the  OMRE 
themocouple error being determined. 

nade with the  coolant temperature a€ 6OOQF.  

Thia estimate 

A t  the s n a l l e r  

An i r r e g u l a r i t y  i n  t e s t  data was obeerved in the  s e r i e s  of t e s t  r u m  
The extent  of sur face  temperature 

/' 
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irleasurement e r r o r  occurring in each of the OMRE-type thermocouples located a t  
s t a t i o n  A was appreciably l a r g e r  than the  e r r o r s  of t he  o tger  four  OMRE-type 
ther1!1OCOUple6. 
surmised t h a t  when the  cooiant temperature was a% 600 F and  the  t e s t  p l a t e  
temperature was around 700 F loss of heat  from the  edge of the  p l a t e  c lose  t o  
s t a t i o n  A, due. t o  conduction through the  copper terminal t o  the  ambient atmos- 
phere, produced a s i g n i f i c a n t  l o c a l  cool ing of the  tes t  p la te .  
e r a t u r e s  Xodicated by the  reference thermocouples a t  s t a t i o n  A’did not devia te  
from the  normal pa t t e rn ,  the  l o c a l  cooling of the  p l a t e  did not extend along t h e .  
p l a t e  f a r  enough t o  be detected by the  reference sur face  thermocouple . Conse- 
quently,  t he  ca lcu la ted  ac tua l  surface temperatures a t  s t a t i o n  A were too high 
and t h i s  r e su l t ed  i n  the  e r r o r  determination of thermocouples a t  A, a l s o  being 
too high. 
end thermocouples f o r  the  600 F coolant tes t  runs were discarded. 

This behavior was not exhibi ted i n  thg 500 F t e s t  runs. It was 

Since t h e  temp- 

Therefore, the  temgerature cor rec t ion  f a c t o r s  obtained with these  two 

D. Comparinon of Exp. and Reactor Conditions Affecting the  Cal ibra t ion  
In t he  OMRE t h e  fue l -p la te  sur face  thermocouple is  at tached t o  the  

f u e l  p l a t e  with the  lead  wires and t h e i r  i n s u l a t i n g  quartz  s leeves ,  t h e  two 
junct ions,  and the  s t e e l  hold-down s t r a p s  all loca ted  upon the  O.OO5-inch clad- 
ding d i r e c t l y  above the  enriched uranium oxide fue l .  
therefore ,  loca ted  on a heat  generating eurface. In the  Cal ibrat ion tes t  t h i s  
thermocouple configurat ton w a s  simulated by a t t ach ing  a dupl icate  of t he  thermo- 
couple assembly t o  a n  e l e c t r i c a l l y  heated p la te .  The presence of t he  s t e e l  hold- 
down s t r a p s  i n  the  thermocouple assembly, however, produced a temperature per tur-  
ba t ion  e f f e c t  under t es t  condition6 s l i g h t l y  d i f f e r e n t  than t h e i r  e f f e c t  under 
r eac to r  conditions.  

cool  an  a r e a  of p l a t e  surface adjacent t o  the welded ends of t he  s t r a p s ;  t he  
s t r a p s  a c t  a4 f i n s .  This cooling e f f e c t  of the  s t r a p s  was somewhat emphasized 
i n  this t e s t  d i m e  the  0.003 inch th i ck  s t r a p s  afforded a p a r a l l e l  path f o r  t h e  
e l e c t r i c  cur ren t  which heated the  t e s t  p la te .  Proport ionately less  heat  was 
generated i n  t h e  p l a t e  d i r e c t l y  under t h e  s t r a p s  by the r a t i o  of the  p l a t e  
thicknesei (0.020 inches)  t o  the sum of plate and strap thickness (0,023 inches) 
Eowever, the  13% 1oss .Anheat  generation within the  p l a t e  was o f f s e t ,  t o  an 
ex ten t ,  by t h e  r e s u l t a n t  reduction in the  f i n  cool ing e f f e c t  of t he  s t r a p  because 
of the  heat  generat ion withio&h& s t r ap .  The o v e r a l l  e f f e c t  upon t h e  p l a t e  
temperature a t  the  thermocouple junct ions,  which were loca ted  approximately 0.010 
inch away from t he  s t r a p s ,  is considered i n s i g n i f i c a n t  because of t h e  r e l a t i v e a y  
low thermal conduct ivi ty  of s t a i n l e s s  s t e e l  which waa used f o r  both fuel-plate. 
cladding and t e s t  p l a t e .  

