theoretical result, the scatter of the data being less than =£10
percent in a wide range of variables.

The data collected in WAPD-188 at 1000 and 2000 psia were
correlated within =£20 percent. Considering the disagreement
between the different sets of data in this report, we conclude that
the usefulness of the method has been demonstrated.

Comparisons with the CISE data at 70 kg/cm? revealed that
about 70 percent of the data were correlated within =10 percent.
The remaining 30 percent of the data showed burnout values up
to several hundred percent too low. We suggest that hydrody-
namic loop instabilities may have caused the low burnout values,
and excluding these points from the present discussion, we con-
clude that also in the case of the CISIE data satisfactory agreement.
exists between experimental results and the correlation.

Finally we conclude that the accuracy of the correlation can be
improved appreciably in the high pressure region when additional
and more reliable burnout data have been obtained.
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DISCUSSION
Hans K. Fauske?®

In this paper a physical model based on the work of Isbin, et al.,
has been utilized to correlate the data. The authors’ main object
in this paper is to show that the burnout is strictly a local phe-
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nomenon independent of subcooling or inlet conditions and
length-to-diameter ratio.

It is first shown that burnout is independent of N, and L/D
ratio from experimental data. Numerous arguments that burn-
out is dependent or independent on these parameters can be
found in the literature and will not be discussed here. The
authors then proceed by showing that the theoretical results of
Isbin, et al., can be simplified to and reduced to a set of equations,
mathematically saying the same as equation (4), namely

Ip, a/A, w/F, X o) = 0.

The question raised here is if the authors have really proved the
noneffect of N, and L/D ratio by utilizing the proposed model by
Isbin, et al. The appearance of L/D ratio and N,, in equations
(5), (6), and (7) comes about merely from a substitution of a
simple heat balance of the following form:

W/F Ry (X o + N.o)

]
e/ 4L/D

By eliminating L/D ratio from equations (5) and (6) and setting
N, equal to zero, the authors now obtain a set of equations which
say that the burnout is strictly a local phenomenon. Then it is
pointed out that the obtained solutions must be checked in order
to avoid a violation of the heat balance discussed above. But
this heat balance has been violated in equation (7) by setting NV,
= 0 in evaluating the constants € and b. Tt appears, therefore,
somewhat dangerous to conclude that burnout is a local phe-
nomenon only by applying the above procedure. The net result
rather is a new set of parameters ¢, b, etc., to the expense of set-
ting N,. = 0 and, hence, violating the heat balance, when the
latter is combined with the differential equations obtained from
the physical model.

T. M. Grace® and H. S. Ishin*

We are appreciative of Dr. Becker and Mr. Persson's use of
the Vanderwater model in their detailed and extended studies.
I'urthermore, we are well aware of the criticisms usually voiced
regarding such factors as L/D ratios, inlet subcoolings, and burn-
out as a local phenomenon or one determined by the “history’” of
the flow. Ifor the present discussion, the best approach is to ex-
amine the results of the Becker-Persson data and analyses in their
Figs. 5, 6, and 7. The agreement between experimental and pre-
dicted burnout conditions is, indeed, very encouraging. If we
accept IMigs. 9 and 10 as being typical of the Becker data, then it is
apparent, for the burnout flow tests reported, that the inlet sub-
cooling and L/D ratio have little or no effect on the predictions.
How far one might go in applying the model to other sets of burn-
out data (CISE, Harwell, ANL, MIT, Westinghouse, and others)
are questions still open for discussion.

Dr. Becker has been helpful in supplying his burnout data to us,
and we, in turn, are working on a modification of the Vander-
water model which does successfully predict the Becker burnout
data.

