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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 offorced convection

boiling in tubes and annuli. In addition, experiments made under special conditions of very small //d,,, where

Iis the heated length of channel 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

b,  width of rectangular cross-section [m]; d,  thickness of heated plate [m];

C, constant, equation (3); P density of liquid [kg m™3];

d,,, heated equivalent diameter [m]; p,»  density of vapor [kgm™>];

G,  mass velocity [kgm~2s7']; o, surface tension [Nm™'].

H,, latent heat of evaporation [J kg™ '];

AH,, inlet subcooling enthalpy [J kg~ ']; L. INTRODUCTION

K, inlet subcooling parameter, equation (6); For cRrITICAL heat flux (CHF) in uniformly heated

l, length of heated plate [m]; rectangular channels, Macbeth [1] presented an em-

9 critical heat flux [Wm™2]; pirical correlation of water data, while many other

e,  basic critical heat flux (g, for AH; = 0) studies assumed that the correlation proposed for
[Wm™2]; CHF in round tubes could be used to predict CHF in

s, height of rectangular cross section [m], rectangular channels. Recently, I have made studies of
defined as s = real height for type 4,ands = CHF in round tubes [2-7] and annuli [8, 9] to find a
twice real height for type B in Fig. 1; method capable of outlining the general framework of

w, width of heated plate [m]. the above mentioned CHF. In this paper, therefore, the
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FiG. 1. Two types of rectangular cross-sections.

existing data of CHF in uniformly heated rectangular
channels are analyzed to ascertain the general val-
idity of the above method.

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 d,, = (4 x flow
area)/(heated perimeter) is given by the following

T = equation in common for both type A and type B
s |
z | dpe = 2sb/w. (1)
2 Heated Surf he
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2.1. Data of q¢o
Figure 2 shows examples of the relationship between
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FiG. 2. Relationship between g, and AH; from the data of
Troy [12]: water, p = 138 bar,/ = 190cm,s = 0.190 cm, b =
w = 5.71cm, and type A.

the critical heat flux g, and the inlet subcooling
enthalpy AH, from the experimental data of Troy [12].
The basic critical heat flux g, that is the value of g, at
AH, = 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 ¢,o thus obtained.
Among the data sources, however, Gambill and Bundy
[13] give a data point of ¢, for each set of separate
values of G and AH,, so that g, cannot be determined
by the above method (see Section 2.4 for the indirect
method to determine q,,). The data of Tong, Efferding
and Bishop [15] are also in the same form as above,
but AH, is kept near zero so that g, can approximate to
q.o- In the experiment of Tippets [14], the thickness of
heated plate & is extremely small as 0.245 and
0.152 mm, accordingly the data for 6 = 0.254 mm
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.o

The data of q,, obtained in the preceding section are
classified by nominal values of I/d,,, and then plotted in
Fig. 3 in the same dimensionless form as for tubes [5]
and annuli [9]. According to Table 1, p,/p, takes
magnitudes on the order of the value of saturated
water at 69 bar (that is, p,/p, = 0.048), except the data
of Tong, Efferding and Bishop [15], for which p,/p, is
very small. Therefore, in the same manner as in the
cases of tubes [5] and annuli [9], the data of [15] are
corrected by multiplying q., by [0.048/(p,/p,)}°*??
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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Table 1. Summary of the collected data of ¢, and K

No. of

J(mm)

data

op/G*

Fluid Type l(cm) s{cm) b(cm) w/b l/d,, (p./p1) x 107

Source

1.27
1.27
1.27
1.27
1.27
1.52
0.254
0.254
0.254
ot

10
8

280x1075-561x1073

9.43x1077-3.11x107*
3.02x107°-3.46 x 1074

124x1077-1.99 x 103

745%x1077-1.03x 107
1.43x1075-555%x10"3

141x10°°

3.65x 10-°-5.97 x 10~5
0.587-0.719 697 x 10-6-128 x 10~*

3.06x107°-2.12x107*
300x1077-8.53x107°

367-13.6
13.6
261-13.6
3.67-13.6
367-13.6
6.16-13.6
1.96-2.42
484
484
484

487-500

6.1
54.7
106
122
201
74.0
370
18.5
25.0

0.930-0.958 114-132

0.880
0.880
0.880
0.880
0.880
~10

1.00
1.00
1.00

~1.0

2.54
2.54
2.54
2.54
2.54
5.33
5.33
5.33
6.03

0.109-0.125 2.65-2.73

0.127
0.246
0.150
0.190-0.195 5.71

0.257
0.246
0.635
1.27
2.54
1.27

30.5-30.8

15.2
306
30.6
68.6
68.6
190
94.0
94.0
94.0
63.5

*
WO~ NN N~
-

* Data for nickel test section.
+ Very thick heated plate.
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F1G. 3. Generalized graphic representation of g, data. {(a)
equation (2}, {b) equation (3), {c) equation (4) with p/p, =
0.048, (d) equation (5) with p,/p; = 0.048.
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on the condition of p,/p, = 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 [5]. 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 I/d,, and
0.34 for large I/d,, in the same manner as in the case of
tubes {5].

