
theoretical result, the scatter of the d a t a being less than ± 1 0 

percent in a wide range of variables. 

T h e d a t a collected in W A P D - 1 8 8 at 1000 and 2000 psia were 

correlated within ± 2 0 percent. Considering the disagreement 

between the different sets of data in this report, we conclude t h a t 

the usefulness of the method has been demonstrated. 

Comparisons wi th the C I S E d a t a a t 70 k g / e m 2 revealed that 

about 70 percent of the d a t a were correlated within ± 1 0 percent. 

T h e remaining 30 percent of the d a t a showed burnout values u p 

to several hundred percent too low. W e suggest that h y d r o d y -

namic loop instabilities m a y h a v e caused the low burnout values, 

and excluding these points from the present discussion, we con-

clude that also in the case of the C I S E d a t a sat isfactory agreement 

exists between experimental results and the correlation. 

F ina l ly we conclude t h a t the accuracy of the correlation can be 

improved appreciably in the high pressure region when additional 

and more reliable burnout data have been obtained. 

A c k n o w l e d g m e n t s 
T h e authors wish to record their appreciat ion of M r . L indh who 

made the program for the digital computer and took care of the 
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D I S C U S S I O N 
H a n s K . F a u s k e 2 

I n this paper a physical model based on the work of Isbin, et al., 

has been utilized to correlate the data. T h e authors ' main object 

in this paper is to show t h a t the burnout is s tr ict ly a local phe-

nomenon independent of subcooling or inlet conditions and 

length-to-diameter ratio. 

I t is first shown t h a t burnout is independent of N„ and L/D 
ratio from experimental data. N u m e r o u s arguments t h a t burn-

out is dependent or independent on these parameters can be 

found in the l iterature and will not be discussed here. T h e 

authors then proceed b y showing that the theoretical results of 

Isbin, e t al., can be simplified to and reduced to a set of equations, 

mathemat ica l ly saying the same as equation (4), namely 

f(p, q/A, m/F, XB0) = 0. 

T h e question raised here is if the authors have real ly proved the 

noneffect of Nsc and L/D ratio b y uti l iz ing the proposed model b y 

Isbin, et al. T h e appearance of L/D ratio and Nsc in equations 

(5), (6), and (7) comes about merely from a substitut ion of a 

si mule heat balance of the following form: 

= m/F h,„{XB0 + Nse) 
q 4 L/D 

B y eliminating L/D ratio from equations (5) and (G) and sett ing 

A ' „ equal to zero, the authors now obtain a set of equations which 

say that the burnout is strict ly a local phenomenon. T h e n it is 

pointed out t h a t the obtained solutions must be checked in order 

to avoid a violat ion of the heat balance discussed above. B u t 

this heat balance has been violated in equation (7) b y setting N , c 

= 0 in evaluat ing the constants e and b. I t appears, therefore, 

s o m e w h a t dangerous to conclude t h a t burnout is a local phe-

nomenon only b y a p p l y i n g the above procedure. T h e net result 

rather is a new set of parameters e, b, etc., to the expense of set-

t ing A'ar = 0 and, hence, v iolat ing the heat balance, when the 

latter is combined with the differential equations obtained from 

the physical model. 

T . M . G r a c e 3 and H . S. I s b i n 4 

W e are appreciat ive of D r . B e c k e r and M r . Persson's use of 

the Vanderwater model in their detailed and extended studies. 

Furthermore, we are well aware of the criticisms usual ly voiced 

regarding such factors as L/D ratios, inlet subcoolings, and burn-

out as a local phenomenon or one determined b y the " h i s t o r y " of 

the flow. For the present discussion, the best approach is to ex-

amine the results of the Becker-Persson d a t a and analyses in their 

Figs . 5, 6, and 7. T h e agreement between experimental and pre-

dicted burnout conditions is, indeed, v e r y encouraging. If we 

accept Figs . 9 and 10 as being typ ica l of the B e c k e r data, then it is 

apparent , for the burnout flow tests reported, t h a t the inlet sub-

cooling and L/D ratio have little or no effect on the predictions. 

H o w far one might go in apply ing the model to other sets of burn-

out d a t a ( C I S E , Harwel l , A N L , M I T , Westinghouse, and others) 

are questions still open for discussion. 

Dr . Becker has been helpful in supply ing his burnout d a t a to us, 

and we, in turn, are working on a modification of the Vander-

water model which does successful ly predict the Becker burnout 

data. 

T h e data on two-phase heat transfer indicate t h a t there are 

three regions of heat transfer: (a) nucleate boiling, (b) eonvect ive-

dominated heat transfer, and (c) a l iquid-deficient region. In 

both regions (a) and (b), h e a t transport is h ighly efficient, whereas 

in region (c), it is not. T h u s burnout, as l imited to tests wi th 

steady-state flows, can occur either b y tranist ion from region (a) 

to region (c), or from region (b) to region (c). T h e two dist inct 

t j 'pes of burnout are called D N B , departure from nucleate boiling 

(transition from (a) to (c)), and T C R , transit ion from the c-onvec-

2 Argonne National Laboratory, Argonne, 111. 
3 Lewis Research Center, NASA, Cleveland, Ohio. 
4 Department of Chemical Engineering, University of Minnesota, 

Minneapolis, Minn. 
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length : 

AT BC 
'F 

555-9 
527-2 
?2i. a 
505.8 
505.8 
295-2 
267.1 
271.5 
264.8 
251.8 
258.5 
228.1 
222.5 
208.8 
156.2 
185.2 
555-5 
516.4 
501.1 
289.6 
284.4 
271-4 
261.0 
251.1 
241.4 
225.2 
207.0 
199.8 
256.5 
226 .5 
222.7 
200.0 
188.8 
184.5 
171.0 
162.7 
151.4 
151.4 
549.4 
555-4 
521.5 
505.1 

5120 m . 

