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. -  ABSTRACT 

This report describes the results of a study which was undertaken 

to compare calculated data from the G. E. General Transient Heat Trans- 

fer program with experimental data. 

handle a total heat flux input as a function of time was verified. 

The capability of the program to 
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INTRODU CTION 

In o rde r  to ver i fy  the calculated values for the G. E. General Transient 

Heat Transfer  program,  a study was undertaken to compare calculated data / 
with data obtained experimentally. 

An aluminum channel was used as a specimen and was instrumented 

with iron-constantan thermocouples a t  specified locations. A bank of General 

Elec t r ic  quartz  T-3 230 volt infrared lamps was used as  an energy source 

and the energy output was recorded by use of an asymptotic calor imeter .  A 

number of t e s t s  were run during which the outputs of the thermocouples and 

ca lor imeter  were recorded. 

J A computer model was developed and boundary conditions obtained 

during t e s t s  were input for severa l  cases.  The calculated and experimental 

resu l t s  were  compared and the capability of the program to handle total heat 

flux boundary condition a s  a function of time was verified. 
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EXPERIMENTAL APPARATUS 

In o rde r  to verify the resul ts  of the G. E. General Transient Heat 

Transfer  program, it was requested that experimental  measurements of the 

temperature  history at  specified points along a 4" X 2" X 14" aluminum chan- 

ce? be cornpared ~ i t h  the znal'yiicaiiy determined history.  

obtained and iron-constantan thermocouples were  located on the specimen 

a s  depicted in Figure 1 .  

holes into the specimen surface,  placing the thermocouple bead into the holes, 

and peening the surface around the holes. 

the center of one leg of the channel was selected to be the portion of the speci-  

men exposed to  a radiant heat source.  

with smoke f r o m  the burning of sp i r i t s  of camphor on an asbestos wick (see 

Figure 2). 

A specimen was 

The thermocouples were attached by drilling smal l  

A two square inch a r e a  located in 

This a r e a  was cleaned and blacked 

The total  heat input history was recorded by use of an asymptotic 

ca lor imeter .  For  the first se r i e s  of tests,  the calor imeter  was mounted 

in a block of glass  rock insulation. 

with the heat sensor  located at its center,  was also blacked (see Figure 2). 

During t e s t s  off-gassing eroded the blacking on the glass  rock support and 

the result ing change in emissivity caused a change in  the shape factor. 

change in shape factor resulted in a higher heat flux upon the sensor than 

was present  on the specimen (see Appendix B). In o rde r  to eliminate this 

e r r o r ,  the sensor  was mounted in an aluminum channel identical to the 

specimen for  a second s e r i e s  of tes t s  (see Figure 3 ) .  

A two inch square  a r e a  of the glass  rock 

The 

It was des i red  to insulate the specimen on all  su r f aces  other than the 

two square inch a r e a  to be exposed to the heat source.  In order  to accomplish 

this and to produce equivalent shape factors for the specimen and heat s enso r ,  

the specimen and sensor  were mounted in a box and rock wool insulation was 

packed around them. 

face were  each placed two inches below the top of the box and located 

The exposed surface of the specimen and the sensor  

3 
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Figure 2. Specimen and Sensor i n  Glass Rock Mounting 

- Figure  3 .  bensor in  iill.iiiiiaiiE Chznnel Mmlnting 
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symmetr ical ly  with respec t  to the s ides  of the box. 

packed, aluminum foil was also placed over the top of the box to  dec rease  the 

heat leak through the insulation. 

t o  each tes t .  

p r io r  to a test. 

After the insulation was 

It was necessary  to replace this foil p r ior  

The final assembly is presented in Figure 4 as it appeared 

In order  to  fur ther  a s s u r e  equivalent shape f ac to r s ,  two square  tubes 

each two inches long were  constructed of g lass  rock insulation and placed 

over  the exposed specimen sur face  and sensor  face,  thereby forming two 

geometrically identical shaf ts  through which the heat f lux would pass  to  the 

specimen and sensor .  The s ides  of the shafts w e r e  lined with aluminum foil. 

The heat flux for  the tes t s  was provided by a number of 1000 watt 

T-3  230 volt quartz infrared G. E. lamps.  The lamps were  shielded on th ree  

s ides  by a stainless s t ee l  ref lector  and mounted on a movable f r ame  (see 

F igures  5 and 6). 

specimen at any des i red  height. 

This f r ame  allowed the lamps to be positioned above the 

The thermocouple outputs were recorded  on a 24 point Model 153 Honey- 

well Electronik multipoint r eco rde r .  

corded on a Honeywell Electronik 17  s t r i p  char t  r eco rde r .  

of the experimental setup is presented in F igure  7. 

