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Abstract-For the critical heat flux (CHF) of forced convection boiling in uniformly heated rectangular 
channels fed with the subcooled liquid, existing experimental data are analyzed to derive a generalized 
correlation of the data on the same principle as in the author’s preceding studies on CHF of forced convection 
boiling in tubes and annuli. In addition, experiments made under special conditions of very small I/d,, where 
I is the heated length ofchannel and d, the heated equivalent diameter, are also investigated to confirm that 
the CHF under such conditions is nearly equal to the CHF of forced convection boiling on heated plane 

surfaces in a parallel flow. 

NOMENCLATURE Greek symbols 

width of rectangular cross-section [m] ; 
constant, equation (3); 
heated equivalent diameter [m] ; 
mass velocity [kg m-’ s-l]; 
latent heat of evaporation [J kg-‘] ; 
inlet subcooling enthalpy [J kg-‘] ; 
inlet subcooling parameter, equation (6) ; 
length of heated plate [m] ; 
critical heat flux [W m-'1 ; 
basic critical heat flux (qe for AH, = 0) 
[W mT2]; 
height of rectangular cross section Cm], 
defined as s = real height for type A, and s = 
twice real height for type B in Fig. 1; 
width of heated plate [m]. 

6, thickness of heated plate [m] ; 

PIT density of liquid [kg mm3]; 

P”3 density of vapor [kg me31 ; 
0, surface tension [N m- ‘1. 

I. INTRODUCTION 

FOR CRITICAL heat flux (CHF) in uniformly heated 
rectangular channels, Macbeth [l] presented an em- 
pirical correlation of water data, while many other 
studies assumed that the correlation proposed for 
CHF in round tubes could be used to predict CHF in 
rectangular channels. Recently, I have made studies of 
CHF in round tubes [2-71 and annuli [8,9] to find a 
method capable of outlining the general framework of 
the above mentioned CHF. In this paper, therefore, the 
existing data of CHF in uniformly heated rectangular 
channels are analyzed to ascertain the general val- 
idity of the above method. 

A TYPE 

TYPE B 

+w L--b=1 ’ 
FIG. 1. Two types of rectangular cross-sections. 

For rectangular channels with four side walls, 
overheating takes place in the corner of the cross- 
section near the exit end of the channel when all the 
side walls are heated. Accordingly this paper deals with 
the case of Fig. 1, where two facing side walls are 
equally heated in type A, while one side wall alone is 
heated in type B. The width of heated plate w is 
designed, in many cases, to be slightly shorter than that 
of rectangular cross-section b to avoid the danger of 
overheating in the corner. As for the height of rec- 
tangular cross-section, if the value of s is defined as 
shown in Fig. 1 for types A and B respectively, then the 
heated equivalent diameter dhe = (4 x flow 
area)/(heated perimeter) is given by the following 
equation in common for both type A and type B 

dhe = 2sblw. (1) 

2. CRITICAL HEAT FLUX 

2.1. Data ofqcfJ 
Figure 2 shows examples of the relationship between 
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FIG. 2. Relationship between qc and AHi from the data of 
Troy [12] : water, p = 138 bar, 1 = 190 cm, s = 0.190 cm, h = 

w = 5.71 cm, and type A. 

the critical heat flux qC and the inlet subcooling 
enthalpy AH, from the experimental data of Troy [12]. 
The basic critical heat flux qCO, that is the value of q, at 
AHi = 0, is readily determined from the relation such 
as shown in Fig. 2, and Table 1 lists the data sources 
and the experimental conditions for qCO thus obtained. 
Among the data sources, however, Gambill and Bundy 
[13] give a data point of q, for each set of separate 
values of G and AHi, so that qEO cannot be determined 
by the above method (see Section 2.4 for the indirect 
method to determine qCo). The data of Tong, Efferding 
and Bishop [15] are also in the same form as above, 
but AHi is kept near zero so that qe can approximate to 
qCO. In the experiment of Tippets [14], the thickness of 
heated plate 6 is extremely small as 0.245 and 
0.152 mm, accordingly the data for 6 = 0.254mm 
alone are adopted in Table 1 to avoid the effect of 6 on 
CHF as much as possible. All the experimental studies 
listed in Table 1 are those made for vertical upward 
boiling flow except the experiment of Gambill and 
Bundy which was made for vertical downward boiling 
flow. The studies of Levy, Fuller and Niemi [16], 
Chernobay [17], and others based on experiments of 
the whole perimeter heating are excepted from Table 1. 