0/106 

l b / h r f t 2 

.601 

.612 

.612 

.622 

.626 
•655 
.661 
-677 
-705 
.727 
• 756 
• 797 
.805 
.872 
•957 
•975 
.608 
.621 
.624 
.659 
.647 
.674 
• 704 
•725 
•752 
.807 
.868 
.908 
• 596 
• 599 
.408 
.419 
.422 
.422 
• 457 
.469 
.498 
.498 
•572 
.582 
.582 
• 579 

Table 1 Cor re la t ion of burnou t da ta ob ta ined by Becker 

Compar ison of heat fluxes p red ic ted by the f i lm f low mode l wi th exper imen ta l l y measured heat f luxes 

D i l a t o r • 5 .94 mm. 

psia 

520.6 
489.5 
467 .9 
589.7 
509.7 
557-0 
525.7 
294.4 
268.8 
245.2 
210.5 
189.2 
182.1 
155.5 
155-7 
115.2 
554.8 
452.5 
589.7 
549.9 
525.7 
284.5 
257.4 
251.8 
204.8 
170.7 
158.0 
126.6 
202.0 
180.6 
160.7 
125.7 
108.1 
101.0 
85 .5 
75-4 
6 5 . 4 
65 .4 

505.5 
475.0 
425-8 
559-8 

V p / 1 0 ' V i c / 1 0 ' d e v i a t i o n 

B T U / h r f t 2 B T U / h r f t 2 pe rcen t 

.202 .191 - 5 -5 

.205 .192 - 5 - 5 

.205 .190 - 6 . 7 

.205 .186 - 9 . 2 

.205 .188 - 8 . 5 

.205 .187 - 9 . 4 

.205 .190 - 7 . 2 

.206 .190 - 7 .8 

.206 .194 - 6 . 2 

.207 .195 - 6 . 0 

.208 .196 - 5 - 5 

.208 .201 - 5 -5 

.208 .201 - 5 - 1 

.208 .210 .8 

.208 .217 4 . 2 

.209 .219 5 . 1 

.201 •195 - 5 -9 

.205 .191 - 6 . 2 

.205 .186 - 9 . 0 

.205 .186 - 9 - 5 

.206 .186 - 9 - 5 
- 8 . 8 .207 .189 
- 9 - 5 
- 8 . 8 

.208 .192 - 7 . 4 

.208 •195 - 7 . 2 

.209 .196 - 6 . 5 

.210 .202 - 5 - 5 

.210 .209 - .6 

.210 •215 1 .7 
•155 .117 - 1 2 . 4 
•155 .116 - 1 2 . 7 
.154 .119 - 1 1 . 2 
.154 .119 - 1 1 . 0 
.154 • 119 - 1 1 . 5 
.154 .119 - 1 1 . 6 
•155 •125 - 7 . 5 
•155 .126 - 6 . 4 
•155 . 151 T 2 . 9 
•155 •151 - 2 - 9 
.150 •125 - 5 -9 
.151 .126 - 5 -5 
.151 .124 - 5 - 4 
.152 .121 - 8 . 4 

A T ^ so 
0/106 P Vic/10' d e v i a t i o n 

294.8 •585 524.5 • 155 .121 - 8.5 
292.0 •585 510 .1 .155 . 121 - 9 -0 
281.9 • 585 278.8 • 155 .120 - 1 0 . 5 
262.5 .588 225.5 .154 .118 - 1 2 . 2 
259.6 • 597 202.0 • 155 .120 - 1 1 . 5 
251-7 .408 159.5 .1J6 .120 - 1 1 . 7 
221.6 .405 142.2 .156 .118 - 1 5 . 5 
210.8 . 421 125-7 .156 .121 -11.0 
199.6 .456 106.7 .156 .124 - 9 -5 

Length = 2080 mm. Diameter - 5 .94 m m. 

0/10
6 P q A O 6 q , A ° 6 c a l c . d e v i a t i o n 

542.5 .664 550 .5 .512 .511 - -5 
551.6 .675 472.2 .514 .507 - 2 . 2 
516.6 .695 406.8 .516 .505 - 5 -7 
505.7 .711 555-6 .520 .502 - 5 -7 
295-9 •755 521.4 .521 .504 - 5 - 5 
287.5 -756 505 .8 • 522 .508 - 4 . 5 
279-7 • 767 288.7 .522 .507 . - 4 . 8 
271-5 • 7 95 275-1 .525 .510 - 5 - 9 
265.7 .808 256-0 .525 .512 - 5 -7 
259 .0 .846 241.8 .524 .518 - 1 - 7 
245-7 • 899 214.P .524 .525 .1 
255-1 .928 190.6 •527 .526 - . 4 
225-7 .976 167-8 •527 •552 1 - 5 
207 .0 1.045 155.1 • 516 -559 7 . 2 
522.2 .680 516.5 .516 .509 - 2 . 1 
515-9 .695 475-0 •517 .509 - 2 -5 
502 .2 • 702 415 .9 .520 .505 - 5 -5 
288.5 • 757 559.8 .522 .506 - 4 . 9 
274.5 • 777 510.1 •525 .510 - 4 . 2 
265-5 .804 281.6 • 524 .512 - 5 .8 
255-5 .849 247-5 •525 -517 - 2 .4 
242.8 .894 219.0 • 526 •525 - - 9 
250.9 .944 190.6 -527 .528 .4 
220 .7 .977 169-5 •527 .551 1.1 
520.8 .491 497.8 .256 .252 - 1 . 7 
515 .4 .486 462.2 •257 .227 - 4 . J 
510.7 .491 440.9 .258 .228 - 4 . 4 
295 .4 .498 572.6 .242 .224 - 7 -5 
274 .0 .516 502.9 .245 .224 - 8 . 5 
264.1 .526 271.7 .246 .224 - 8 . 8 
264.1 .526 270.2 .244 .224 - 8 . 0 
246.6 .545 221.9 .245 .224 - 8 . 7 
256.9 .560 197-7 .246 .226 - 8 . 1 
250.6 •577 182.1 .247 .250 - 6 . 9 
216.7 -579 155-6 .248 .227 - 8 . 5 
207.4 .650 156.5 .248 .245 - 1 . 2 
195-1 .695 116.6 .248 .254 2 . 4 
179-6 • 758 95-5 .248 .260 4 . 7 
I68 .7 .764 82 .5 .249 .265 5 - 7 