The data on two-phase heat transfer indicate that there are
three regions of heat transfer: («)nucleate boiling, (b) convective-
dominated heat transfer, and (c¢) a liquid-deficient region. In
both regions (a) and (b), heat transport is highly efficient, whereas
in region (c¢), it is not. Thus burnout, as limited to tests with
steady-state flows, can occur either by tranistion from region («)
to region (c¢), or from region (b) to region (¢). The two distinet
types of burnout are called DNB, departure from nucleate boiling
(transition from (a) to (¢)), and TCR, transition from the convec-

2 Argonne National Laboratory, Argonne, Il

3 Lewis Research Center, NASA, Cleveland, Ohio.

4 Department of Chemical Engineering, University of Minnesota,
Minneapolis, Minn.
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Table 1 Correlation of burnout data obtained by Becker

Comparison of heat fluxes predicted by the film flow model with experimentally measured heat fluxes

Llength = 3120 ma. Diameter = 3,94 mm.
Tgth . :' p amoter = 3.94 mm at,, 6/10° P q'xp./loé a, ‘10./106 deviation
L o0 £ Yoxp./10 Geale. 16 deviation 294.8 .385 3004.3 133 .121 - 8.5
‘¥ lo/hret?  peta  BTU/mret?  BU/meet?  percent aeg gg; e % s e
333.9 .601 520.6 .202 .191 - 5.5 262.3 .388 223.3 .13k .118 -12.2
327.2 612 189.3 .203 .192 - 5.5 259.6 .397 202.0 135 .120 -11.5
321.8 612 467.9 .203 .150 - 6.7 231,7 408 159.3 .136 .120 -11.7
303.8 622 389.7 .205 .186 - 9.2 221.6 403 142.2 136 .118 -13.5
303.8 .628 389.7 . 205 .188 - 8.5 210.8 21 123.7 136 .121 -11.0
295.2 635 357.0 . 206 .187 - 9.4 199.6 426 106.7 126 124 - 9.3
287.1 .661 325.7 .205 .190 - 7.2
ggll‘g 677 23:.3 .206 .192 - 7.8
. .70 268. .206 .1 =65
221.8 ,7;? 24302 a7 o oL Length = 2080 mm. Diameter = 3.9% m.
238.3 .7 210.5 .208 196 - 5.5 s 6 6
gge.; .gc9)7 129.2 .208 .201 =33 al,, 6/10 P qoxp./m qulc_/lo deviation
2. .805 182.1 .208 .201 -3 — B
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Table 1 (Cont.) Table 1 (Cont.)
J P /10‘S '105 deviati T G/106 P /106 /106 deviati
A'l‘” 6/10 qoxp. qcalc./ N o Alge qexp. Yoalc, e on
307.3 540 357.0 491 466 - 5.1 88.6 «336 332.8 176 150 -15.0
297.0 .557 327.1 493 469 - 4.9 81.0 335 322,9 176 147 -16.4
287.1 566 297.3 498 466 - 5.9 70.2 348 295.8 2176 149 =15.6
276.3 .571 264.5 498 461 - 7.5 70.4 +350 280.2 177 149 -15.7
262.4 593 229.0 498 463 - 6.9 64.6 335 26341 .178 +150 =15.¢
256.3 610 213.3 499 468 - 6.3 59.9 +369 243.2 .178 .152 -14.6
245.5 629 187.7 501 470 - 6.1 52.9 .389 220.5 <176 156 -11.6
229.3 673 166.4 «502 .483 - 3.6 212.2 .178 509.2 +108 .102 - 3.7
