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Abstract — In this paper, a graphical method is evolved to give a generalized bird’s-eye view of the existing

data for critical heat flux (CHF) in vertical tubes with zero inlet subcooling. For this purpose 946 data points

obtained from 47 sources are used, including 14 different fluids (water, ammonia, benzene, ethanol, freons,

helium I, parahydrogen, monoisopropylbiphenyl, nitrogen, and potassium), tube length from 0.0109 to

8.82 m, tube diameter from 0.00109 to 0.0381 m, and density ratio of vapor/liquid from 0.000270 t0 0.413. Asa
result, a regular nature is elucidated for the CHF under study.

NOMENCLATURE
C, constant, equation (5);
d, LD. of heated tube [m];
G, mass velocity [kgm™2s~1];
H,, latent heat of evaporation [Jkg™!];
AH;, enthalpy of inlet subcooling [Jkg™!];

K, parameter for the effect of inlet subcooling,
equation (1);

I, length of heated tube [m];

4., critical heat flux [Wm™2];

9cos g for AH; = 0 [Wm_z];

AT,, inlet subcooling temperature [K].

Greek symbols
pi,  density of liquid [kgm™3];
pw»  density of vapor [kgm3];
a, surface tension [Nm~!];
% quality (y,,; exit quality corresponding to
critical condition; x;,: inlet quality).

1. INTRODUCTION

RECENTLY, Shah [1] and the present author [2-4]
attempted developing generalized correlations of ex-
perimental data for critical heat flux (CHF) in uni-
formly heated vertical tubes. However, a bird’s-eye
view of CHF data cannot be obtained from these
studies, because Shah’s graphical correlation was
made taking quite different forms for two regions of Y
S 10° where Y is a dimensionless parameter pro-
portioned to G*8, while the author gave the analysis of
CHF data separately for four characteristic regimes
called L-, H-, N-, and HP-regime*. This is certainly
inconvenient for observing the general features of
CHF. In the present paper, therefore, a generalized

* In a rough sense, it seems that Shah’s region of Y < 103
corresponds to Katto’s L-regime while Y > 10° to other three
regimes.
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graphical representation of the existing data is evolved
on the basis of the author’s correlation principle at a
little sacrifice of accuracy.

For the author’s correlation [ 2-4], critical heat flux
q.in case of inlet subcooling enthalpy AH, is written as

qc=qca(1 + KAH!/Hfg) (1)
and q,, on the RHS of equation (1) is correlated in the

following form:
4o Py OGP 1
oo ery) @
Then, according to the preceding study [4], a dimen-
sionless parameter K in equation (1) can be evaluated
theoretically in many cases only if the function f( ) on
the RHS of equation (2) is known. Therefore, the
correlation of ¢, alone will be dealt with in this paper.

2. COLLECTION OF g, DATA

2.1. Method of obtaining q., data

Utilizing actual experimental data from a number of
sources [5-52], as listed in Table 1, ¢, data for
pulsation-free upflows are obtained, mostly by the
following normal methods (i) and (i), and partly by
some exceptional methods (iii)—(v) to extend the range
of experimental conditions.

(i) As for the data providing the variation of g, with
AH, for fixed G, if there are enough data points (g, —
AH}), g., can be obtained by the method of extrapo-
lation (or interpolation, occasionally) as AH, — 0. The
same principle also applies when AT; or y;, is used
instead of AH,. In the special case of experiment made
with AH; which is zero substantially, g,, can be
obtained immediately from the data.

(ii) Asfor the data providing the variation of g, with
Xex for fixed G, the relation of g, vs AH; can be derived
through the well-known heat balance equation for
uniformly heated tubes:
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4, | AH;

STy T Xex

GH, d H,,

{3)

Therefore, the method (i) is applicable. In this case,
however, there are occasionally papers giving g, only
for high degree mixed-inlet-condition (AH; < 0}, and
the presumption of ¢., as AH; — O from such data is
avoided because of the ambiguity of the flow pattern
given at the tube inlet.

(iii) References [18,24,35] give the data of sharp
wall-temperature rise position for subcooled or satu-
rated inlet condition (AH; = 0). In this case, if the axial
length between the above-mentioned temperature rise
position and the computed position of y = 0is taken
as [, the experimental CHF is regarded as ¢,

(iv) References [47,48,51] give the data of sharp
wall-temperature rise position for mixed inlet con-
dition (AH; < 0). In this case, the ! determined by
means of the method (iii) becomes an imaginary
length, but the preceding study [4] has shown that the
above-mentionled | can be used to correlate data
without serious error so far as L-regime (see Section
3.2) 1s concerned.