> RH KWO RH N CA N VJ O H IANNKN KA-RJ" IR\VO O CO IA »H VO 
K\VOO\OCOVO»^H-^ K\H C\J KA-3" CO «H CM CO 

KNO VO KMAIA K\KAOJ C0 C0 OJ CO CM CVJ CM CM OJ 
O O CO lArH IA-3" KNlAOl KWO y) KN-iJ- <T vo VD VD irslfMrMfWO l̂ -f̂ -VOVDVO h-

IfNh-HViaJ V) N(OOJ O r. . H A - 3 F -3- -3F -3F IA IA IA IA _ . 
OJCOOJOJOJOJOJOJCO -it" -̂ t Sf" 

CM \Q c\j r-cn H H N 
iaiaiauaiaiaiaiAVO vo vo 

vo t KMT\WVOHVOH OJ VO O r-M CO -3" CO vo CO O CO r- CO O 

UA-4" HA CO O) CO rH r i LA-SJ" -IF HA NS KA KA CVJ LA-IF -

0\OvONOWNIAOHH(VI SOD HOvHNlACNOvlfNOCO 

(>\OtOO\VOHOH4HHVOlfNH WVOHO\COOVOO\HIOV 
-3" CO IT\ Q O KAKAK\0\lAO\CO\OCOVOrHQ O H N N O l 
CM r-t CA vo lA-lf lAHO-^^WHHOOvOvtOKSHHCACCO K\KACM CM CM OJ OJ OJ CM KN K\ KA KA KA »A OJ OJ OJ KA KA HN CO CM Ol| 

KNCMKNO\IR\IR\R̂ VOR̂ IRVK\0\R>~K\O OJ 0\ KA<O 01 OV 
rH C0-*T IAIA-IF * K\ rH OJ CO rH CO KA UA-S£ -*T TA OJ CJ * ' H lA 

I I I I I I I I I I I I I I I I I I I I 

r— 0\ r—t CO "̂ f" KA 0\ h- f>- Q OvO\Q IA On OJ KN-=t o rH VO -d" KAKAKAVO IA vo lAtAlA-tf- KN CO KA-cf tA f"-<0 cO t*-IA IA U\IAIAIAIAIAIAIAIAIAIAIAIAIA IAIAIALA-TF -3-

CQ CO LACO -TJ" VO V— O KAIA-TF ON K\VQ ,-T JJ- COIAVO OX K\ IA O LA vo vo vo vo vo vo R- R- R̂ -ST IAIAVO vnvovovnvo co co o\ IA IA IA U \ IA IA IA IA IA IA TA U\ IA IA IA IA IA U \ IA LA-̂ " -FT J? -RF 

IA rH CO KMCN KA CM IA O 0\LAH-rHf-H IA CM rH O IA OJ O VO ©V 
CO f— KN Q CM -cf HAVQ J ON O OvNQ W \ CVJ CVJ CVJ OJ r-t r-H lA-JJ-

O KA 0\ CM KA 

vo vo vo vo vo R-R-R-cococovovovovo R̂ - H- Kco co UNITS IA IA 

CM r— O HA CO cOOrHVoOO\VOrHO\ KNCO O O CO O r*- h—*J-
COVOKArHKAf̂ -rHCNCM 0\VO CO-^KAlAlACJ-^rHOxOSf-IO KA O Ov CO r- vo VO KNOIrHrH Q\ CO vo lA-rJ" KA OJ CM -it KA K\ Ol K"\ KA COOJCVJOJCOOJOJOJOJ KA OJOJOJOJOJOJOJOJ K\ K\ KA KA 
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Table 1 (Cont.) 

AT " sc a/106 P q /10 6 W e / 1 0 * deviation 

507.5 .540 557.0 .491 .466 - 5-1 
297.0 •557 527.1 .495 .469 - 4.9 
287.1 .566 297.5 .495 .466 - 5-9 
276.5 •571 264.5 .498 .461 - 7.5 
262.4 •595 229.0 .498 .465 - 6.9 
256.5 .610 215.5 .499 .468 - 6.5 
245.5 .629 187-7 .501 .470 - 6.1 
229-5 .675 166.4 .502 .48? - 5-6 
524.2 .516 505-5 .474 .474 .1 
508.5 •555 4J1.0 .479 .470 - 1.9 
294.5 • 559 571.2 .48? .461 - 4.6 
270.9 .567 290.1 .489 .458 - 6.4 
258.5 • 5 96 251.7 .492 .454 - 5-5 
250.6 .608 256,1 .495 .465 - 5-6 
258.5 .652 204.8 .495 .469 - 5-2 
219.2 .705 -162.1 .497 .492 - 1.1 

Length - J120 mm. Diameter - 7.76 mm. 

A T so g / i o P q /10 6 « o a l c / 1 0 deviation 

245.9 .462 559-1 .262 .248 - 5-5 
222.8 .476 499.2 .265 .244 - 7.0 
215.8 475.0 .265 .244 - 7.2 
201.8 .495 465.7 .264 .241 - 8.5 
195.1 .4 99 449.4 .264 .240 - 9.1 
169.7 • 552 561.2 .267 .244 - 8.7 
129.2 .564 348.5 .267 .232 -15 .2 
161.1 • 525 415.9 .265 • 255 -11 .2 
206.5 .501 589.7 .266 .241 - 9.7 
158.6 .650 270.2 .270 •255 - 5-4 
249.5 .284 475.6 .176 .163 - 7-7 
259.2 .287 432.4 .177 .162 - 8 .7 
228.6 .288 599-7 .178 .160 -10 .1 
208.8 .298 542.8 .179 .159 -10 .9 
197-5 .299 524.3 .179 • 157 -12 .1 
175-9 .J04 298.7 .160 •155 -15 .9 
169.6 .507 273-1 .180 .154 - 1 4 . 5 
161.5 .519 257.4 .181 •157 -15 .1 
158.8 .516 253-2 .181 •156 -14 .1 
159.5 •552 221.9 .180 •157 -15 .0 
1J0.0 .545 197.7 .181 .158 -12.6 
115.6 •571 172.1 .182 .165 - 9-5 
110.5 • 592 162.1 .182 .170 - 6 .5 
105.9 .408 155.0 .182 .174 - 4.5 
100.8 .427 150.8 .182 .178 - 1.9 
95.9 .459 145.1 .182 .181 - -7 
86.0 .482 130.9 .182 .189 5.8 
75.0 .549 113.8 .183 .202 10.4 

140.9 .515 467-9 • 174 .154 -11 .2 
121.5 • 519 402.5 •175 .152 -15-5 
105.5 •550 376.9 •175 .151 -15 .5 
56.1 • 550 552.7 .176 .149 -14 .9 

Table 1 (Cont.) 