324, 516 503.5 R A7k .1 203.4 .181 46645 +107 .103 - 3.5
308.3 533 431.0 479 470 - 1.9 189.2 .182 406.8 .107 .102 - 4.9
2943 +539 371.2 483 461 - 4.6 187.7 .184 37401 .108 .103 - 4.7
270.9 567 290.1 489 458 - 6.4 182.2 .187 358.4 .108 <104 - 3.7
258.3 +596 251.7 492 Jhsh - 5.5 160.4 .184 291.6 .109 »100 - 8.6
250.6 .608 236.1 493 465 - 5.6 127.6 .189 219.0 2111 .098 =11.2
238.3 632 204.8 495 469 - 5.2 110.5 .192 196.3 .11] .097 -12.2
219.2 .703 -162.1 JA97 JA92 - 1.1 102.6 196 177.8 .112 .099 -11.5
91.8 196 157.9 112 .098 -12.8
81.5 .198 142.2 .113 .098 -13.3
69.7 .207 129.4 <114 .101 -11.5
Length = 3120 mm. Diameter w 7.76 mme 61.6 209 115.2 o114 .101 -12.0
y P y P y 5 20.6 214 95.3 .115 .104 - 9.6
AT G/10 P q 10 q 10 deviation 9.5 .215 93.9 .115 .105 - 9.2
LI oXp- galc. 61.0 221 81.1 116 2106 - 8.6
243,9 JA62 539.1 262 248 - 5.3 57.8 .232 74.0 2115 .110 - 4.3
222.8 476 499.2 .263 Johh - 7.0 57.1 .238 66.8 118 112 - 2.7
215.8 486 475.0 263 ok - 7.2 5h.4 248 61.2 116 115 - .1
201.8 493 463.7 264 §-158 - 8.5 60.7 «257 5649 .116 .120 3.5
193.1 499 4hg 4 264 .2ho - 91 58.0 .259 52.6 .116 .120 3.5
169.7 552 361.2 267 . ohk - 8.7 61.0 267 52.6 .116 123 8.2
129.2 564 348.5 267 232 ~13.2
161.1 +523 43,9 . 265 «235 -11.2
fgg:g :20;5 zgg:; ::gg :215‘; - ;:Z Length = 2080 mm. Diameter = 7.76 mm,
249, 284 473.6 176 <163 - 7.7 ] 6
259.2 .287 45;.4 177 162 - g.? ATu 6/10 P qexg./lo qeulc./lo deviation
228.6 .288 399.7 178 160 -10.1 _
208.8 .298 2.8 179 1159 -10.9 g ',:;f ] s i ~ 1
197.5 299 32h.3 .179 .57 -12.1 L ‘M heq s o )]
175.9 304 298.7 .180 155 -13.9 * b » . % 4
169.6 307 273.1 .180 15k -1h.5 197.6 <419 554.2 <371 228 =110
161.5 .319 257.4 .181 .157 -13.1 169.9 «535 ase.g .572 .558 -11.2
158.8 516 253.2 181 1% YR 178.0 507 295. +37 32 -12.2
: * * b . : 185.8 487 321.4 +37% .325 -12.6
139.5 +332 221.9 .180 157 -13.0 131.0 647 197.7 380 313 e
130.0 343 197.7 .181 .158 -12.6 136.6 '714 172‘1 '552 '559 2
115.6 371 172.1 .182 <165 - 9.5 129'0 ‘6,’7 197’7 .580 '547 - 8‘9
110.5 .392 162.1 .182 .170 - 6.3 14 '1 '596 2%’7 ’578 ‘5141 K 9'9
103.9 .los 155.0 .182 274 - 4.5 o s ’ . *24h .
100.8 b2y 150.8 .182 .178 - 1.9 136.3 -621 217.6 <379 3 = 9.2
%5.9 439 145.1 182 .181 - o] 119.5 +683 186.5 -3 331 = 7.8
85.0 482 130.9 .182 .189 3.8 104.0 759 160.7 383 383 - 2.5
75.0 .549 113.8 .183 .202 10.4 igf'g %‘2‘ igg; ;gz ;g‘; - 4'2
140.9 313 467.9 174 <154 -11.2 96'6 ‘807 1,‘6'5 '564 ‘}71 - 5'5
121.3 319 402.5 .175 152 -13.% 8. .Blu 15'2 3 '585 ‘575 N 3'2
103.5 .330 376.9 175 .151 -13.5 87:;3’ :857 1509 :555 :576 - 2:4
6.1 W30 32T 176 4% iy sk 876 1252 385 31 - 1.9

tive region (from (b) to (¢)).