(v) References [13,45] give the data for indepen-
dent sets of G, AH; and q,. Therefore, ¢, is estimated
through equation (1) with semi-theoretical value of K
derived in the preceding study [4]. In this case, if the
value of KAH/H,, is small compared with unity,
serious error does not arise for the estimation of g,,. To
supplement the data in L-regime [13] is used while
[45] provides the data of R-22 in H-regime.

2.2. Note on the data

The data of [ 7-10] are those referred to by Collier in
his book [59] while the data of [11] are those referred
to by Rohsenow in Handbook of Heat Transfer [60].
As for [15], the data of thick-walled tube in Fig. 2.9 are
used. For [21] the data for I = 1.57 m are discarded
due to considerable scatter of data, and for [25,26]
actual experimental data shown in graphs are utilized,
discarding recommended CHF values which assume
non-influence of | and of inlet parameters for I/d > 20
(N.B. 493 data points from the latter were used in the
correlation of Shah [1]). As for [27], only one data at p
= 200 atm is utilized due to the scarcity of data for
fixed G. In [35]. the data in case of AH; = 0O alone are
used for simplicity. Miscopies found in tabulation of

Table 2. Symbols used to specify the fluids in Fig. 1

Ref. no Fluid Symbol

5-24 Water @]
25, 26 Water ©
27 Water | 4}
28-30 Water [ ]

31 Ammonia ~(-
32-34 Benzene ¢
34 Ethanol @
35-37 He +
®

H,

Y. KATTO

[45] and [49] have been corrected (cf. [2] and [3]}).

As was mentioned in [2,3] as VL-regime, it seems
likely that if I/d is small and if the inlet velocity is very
low, ordinary pool boiling is apt to prevail. From this
point of view, the data of [ 33] in the range of 6 p,/G*1 >
3 x 1073 (cf. Fig. 10 of [3]) and a part of H, data of
[38] (cf. Fig. 9 of [2]) have been discarded. For the
same reason, among the data of [39], upflow data at
the highest velocity (3.5 m/s) alone are adopted for
information. The data of Cheng and Ng [53] are not
considered, because they are clearly in the regime
suffering the effect of pool boiling.

Finally, the data of Borishansky ez al. [ 54], Dorosh-
chuk and Lantsman [55], and Smolin [56] cannot be
utilized due to the lack of information of I Elim-
inations of data other than those mentioned in this
Section have not been made in the present study except
those cases with clear reasons such as unstable flow,
anomalous condition, etc.

3. GRAPHIC REPRESENTATION OF 4, , DATA

3.1. Representation of q., data

The experimental data of g, collected in Section 2
are listed in Table 1 along with the kind of fluid,
the range of experimental conditions, and the
number of collected data, where physical properties for
monoisopropylbiphenyl alone are those estimated by
the method of [57, 58]. Then, assuming the possibility
of correlating the data in the form of equation (2), 13
graphs are prepared for distinct values of //d as shown
in Fig. 1, and the data of q,,/GH , are plotted against
0p,/G*1 (the division of data by I/d to each graph and
the treatment of p./p, effect will be explained in Section
3.3). Data symbols shown in Table 2 are used in Fig. |
to discriminate the kind of fluid. When many data
gather together to the same place, plotting a part of
data is eliminated to avoid the confusion.
3.2. Representation the author's correlation
equations

Based on the results of the preceding study [2, 3], the
characteristic regimes L, H, N, and HP, the correlation
curves (a) to (e), and the boundary (f) between H- and
N-regime are shown in Fig. 1 applying the following
equations:

of

Ref. no. Fluid Symbol
32 MIPB -
38, 39 N, [ ]
40-44  R-12 A
42 R-21 \4
45 R-22 O
46-48 R-113 A
49 R-114 \v4
50-52 K x
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FiG. 1. Qeneralized graphic representation of g, data. (L): L-regime, (H): H-regime, (N): N-regime, (HP):
HP-regime, a: equation {4), b: equation (5), c: equation (6) with p,/p, = 0.048, d: equation (7) with p,/p, =