The EMF output of the heat sensor  w a s  r e -  

An overal l  view 

6 



Figure 4. Specimen and Sensor in Insulated Container 

Figure 5. Infrared Lamps and Heat Shield 
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EXPEREMENTAL PROCEDURE 

A f t e r  the specimen and sensor  were assembled as shown in Figure 4, 

the assembly was positioned as  shown in Figure 6. 

a s s u r e  identical positioning pr ior  to each test .  

Care was taken to 

The height of the lamps was 

adjusted tw appi=axiiiiaiely t \ i i~  iiichca above the top of t h ~  i ~ ~ s : ? a t i ~ ~  prior to 

the f i r s t  test .  

were  dril led.  

The f rame assembly was leveled and holes for dowel pins 

P r i o r  to each subsequent tes t  the dowel pins were reinser ted.  

After the r eco rde r s  had been allowed to  warm up, zero  readings were  

taken on the multipoint recorder  by allowing a f u l l  cycle of 24 points to  be 

printed. 

presenting thermocouple number one) in  o rde r  to give a known reference 

point for  each test. 

tioning and the chart  dr ives  engaged. 

The recorder  was stopped prior to  printing point number one ( re -  

The s t r ip  chart  record pens were checked for zero  posi- 

The tes t s  were begun by turning the lamp power supply and the multi-  

point r eco rde r  on simultaneously. The lamps were allowed to burn for ap- 

proximately three minutes. It was found that in  o rde r  to minimize the balance 

time for the f i r s t  points after cutoff. the power supply to the lamps should be 

cut off a f t e r  point four was printed by the multipoint r eco rde r .  

were  allowed to run for approximately three minutes after cutoff. 

t ime the r eco rde r s  were turned off and the tes t  records  were removed from 

the r eco rde r s  and dated. 

The r eco rde r s  

After this 

The assembly was allowed to cool f o r  approximately three hours be- 

tween runs.  

9 



DISCUSSION 

Gene r a1 

During the period of February 20 to February 2 2 ,  1965, initial tes ts  

were  conducted on the 3-33 heat t ransfer  experimental model. 

experimental  data were obtained during this period of t ime. 

tes t  duration was 385 seconds and the maximum heat flux was 15 Btu/ftz sec.  

Analysis of the experimental data indicated that repeatability had been ob- 

tained within experimental l imits.  However, when these data were compared 

with the values obtained from the G. E. computer program (with the experi-  

mentally measured  boundary conditions a s  input data),  deviations were found. 

The calculated temperatures  were,  in  all cases ,  g rea te r  than the experimentally 

observed temperatures .  

Six se t s  of 

The maximum 

A careful  examination of the entire procedure for major sources  of 

e r r o r  revealed three  possible ones. 

of the specimen for use in  the computer program was needed. 

was sent  to  Spectro-Chemical Research Laborator ies ,  Inc. for a spectro-  
----I-:- --- l . . . .<- -.-A +hn -3+nv;al  11i3c rlc.terrnined tc he 6061 ;rl~lm-in~~m a l l o y -  
S A L a p l L I L  UIILcAyoIU C L l L U  ..&&” &..-”--&-- ..-- ------------ 
The therrr,cphysical prnpprties fnr this a.lloy w e r e  obtained from data given 

in  Reference 1. The thermal  conductivity a s  a function of temperature  (see 

F igure  8) was estimated by noting the general effect of the major  alloying 

elements upon thermal  conductivity. The initial value was obtained from 

data given in  Reference 2. 

Verification of the mater ia l  propert ies  

A sample 

The specific heat of an alloy i s  essentially a weighted average of the 

specific heats of each element. 

aluminum, the specific heat of pure aluminum a s  a function of temperature  

(see F igure  9) a s  given in Reference 1 was used in the computer program. 

Since this alloy was  approximately 98% 

A second possible source of e r r o r  was the heat sensor  calibration. 

After receiving the sensor ,  i ts  surface was blacked with sp i r i t s  of camphor. 

11  
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A change in  the surface emissivity o r  a change in the sensor  sensitivity 

were  possible causes of e r r o r .  

t e s t  calibration revealed no significant change over the operating range of 

these experiments. A comparison of the pretest  and posttest calibrations 

is presented graphically in Figure 10. 

Following the first s e r i e s  of t e s t s ,  a post- 

A final source of e r r o r  was a difference between the shape factors 

for  the specimen and the heat sensor .  

sensor  was mounted in a glass  rock support (see Figure 2) and the g lass  

rock was blacked p r io r  to tes t s .  P r i o r  to tes t s ,  then, the shape factors  

were  equivalent. During t e s t s ,  however, off-gassing eroded the blacking 

and changed the emissivity of the sur face  surrounding the sensor .  Shape 

factor calculations revealed the emissivity of the surface surrounding the 

sensor  to be dominant in determining the value of the shape factor (see 

Appendix B). 

duced a higher heat flux upon the sensor  than was present  on the specimen. 