The general flow picture for the

The problem of determining the region of applicability of the

convective region is heat transfer across a thin liquid film with
evaporation at its free surface. In order for this region to occur,
it is necessary for nucleate boiling to be suppressed. The evi-
dence to sustain this conclusion is discussed in reference [18].5

Vanderwater [19] has proposed that the flow region (b) heat
transfer burnout can be handled by making a material balance on
a spray-annular system. The burnout condition is taken to be the
disappearance of the liquid film. It is assumed that there is a
transfer of liquid between the film and the core which involves
droplet diffusion and entrainment. By making an assumption
about the initial liquid distribution, the problem is solved by an
integration leading to the burnout condition of no liquid remain-
ing in the annular film.

Starting with the basic material balance of Vanderwater, at-
tempts were made to ascertain whether the burnout equation
could be derived utilizing information which was not obtained
from the burnout experiments. There are three fundamental
quantities needed in the material balance method: The initial
liquid distribution; the initiation of the region of applicability;
and the liquid transfer rates, or net liquid transfer rate. Obtain-
ing these quantities would then serve to unify the burnout
problem with other two-phase flow problems.

8§ Numbers in brackets designate Additional References at end of
discussion.
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method is directly related to the problem of determining the
initiation of the core-film flow. An investigation of the conditions
indicated that a simple eriterion could be employed utilizing the
gas velocity, V,, with values between 1 and 10 ft/sec. The inlet
quality, at the position where the model is applicable, is

o = p,V3600/G

where p, is the vapor density, and G is the mass flow rate in
Ib/hr-ft2

The evidence concerning the initial liquid distribution indicated
that the bulk of the liquid is in contact with the annular liquid
film, unless a two-phase feed is used. This analysis is limited to
the use of a subcooled feed. The start of the core-film flow is
handled by assuming a certain liquid fraction, f, represents the
fraction of the liquid flowing in the annular film. The mass
liquid flow in the film at the start of the application of the model
is

S o~

Wia=
fa 4

where D is the diameter of the test section. (The Becker burnout
data are for flow of boiling water in vertical round ducts with
constant heat flux with length.)
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Table 1 (Cont.) Table 1 (Cont.)