Comparison of Resul ts  with Previous Thermocouple Calibrat$.on T e s t  

As s t a t e d  e a r l i e r  i n  t h i s  r epor t ,  a c a l i b r a t i o n  tes t  of the  OMRE 

The e n t i r e  assembly is ,  

The e f f e c t  of t he  s t r a p s  i n  t he  r eac to r  thermocouple is t o  s l i g h t l y  

E. 

fuel-plate  thermocouple assembly was performed p r i o r  t o  the t e s t  being reported 
herein. In the  f i r s t  t e s t  an e l e c t r i c a l l y  heated p l a t e  containing four  specimens 
of the  subjec t  thermocouple assembly was mounted i n  the  center  of a rectangular  
coolant channel, and with coolant flowing on both sides of the  t e s t  i t  was 
impossible t o  measure a reference surface temperature. However, from a knowledge 
of t he  heat  f l u x  q/A, and coolant temperature, T c ,  the  reference temperature, Ts, 
was ca lcu la ted  by u t i l i z i n g  experimenta’ii.hea6;tlansfen c o e f r i c i e n t s  i n  t h e  
r e l a t ion ;  
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A t  aoolaat  temperatures of 6OOOF and 50O0P, the  temperature co r rec t  
Ion f ac to re  detePn&ZEI8-ln tu6 t e s t  ~ e r e - 0 ~ 3 0  and 0.35, r e s p e c t l ~ w h e r e a e s ,  
i n  the previous test  the  values of wZ1* were 0.44 and 0.501 respect ively.  

Although the  r e s u l t s  of t h e  two tests do not agree as t o  t h e  mag- 
nitude of temperature measurement e r r o r ,  t he re  i e  approximate agreement ae t o  
the  e f f e c t  of coolant temperature upon the.-change i n  the  error .  Loweringthe 
coolant temF&=&rure $koa 6OOOP t o  300aF r e su l t ed  in about t he  6ame pescen%age 
increase  i n  t h e  e r r o r  f o r  both ca l ib ra t fon  test&. 

Since i n  this t e s t  t he  va r i ab le s  q/A, (re, and T were measured 
C 

puaatit ierr ,  t h e  hea t  t r a n s f e r  c o s f f i c i e a t ,  h, can be calculated.  
i n g  t o  note t h a t  t he  ca lcu la ted  values o f  h determined i n  this experiment a r e  
approximately 50% higser  than t he  beat f r aaa fe r  c o e f f i c i e n t s  obtained by 
Silberberg and Euber. 
obtained in re-c-taaagular coolant passages, play possibly explain the  disc-rg-cgncy - "  
i o  heat  tra-titifeg coef f ic ien ts .  

f t  is Saterea t<  

Additional e x p t r h e n t a l  Beat t r a n s f e r  data, preferab ly  
- 

VI. SANPLE CALCULATIONS 

Calculat ion of the  Error i n  Surface Temperature Measurement 

The following ca l cu la t ions  are based upon data ebtained In test  run  
No. 19-20. Teat condi t ions were: . - -  - -  

Coolant temperature t 6000F , 
Fluid  ve loc i ty  c 15.0 f t / s ec  
Heat f l u x  = 1651000 Etu/(hr) ( B Q  f t )  

A. Calculation of Actual Surface Temperature (TB). 

The t e s t  sectiorr configurat ion is e s s e n t i a l l y  equivalent to  the  
case of a f l a t  metal p l a t e  i d e a l l y  in su la t ed  except on one ~ u r f a u e .  
generated uniformly throughout t he  p l a t e  and is dfss ipa ted  at the  uninsulateh 
surface by t r a n s f e r  t o  a l iqu id .  Aesumiag the  l i q u i d  temperature Is constant ' .  
over t he  entire sur face  of the  p l a t e ,  (a COAditiOn approximately sa t i6 f%ed  l a .  
t h e  t e a t ) $  t h e  temperature drop from the  in su la t ed  t o  the  colder  surface 5s 
found as fol lowst3 

Heat is . 

... 