2.2. Generalized correlation of q,, 

The data of qro obtained in the preceding section are 
classified by nominal values of l/d,,, and then plotted in 
Fig. 3 in the same dimensionless form as for tubes [5] 
and annuli [9]. According to Table 1, pv/pI takes 
magnitudes on the order of the value of saturated 
water at 69 bar (that is, pu/p, = 0.048), except the data 
of Tong, Efferding and Bishop [ 151, for which pJp, is 
very small. Therefore, in the same manner as in the 
cases of tubes [S] and annuli [9], the data of [15] are 
corrected by multiplying qCo by [0.048/(p,/p,)]“.133 

when plotted in Fig. 3. 
Meanwhile, the straight lines (a), (b), (c) and (d) in 

Fig. 3 represent the following equations, respectively 
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FIG. 3. Generalized graphic representation of qco data. (a) 
equation (2), (b) equation (3), (c) equation (4) with p,/p, = 

0.048, (d) equation (5) with p,/pr = 0.048. 

(a) 

1 
x-- 

1 +0.0077 lIdhe 

(d) ‘Co cH,, = 0.26 [?z>,.133 &)o’433 

(l/dh~)““l 

x 1+ 0.0077 I/d,, 
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(2) 

(3) 

(4) 

(5) 

on the condition of pJp, = 0.048 for equations (4) and 
(5). In Fig. 3, it is noticed that there are few data in the 
regimes represented by the lines (a) and (b). It is almost 
impossible to derive correlation equations from such 
few data; and equations (2) and (3) tentatively used 
above are nothing but the correlation equations 
obtained for the CHF in tubes [S]. Nevertheless, it 
may be noted that the line (b) in Fig 3 agrees fairly well 
with the existing data if the constant C on the RHS of 
equation (3) is assumed to be 0.25 for small //dke and 
0.34 for large i/dh, in the same manner as in the case of 
tubes [S]. 

Next, it is clearly noticed in Fig. 3 that most of the 
existing data appear in the regime represented by the 
line (c), and equation (4) giving the line (c) is the one 
determined so as to fit in with these data. However, 
there are a few singular data points in Fig. 3, on which 
the following remarks will be given. Three data points 
denoted by x for l/dhe = 25 in Fig. 3 are those of R-l 13 
obtained by Tong, Efferding and Bishop [15]. The 
trend of Freon data appearing slightly lower than 
water data has already been observed for tubes ES] and 
annuli [9], but it must be noted here that since the 
experiment of Tong, Efferding and Bishop was made in 
a channel heated by condensing steam, there might be 
a possibility of deviating from the uniform heat flux 
condition. Meanwhile, three data points denoted by a 
solid triangle for l/d, = 110 and 125 in Fig. 3 are the 
special ones of Gambiil and Bundy [13] which has 
been mentioned in Section 2.1. According to the result 
of Fig. 6 in the preceding study [3], for example, there 
is a trend that qEO for downflow is lower than that for 
upflow, but the data shown by solid triangles in Fig. 3 
seem to be too low, and the cause may be ascribed to 
the error induced by the indirect determination of qceo 

(see Section 2.4). On the other hand, two data points 
denoted by the solid circle for lidhe = 200 in Fig. 3 
belong to the total of 43 data of DeBortoli et al. [l l] 
listed in Table 1. However, the two data alone show 
abnormalities not only in Fig. 3 but also in Fig. 4 for 
the effect of inlet subcooling enthalpy on CHF (see 
Section 2.4). 

Finally, it is noted in Fig. 3 that there are scarcely 
any data in the regime represented by the line (d). 
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FIG. 4. Comparison between prediction of equation (9) and experimental data for K. 