3 6 . 6 :
AT 6/10” P -:QA”./IO_ Gga16,/10°  deviation AT, a/105 P q‘”;/mé q_ﬂelu;[lo,“ deviation
79.7 909 118.1 385 .381 - 1.0 72.2 653 112.4 307 31 2.8
78.8 +920 113.8 +385 381 - 9 68.0 .79 101.0 +307 ;&g 13,4
79.0 936 110.9 «385 «385 .0 79.7 .803 9.7 +307 +357 16.3
77.2 .9h2 108.1 385 «385 = 1 262.8 351 510.6 +307 2295 - 3.8
252.4 434 593.1 o365 «357. -2,1 251.1 349 458.0 +308 +286 - 7.3
249.8 431 586.0 +365 «353 =32 239.9 .351 415.3 .311 .280 - 9.9
235.4 453 527.7 +367 «353 =37 233.6 +355 392.6 .312 $279 -10.5
218.5 JA4h5 470.8 «369 «333 - 9.7 227.9 +361 371.2 «314 2279 ~11.1
173.9 507 359.8 <374 333 ~11.0 211.5 +365 320.0 <316 .273 =13.4
164.9 .516 382.6 373 3% =10.1 198.5 378 283.0 317 <273 -13.8
153.7 466 5,2 371 «313 =15.5 212.4 366 347.0 .314 <276 =12.3
162.2 483 né.7 <372 o322 ~=13.2 217.6 +358 367.0 314 274 =12.7
124.0 558 293.0 «379 «323 =147 204.3 .365 341.4 +309 .272 =12.1
126.2 536 322.9 374 «319 -14.9 193.1 +380 310.1 .311 274 -11.7
269.8 27 547.6 +365 354 -.2.9 183.6 387 285.0 312 2273 =12.5
259.0 445 506.3 +366 356 -2.8 176.9 392 266.0 +313 2272 =13.2
263.5 428 536.2 «365 +351 =39 166.3 401 246.1 314 .27 -13.6
247.1 48 #53,7 +368 347 =57 160.6 413 233.3 315 274 -12.9
230.8 b2 433.8 +369 «333 = 9.6 151.9 432 220.5 316 .279 -11,8
238.5 2 477.9 +367 32 - 6.9 139.3 450 199.1 317 .280 -11.5
243.7 k2 506.3 «366 o347 - 5.0 131.2 472 190.6 317 2285 -10.2
228.2 456 438.1 369 +341 - 7.6 110.9 554 153.6 2319 306 - 4.0
208.4 459 396.8 371 +329 -11.1 102.4 ST7 143.7 .317 +309 =26
203.8 467 385.4 «371 +330 ~11.0 279.2 245 568.9 +222 .222 - .3
216.5 463 406.8 371 «336 - 9.4 272.7 246 531.9 «22h +220 - 1.8
191.7 469 389.7 .371 326 =12.1 256.0 246 453,7. .227 J214 - 5.6
184,3 481 369.8 372 «327 -12.0 247.9 .253 418.2 .229 2216 - 5.5
174.6 .481 352.7 373 +321 =13.9 241.4 251 392.6 +230 .212 --7.6
168.5 490 337.1 374 +320 -14.2 230.9 256 355.6 .231 212 - 8.0
153.7 519 300.1 376 +323 =14.1 207.7 257 291.6 234 .208 -11.9
138.1 561 263.1 “378 «328 =13.2 200.9 .257 271.7 234 <204 -13.0
120.8 622 230.4 +380 «337 -11.3 190.4 262 250.3 .235 +204 -13.5
118.4 622 238.9 380 «337. ~11.2 179.6 263 226.1 .236 .201 -14.9
107.5 .670 211.9 +382 +343 -10.1 163.1 .27h 192.0 .23 +203 -12.3
101.7 .702 202.0 .382 348 - 9.0 1744 267 236.1 +230 .202 -12.0
94.3 <737 186.3 +383 352 - 8.3 124.6 284 210.5 231 .199 -13.9
85.9 772 180.6 +38 «355 = 7.5 139.0 «296 162.1 233 «209 -10.1
80.5 .809 169.3 +385 +360 - 6.4 151.0 «277 194.9 .252 +201 -13.0
259.4 «337 496.4 2299 <283 - 2-5 145.4 .282 184.9 .232 +203 -12.5
260.1° .337 520.6 «299 «285 - 4.9 134.3 +299 162.1 .zgz «209 - 9.9
264.1 o341 570.3 +297 .293 - 1.5 119.5 .318 1422 o2 215 - 7.9
2h1.2 355 472.2 +301 287 - b4 112.1 ;zg 152.3 o234 .220 - 6.0
228.2 «354 415.3 +302 %278 - 8.1 105.7 . 126.6 234 .222 - 5.3
216.0 «355 372.6 «304 .272 =10,6- 97.2 4355 122.3 «236 .226 - 4.1
-213.1 .357 386.9 «304 .273 =10.2 93.8 «364 120.9 «2% .228 - 3.1
191.3 357 3145 303 0261 -13.8 82.3 +392 113.8 236 .236 .2
160.7 .292 2h4.6 «307 «265 =13.7 74.2 408 102.4 +23% .2k0 1.7
134.6 436 199.1 +309 $272 -11.9 218.7 262 357.0 234 .213 - 8.9
128.2 453 187.7 «309 +276 =10.7 214.0 262 338.5 235 212 ~10.0
122.6 487 179.2 +310 +280 - 9.6 207.4 . 263 314.3 236 .210 -11.0
109.1 .509 156.5 #312 +290 - 7.2 196.0 .266 281.6 «237 .208 -12.2
106.0 .518 153.6 «312 «291 - 6.7 184.9 +270 253, 2 +207 207 .0
98.6 549 143.7 312 +298 - 4.5 169.7 .273 217.6 240 .204 -14.8
9.1 .B61 12%6.5 312 +299 - 4.4 152.5 +291 182.1 .24 .210 -13.0
75.6 618 116.6 «306 +308 5 144.0 0299 162.1 «2%6 $212 -10.2