' where Q = heat current  a t  a dietance x from ad iaba t i c  sur face  
(Btu/hr 

~t t o t a l  heat generation (Btu/hr). q t  

r distance from ad iaba t i c  sufiface t o  cooled surface ( f t ) .  =t ,- 

A = a rea  of heat t r a n s f e r  surface (eq f t ) .  

k = thermal conduct ivi ty  of s t a i n l e s s  s t e e l  p l a t e  (Btu/(hr)(oP) 
(6q f t ) / f t .  
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integrating equation (1) 
m1 

where Tr = temperature of insulated plate-surface 
f 
r T = temperature of cooled plate-surface (see Figure 2) 

2 * 
qtxt = -kA (T - T ) r r - 
2Xt 

and xt t 0.020 i n  
12 in/ft 

= 0.00167 ft 

= 3.413 14.8 x 800 = 40,400 Btu/hr. 

A Z: 17.875 i n .  x 1.977 i n  = 0.245 sq ft 
144 Sq i n /  Sq ft 

Substituting i n t o  (2) / 

* 
1 T - T P 40,400 x 0.00167 = - ll°F 

2 x 12 x 0.245 r 

Measured values of T were: r 
Trl = 703OF Note: 

Second subscript indicates thermocouple 
position. (See Figure 3) 

therefore, the reference temperatures adjusted for 
platelwere: 

fl = 692OF T 

Tr2 = 678 '~  

T through the 
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I . Aeeuming-ek -linear variation in test-plate temperature between 
thermocouple stations A *  and C * ,  the actual surface temperatures at 
thermocouple stations A, B, and C were obtained a@ follows: 

8 , 
Tr3 - *rl r: k°F = 1°F/fn. 

distance between thermocouples n n  
9 

therefore, since T. is 1-inch above the corresponding Tr 

Based upon the syrnetrical epacing of the pair of thermocouples at 
each reference therraocouple etatian and the small variation in plate eurface 
temperature in the direction normal to the coolant flow, equality of calculated 
actual surface temperature6 at each of the OMRE-type thermocouple stations* 
expected. Consequently, ralues of T and, therefore, the derived values o f  
T were disregarded. Actual surfacg temperatures employed in subeequent 
o B Z C U ~ ~ ~ ~ O M  U. t 

B. Difference Between Actual Surfaae Temperature and Observed Surface 
Temperature. (Ta - To). 
Observed surfaae temperatures were: 
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-* '  I a therefore -.' 

- Toj e 2 4 O  .. 8 

c: , .+ 
Te4 * fob = 31' I 

- T Teg 05 = 260 ..sl * 

TB6 - Tab = 260 --. . - 

C. Local Coolant Temperature (Tck 
I 

P- I 

Thermocouple Station Distance Downstremn of Channel 
,Entranoe 

* 

16.75 inches 
14.75 inches 
12.75 inches 

I Total length of t e e t  channel = 17.88 inches I 
- - ~sau-g - s lidear increase i n  coolant taqperature vitux-txe teet  
channel, the coolant temperature i n  the regions of the eurface thermocouplee is 
obtained ae followea I 

D. Differenae Between Actual Surface Temperature and Local Coolant 
Temperature 

. - 
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E. Ha~nitude of Error in Surface Temperature Measurement 

The rnagaftude of surface-temperature measurement error for the 
OMRE thermocouple assembly is b e s t  expressed as follow6z 

d Error = (Ts - To) 100 ' 

T - Tc) 
8 

\ 

Thus If T, = TL = the error d l 1  be zero and If To = Tc the error w i l l  be 

100%. 

8 )  E r m - l a  tbermocouple asae~bly Tol - 

.i ;-- % Error = @loo) c 35 

b) Er--ln thermocouple ~66ernbly Toe 

.-. . % Error q 2 (100) = 31 d 
c )  Err9.f. in thermocouple aasernblg T 03 

% Error L: 24 (100) L 27 
8 9  

d) Erw i n  theraocouple assembly To& 
- .  

% Error = g(1M)) = J6 
- . - 

s) Error in thermououple assembly T 05 

-- -- % Error = 26(100) t 30 - 82; 

f )  Error in thermocouple aasembl~. To6 

% Error = 26(100) = 29 
- -  - 6 . - 

F. Temperature Correction Factors (21 

2 i s  defined as followet 

b r  TB - To 
-* . - 

*I I  - Tc 
" 5  

Therefore, for the s ix  t e s t  specimen thermocoupleo, the value8 
of 2 are: I 

: 
z1 = 0.3e 

1 

z2 = 0.31 , 
\ 

7 1 0 - 0 - 6  
. 