Equation (5), which gives the line(d), is no more than a 
tentative equation determined by m~~fying the cor- 
relation equation for annuli [8,9] so as to fit a few data 
in Fig. 3 for l/d,, = 55 and 125, 

2.3. Remarks on characteristic regimes of CHF 
In my studies on CHF in tubes [6,7], CHF has been 

classified into four characteristic regimes called L, H, 
N and HP, where L-regime is the one corresponding to 
low mass velocities, N-regime to very high mass velo- 
cities, H-regime is the intermediate one between L- and 
N-regime, and HP-regime is the regime that replaces 
N-regime when the system pressure is very high. 

For rectangular channels, the boundary between L- 
and H-regime can be determined by the intersecting 
point of the lines (b) and (c) in Fig. 3. However, the 
equation to predict the boundary between H- and N- 
regime cannot be obtained because of lack of the 
existing data for N-regime which is characterized by 
the non-linear relationship between cj, and AH,. 

In the case of l/d,, = 500 in Fig. 3, a special trend is 
noted for a few data of Troy [12] near the left end to 
deviate upward from the line (c). For these data, pV/pI is 
rather high as 0.136, and l/d,, is very high as 500, so 
that the deviation from the line (c) may be regarded as 
resulting from the generation of HP-regime. If the 
criterion obtained for the onset of HP-regime in tubes 
[6] is tentatively applied to this case, it shows that the 
above-mentioned data certainly satisfy the conditions 
of entering into HP-regime. 

2.4. Generalized correlation of K 
The experimental data collected in Section 2.1 

exhibit a linear relationship between qc and AH, such 
as shown in Fig. 2, for which the following equation 
can be written 

(6) 

where K is the dimensionless parameter for the effect of 
inlet subcooling enthalpy AH,, and is obtainabIe from 
the experimental data. Meanwhile, according to a 
preceding paper [4], ifit is assumed that the concept of 
boiling length holds for the inlet subcooling condition 
of (GAH,/q,)/(4l/d) << 1, then K can be derived 
theoretically from equations (2)-(4), respectively as 
follows : 

from equation (2) 

K=l 

from equation (3) 

K= 
1.043 

4C(a~,/G~1)‘.‘~~ 

(7) 

(8) 

from equation (4), 

5 v 0.0308 + d,J 

h = 9 (p~‘p~)~.~~~ (;pl/GZl)"3~ (9) 

As has been pointed out in Section 2.2, the greater 
part of the existing data is in the regime represented by 
the line (c) in Fig. 3 or equation (4). Therefore, the 
experimental K can be compared with the prediction 
of equation (9) to give the result of Fig. 4. Two data 
points denoted by solid circles in Fig. 4 correspond to 
the singular data points of the same symbol in Fig. 3. 
The rest of the data points have a similar trend to that 
of equation (9) for the variation with ap,/G21, but 
statistically speaking, their magnitudes are about 20% 
below the prediction of equation (9) for unknown 
reasons. 

It is noted here that the data of qco denoted by solid 
triangles in Fig. 3 are those determined by equation (6) 
for experimental conditions of qE) AHi and H, assum- 
ing K to be 80% of the value predicted by equation (9). 
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3. CHF FOR VERY SMALL lIdhe 

In a preceding study [9] on CHF in annuli with 
inside heating, I showed that when l/d,,, decreased to 
the magnitude of about 1 to 5, the experimental data of 
qco deviated from the generalized correlation in the 
form of Fig. 3. Then, Katto and Kurata [lo] made an 
experimental study on CHF of forced convection 
boiling of water and R-l 13 on uniformly heated plane 
surface submerged in a parallel flow to derive the 
following generalized correlation equation 

A& = 0.186 (!$,, ($*64 (10) 

and showed that equation (10) also agrees with the 
existing data of qcO for acetone, toluene, monoiso- 
propylbiphenyl and water flowing through internally 
heated annuli of very small l/d,. 

A similar situation is expected for the CHF in 
rectangular channels too, and Table 2 lists the data 
sources collected for qco in the case of very small l/d,,. 
All the studies listed in Table 2 are made with the 
channels of type B in Fig. 1, and the study of Isshiki et 
al. [18] for horizontal flow with bottom heating, Yiicel 
and Kakac [19] on the second line in Table 2 for 
horizontal flow with either bottom or top heating, 
Yiicel and Kakac on the third line in Table 2 for 
vertical upflow, and Goto for horizontal flow with top 
heating (the experiment of Yiicel and Kakac has been 
confirmed [20] to be made under conditions of I = 
127 mm and w = 5.84 mm). 