Table 1 (Cont.)
The liquid transfer function is more difficult to handle. Empha-

. . 3 S s R 6 6
sis may be given to either the droplet diffusion or to the entrain- AT, 0/10° P Yoxp./10°  95a14,/10 deviation
ment. Our present analysis assumes that the net liquid transfer 150,53 312 146.5 257 215 - 9.1
between the film and the core can be treated as only an entrain-  249.3 206 409.6 .188 181 - 3.7
ment function. Rates of entrainment were determined for the g:;g gg: ;Zgé ’igg :i’;g N g:?
Harwell adiabatic air-water data [20], and the functions reflected 210.4 204 283.0 2191 2171 =10.7
he increase in e inme it 1 al liquid rs 184.0 206 226.1 190 166 -12.7
the increase in (*ntmmmcnt: \nfh length, tot't‘l liquid ntc':, and 1%.2 oo 2034 191 1265 255
total gas rate. In the applications to the burnout data, it was  1s4,1 214 172.1 .192 .166 -13.5
found that the effects of subcooling and heated length were not 142.9 .212 156.5 .192 163 -15.1
ssitestlvnredisted. Thedenelusion feached. s that £ tias 124.6 .226 129.4 #1193 168 -12.7
correctly predicted. i1e conclusion reached is that the entrain- 10575 *240 118.1 o1 73 - 9.7
ment rate should also be a function of the heat flux. There are no 102.8 .237 116.6 .191 .170 -11.1
data available on the rate of entrainment in a system which is g_7,§ ggz lgg'_l, igg ';% :1;.2
sustaining a heat flux, and so it became necessary to assume an 81.0 .266 91.0 .189 .182 - 3.8
empirical form for this function. The rate of entrainment was 641 -287 754 -189 -188 - 8
taken as
E = KW,/xD with K = a(g/M\)" The material balance on the liquid flowing in the film becomes
where dw , “alq/ NV
- : LIS () R
E = rate of entrainment dL D
W, = film flow rate ’
a = constant This equation states that the rate of change of film flow with
m = const; SC = subcooling no. = ¢, AT's¢/N length is equal to the amount of liquid removed by entrainment
q(/N) = evaporative mass flux and by evaporation. The solution employs the boundary condi-
L = length, L, = total heated length tions,
Journal of Heat Transfer NOVEMBER 1964 / 921

Downloaded From: http://heattransfer.asmedigitalcollection.asme.or g/ on 09/16/2016 Terms of Use: http://www.asme.or g/about-asme/ter ms-of-use



W, =W, at z
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W,=0 at x* = xp,y
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( _ ) _ _1_ LT m—1 (i m
zo %ol = o Tpo + SC DG

, "\m—1 m
In {1 + (1 — z,)fa (ﬁ“Lﬂ) <£G> }
Lo 4

The value for m was inferred from the Becker-Persson paper, by
using f(z o, p) = 1/9G'/* with the heat flux tending to be propor-
tional to the mass flow rate for subcooled feeds. The use of m =
1.5 appears reasonable. The value for a was obtained using the
first 360 data points furnished by Dr. Becker. A pressure de-
pendency was noted and the following choices were made:

a = 3000 — 4P, where P is pressure in psia
V., = 6ft/sec

f =095

m = 1.5

The results of this correlation are shown in Table 1. It can be
seen that most of the data are predicted within 10 percent (using
the heat flux as the quantity being compared). The range of the
data 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 from 0.15 to 1.5 X 10°Ib/hr-ft?; lengths of 3120, 2080,
and 1040 mm; and diameters of 3.94 and 7.76 mm. In view of
the range of variables (and the fact that no attempt was made at
optimizing the parameters), it is concluded that a successful corre-
lation procedure is outlined in this note.