A ^ c G/10
6 P W 1 * V i c . / 1 0 ' deviation 

88.6 •556 532.8 .176 .150 -15 .0 
81.0 •555 322.9 .176 • 147 -16 .4 
70.2 .348 295-8 .176 .149 -15.6 
70.4 •550 280.2 .177 .149 -15 .7 
64.6 • 555 265.1 .178 .150 -15 . r 
59.9 • 569 243.2 .178 .152 -14 .6 
52-9 • 589 220.5 .176 • 156 -11 .6 

212.2 .178 509.2 .106 .102 - 5-7 
203.4 .181 466.5 .107 .103 - 5.5 
189.2 .182 406.8 .107 .102 - 4.9 
I87.7 .184 374.1 .108 .103 - 4.7 
182.2 .187 358.4 .108 .104 - 5.7 
160.4 .184 291.6 .109 .100 - 8.6 
127.6 .189 219.0 • 111 .098 - 1 1 . 2 
110.5 .192 196.5 • 111 .097 -12 .2 
102.6 .195 177.8 .112 .099 -11 .5 

91.8 .196 157.9 .112 .098 -12 .8 
81.5 .198 142.2 •115 .098 - 1 ? . 5 
69-7 .207 129.4 .114 .101 - 1 1 . 5 
61.6 .209 115.2 .114 .101 -12 .0 
70.6 .214 95-5 •115 .104 - 9.6 
69.5 • 215 95-9 .115 .105 - 9-2 
61.0 .221 81.1 .116 ,106 - 8.6 
57-8 .252 74.0 .115 .110 - 4.3 
57-1 .258 66.S .116 .112 - 2-7 
54.4 .248 61.2 .116 .115 - .1 
60.7 •257 56.9 .116 .120 5-5 
58.O • 259 52.6 .116 .120 5-5 
61.0 .267 52.6 .116 .125 6 .2 

Length • 2080 mm. Diameter = 7.76 nm. 

A ? ^ BO G/106 P q /10
6 

exp. V l c V deviation 

244.3 .436 557.5 .562 • 550 - 3 .2 
255-5 .451 499.2 .564 • 547 - 4.6 
214.2 .462 416.7 .567 • 555 - 8 .8 
197.6 .479 554.2 •571 .550 -11 .0 
169-9 • 555 268.8 • 37 6 •554 - 1 1 . 2 
178.0 .507 295-8 •574 .528 - 1 2 . 2 
I85.8 .487 521.4 •575 •525 -12 .6 
151.0 .647 197.7 .380 .348 - 8.6 
116.6 • 714 172.1 .382 • 559 - 6 .2 
129.0 .647 197.7 .580 • 547 - 8 .9 
143.1 • 595 234.7 • 378 .541 - 9.9 
156.5 .621 217.6 • 579 .344 - 9-2 
119.5 .685 186.3 .381 • 551 - 7.8 
104.0 • 759 160.7 • 585 •565 - 5.5 
105.3 • 772 159.3 .383 .366 - 4 .5 
101.0 .784 152.2 .384 • 567 - 4.4 

96.8 .807 146.5 .384 • 571 - 5-5 
88.7 .841 .152.5 .385 •575 - 5-2 
87.8 • 857 150.9 .585 .376 - 2.4 
84.4 .876 125.2 .385 •577 - 1.9 

t ive region ( from (6) to (c)). T h e general flow picture for the 

eonvect ive region is heat transfer across a thin liquid film with 

evaporat ion a t its free surface. In order for this region to occur, 

it is necessary for nucleate boil ing to be suppressed. T h e evi-

dence to sustain this conclusion is discussed in reference [18].5 

Y a n d e n v a t e r [19] has proposed that the flow region (b) heat 

transfer burnout can be handled b y m a k i n g a materia l balance on 

a spray-annular system. T h e burnout condition is taken to be the 

disappearance of the liquid film. I t is assumed t h a t there is a 

transfer of l iquid b e t w e e n the film and the core which involves 

droplet diffusion and entrainment. B y making an assumption 

a b o u t the initial liquid distribution, the problem is solved b y an 

integration leading to the burnout condition of 110 l iquid remain-

ing in the annular film. 

Star t ing wi th the basic materia l balance of Vanderwater , at-

tempts were made to ascertain whether the burnout equation 

could be derived util izing information which w a s not obtained 

from the burnout experiments. There are three f u n d a m e n t a l 

quanti t ies needed in the material balance m e t h o d : T h e initial 

l iquid distribution; the init iation of the region of appl icabi l i ty ; 

and the l iquid transfer rates, or net l iquid transfer rate. Obta in-

ing these quantit ies would then serve to u n i f y the burnout 

problem with other two-phase flow problems. 

6 Numbers in brackets designate Additional References at end of 
discussion. 

T h e problem of determining the region of appl icabi l i ty of the 

method is directly related to the problem of determining the 

initiation of the core-film flow. A n investigation of the conditions 

indicated t h a t a simple criterion could be employed uti l izing the 

gas velocity , V „ , wi th values between 1 and 10 ft/sec. T h e inlet 

qual i ty , at the position where the model is applicable, is 

:ra = p f y . 3 6 0 0 / f f 

where p0 is the vapor density, and G is the mass flow rate in 

lb/hr-ft2 . 