In Fig. 5, the data of qEO mentioned above are 
compared with two lines (c) and (d) based on cor- 
relation equations (4) and (5) for rectangular channels, 
and with a line based on correlation equation (10) for 
plane surfaces in a parallel flow. All the data of qco are 
those obtained for water at atmospheric pressure (see 
Table 2), so that p,/p, is taken as 0.000624 for three 
equations (4), (5) and (10) represented in Fig. 5. 

It is noted in Fig. 5 that for l/d,, = 6.0, the 
experimental data (of Isshiki et al. [18]) still appear 
near the line (c). The data for l/d,, = 3.0 and 4.5 in Fig. 
5 are those of Yiicel and Kakac [19] showing that qEO 
differs slightly from each other for vertical upflow, 
horizontal flow with bottom heating or top heating, 
and Yiicel and Kakac ascribed the difference to the 
effect of gravity. However, now apart from this prob- 
lem, it may be noticed that the experimental data for 
l/d,,, = 3.0 and 4.5 are much nearer the line of equation 
(10) than the lines (c) and (d). As is seen in Table 2, 
these data are those of the experiment made with a 
very thin heated plate (6 = 0.178 mm), so that there is a 
possibility of giving somewhat lower values of qro than 
usual. However, the experimental data of Goto [21] 
for l/dhe = 0.5 in Fig. 5 are those obtained with a very 
thick heated plate. To sum up, therefore, it may be 
concluded that qco in rectangular channels of very 
small l/d,, takes the value near the prediction of 
equation (10). 

Finally, the result of Fig. 5 suggests a possibility that 
when l/dh, becomes very small, qco may be affected by 
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FIG;. 5. Generalized graphic representation of ycO data of 
water at atmospheric pressure (p,/p, = O.OC0624) in the case 

of very small l/d,,. 

length to width ratio of heated plate l/w. However, 

further studies are needed on the complicated effects of 
l/d,,, and l/w on CHF in this special regime. 

4. CONCLUSIONS 

(1) For forced convection boiling in uniformly 
heated rectangular channels, existing data of CHF are 
analyzed to give the generalized correlation of Fig. 3 
for the basic critical heat flux qco and that of Fig. 4 for 
the inlet subcooling parameter K. In addition, qco for 
very small l/d,, is investigated to give the result of 
Fig. 5. 

(2) The existing data of CHF in rectangular channels 
are very limited in number, experimental condition, 
and kind of test fluid (see Tables 1 and 2). Further 
experimental studies are needed to accomplish the 
generalized correlation of CHF of course. However, 
the present study has suggested that CHF in rec- 

tangular channels is similar in character to CHF in 
tubes for which general frameworks are comparatively 
well known [S, 61. Viewed at this angle, even the results 
obtained in this paper may be rather useful for 
estimating CHF in rectangular channels under various 
conditions as long as high accuracies are not required. 

(3) For L-regime of CHF in annuli with inside 
heating, the author [IS, 93 tentatively assumed a single 
value C = 0.25 on the RHS of equation (3) because of 
lack of the existing data of annuli in this regime. 
However, the result of Fig. 3 for rectangular channels 
seems to cooperate with the result for tubes [5] to 
suggest that the value of C may change between 0.25 
and 0.34 for annuli too according to the magnitude of 

M,,. 

Acknowledgement-The author acknowledges the financial 
support given by the Ministry of Education, Science and 
Culture to this study [Special Project Research No. 505012 
(1980)]. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