For  this s e r i e s  of tes t s  the heat 

The change in the surface emissivity of the glass  rock pro-  

In order  to eliminate the e r r o r  in the indicated heat f l u x ,  a second 

se r i e s  of tests were  conducted between March 13  and March 15 ,  1965. To 

avoid the difficulties presented by the glass  rock, the sensor  was mounted 

in an aluminum channel identical to the specimen (see Figure 3 ) .  

factors for this s e r i e s  remained identical throughout the t e s t s .  

the experimental data revealed excellent repeatability. 

The shape 

Analysis of 

Again the measured boundary conditions were  input into the G. E. 

computer program and the resulting data were  compared with the experi-  

mental data. Agreement was excellent for approximately the f i r s t  200 seconds 

of the tes t s .  After 200 seconds,  the calculated values increased  m o r e  rapidly 

than the experimental ones. Thermocouples placed in the insulation recorded 

a slight temperature increase during the tes t s .  In o r d e r  to  isolate the source  

of this energy, the sensor was placed beneath the insulation at  the s a m e  level 

a s  the specimen. 

recorded. 

During a four minute tes t ,  no measurable  heat flux was 

Therefore, i t  was concluded that this energy resul ted f rom a 

1 4  
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with experimental data a r e  presented in Figures 11 and 12 .  

The modified model was used in all subsequent computer runs.  This 

model utilizes a plane of symmetry which cuts the specimen in half, de- 

creasing the number of nodes needed to  descr ibe the specimen geometry and 

therefore  decreasing the required computer t ime for each run. The modified 

model includes one inch of rock wool around the specimen (except at  the chan- 

nel end where ideal insulation was assumed and at  the ends of the channel 

legs  where one-half inch of rock wool was included). 

454 nodes of which 102 a r e  nodes describing the specimen. 

diagram of the node system used i s  presented in  Figure 13. 

sys tem used in the computer program consisted of prefixing the node number 

(numbers 01 through 79) with the section number (numbers 0 through 5) ,  

thereby producing a three digit number for each node. 

The model utilizes 

A schematic 

The numbering 

Results 

The results of the s ix  tes ts  conducted during the las t  s e r i e s  of tes ts  

a r e  presented in Appendix A in graphical and tabular form.  

his tor ies  of some representative nodes a r e  presented in  graphical f o r m  and 

the his tor ies  of all other nodes whose tempera tures  were  recorded a r e  p r e -  

s ented in tables. 

The tempera ture  

16 
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Figures A-1 through A - 4  present  data for a representative test .  In 

Figure A-1, the variation of heat flux with t ime is seen. 

duced during this tes t  was typical of that seen during most  tes ts .  

c r e a s e  in  heat flux during the tes t  i s  due pr imari ly  to the increase  in r e -  

radiation from the shield with t ime. It w i l l  be seen that the heat flux was 

approaching i ts  steady s ta te  value as  the tes t  was terminated. 

of the steady s ta te  value during this tes t  with the value predicted in Reference 

3 for 230 volt T-3 quartz lamps operating a t  208 volts reveals  good agree-  

ment. 

The heat flux pro-  

The in-  

A comparison 

Calculated and experimental temperatures  for node three  a r e  p r e -  

sented in Figure A-2. 

were  located on the top and bottom respectively of this i r radiated node. 

It would be expected that, due to the la rge  temperature  gradient ac ross  the 

node, the calculated value would be the average of these two measured values, 

as i s  t rue  after the heat source i s  turned off. 

for thermocouple number one from s t a r t  to cutoff a r e  attributed to direct  

radiation from the heat lamps to the exposed thermocouple bead. 

As seen in Figure 1 ,  thermocouples one and three  

The high experimental  values 

The results for  nodes nine and seventeen a r e  presented in Figure 

A-3. The experimental resul ts  show good agreement with calculated values 

for both nodes, but a r e  better for node seventeen. However, the agreement 

for node nine i s  considered remarkably good when the gradient ac ross  the 

node i s  considered (see Figure A-5) .  

could have been increased by a reduction of node s ize ,  but the increase  in 

computation time could not be justified in this case.  

The accuracy of the calculated resul ts  

Comparison of experimental and calculated data for nodes 501, 509,  

and 513 a r e  presented in Figure A-4. 

range of experimental e r r o r  and the agreement  is considered excellent. 