?-----" *.. 
t i  v-3 
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Z3 c 0 ~ 2 7 .  
-I_ - 0.36 

z = 0.30 
5 " = 0.29 

G, Heat Balance 

1. Beat input t o  t e s t  plate 

qA t 3.413 EI 

Ti = 3.41 x 14.8 x 800 e 40,400 B t d h r  

2. Heat- output t o  coolant 

9, ' .cp AT 

where r = ma88 flow rate,lb/hr 

w r: AVe 

A r area of coolant ohannel,sq i t  

-- .' .V t coolant flow ratelft/neu - - 

( t density of  Santowax 0-M Q 600°1', l b / f t  3 

.. w = (0,160 in) (1.977 i n )  (15 f t /sec) 3600 seo/_ISrfi3.0 lb/cu 
. .  - 

f t )  

144 eq in/ eq ft  

w t 6,270 lb/hr 

c a 0.000433~ + 0.372 (where T c temperature, OF) 
P 

c 0.000433 x 600 + 0.372 r 0.631 ~ t d i b - O F  
P 

A T  = temperature rise of coolant i n  t e s t  channel r: g°F 

QO 
P 6,270 Ib/& x 0.631 ~ t d l b - O F  x g°F = 35,600 Bt\Jhre 

1 

3. Beat loss from t e s t  sec t ion  at te ro  power input 

This quantity was determined with t e e t  condit.fous-ae 
p r e v i o u s l ~  indicated except fo r  t he  coolsnt valocity which wae 
12,2 ftlsee inatead of 15.0 . ft/sec. 

q1 rcpbT 

\ 

7 3 0 - Q - 6  25s c c 4  

I 

da 
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1 
-I... - *- 

if: = 312.2 it  sec) (6,270 lb/hr) (0.631 ~tu/lb-OF) (2*F) 
q1 [ c i h , )  
Ql - 6,440 Btu/hr 

4. T o t a H e a t  output (go + ql) - 2 -  . ." 
-. . -.-- - _  _ .- - -- .- . . - - 
Qo : 91 e 35,600 + 6,440 r 42,040 B t d h r  
i---- - - -.. -- -- - 

Comparing t h i s  value with the  t o t a l  heat input, a heat 
balance having reasonable agreement $8 obtained, 

The heat lose by conduction from the  t e s t  p la te  t o  the  
copper tenainals a t  each end of the plate is minoO because of the 
emall cross-sectional area of the plate and is, therefore, 
dierrgtrrded i n  the heat balance calculat ioai  -... ?-.- --- --- 

H. Beat Transfer Coeffi c ient  
:=-. s - -CS"C--- - 

h = ($1 (2) 
A At - --. - 

where g a heat flux, Btu/(hr) (eq f t ) .  
A 

at c temperature difference between teet-plate surface and bulk 
3f-1trL-d (mean value), OF --. - - - 

h = (164,900) ( 1 = 1910 Btu/(hr) (eq f t )  b , 

ThhLs value Is 58% higher than the heat t ransfer  coefficients20f 
1200 ~tq/(hr) ( e q e f t )  (OF) used i n  the prevfous aal ibrat ion t ee t  
cited i n  reference 

. , .- --- - . - -  
- .  ..- . - - 

Original da ta  for this repor t  a r e  recorded i n  Laboratory 
Notebook Noe 38450 

+ 6 

730-a-6  255 025 

.Iv 
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B. Appendix I 
Maximum *robably Er ro r  i n  deter minis^ OMRE Fuel-Plate Temperatures I 

The r e l a t i o n s h i p  employed t o  determine t h e  a c t u a l  OMRE fue l -  
p l a t e  temperature i s  obtained from t h e  expression f o r  "2" by 
s o l v i n g  f o r  Ts and is  I 
Assuming t h a t  t h e  q u a n t i t i e s  To and Tc a r e  measured i n  t h e  OMRE 
with  reasonablp accuracy (withfn 0.5%) t h e  e r r o r  i n  determining 
Ts is  mainly ai func t ion  of t h e  accuracy- fl t h e  experimental ly  
de t e rminaTqu ' an t i t y  "Z". To determine* maximum probably e r r o r  
i n  Ts i t  is f i r s t  necessary t o  determine t h e  probable e r r o r  i n  "8". 