This correlation was developed by assuming droplet diffusion to
be negligible, and that the burnout is determined from a liquid
film flow from which liquid is removed by entrainment and
evaporation. The fact that other models based upon a com-
pletely different flow picture (i.e., droplet diffusion dominated
burnout), can also yield burnout correlations simply indicates
that the relative merits of the various burnout models cannot bhe
judged on the basis of the ability to correlate burnout data alone.
The judgment should include more basic studies of the flow con-
ditions existing in the burnout systems with emphasis on the
three fundamental quantities listed at the start of this note.
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Authors’ Closure

We are surprised that Dr. Fauske 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
deviations between measured and predicted burnout enthalpies
are plotted versus the inlet subcooling temperature and the L /d-
ratio, show completely random scatters indicating the non-
existence of length or inlet temperature effects.

Additional verification of the negligible L /d and inlet subcool-
ing effect has been obtained recently in our laboratory, carrying
out measurements at pressures between 40 and 100 kg/em? and
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with test sections of 10 mm inner dia and of 1000, 1500, 2000,
2500, 3000, and 3500 mm 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/em? and a pressure of 71 kg/em?
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 analytical results and
compares burnout conditions for zero subcooling and maximum
possible subcooling, indicates that up to 70 kg/cm? the maxi-
mum difference is 5 percent and at 140 kg/cm? differences up to S
percent are encountered. We should like to point out here that
the paper clearly states that both sets of curves in Fig. 2 were
established using the same values for e and b. Dr. Fauske’s re-
marks that the heat balance has been violated by neglecting N, .,
and that the violation has been compensated for by using a new
set of values for € 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 analytical and independently of its origin.
If for instance, x, m/F, Alsu,, and p are given for a particular test
section and we compute the burnout heat flux by means of the
correlation, the solution will almost certainly violate the heat
balance. Therefore, the problem should be solved by leaving two
of the variables unspecified, for instance ¢/A and z, and determin-
ing these variables simultaneously, using the two available
equations, the heat balance equation, and the burnout correlation.

As regards the discussion by Dr. Grace and Professor Isbin, we
find it very encouraging that their rather simple flow model yields
an expression which correlates our burnout data quite accurately.
However, the 360 data points which they used comprised only
heat fluxes between 34 and 180 W/em? and steam qualities be-
tween 0.40 and 0.98. Our complete burnout studies include so
far about 4000 round duct measurements. The present paper
dealt with about 2500 of these measurements, covering heat fluxes
from 50 to 620 W/em? and steam qualities from 0.13 to 0.98.

It would therefore be of great interest to compare Grace and
Isbin’s and the present correlation, using the experimental re-
sults given in the paper. However, too much time would be
needed in order to comply with the deadline for submitting this
closure, but the comparison just referred to has been performed
using 21 arbitrarily selected measurements obtained at a pressure
of 30 kg/em? and covering heat fluxes up to 510 W /em?.

Table 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/em? the
predictions of Grace and Isbin deviate from —12 to +5 percent.
The rms error was 8.5 percent, which indeed should be considered
satisfactory, especially in view of their rather simple flow model.

The 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 — 4p becomes negative for
pressures higher than 750 psia; this term needs to be modified
before the equation is applied to higher pressures, where its
accuracy also still needs testing.