The deviations a r e  well within the 

The data presented in Appendix A a r e  a r ranged  by t e s t  and the tes t s  

a r e  drranged in chronological order .  In addition to the data presented,  

20 



. *  experimental data were  collected for  two other cases .  

these two t e s t s ,  it was discovered that a ",uzrtz ?amp located over the speci-  

men  was faulty. The tube was discovered to  have a hole in it and to be dis- 

colored. 

and burning. 

t e s t s ,  data f rom both of the tests were excluded. 

af ter  these tes t s .  

e r r o r  were  observed during the investigation. 

and four a r e  seen to decrease  f r o m  their initial value at  the start of the tes ts .  

These decreases  a r e  believed to have been caused by voltage fluctuations. 

They caused no discernable effect on the resul ts .  

After the second of 

The hole had been caused by a piece of t r a s h  falling on the tube 

Since this could have happened during the f i r s t  of these two 

The tube was replaced 

Two sources  of e r r o r  other than normal  experimental 

The heat f l u x  for tes t s  th ree  

Electr ical  disturbances or  equipment sensitivity is believed to have 

caused seve ra l  individual tes t  points to differ m o r e  from calculated resul ts  

than the same  points did during the majority of the tes t s .  Examples of this 

a r e  the second and third points for node 509 and the first and second point 

for  node 513 on t e s t  number one, Figure A-4. 

Initial computer runs were  made using a node configuration which 

czlculztpd ideztical nnintr: r - ---- - 
arra-ngem-enr for  these ri ins  w a s  s imi la r  to that used in the final model 

but included the ent i re  specimen. For  these runs,  i t  would be expected 

that nodes located on opposite ends of the model but symmetrically with 

respec t  to the centerline would have equal temperatures  at  equal t imes.  

Actually, however, variations of up to  2. 5 degrees  were  seen. These 

variations were  caused by round-off e r r o r  during computation and could 

have been decreased by reducing the tolerance l imit  f rom 0.001 degree.  

The additional computation t ime required w a s  not justifiable for the pur-  

poses  of this  investigation. The deviation seen i s ,  however, a significant 

percentage of the difference between experimental and calculated values for 

m o s t  points. 

he+ sides nf the p l a n e  of q~m.m-etry The nod;rl 

21 



. -  
CONCLUSIONS 

The comparison of the experimental data with the calculated resu l t s  

showed excellent correlation for  the physical configuration and boundary 

condition selected for this study. 

The mathematical  model and temperature tolerance which a r e  selected 

in the operation of the program affect the resul ts .  They wi l l  control the total  

running t ime of the computer program as well as  the accuracy of the resul ts .  

The convergence of the i teration and thus the roundoff e r r o r  a r e  directly 

affected by the temperature  tolerance. 

was noted during this investigation for identical points. 

A variation of up to 2. 5 degrees  
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TABLE A-la  

Test  No. 1 

Expe r iment a1 

T/C/Node 
2 /5  4 / 5  6 /13  9/503 10/505 

Time / Temp 

Time / Temp 

Time / Temp 

Time/  Temp 

Time/ Temp 

Time / Temp 

Time / Temp 

Time / Temp 

Time / Temp 

Time / Temp 

Time / Temp 

Time /Temp 

0/88 

2/102 

32/168 

68/210 

107 /26 2 

145/300 

187/336 

258/219 

291/202 

323/ 192 

356 / 186 

388/ 182 

0/88 

5 /  100 

35/ 148 

71/186 

110/232 

148/268 

224/241 

260 / 2  12 

294/ 198 

326/189 

359/184 

390/180 

0/88 

7/89 

39/93 

75/ 103 

113/118 

152/ 132 

228/164 

263/ 168 

297/169 

329/ 169 

362/169 

3931 169 

0/88 

10/88 

43/91 

79/99 

117/ 113 

156/126 

232/160 

267/ 167 

300/ 169 

332/ 170 

365/170 

396 / 170 

0/88 

11/88 

44/91 

80/99 

118/112 

157/ 126 

233/ 160 

268/ 166 

301/169 

333/ 170 

366/170 

397/170 



TABLE A - l b  

Tes t  No. 1 

C a1 culat e d 

“/Node 

Time 1 215 41 5 611 3 91503 101505 
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138  