REFERENCES 

R. V. Macbeth, Burn-out analysis. Part 4: Application of 
a local conditions hypothesis to world data for uniformly 
heated round tubes and rectangular channels, UKAEA, 
AEEW-R 267 (1963). 
Y. Katto, A generalized correlation ofcritical heat flux for 
the forced convection boiling in vertical uniformly heated 
round tubes, Int. J. Heat Mass Transfer 21, 1527-1542 
(1978). 
Y. Katto, A generalized correlation ofcritical heat flux for 
the forced convection boiling in vertical uniformly heated 
round tubes-a supplementary report, Int. J. Heat Muss 
Transfer 22, 783-794 (1979). 
Y. Katto, An analysis of the effect of inlet subcooling on 
critical heat flux of forced convection boiling in vertical 
uniformly heated tubes, Int. J. Heat Mass Transfer 22, 
1567-1757 (1979). 
Y. Katto, General features of CHF of forced convection 
boiling in uniformly heated vertical tubes with zero inlet 
subcooling, Int. J. Heat Mass Transfer 23, 493-504 
(1980). 
Y. Katto, Critical heat flux of forced convection boiling in 
uniformly heated vertical tubes (Correlation of CHF in 
HP-regime and determination of CHF-regime map), Int. 
J. Heat Mass Transfer 23, 1573-1580 (1980). 
Y. Katto, Toward.the systematic understanding of CHF 
of forced convection boiling (Case of uniformly heated 
round tubes), in Heat Transfer in Energy Problems, 
Japan-US. Heat Transfer Joint Seminar, Tokyo, pp. 
53-60 (1980). 
Y. Katto, Generalized correlations ofcritical heat flux for 
the forced convection boiling in vertical uniformly heated 
annuli, Int. J. Heat Mass Transfer 22, 575-584 (1979). 
Y. Katto, General features of CHF of forced convection 
boiling in vertical concentric annuli with a uniformly 
heated rod and zero inlet subcooling, Int. J. Heut Mass 
Transfer 24, 109-116 (1981). 
Y. Katto and C. Kurata, Critical heat flux of saturated 
convective boiling on uniformly heated plates in a 
parallel flow, Int. J. Multiphase Flow 6, 575-582 (1980). 
R. A. DeBortoli, S. J. Green, B. W. LeTourneau, N. Troy 
and A. Weiss, Forced-convection heat transfer burnout 
studies for water in rectangular channels and round tubes 
at pressure above 500 psia, WAPD-188 (1958). 
M. Troy, Upflow burnout data for water at 2000, 1200, 



Forced convection boiling in uniformly heated rectangular channels 1419 

800 and 600 psia in vertical 0.070 in x 2.25 in x 72 in. 
long stainless steel rectangular channels, WAPD-TH-408 
(1958). 

13. W. R. Gambill and R. D. Bundy, HFIR heat-transfer 
studies of turbulent water flowing in thin rectangular 
channels, ORNL-3079 (1961). 

14. F. E. Tippets, Critical heat flux and flow pattern charac- 
teristics of high pressure boiling water in forced con- 
vection, GEAP-3766 (1962). 

15. L. S. Tong, L. E. E~erding and A. A. Bishop, A 
photographic study of subcooled boiling flow and DNB 
of Freon-113 in a vertical channel, ASME-Paper 66- 
WA/HT-39 (1966). 

16. S. Levy, R. A. Fuller and R. 0. Niemi, Heat transfer to 
water in thin rectangular channels, J. Heat Transfer 81, 
129-143 (1959). 

17. V. A. Chernobay, Critical heat loads in a rectangular duct 

with a nonunifo~Iy heated perimeter, Heat 

~r~~~r-Sou~r Research 2(l), 167-169 (1970). 
18. N. Isshiki, M. Hori, S. Yagiu, M. Takeguchi and S. 

Mitani, Transient boiling in Transition boiling regime, in 
Proc. 14th National Heat Transfer Symposium of Japan, 
pp. 1633165 (1978). 

19. B. Y&e1 and S. Kakac, Forced flow boiling and burnout 
in rectangular channels, in Proc. 6rk Int. Hear Truns$er 
Conference, Vol. 1, pp. 387-392. Hemisphere, Washing- 
ton (1978). 

20. S. Kakac, personal communication. 
21. R. Goto, Critical heat flux ofsaturatedconvective boiling 

in short rectangular channels, MSc Thesis, Department 
of Mechanical Engineering, University of Tokyo (1978). 