1. Maximum ------ probable e r r o r  i n  "2" (Data . -- .- obtained i n  Run No. 15-20 
f o r  OHRE;-type thermocouple specimen P ) as previcr~t%& defined: 

03 

The est imated maximum unce r t a in ty  i n  the.measured q u a n t i t i e s  
obtained i n  t h i s  experiment f o r  a c t u a l  s u r f a c e  temperature,  
observed s u r f a c e  temperature,  and l o c a l  coolant  temperature were: 

Suanti ' tx Value at  T/C P o s i t i o n  T 
03 

Maximum Uncerta inty 
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I n  the  above t abu la t ion  the uncer ta in ty  i n  T s  i s  increased over 
those f o r  the o ther  temperatures t o  account f o r  the a d d i t i o n a l  
co r rec t ion  i n  Ts f o r  ~ o s i t i o n  along the  f u e l  element* By t h e  
method of p a r t i a l  de r iva t ives  the  maximum probable e r r o r  i n  "2" 
i s  obtained a s  follows: 

32 Tor?, where - 
at6 = (T 12 

8 C 

To ob ta in  the  maximum probable e r r o r , - t h e  absolu te  values of the  
p a r t i a l d ~ r i ~ a t i t r e s a r e  taken. 

---- - -  - --- --- 
(T ET )(AT~) ( 1 ) b T  1 ( T ~ - T ~ ' ~ ( P T  1 

b Z  = 0 c O + c 
2 

+ 
( T;Tc ) ( Ts-T~> 

2 
Ts-Tc 

The rnaximlun probable e r r o r  i n  "2" f o r  the  6 0 0 ' ~  coolant condit ion 
f 6 

2. Maximum probable e r r o r  i n  a c t u a l  OMRE fue l -p la te  su r face  
temperature. 

By the  method of partia1dkmi:vativesthe maximum probable e r r o r  
i n  T s  i s  obtained a s  follows: 
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Approximate values of To, Tc agd 2 are 705OF. 60$j°F and 0.30 
under OMRE d e s i g n  conditions of  750 F surface and 600 F coolant 
temperatures. 

= 2.3 (17 ) (100) 
750 % Error E 
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C I Nomenclature 

A . area sq Pt 

, , specific heat,Bttt/(lb) (.OF) 

E r electriaal potential aarass t e s t  plate, volts + 

h heat trsnefer coefficient ~ t a ( h r )  (sq ft) (OF) 

I + current flo'wing in t e s t  plate, snrperes 

k the- conhctiv%ty, Btghr) (sq It) (OFY( tt ) . 3 
,C ' 

91 D heat generatad ~ I t h i n  t e s t  plate,  ~tu/hr 
I .  - heat loss frinn outside w a l l  of test seotion, Btu/hr QI - --- --- --- -- 

q* a heat input t o  cwlant fma test  platq ~ t a r  

T, . bulk poolant temperatan, OF 
i 

To s mr&e temperature of test plate or CMI(E fuel plate 

?@ csted by OWtF: themobmple assembly, OF 

T, = btual test plste  or O N B  ntel-plate surfwe temperature, OF 

T, mferenee anrfsce temperature, OF 
0 

Tclf a locd. bulk coolant temperature at thermocouple etation A, F 

Toe locrl bulk coolant temperature at themocoup1e.station B, OF 

Tcc a lmel bulk awlant temperature at tihennacouple station C, OF 

t T? .I reference surface temperature adjusted for temperature drop * through t e s t  plate 

AT, + tQlperature As0 of c o o k t  flowing through test  section, OF 

i 

AT, o uncertainty in mersurement of actual .~urfaae temperature, OF 

0 ... ATGU- mcerteinfiy in measurement of ooolant temperature, F 

v = f lu id  velocity, average, ft/seo 

w r mass ' rate of flowl l b / h  

p density of coolant, lb/(cu ft):?.;, 
Subscripts; 1$ 2, . .. = identifying number of thenocouple specimen. 
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