T h e evidence concerning the initial l iquid distribution indicated 

t h a t the bulk of the liquid is in contact w i t h the annular liquid 

film, unless a two-phase feed is used. T h i s analysis is l imited to 

the use of a subcooled feed. T h e start of the core-film flow is 

handled b y assuming a certain liquid fraction, /, represents the 

fract ion of the l iquid flowing in the annular film. T h e mass 

liquid flow in the film at the s tart of the applicat ion of the model 

irD-
W/a = — G'(l - xa)f 

where D is the diameter of the test section. ( T h e Becker burnout 

d a t a are for flow of boiling water in vert ical round ducts with 

constant heat flux wi th length.) 
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Table I (Conl . ) Table 1 (Cont . ) 

± ! s a 
0/106 P V i c / 1 0 6 

19-1 .909 118.1 •585 .381 
78.8 .920 113.8 .385 • 381 
7 9 . 0 .936 110.9 .585 .585 
7 7 . 2 .942 108.1 .585 .385 

252.4 .434 593.1 .565 •357. 
249.8 .431 586.0 •565 • 355 
235-4 .455 527.7 •567 • 553 
218.5 .445 470.8 •569 •553 
175-9 .507 359.8 • 574 •335 
164.9 .516 582.6 •575 • 356 
155.7 .466 445 .2 • 571 • 515 
162 .2 .483 416.7 • 572 .522 
124.0 .550 295.0 • 579 • 525 
126 .2 • 556 522.9 • 574 .519 
269.8 .427 547.6 •565 • 554 
259.0 .445 506.3 .566 .356 
265.5 .428 556-2 • 565 -351 
247.1 .448 4 6 J . 7 -368 •547 
2J0.8 .442 433.8 .369 •535 
258.5 .442 477.9 •567 . 342 
245.7 .442 506.3 .366 • 547 
228.2 .456 438.1 •569 •541 
208.4 • 459 395.8 •571 .329 
20J.8 .467 385.4 • 571 • 350 
216 .5 .465 406.8 • 571 .336 
191.7 .469 389.7 • 571 .326 
184.3 .481 369.8 • 372 • 527 
174.6 .481 552.7 • 375 • 521 
I68.5 .490 557.1 •574 .520 

155.7 .519 300.1 • 576 • 525 
138.1 .561 263-1 • 378 .328 
120.8 .622 230.4 .380 •557 
118.4 .622 258.9 .380 • 337. 
107 .5 .610 211.9 .382 .345 
101.7 .702 202.0 •582 • 348 

94 .3 •757 186.3 •585 • 352 
8 5 . 9 • 772 180.6 .384 • 355 
8 0 . 5 .809 169*3 •585 .360 

259.4 •557 496 .4 . 299 .283 
260.1 • 557 520.6 .299 .285 

264.1 • 541 570 .3 .297 .293 
241 .2 • 555 472 .2 .301 .287 
228 .2 •554 415.5 .302 .278 
216.0 • 555 372.4 .304 .272 
213.1 •557 } 8 6 . 9 .504 • 273 
191 .3 • 557 3 1 4 . 3 .505 .261 
160.7 • 592 244.6 .507 .265 
134.6 .436 199.1 . 3 0 9 .272 
128.2 • 453 187-7 .309 .276 
122.6 Ml 179.2 .310 .280 
109.1 .509 156.5 . 312 .290 
106.0 .518 155.6 •312 .291 

98.6 .549 143.7 •312 .298 
91 .1 • 561 136.5 •312 .299 
75 .6 .618 116.6 .306 •308. 

d e v i a t i o n 

- 1.0 
- -9 

.0 
- .1 
- 2.1 
- 3-2 
- 3-7 
- 9.7 
-11.0 
-10.1 
-1J.5 
-13.2 
-14.7 
-14.9 
- 2.9 
- 2.8 
- 3-9 
- 5-7 - 9.6 
- 6.9 
- 5.0 
- 1.6 
-11.1 
-11.0 
- 9.4 
-12.1 
-12.0 
-I5.9 
-14.2 
-14.1 
- l j . 2 
-11.3 
-11.2 
-10.1 
- 9.0 
- 8 .J 

:tt 
:ti 
- 1 . 5 
- 4.4 
- 8.1 
-10.6 
-10.2 
-1J.8 
-13.7 
-11.9 
-10.7 
- 9.6 
- 7.2 
- 6.1 
- 4.5 
- 4.4 

• 5 

A l " »c 0 / 1 0 6 P q . „ 7 l 0 * •xp* V i e / 1 0 ' deviation 

7 2 . 2 .655 112.4 .507 •315 2 .8 
6 8 . 0 • 796 101.0 .307 • 548 1 3 . 4 
7 9 . 7 .803 96.7 .307 • 357 1 6 . 3 

262.8 • 351 510.6 .507 • 295 3.8 
251.1 • 54 9 458 .0 .308 .286 - 7 - 3 
239-9 •551 415 .5 .311 .280 - 9 . 9 
235.6 •555 392.6 .512 kt79 - l O . J 
227.9 • 561 371 .2 .514 .279 - 1 1 . 1 
.211.5 • 565 320.0 .316 •275 - 1 3 - 4 
198.5 • 578 285.O •317 •273 - 1 3 . 8 
212.4 .566 547 .0 .314 .276 -I2.3 
217.6 - 5 5 8 567.0 .314 . 274 - 1 2 - 7 
204.3 •565 541.4 .309 . 272 - 1 2 . 1 
193.1 .580 J10.1 .311 • 274 - 1 1 . 7 
I83.6 • 587 285.O •312 •275 - 1 2 . 5 
176 .9 • 592 266.0 .313 .212 - I 3 . 2 
166.3 .401 246.1 • 314 .271 - 1 3 . 6 
160.6 255.5 •315 .274 - 1 2 . 9 
151.9 .432 220.5 .316 .279 - 1 1 , 8 
159.5 .450 199.1 .317 .280 - 1 1 . 5 
131 .2 .472 190.6 • 317 .285 - 1 0 . 2 
110.9 •554 155-6 .319 • 306 - 4.0 
102.4 •577 145-7 •317 .509 - 2 .6 
279.2 .245 568 .9 .222 .222 - . 5 
272.7 .2<kS 531.9 .224 .220 .- 1 .8 
256.0 .246 453-7 .227 .214 - 5.6 
247-9 •255 418.2 .229 .216 - 5 - 5 
241.4 .251 592.6 .230 .212 —7.6 
230.9 .256 355.6 •231 .212 - 8.0 
207.7 •257 291.6 .234 .206 - 1 1 . 9 
200.9 •257 271.7 .234 .204 - 1 3 . 0 
190.4 .262 250.3 • 255 .204 - 1 3 - 5 
179.6 .263 226.1 .236 .201 - 1 4 . 9 
I63 . I .274 192.0 .231 .203 - 1 2 . 3 