1 6 5 . 2  

1 9 0 . 8  

216 .6  

242 .4  

266 .6  

289 .6  

310.1 

328 .1  

297. 5 

267 .4  

2 4 5 . 5  

229 .8  

217. 5 

206. 9 

1 9 9 . 2  

1 9 3 . 5  

30 

88 

88. 6 

91. 8 

96 .7  

102 .8  

110 .1  

1 1 8 . 3  

127.  3 

1 3 6 . 9  

1 4 7 . 1  

157.  3 

1 6 4 . 8  

1 6 9 . 3  

1 7 2 . 0  

1 7 3 . 6  

1 7 4 . 4  

1 7 4 . 8  

1 7 4 . 8  

88 

88. 2 

90. 1 

93 .7  

98 .8  

1 0 5 . 2  

1 1 2 . 7  

121 .1  

1 3 0 . 4  

1 4 0 . 2  

1 5 0 . 4  

1 5 9 . 3  

1 6 5 . 8  

1 7 0 . 0  

1 7 2 . 7  

1 7 4 . 2  

1 7 5 . 0  

1 7 5 . 3  

80 

8 8 . 2  

8 9 . 7  

92. 9 

97 .6  

1 0 3 . 5  

1 1 0 . 5  

1 1 8 . 5  

127.  3 

1 3 6 . 8  

1 4 6 . 6  

1 5 5 . 6  

1 6 2 . 4  

167 .1  

1 7 0 . 2  

172 .1  

1 7 3 . 3  

1 7 3 . 9  
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TABLE A-2a 

Test No. 2 

Experimental 

215 415 6 / 1 3  91503 101505 TI  C/Node 

Time / Temp 

Time / Temp 

Time 1 Temp 

Time 1 Temp 

Time 1 Temp 

Time / Temp 

Time 1 Temp 

Time/  Temp 

Time/Temp 

Time 1 Temp 

Tiine /Temp 

Time 1 Temp 

0180 

91115 

40/162 

76 I208  

118/255 

1531298 

196/334 

247 /2  39 

285121 1 

318/197 

3521188 

3851 182 

0180 

111104 

431143 

791184 

1171225 

1571266 

199/301 

2501229 

2881205 

3211193 

3541 186 

3891180 

0180 

14 /80  

46 I 8 5  

8 4 / 9 5  

121 /109  

1621 128 

203/  148  

2561 164 

2901167 

3241 168 

3581168 

3921 169 

0180 

1 7 / 8 0  

50183 

87 /92  

1251105 

1651 122 

2071142 

2591 162 

2941 16 7 

3281168 

36 11 16 9 

3951 169 

0180 

18 /80  

5 1 / 8 3  

88 /92  

1261104 

1661122 

2081 142 

2601 16 1 

295 1166 

3291 168 

3621169 

3961169 
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.. TABLE A-2b 

Test  No. 2 

C a1 c ul at e d 

Time 215 415 611 3 91503 101505 

0 

20 

40 

60 

80 

100  

120 

140 

160  

180 

200 

2 20 

2 40 

260 

280 

300 

3 20 

3 40 

80 

1 2 9 . 0  

155. 9 

180. 9 

206 .4  

2 3 2 . 5  

2 5 9 . 4  

281 .8  

302 .0  

320. 2 

337 .3  

292 .7  

264 .6  

245.1 

229 .8  

218 .2  

208. 9 

202 .0  

80 

1 2 9 . 0  

155. 9 

180. 9 

2 0 6 . 4  

232. 5 

2 5 9 . 4  

281 .8  

302 .0  

320. 2 

337 .3  

292 .7  

264 .6  

245.1 

229 .8  

218 .2  

208 .9  

202 .0  

80 

80. 7 

83. 8 

88. 6 

94. 6 

101 .7  

109. a 

118. 9 

128 .7  

1 3 8 . 8  

1 4 9 . 3  

159. 2 

1 6 6 . 0  

170 .1  

1 7 2 . 6  

174 .0  

1 7 4 . 9  

1 7 5 . 3  

80 

80. 3 

82. 0 

85. 6 

90 .6  

96. 9 

1 0 4 . 3  

1 1 2 . 7  

1 2 2 . 0  

131. 9 

1 4 2 . 2  

1 5 2 . 5  

1 6 1 . 0  

167 .0  

170. 9 

1 7 3 . 3  

174 .7  

1 7 5 . 5  

80 

80. 2 

8 1 . 7  

84. 9 

89. 4 

95 .2  

1 0 2 . 2  

112 .7  

119 .0  

128. 5 

1 3 8 . 4  

148. 5 

157. 2 

163. 5 

167. 9 

170 .8  

172 .7  

1 7 3 . 8  
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TABLE A-3a 

Test  No. 3 

Exp e r ime  nt a1 

215 41 5 6/13 91503 101505 TI  C/Node 

Time/  Temp 

Time / Temp 

Time/  Temp 

Time/  Temp 

Time 1 Temp 

Time / Temp 

Time/  Temp 

Time/  Temp 

Time/  Temp 

Time / Temp 

Time /Temp 

0189 

2/100 

351 16 1 

701209 

1081258 

1491301 

1931 338 

2501250 

2881220 

326 I205 

3621 196 

0189 

4/98 

371143 

731 185 

1111228 

1521268 

1971306 

2531239 

2901215 