CONFIGURATIONS GENERALES DU CHF EN EBULLITION AVEC CONVECTION FORCEE 
DANS DES CANAUX RECTANGULAIRES UNIFORMEMENT CHAUFFES 

R&amnC - Pour le Rux critique (CHF) en ebullition avec convection for& dans des canaux rectangulaires 
aliment& en liquide sous-refroidi, des don&s experimentales sont analysees pour obtenir une formule 
g&&ale sur les msmes principes que dans les precedentes etudes de l’auteur pour les tubes et les espaces 
annulaires. De plus, des experiences faites dam des conditions spkciales de faible I/d,, ou i est la longueur 

chauffe du canal et dhc le diametre equivalent chauffe, sont etudibs pour confirmer que, dam ces conditions, 

le CHF est presque igal au CHF d’ebullition en convection for&e sur des surfaces planes chaudes et un 

kcoulement parallele. 

ALLGEMEINE CHARAKTERISTIK DER KRITISCHEN WARMESTROMDICHTE BEIM 
STROMUNGSSIEDEN IN GLEICHMASSIG BEHEIZTEN, RECHTECKIGEN KANALEN 

Zusammenfassnng-Zur Ermittlung der kritischen Wiirmestromdichte beim Stromungssieden von unter- 
kiihlter Fliissigkeit in gleichmaBi8 beheizten, rechteckigen Kanalen werden vorhandene Versuchsdaten mit 
dem Ziel ausgewertet, eine allgemeine Korrelation der Daten zu ermi tteln. Dabei wird dasselbe Prinzip wie in 
den friiheren Arbeiten des Autors iiber die kritische W~rmestromdichte beim Str~mungss~eden in Rohren 
und Ringspalten angewandt. Dariiber hinaus werden Versuche unter den besonderen Bedingungen eines 
sehr kleinen Verhiiltnisses L/dh, durchgefiihrt, wobei L die beheizte Lange des Kanals und dbc der beheizte 
aquivalente Durchmesser ist. Bei diesen Untersuchungen zeigt sich, daB die kritische Warmestromdichte 
unter derartigen Bedingungen nahezu gleich grol3 ist wie beim Stromungssieden an beheizten, ebenen 

Oberflachen in einer Parallelstromung. 

OEJBME XAPAKTEPHCTRKM KPMTMYECKOI-0 TEflJ-IOBOI-0 HOTOKA IIPM KMI-IEHMH 
B YCJIOBMJIX BbIHYxflEHHOH KOHBEKHMM B PABHOMEPHO HAFPEBAEMbIX 

HPRMOYI-OJIbHbIX KAHAJIAX 

A~noranna - ffpOBeJIeH aHaJtH3 3KCnepnMeHTaJtbHbtX JIaHHbIX n0 KpHTWYeCKOMy TenflOaOMy nOTOKy 

(KTft) npE4 KHneHUW B yCJtOBnIX BblHy~~eHHO~ KO~~KU~~ B paBHOMepH0 HarpeBaeMbtX np%MOyrOnb- 

HMX KaHanaX, B KOTOpbte nocTynaer HeaOrpeTaa XiiilKOCTb. Artanus BbfttOJIHeH C UeJfbK, nOJIy~eHna 

0606meHnOrO COOTHOmeHHI n0 TOMY Xe Upnsunny, YTO N B paHee IlpOEe~eHHblX aBTOpOM HCCJlenO- 

BaHBRX KTn npu KnneHWW B yCnOBMaX BbIHyEUeHHOn KOHBeKUWn B Tpy6ax N KOJIbUeBbtX KaHanaX. 

KpoMe TOrO, IlpOBeReHbl 3KCnepUMeHTbI npn MaJlbtX 3Ha’leHWRX lidhe (me I- UJtuHa HarpeBaeMOrO 

y’IaCTKa KaHaJta. a & - 3KBnBaJteHTHbln LtuaMeTp HarpeBa) LCtll npOBepKki npeLtflOJIOY,KeHnK 0 TOM. 

9TO KTfl B fXICcMaTpHBaeMbIx ycnose~x npehfeprio paBeH KTfl npH KAneHHH c BbIHyWteHHOn 

KOHBeKUHe~ Ha nN,CKRX UOBepXHOCTsX HarpeBa B ffapanneJtb,tOM UOTOKe. 