,174.4 .267 236.1 .230 .202 - 1 2 . 0 
124.6 .284 210 .5 .231 .199 - 1 5 . 9 
139.0 .296 162.1 • 235 .20 9 - 1 0 . 1 
151.0 .277 194.9 .252 .201 - 1 3 . 0 
145.4 .282 184.9 .252 V203 - 1 2 . 5 
154.3 • 299 162.1 • 233 .209 - 9.9 
119.5 .518 142.2 .254 .215 - 7.9 
112.1 •552 152.5 .234 .220 - 6 . 0 
105 .7 • 340 126.6 .234 .222 - 5 - 3 
.97.2 •555 122 .3 .236 .226 - 4 . 1 
95.8 • 564 120.9 .236 .228 - 5 -1 
82 .3 • 592 II3.8 .236 •256 .2 
7 4 . 2 .408 102.4 • 236 .240 1 . 7 

218.7 .262 357.0 .234 .213 - 8.9 
214.0 .262 358 .5 •235 .212 - 1 0 . 0 
207.4 .265 314 .3 .256 .210 - 1 1 . 0 
196.0 .266 281.6 -237 .208 - 1 2 . 2 
184.9 .270 '255-2 .207 .207 .0 
169.7 •273 217.6 .240 .204 - 1 4 . 8 
152-5 .291 182.1 .241 .210 - 1 3 . 0 
144.0 .299 162.1 •236 .212 - 1 0 . 2 

The liquid transfer function is more difficult to handle. Empha-
sis may be given to either the droplet diffusion or to the entrain-
ment. Our present analysis assumes that the net liquid transfer 
between the film and the core can be treated as only an entrain-
ment function. R a t e s of entrainment were determined for the 
Harwell adiabatic air-water data [20], and the functions reflected 
the increase in entrainment with length, total liquid rate, and 
total gas rate. In the applications to the burnout data, i t was 
found that the effects of subcooling and heated length were not 
correctly predicted. The conclusion reached is that the entrain-
ment rate should also be a function of the heat flux. There are no 
data available on the rate of entrainment in a system which is 
sustaining a heat flux, and so it became necessary to assume an 
empirical form for this function. The rate of entrainment was 
taken as 

E = KWj/irD with K = a(f//X)» 

where 

E = rate of entrainment 
W j = film flow rate 

a = constant 

m = const; SC = subcooling no. = cp ATsc/\ 
r/(/X) = evaporative mass flux 

L = length, LT = total heated length 

Table 1 (Cont. ) 

0/10* P q /106 
V i c / 1 0 ' doriation 

150.3 .512 146.5 •237 • 215 -.9-1 
249.3 .205 409.6 .188 .181 - 3 .7 
241.2 .204 574.1 .189 .178 - 5 - 9 
227.2 .204 528.6 .190 .174 - 8.1 
210.4 .204 285.0 .191 .171 - 1 0 . 7 
184.0 .206 226.1 .190 .166 - 1 2 . 7 
176.2 .207 205.4 .191 .165 - 1 3 - 5 
154.1 .214 172.1 .192 .166 - 1 5 . 5 
142 .9 .212 156.5 .192 .165 - 1 5 . 1 
124.6 .226 129.4 •195 .168 - 1 2 . 7 
105.5 .240 118.1 .191 • 175 - 9 - 7 
102.8 •237 116.6 .191 .170 - 1 1 . 1 

91.9 • 239 108.1 .192 • 171 - 1 1 . 0 
87 .5 .254 96.1 .192 • 177 - 7.8 
81.0 .266 91 .0 .189 .182 - 3.8 
64 .1 .287 75-4 .189 .188 - .8 

The material balance 011 the liquid flowing in the film becomes 

This equation states that the rate of change of film flow with 

length is equal to the amount of liquid removed by entrainment 

and by evaporation. The solution employs the boundary condi-

tions, 
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W, = 1F/U at x = j . 

W j = 0 a t x = xB0 

and yields 

(XSO - X.) = I { ^ F ^ J ( J ^ ) 

T h e v a l u e for m w a s inferred from the Beoker-Persson paper, b y 

u s i n g / ( x B 0 , p) = 1 /qG'/7 with the heat flux tending to be propor-

t ional to the mass flow rate for subeooled feeds. T h e use of m = 
1.5 appears reasonable. T h e va lue for a w a s obtained using the 

first 360 d a t a points furnished b y Dr. Becker . A pressure de-

pendency was noted and the fol lowing choices were made: 

a = 3000 — 4 P, where P is pressure in psia 

F „ = 6 ft/sec 

/ = 0.95 

m = 1.5 

T h e results of this correlation are shown in T a b l e 1. I t can be 

seen that most of the d a t a are predicted within 10 percent (using 

t h e heat flux as the q u a n t i t y being compared). T h e range of the 

d a t a covered in this table is quite extensive: pressure varied from 

50 to 600 psia; subcooling varied from 350 to 50 deg F ; mass 

flow rates f rom 0.15 to 1.5 X 106 lb/hr-f t 2 ; lengths of 3120, 2080, 

and 1040 m m ; and diameters of 3.94 and 7.76 mm. In v i e w of 

the range of variables (and the fact t h a t no a t t e m p t was made a t 

optimizing the parameters) , it is concluded t h a t a successful corre-

lat ion procedure is outlined in this note. 

T h i s correlation was developed b y assuming droplet diffusion to 

be negligible, and t h a t the burnout is determined from a liquid 

film flow from which liquid is removed b y entrainment and 

evaporation. T h e f a c t t h a t other models based upon a com-

plete ly different flow picture (i.e., droplet diffusion dominated 

burnout) , can also yie ld burnout correlations s imply indicates 

t h a t the relative merits of the various burnout models cannot be 

judged on the basis of the abi l i ty to correlate b u r n o u t d a t a alone. 

T h e j u d g m e n t should include more basic studies of the flow con-

ditions existing in the burnout sys tems with emphasis on the 

three fundamental quantit ies listed a t the s tart of this note. 