3281201 

3651194 

0189 

7/90 

40193 

771102 

1151116 

1581134 

2021155 

2571174 

2941177 

3311177 

3681177 

0189 

10/89 

44/91 

81/99 

1191111 

1621129 

2071 150 

2621 172 

2981177 

3351178 

371 1 178 

0189 

11/89 

45/91 

82/99 

120/111 

1631129 

208/150 

2631171 

2981176 

3 36 1 1 78 

3721178 
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T A B L E  A-3b 

I Test  No. 3 

Calcu la ted  
I 

41 5 6 /13  9 /503  101505 

0 89 .0  89 .0  89 .0  89. 0 89. 0 

20 134 .1  134 .1  89. 6 89. 3 89. 2 

40 160 .0  160 .0  92. 5 90 .9  90 .6  

~ 60 186 .0  1 8 6 . 0  97 .0  94. 2 93 .5  

80 214 .0  214 .0  1 0 2 . 8  99. 0 97.9 

100 241 .5  241. 5 109 .9  1 0 5 . 2  1 0 3 . 6  

120 267 .7  267 .7  118 .1  1 1 2 . 6  110 .4  

140  289 .9  2 8 9 . 9  1 2 7 . 2  121 .0  1 1 8 . 4  

160  309 .5  3 0 9 . 5  1 3 7 . 0  130. 3 127. 3 

180 326 .6  326. 6 147. 1 140 .2  1 3 6 . 8  

200 342.0 342 .0  1 5 7 . 4  1 5 0 . 4  1 4 6 . 7  

220 3 0 2 . 5  302 .5  1 6 7 . 4  1 6 0 . 6  156. 7 

2 40 274 .0  274 .0  1 7 4 . 4  1 6 9 . 3  1 6 5 . 4  

260 2 5 5 . 3  255. 3 1 7 8 . 6  175 .4  171. 9 

280 239.1 239 .1  181 .1  1 7 9 . 4  1 7 6 . 4  
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TABLE A-4a  

Test  No. 4 

Experimental 

215 41  5 6 / 1 3  9 / 5 0 3  101505 T /  C/Node 

Time / Temp 

Time 1 Temp 

Time / Temp 

Time /Temp 

I Time / Temp 
I 

Time / Temp 

Time/  Temp 

Time / Temp 

Time/  Temp 

Time/  Temp 

I 

I 

0 / 7 9  

2 / 9 5  

321150 

6 7 / 1 9 0  

109/246 

150/288 

194/325 

2371239 

278/207 

316/ 193 

0179 

4 / 9 1  

351 134  

701169 

112/216 

153/256 

1971292 

2401228 

281 /201  

318 /187  

0 / 7 9  

7 / 8 0  

39 /83  

75 /92  

117 /105  

158 /123  

201 / 145 

245 /159  

2841 162 

321 /163  

0 / 7 9  

10 /80  

43 / 82 

79/ 90 

121 /101  

163 /119  

206 / 140 

251 / 1 5 8  

288/  162 

325 /164  

0 / 7 9  

1 1 / 8 0  

44 /82  

80 / 90 

122 /101  

164 /118  

2071139 

252 /157  

2891 162 

326 / 164 
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TABLE A-4b 

Tes t  No. 4 

Calculated 

Time 215 4 /  5 6/13 91503 101505 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

3 40 

79.0 

126.4 

147.2 

170.5 

198.4 

226.9 

253.3 

277.1 

297.8 

317.1 

312.5 

276.5 

251.8 

233.7 

220.0 

210.1 

202.3 

195. 5 

79.0 

126.4 

147.2 

170.5 

198.4 

226.9 

253.3 

277.1 

297.8 

317.1 

312.5 

276.5 

251.8 

233.7 

220.0 

210.1 

202.3 

195.5 

79.0 

79.7 

82.7 

87.0 

92.4 

99.1 

107.1 

116.0 

125.7 

135.9 

146.4 

155.5 

161.4 

164.9 

167.1 

168.4 

169.2 

169.7 

79.0 

79.3 

81.0 

84. 3 

88. 9 

94.7 

101.8 

110.0 

119.2 

129.0 

139.3 

149.2 

156. 9 

162.3 

165.7 

167.8 

169.1 

169.8 

79.0 

79.2 

80.7 

83.6 

87.8 

93.1 

99.8 

107.5 

116.2 

125.6 

135.6 

145.3 

153.3 

159.0 

162.9 

165.5 

167.2 

168.3 
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APPENDIX B 

SHAPE FACTOR ANALYSIS 

In o rde r  to establish the approximate effect of a change i n  emis -  

sivity of the sur face  surrounding the heat sensor ,  heat t ransfer  models 

were  chosen and analyses were made for each case.  The model chosen 

to  represent  the situation of equal emissivity of the sensor  and i t s  s u r -  