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 I/d,, = 25in Fig. 3 are those of R-113
obtained by Tong, Efferding and Bishop [15]. The
trend of Freon data appearing slightly lower than
water data has already been observed for tubes [5] 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 Gambill 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 g, 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 ¢.4
(see Section 2.4). On the other hand, two data points
denoted by the solid circle for I/d,, = 200 in Fig. 3
belong to the total of 43 data of DeBortoli et al. [11]
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), isno more than a
tentative equation determined by modifying the cor-
relation equation for annuli [8,9] so as to fita few data
in Fig. 3 for I/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 ¢, and AH,.

In the case of I/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, p,/p, is
rather high as 0.136, and I/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 g, and AH, such
as shown in Fig. 2, for which the following equation
can be written

AH
%=%G+Kgﬁ (6)
fe

where K is the dimensioniless parameter for the effect of
inlet subcooling enthalpy AH,, and is obtainable 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)
1.043
= 4C(ap /G004 8)
4C(op/G*1)™
from equation (4),
5 0.0308+d,/!
K = - '
9 (Pp/ﬂ;)o‘ms (ngGZI)I 3 (%)

As has been pointed out in Section 2.2, the greater
part of the existing data is in the regime represented by
the line (¢) 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,/G*l, 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 ¢, denoted by solid
triangles in Fig. 3 are those determined by equation (6)
for experimental conditions of g, AH; and H ,, assum-
ing K to be 809 of the value predicted by equation (9).
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Table 2. Summary of the data of g, for very small I/d,,
b(cm)

Type l{cm) s(cm)

Fluid

Source
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3. CHF FOR VERY SMALL //d,,

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
g.0 deviated from the generalized correlation in the

form of Fig. 3. Then, Katto and Kurata [10] made an
e, .. experimental study on CHF of forced convection
333 888 boiling of water and R-113 on uniformly heated plane
surface submerged in a parallel flow to derive the
following generalized correlation equation
"o 9 o e deo _ 0186 (&>0.559 (a.—lz)l>0.264 (10)
GH,, o G°l
TOLLLTO'«; and showed that equation (10) also agrees with the
ISRSAVASRORY existing data of g, for acetone, toluene, monoiso-
2233 propylbiphenyl and water flowing through internally
aodras heated annuli of very small //d,,.
[ RN A similar situation is expected for the CHF in
TEXXX X % rectangular channels too, and Table 2 lists the data
METo3Rg sources collected for g, in the case of very small //d,,.
gmm All the studies listed in Table 2 are made with the
channels of type B in Fig. 1, and the study of Isshiki et
<t al. [18] for horizontal flow with bottom heating, Yiicel
8oy and Kakag [19] on the second line in Table 2 for
S0 . . . .
SSS3S3S3 horizontal flow with either bottom or top heating,
Yiicel and Kakag on the third line in Table 2 for
vertical upflow, and Goto for horizontal flow with top
angyg % § E heating (the experiment of Yiicel and Kakac has been
C¥MoSS confirmed [20] to be made under conditions of I =
127 mm and w = 5.84 mm).
NG e In Fig. 5, the data of g, mentioned above are
XD xR x compared with two lines (c) and (d) based on cor-
ceceee relation equations (4) and (5) for rectangular channels,
and with a line based on correlation equation (10) for
oo oo plane surfaces in a parallel flow. All the data of g, are
EEaRRR 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.
PR ss It is noted in Fig. S that for l/d,, = 6.0, the
IRBRRED- AR experimental data (of Isshiki et al. [18]) still appear
near the line (c). The data for //d,, = 3.0and 4.5 in Fig.
5 are those of Yiicel and Kakag [19] showing that g,
onrgoo differs slightly from each other for vertical upflow,
KAdzZZz horizontal flow with bottom heating or top heating,
and Yiicel and Kakag ascribed the difference to the
effect of gravity. However, now apart from this prob-
§ lem, it may be noticed that the experimental data for
mmmmamm | 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,
T these data are those of the experiment made with a
‘3 = % 2 5;; < = very thin heated plate (6 = 0.178 mm), so that thereisa
BEEEEZ 3 possibility of giving somewhat lower values of g4 than
"i usual. However, the experimental data of Goto [21]
=) 3 for I/d,, = 0.5 in Fig. 5 are those obtained with a very
- QEEE‘ * thick heated plate. To sum up, therefore, it may be

concluded that g, in rectangular channels of very
small //d,, takes the value near the prediction of
equation (10).