Additional References 

18 T. M . Grace, "The Mechanism of Burnout in Initially Sub-
Cooled Forced Convective Systems," PhD thesis, Dept. Chem. Engr., 
Univ. of Minnesota, December, 1963. 

19 R. G. Vanderwater, "An Analysis of Burnout in Two-Phase 
Liquid Vapor Flow," PhD thesis, Dept. Chem. Engr., Univ. of Minne-
sota, December, 1956. 

20 L. E. Gill and G. F. Hewitt, "Further Data on the Annular 
Flow of Air/Water Mixtures in a l ' / i in. Bore Perspex Tube," 
AERE—R3935, 1962; L. E. Gill, G. F. Hewitt, and J. W. Hitelion, 
"Sampling Probe Studies of Gas Core in Annular Two-Phase Flow. 
Part I. The Effect of Length on Phase and Velocity Distribution," 
AERE—R3954, 1962; and L. E. Gill, G. F. Hewitt, and P. M. C. 
Lacy, "Sampling Probe Studies of the Gas Core in Annular Two-
Phase Flow. Part I I . Studies of the Effect of Phase Flow Rates on 
Phase and Velocity Distributions," AERE-R3955, 1963. 

Authors ' Closure 
W e are surprised t h a t D r . F a u s k e questions the fact that our 

analysis shows the burnout conditions to be independent of the 

inlet subcooling and the L/d-ratio. Figs. 9 and 10, where the 

deviat ions between measured and predicted burnout enthalpies 

are plotted versus the inlet subcooling temperature and the L/d-
ratio, show completely random scatters indicat ing the non-

existence of length or inlet temperature effects. 

Addit ional verification of the negligible L/d and inlet subcool-

ing effect has been obtained recently in our laboratory , carry ing 

o u t measurements a t pressures between 40 and 100 k g / c m 2 and 

w i t h test sections of 10 m m inner dia and of 1000, 1500, 2000, 

2500, 3000, and 3500 m m heated length. A typical example of 

the results is shown in Fig. 15, where the measured burnout 

qualities for a heat flux of 200 W / c m 2 and a pressure of 71 k g / c m 2 

are plotted versus the mass velocity . Despite the rather large 

ranges of subcooling temperatures and test section lengths 

covered, no effects of these parameters are visible in the figure. 

Furthermore, Fig . 2, which represents the analyt ica l results and 

compares burnout conditions for zero subcooling and m a x i m u m 

possible subcooling, indicates that up to 70 k g / c m 2 the maxi-

m u m difference is 5 percent and a t 140 k g / c m 2 differences up to S 

percent are encountered. W e should like to point out here t h a t 

the paper clearly states t h a t both sets of curves in Fig. 2 were 

established using the same values for e and b. D r . Fauske 's re-

marks that the heat balance has been violated b y neglecting N , c , 

and t h a t the violation has been compensated for b y using a new 

set of values for e and b are therefore misleading. 

Our statement, while discussing equations (9) and (10), that 

when the burnout conditions in a particular duct are considered, 

the solution obtained from the correlation must be checked in 

order to avoid a violation of the heat balance, applies to any cor-

relation, empirical or analyt ical and independently of its origin. 

If for instance, x, m/F, A/3UI„ and p are given for a particular test 

section and we compute the burnout heat flux b y means of the 

correlation, the solution will a lmost certainly violate the heat 

balance. Therefore, the problem should be solved b y leaving t w o 

of the variables unspecified, for instance q/A and x, and determin-

ing these variables simultaneously, using the two avai lable 

equations, the heat balance equation, and the burnout correlation. 

A s regards the discussion b y D r . Grace and Professor Isbin, we 

find it v e r y encouraging t h a t their rather simple flow model yields 

an expression which correlates our burnout d a t a quite accurately . 

However , the 360 d a t a points which t h e y used comprised only 

heat fluxes between 34 and 180 AV/cm2 and steam qualities be-

tween 0.40 and 0.98. Our complete burnout studies include so 

far a b o u t 4000 round duct measurements. T h e present paper 

dealt wi th a b o u t 2500 of these measurements, covering heat fluxes 

from 50 to 620 W / c m 2 and s team qualities from 0.13 to 0.98. 

I t would therefore be of great interest to compare Grace and 

Isbin's and the present correlation, using the experimental re-

sults g iven in the paper. However , too m u c h time would be 

needed in order to comply with the deadline for submitt ing this 

closure, but the comparison just referred to has been performed 

using 21 arbitrarily selected measurements obtained at a pressure 

of 30 k g / c m 2 and covering heat fluxes up to 510 W / c m 2 . 

T a b l e 2 shows the results of the comparison, and in Fig. 16 the 

computed values of the burnout heat flux are plotted versus the 

experimental values. One observes that up to 450 W / c m 2 the 

predictions of Grace and Isbin deviate from — 1 2 to + 5 percent. 

T h e rras error w a s S.5 percent, which indeed should be considered 

satisfactory, especially in v iew of their rather simple flow model. 

T h e predictions of the present analysis are, except for a few 

points, within ± 5 percent of the measured values and the rms 

error is 4.1 percent. 

One should also note that since in Grace and Isbins' correlation, 

the pressure correction term 3000 — Ap becomes negative for 

pressures higher than 750 psia; this term needs to be modified 

before the equat ion is applied to higher pressures, where its 

accuracy also still needs testing. 

N o w , one might find it surprising that the average scatter for 

the arbitrari ly selected points used in Fig. 16 is much smaller than 

the scatter which seems to be present in Fig. 6, where all our 

d a t a obtained a t 30 k g / c m 2 are included. T h e reason for this 

apparent inconsistency is t h a t the real deviat ions between the 

measured values and the correlation cannot be est imated from 

Fig. 6 without considering the heat balance equation. This im-

portant fact is actual ly the key to a sound and correct t reatment 

of the burnout problem. Consider the example given in Fig. 17, 

where the correlation is compared wi th one of our measurements, 

which is described b y the following parameters. 
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Fig. 15 Measured burnout conditions 

Fig. 16 Comparison between predicted and measured burn-
out conditions 

Fig. 17 Comparison between predicted and 
measured burnout conditions 
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Table 2 Comparison of burnout correlations 