rounding a r e a  was a two-inch square box with four reflecting walls to 

represent  the aluminum-lined shaf t  walls and two black-body ends to 

represent  the blacked sensor  and i t s  surrounding a r e a  and the open end 

of the shaft. An equivalent e lectr ical  network for this model is depicted 

in  Figure B-1. In this network, El and E2 a r e  the black-body emissive 

powers of the bottom (sensor  end) and top of the box respectively and 

E3, Eq, E5, and E6 represent  the black-body emissive powers of the 

s ides  of the box. Since the ends of the box have been assumed to be 

black bodies, res is tance R1 = p i  /A1 E 1 and R2 = p2 /A2 E Z  a r e  both 

zero  and can be eliminated f rom the circuit. The s ides  a r e  identical 

making R3, X4, I?-5, and R6 the same and equal, to ~ / A E  . Resistance 

R7 through R21 a r e  of the form l/AnlFm-n and a r e  equal since the a r e a s  

and shape fac tors  for  a l l  faces a r e  equal. 

A, is the a r e a  of any surface and Fm-n is the geometric shape factor  

between surface m and any other surface n based upon a r e a  Am. 

, 

In the expression l / A m F m - n ,  

A fur ther  simplification can be made by recognizing the potentials 

E3, E4, E5, and E6 to be equal. The simplified circuit  is  represented 

in F igure  B-2. In this figure, 

Rb = K7 through Rzl , 
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E1 and Ez represent  the bottom and top of the box respectively a s  i n  

Figure B - 1 ,  and 

E = E ~ Z E ~ = E ~ = E ~  . 

A fur ther  simplification of the network can be made by noting that 

an  equipotential line exists passing through junctions J 3 ,  J4, J g  , and J6 

(dashed line in  Figure B-2) .  

the par t  of the circuit below section A-A plays no functional p a r t  i n  

the network. 

the remaining legs to be three sets  of four paral le l  res is tances  yields 

the following final simplification: 

Since these junctions a r e  equipotential, 

Elimination of this par t  of the circuit, and recognizing 

El  

Figure B-3. Final Simplification of Figure B-1 

Surnniation of voltages along the various paths oE the sys tem 

yields the following : 

Path a -c -a  

‘a c Rb = E1 - E2 

E2 

58 



Path a-b-c  

Path a-b-d 

Also, 

11 = Iac t lab . (4) 

Equations 1, 2,  3a, and 4 can be solved simultaneously to yield 

A simplification of the above equation can be made by an  o rde r  

of magnitude comparison of the potentials El ,  E L ,  E. An rxami- 

nation of Reference 3 has yielded an estimation of the temperature  of 

the l amps  a t  208 volts to be approximately 3500"R. 

data indicate that a maximum temperature  for the specimen was 

approximately 1000"R, while the walls were  a t  a slightly lower tem-  

pe ra tu re  of about 800"R. 

then yields the following: 

The experimental  

A comparison of the potential differences 

It can b e  seen that the difference E1 - E m a y  be neglected compared 

to E1 - E Z .  Equation 5 m a y  nuW be wri?ter, a s  



The model chosen to represent  the case of different emissivi-  

t ies  of the sensor  and surrounding a r e a  was identical to the previously 

described model with the exception of the sensor  end of the box. This 

end was broken into two a reas .  The sensor  was allowed to remain a 

black body and the surrounding surface was t reated a s  a reflecting 

surface.  

The black body emissive powers of the sensor ,  top of the box, and 

a r e a  surrounding the sensor  a r e  represented by E l ,  E2, and E3, 

respectively. 

sented by E a s  in  the previous case.  

represented by Ra and Rb in  Figure B-4  a r e  identical to their  counter- 

par t s  in Figure B-2 but that the resistance represented by R, and Rd 

have changed. In addition, res is tances  Re, Rf, and R have been 

added to the circuit. 

Fo r  this model, Figure B-2 i s  replaced by Figure B-4. 

The black body emissive powers of the sides a re  repre-  

It will be noted that the resis tances  

g 

As was the case with the f i r s t  circuit ,  i t  can be seen that an 

equipotential line exists through junctions 3 ,  4, 5, and 6 and that the 

portion of the circuit between sections A-A and B - B  plays no functional 

par t  i n  the circuit. 

o rder  to simplify the circuit ,  i t  i s  assumed that the temperatures  of 

the sensor  surface and the surface of the surrounding a r e a  a re  approx- 

imately equal and thus allow E1 = E3. The circui t  can now be depicted 

a s  in Figure B-5. 

nizing the combinations of paral le l  r e s i s to r s .  

i n  parallt.1 become Rd/4; the four r e s i s to r s  Kb in  paral le l  become 

R b / 4 ;  and the four res i s tors  Re in paral le l  become Re/4.  