Now, one might find it surprising that the average scatter for
the arbitrarily selected points used in Fig. 16 is much smaller than
the scatter which seems to be present in Fig. 6, where all our
data obtained at 30 kg/em? are included. The reason for this
apparent inconsistency is that the real deviations between the
measured values and the correlation cannot be estimated from
Fig. 6 without considering the heat balance equation. This im-
portant fact is actually the key to a sound and correct treatment
of the burnout problem. Consider the example given in Fig. 17,
where the correlation is compared with one of our measurements,
which is described by 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
Run (g/A)Bo (¢/A)so| ing/A (q/A)Bo| ing/A
No zro |W/em?| zpo |W/em?| percent | xzpo |W/cm?| percent
1.196 | 0.9589 | 33.8 |0.876 | 31.5| —6.8[0.900| 33.6 | —0.6
1.41 0.9707 41.4 | 0.865 38.4 —7.4 | 0.89 39.5 —4.8
1.18 0.9223 | 64.1|0.801 | 58.4 | —8.9|0.872| 61.9| —3.4
1.545 0.8799 51.3 | 0.905 52.4 +2.1 1| 0.899 51.6 +0.6
2.563 0.8654 99.4 | 0.821 98.2 —1.2 [ 0.870 | 100.6 +1.2
2.39%4 0.6474 | 149.9 | 0.559 | 136.2 —9.1 | 0.700 | 156.7 +4.5
2.504 0.7310 | 150.5 | 0.630 | 136.0 —9.6 | 0.760 | 153.2 +1.7
2.1231 | 0.5561 | 196.7 | 0.447 | 175.6 | —10.7 | 0.580 | 202.1 +2.9
2.409 0.4576 | 201.4 | 0.385 | 179.5 | —10.9 | 0.480 | 207.7 +3.1
2.524 0.6029 | 201.6 | 0.498 | 177.7 | —11.8 | 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 | 0.458 | 228.6 —9.9 | 0.540 | 249.7 —-1.4
2.1515 | 0.4476 | 296.9 | 0.417 | 279.5 —5.9 | 0.455 | 292.5 =18
2.1681 | 0.5280 | 300.0 | 0.475 | 264.0 | —12.0 | 0.530 | 278.0 -7.3
2.693 0.4125 | 303.5 | 0.358 | 277.5 —8.6 | 0.380 | 288.0 5.1
2.1683 | 0.4470 | 332.0 | 0.402 | 312.0 —6.0 | 0.431 | 323.5 —2.6
2.864 0.3843 | 350.8 | 0.358 | 335.0 —4.5 | 0.350 | 328.0 —6.4
2.121 0.4063 | 401.3 | 0.400 | 381.0 —5.10.350 | 352.5 | —12.2
2.157 0.1806 | 452.9 | 0.218 | 474.0 +4.8 | 0.180 | 443.3 —2.1
2.1721 | 0.2646 | 510.5 | 0.421 | 614.0 | +20.3 | 0.310 | 541.5 +6.1
L d P Atup ditions is therefore excellent, and we recommend the use of our
1250 mm 10 mm 31.3 kg/em? 162 deg C equation in the ranges of variables covered by the experimental
) investigation, which since the submission of the paper has been
m/F (q/4)80 o  extended to comprise the following ranges of variables.
472 kg/m? 201 W/em? 0.792
g . g ! Diameter d 3.94-13.06 mm
Heated lengtl L 600-3500
If the measured (¢/A)po is compared with the ¢/A-value corre- L;;_:at_i:llg . L/d 46—7;0 fm
sponding to point M on the curve representing the correlation, a Priiiiie » 6-100 kg/cm®

deviation of 24 percent is obtained. However, point A/ does not
satisfy the heat balance equation for the test section and is there-
fore insignificant. The 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 ¢/, are identical with the measured
values. The deviation between the measured and the predicted
burnout heat flux now becomes 5 percent instead of the apparent
and false deviation of 24 percent. The scatter in terms of xgo or
hgro should also be determined in the same manner.

We 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 (11) and
the curves for € and b in Fig. 3 define the burnout conditions in
round ducts.

We should also like to mention that the predicted values for
hso in Fig. S correspond to point N in Fig. 17. Our conclusion
that the deviations between experimental and theoretical results
were less than =10 percent was therefore conservative. Revert-
ing to Fig. 16 it seems more reasonable to expect that the scatter
for our complete experimental study is less than =5 percent com-
pared to the predicted values and that the rms error is 3—-5 percent.

The agreement between predicted and measured burnout con-
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Inlet subecooling Algup 30-220 deg C
Mass velocity m/I 120-3500 kg/m®s
Heat flux q/A 35-515 W/em?
Steam quality % 0.05-0.98

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 zzo = 0.95
would in this region together with the heat balance equation pre-
dict burnout heat fluxes within =5 percent. The mentioned
mathematical difficulties can also be avoided by letting the re-en-
trainment coefficient, ¢, be a function of both pressure and
steam quality. At present we are using our recent data in the
pressure range from 40-100 kg/cm? to determine more accurate
values for € and b 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 Dr. Grace and Professor Isbin, which in
spite of its simplicity resulted in a useful correlation.
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