Measured burnout values Grace and Isbin Present correlation 

Error Error 
R u n (q/A) BO (q/A)oo in q/A (q/A )BO in q/A 
N o XBO W / c m 2 XBO W / c m 2 percent XBO W / c m 2 percent 

1 196 0.9589 33 8 0.876 3 1 . 5 - 6 8 0 900 3 3 . 6 - 0 . 6 
1 41 0.9707 41 4 0.865 3 8 . 4 - 7 . 4 0 895 3 9 . 5 - 4 . 8 
1 18 0.9223 64 1 0.801 5 8 . 4 - S 9 0 872 6 1 . 9 - 3 . 4 
1 545 0.8799 51 3 0.905 5 2 . 4 + 2 . 1 0 899 5 1 . 6 + 0 . 6 
2 563 0.8654 99 4 0.821 98.2 - 1 2 0.870 100.6 + 1 . 2 
2 394 0.6474 149 9 0 .559 1 3 6 . 2 - 9 1 0 700 1 5 6 . 7 + 4 . 5 
2 504 0 .7310 150 5 0.630 136.0 - 9 6 0 760 1 5 3 . 2 + 1 . 7 
2 1231 0 .5561 196 7 0.447 1 7 5 . 6 - 1 0 7 0 580 202.1 + 2 . 9 
2.409 0.4576 201 4 0.385 1 7 9 . 5 - 1 0 9 0 4S0 207.7 + 3 . 1 
2 524 0.6029 201 6 0.498 1 7 7 . 7 - 1 1 8 0 590 199.0 - 1 . 3 
2 1522 0.5652 244 5 0.498 229.0 - 6 3 0 575 248.0 + 1 . 5 
2 1364 0.5063 250 0 0.422 228.0 - 8 8 0 505 250.0 0 
2 1499 0.5585 253 6 0.45S 22S.6 - 9 9 0 540 249.7 - 1 . 4 
2 1515 0.4476 296 9 0 . 4 1 7 2 7 9 . 5 - 5 9 0 455 292.5 - 1 . 5 
2 1681 0.5280 300 0 0 .475 264.0 - 1 2 0 0 530 278.0 - 7 . 3 
2 693 0 .4125 303 5 0.358 2 7 7 . 5 - 8 6 0 380 288 .0 - 5 . 1 
2 1683 0.4470 332 0 0.402 3 1 2 . 0 - 6 0 0 431 3 2 3 . 5 - 2 . 6 
2 864 0.3843 350 8 0.358 335.0 - 4 5 0 350 32S.0 - 6 . 4 
2 121 0.4063 401 3 0.400 3 S 1 . 0 - 5 1 0 350 3 5 2 . 5 - 1 2 . 2 
2 157 0.1806 452 9 0 . 2 1 8 4 7 4 . 0 + 4 . 8 0 180 443.3 - 2 . 1 
2 1721 0.2646 510 5 0.421 6 1 4 . 0 + 20.3 0 310 5 4 1 . 5 + 6 . 1 

L 
1250 mm 

d 
10 mm 

V 
31.3 kg/cm 2 

m/F 
472 kg/m 2 s 

Atsub 

162 cleg C 

(q/A) BO 

201 W / c m 2 

XKO 

0.792 

ditions is therefore excellent, and we recommend the use of our 

equation in the ranges of variables covered b y the experimental 

investigation, which since the submission of the paper has been 

extended to comprise the following ranges of variables. 

If the measured (?/-1)BO is compared with the q/A-value corre-

sponding to point M on the curve representing the correlation, a 

deviation of 24 percent is obtained. However , point M does not 

satisfy the heat balance equation for the test section and is there-

fore insignificant. T h e correct prediction is established as the in-

tersection of the curves representing the correlation and the heat 

balance equation. One should note that along the latter curve 

all parameters, except x and q/A, are identical wi th the measured 

values. T h e deviation between the measured and the predicted 

burnout heat flux now becomes 5 percent instead of the apparent 

and false deviation of 24 percent. T h e scatter in terms of x B o or 

liBO should also be determined in the same manner. 

W e regret that this treatment of the scatter was not more 

clearly described in the paper. However, we stressed the impor-

tance of considering simultaneously the heat balance equation 

and the correlation, stating that equations (9), (10), and ( 1 1 ) and 

the curves for t and b in Fig . 3 define the burnout conditions in 

round ducts. 

W e should also like to mention that the predicted values for 

/(BO in Fig. S correspond to point N in Fig. 17. Our conclusion 

that the deviations between experimental and theoretical results 

were less than ± 1 0 percent was therefore conservative. Rever t -

ing to Fig. 16 it seems more reasonable to expect t h a t the scatter 

for our complete experimental s tudy is less than ± 5 percent com-

pared to the predicted values and that the rms error is 3 - 5 percent. 

T h e agreement between predicted and measured burnout con-

Diameter d 3 . 9 4 - 1 3 . 0 6 nun 

Heated length L 600-3500 mm 

L/d- ratio L/d 46-780 

Pressure V 6-100 kg/cm 2 

Inlet subcooling A7„ub 30-220 cleg C 

M a s s velocity m/F 120-3500 kg/m 2 s 

H e a t flux q/A 3 5 - 5 1 5 W / c m 2 

Steam quality X 0 . 0 5 - 0 . 9 S 

However, we would like to point out that for steam qualities 

higher than about 90 percent some mathematical difficulties 

arise, since the term inside the third logarithm in equation (10) 

becomes negative. A fair approximation is then obtained by a 

series expansion of this logarithm, and using only the first term of 

the series. This limitation of the theoretical result, however, is 

not serious since for steam qualities above 90 percent only small 

errors are possible and a correlation stating that xuo = 0.95 

would in this region together wi th the heat balance equation pre-

dict burnout heat fluxes within ± 5 percent. T h e mentioned 

mathematical difficulties can also be avoided b y letting the re-en-

trainment coefficient, e, be a function of both pressure and 

steam quali ty . A t present we are using our recent data in the 

pressure range from 40-100 kg/cm 2 to determine more accurate 

values for e and 6 in this pressure region. 

Finally, we would like to thank the reviewers for their valuable 

and interesting comments, and express our appreciation of the 

flow model presented by D r . Grace and Professor Isbin, which in 

spite of its simplicity resulted in a useful correlation. 
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