This par t  of the circuit i s  again eliminated. In 

Another simplification can now be made by recog- 

The four r e s i s to r s  Rd 

The circui t  
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i’l I 

Figure B-5. Simplification of Network of Figure B-4 by Elimination 
of Part of Circuit 

F i g u r e  B - 6 .  Simplification of Network of Figure B-5 by Utilization 
of Combinations of Pa ra l l e l  Res is tors  

6 2  



now appears as seen  in  Figure B-6. 

made by making a transformation of the A loop a-b-e to an equivalent 

Y circuit. 

Reference 4. 

A further simplification can l e  

The equations used in  the transformation a r e  given in  

The equivalent resistances depicted in  Figure B-7 a r e  

f 

4 

T 

E 

Figure B-7. Circuit of Figure B-6 Modified by A-Y 
Transformation of Loop a-b-e 

63 



A final simplification can be made by utilizing a A - Y  t ransfor -  

mation for loop a-c-f i n  Figure B-7. The resulting circuit  i s  that of 

Figure B-8 and the resis tances  Rn,R,, and Ro a r e  

R,(Ry + Rf)  
Rn = 

R, t Ry t Rf t Rc 

Rz Rc R, = 
R, + Ry t Rf t Rc 

Rc(Ry t Rf)  
R, = '  R, t Rc t Ry t Rf 

Figure B-8. Circuit of Figure B-7 Modified by A-Y Transformation 
of Loop a-c-f 

It i s  desired to determine an  expression f o r  the cur ren t  11 in  

t e r m s  of a potential difference E1 - E2 and an equivalent res is tance.  

64 



Summation of voltages and cur ren ts  along the various paths of the 

circuit  yields the following se t  of equations: 

11 - l a b  +- I,, 

Pa th  a -c-a  

Path a-b-d 

Solving Equations 8, 10, and 11 simultaneously yields 

and Equation 9 yields 

As was t rue  with the first model, (E1 - E )  may be neglected when 

compared with (El  - E2). 

Combining Equations 12 and 1 3  with Equation 7 then yields 

65 



The equivalent r e  s i  s tanc e then i s  

In o rde r  to establish the validity of the above equation, le t  Rg (the 

resistance imposed on the circuit  by the surface surrounding the 

senso r )  equal zero.  

valent resistance then becomes 

This makes Ry = R, = Rn = R, = 0. The equi- 

o r  

a s  compared with 

for the initial model. 

The values for the various resis tances  were determined by using 
5 , 6  standard shape factor char ts  a n d  were  found to be approximately 

K, = 6 8 3  

Kb = 180 

Rc = 1270 

Rd = 3000 

Re = 193 

Rf = 212 . 
66 



I 

Using these values i n  Equations 16 and 17, the equivaient res is tances  for 

the first and second models respectively become 67 and 65. 

ness  of these values indicates that the reductions made to a r r i v e  a t  an 

expression for the second model a r e  correct.  

The close- 

In o rde r  to establish the effect of variation of the emissivity of the 

a r e a  surrounding the sensor  on the equivalent res is tance,  Equation 15 

should be wri t ten i n  t e r m s  of Rg. 

effect of E ,  only values of E between 0.6 and 1. 0 will be used. 

allows the various expressions for  individual res is tances  to  be simplified 

to the following: 

F o r  the purpose of demonstrating the 

This 

R -  Rg 
Y -  16.5 

g R, = R 

Rx = 47.5 

Rg(O.06 Rg 3- 212) 
1.06 Rg t 1482 Rn = 

i27G ii 
- 

Rm - 1.06 Rg + :482 

1270(0.06 Rg t 212) 
Ro = 

1.06 Rg t 1482 

If we ass ign  

N = 1.06Rg t 1482 

and 

1 R 
M = [-$0.06 Rg + 212) t 47. 5 683 

+ [ 2 ( 0 .  ob R~ i 2 1 2 )  t 217 180 1 

67 



the expression fo r  the equivalent res is tance becomes 

1 t [Rg/(O. 06 Rg t 21211 t [ ( l .  099 X l o 6  R g ) / N M l  . (18)  {N/[  1270(0.06 Rg t 21211) t (683 /M)  
R =  

The resis tance contributed by the a rea  surrounding the sensor  

is Rg = p /O.  0 1 5 8 ~  . 
of Figure B-9. 

0. 9 and blacking increased the value to the neighborhood of 1. 0. 

Examination of Figure B-9 shows that the decrease  in  emissivity 

during a t e s t  would cause a significant change i n  resistance.  

Variation of E f r o m  1. 0 to 0.6 yields the curve 

The emissivity of glass rock is  in the range of 0 .8  to 

68 
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