Finally, the result of Fig. 5 suggests a possibility that
when [/d,, becomes very small, g., may be affected by
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FiG. 5. Generalized graphic representation of g, data of
water at atmospheric pressure (p,/p, = 0.000624) in the case
of very small I/d,,.

length to width ratio of heated plate //w. However,
further studies are needed on the complicated effects of
l/dy, and I/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 g, and that of Fig. 4 for
the inlet subcooling parameter K. In addition, g, for
very small //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-

Y. KaTTO

tangular channels is similar in character to CHF in
tubes for which general frameworks are comparatively
well known [5,6]. 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 [8, 9] 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

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

Résumé — Pour le flux critique (CHF) en ébullition avec convection forcée dans des canaux rectangulaires

alimentés en liquide sous-refroidi, des données expérimentales sont analysées pour obtenir une formule

générale sur les mémes principes que dans les précédentes études de auteur pour les tubes et les espaces

annulaires. De plus, des expériences faites dans des conditions spéciales de faible i/d,, ot / est la longueur

chauffé du canal et dy, le diamétre équivalent chauffé, sont étudiées pour confirmer que, dans ces conditions,

le CHF est presque égal au CHF d'ébullition en convection forcée sur des surfaces planes chaudes et un
écoulement paraliéle.

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

Zusammenfassung—Zur Ermittlung der kritischen Warmestromdichte beim Strémungssieden von unter-
kithlter Fhissigkeit in gleichmaBig beheizten, rechteckigen Kandlen werden vorhandene Versuchsdaten mit
dem Ziel ausgewertet, eine aligemeine Korrelation der Daten zu ermitteln. Dabei wird dasselbe Prinzip wiein
den fritheren Arbeiten des Autors iiber die kritische Wirmestromdichte beim Stromungssieden in Rohren
und Ringspalten angewandt. Dariiber hinaus werden Versuche unter den besonderen Bedingungen eines
sehr kleinen Verhdltnisses L/d,, durchgefiihrt, wobei L die beheizte Lange des Kanals und d,,, der beheizte
dquivalente Durchmesser ist. Bei diesen Untersuchungen zeigt sich, daB die kritische Warmestromdichte
unter derartigen Bedingungen nahezu gleich groB ist wie beim Stromungssieden an beheizten, ebenen
Oberflichen in einer Parallelstrémung.

OBIIUE XAPAKTEPUCTHKH KPUTHUUECKOI'O TEIUJIOBOI'O INOTOKA NMPU KUNEHUN
B YCJIOBUAX BBIHVKJEHHOW KOHBEKLIMM B PABHOMEPHO HAIPEBAEMBIX
NMPAMOYTIOJNBHBIX KAHAJIAX

Ansoraums — [1poBefeH aHaMN3 IKCNEPHMEHTALHLIX JAHHBIX MO KPHTHYECKOMY TENIOBOMY NOTOKY
(KTIT) npy xuneHHH B YCHOBHAX BBIHYX/AEHHOH KOHBEKLHMH B PABHOMEPHO HATPEBAEMBIX NPAMOYTOdb-
HBIX KaHANAX, B KOTOPbIE NOCTYNAET HEAOTPETas WHAKOCTL. AHANHI BHINOJHEH C LEMBIO NOJY4CHHA
06OGIIEHHOT0 COOTHOLIEHUSA B0 TOMY X€ NPHHLIMIY, YTO M B paHee NPOBEJEHHBIX aBTOPOM HCCAENO-
panuax KTT1 OpM KMNeHUH B YCJOBHSX BBbIHYXIEHHOW KOHBEKUMH B TPYyDaX M KOMBUEBBIX KaHamax.
KpoMe Toro, npopeeHbl IKCIEPHMEHTHI NPH MafblX 3HAveHUsSX [/dye (rne | — AnuHa nHarpesaeMoro
y4acTKa KaHamMd, a dhe — JKBHBANICHTHBIH IHAaMETp Harpesa) M1s NPOBEPKM NPEANIONOKEHHS O TOM,
yto KTIl B paccMaTpuBaeMbix ycnosusx upumepHo pased KTIT npd xuneHMH ¢ BBIHYXKIEHHOH
KOHBEKIHEH HA TUIOCKHX MOBEPXHOCTAX HAarpeBa B napasjielbHOM NOTOKE.