Genera) features of CHF of forced convection boiling
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0.048, ¢: equation (8), f: equation (9).
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F1G. 1.—continued.
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F1G. 1.—continued.
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Table 3. Experlmental range of l/d and p,/p, in each regime for the data of Fig. 1, excludmg the data of Table
Nommal HP -regime H and N-regime L-reglme
I / I W 1Nn2 I I n2 ! 2y P R .
i y o X 1 d /J; X 1U J pi x 10~ Kel. no. *
10 10.0 1.03 32
15 13.6-16.0 0.979--6.42 - - 31,33,34
25 — - 20.0-33.4 1.79-7.82 20.0-30.0 0.105-7.10  6,12,22,38,39,40,41,52
50 — 39.2-59.2 1.79-135 40.2-60.1 0.0623-13.5  7.8,9,10,12,13,16,21,
22,35.40,42,50, 51,52
75 67.0--83.5 241-11.2 62.5-83.0 0.0820-4.82  7.8.12,16,19,21,40,
41,42, 46,49, 50,52
100 — 90.2-112 1.79-11.2 86.8 - 105 0.0270-2.07  5,12,13,16,19,22,40,
42.49,51,52
150 145 2741 123161 1.79-9.28 123159 0.0736-4.85 7.8.10,12,13,15,19,22
30,40,41,42,45,49, 51
200 188-206  14.0-36.1 175-214 2.41-13.1 178-224 0.0623-4.82  5,8,12,13,25, 25,26, 26,
27,28,40,42,43,51
250 238 243 229-268 4.84-9.88 249-268 0.404-981  12,13.14,29,29 41 44
47,48
300 300 14.0-34.7 271-360 2.40-8.05 286-337 0.293-4.86  7.8,12,13,14,17,18,23,
24, 28,40, 42 47,48, 51
500 500 14.0-34.7 480 4.84 528-569 0.614-2.28  13,14,28,47,48,5]
800 — 940 4.81

792-882 1.47-221  13,20,47.48

* Italic numbers indicate the references which give HP -regime datd

L-regime,
(a): Ieo —0251 or ) 1 4)
2 R T
0.
qco 6/)1 1
: - =C — 5
(b) GH,, (Gzl> I/d )
where
C =025 or 034
H- and N-regime,
0.133 1/3
o o _ 0.10(&> (ﬂ;)
GHy, Pi Gl
i
— (6
“ 17 000315d ©
where
p./p; = 0.048 for (c).
0.133 0.433
Geo Py ap;
d): —=0.098(— —
@ GHy, <pl) <Gzl>
l/d)O 27
L)
1 + 0.0031 l/d
where
p./p, = 0.048 for (d).
HP-regime,
a 0.453
deo P\ (ap
o — =820 —
© GH,, <p> (Gll>
1
x - (8)

Boundary between H- and N-regime,
o 0.77\27°
o on _ (077}
Gl A\ d
In Fig. 1, the lines (a) and (b) for L-regime are given
independently of p,/p, [see equations (4) and (5)]. The
intersecting point between (a) and (b) appears at

op/G*l =784 x 107*

)

(10)

which is determined by eliminating ¢ , from equations
(4) and (5) with C = 0.34 for I/d = 75-800 as seen in
Fig. 1. Next, the lines (¢) and {d) for H- and N-regime in
Fig. 1 show the prediction of equations (6) and (7) in
case of p,/p, = 0.048 corresponding to saturated steam
and water at 68.5 bars for example. It should be noted
that I/d does not exert its influence on the lines (c) and
{d) so much as on the lines (a) and (b) [cf. equations

—(7)] Finally, the curves (¢) for HP-regime of Fig. 1
show the prediction of equation (8) for p,/p, = 0.140,
0.234, 0.271, and 0.347.

3.3. Effects of p./p;

The data points plotted in Fig. 1 can be classified
according to the regimes of L, H + N, and HP
determined in Fig. 1, yielding the result of Table 3 with
the range of I/d and p,/p, covered in each data set, on
the condition that a small number of data in the regime
of H 4+ N with comparative high or low values of p,/p,
are omitted from Table 3 to be shown in Table 4.

Now, as for L-regime data in Table 3, it is noted that
the value of p,/p, shows a variation as much as 500
times (= 13.5 + 0.0270). However, the data points of
CHF plotted in L-regime in Fig. 1 show no mutual
discrepancies owing to the difference of p,/p;, and this
independence of p,/p, agrees with the character of
equations (4) and (5).
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Table 4. Data with comparatively high or low values of p,/p;
in H and N-regime

Nominal H and N-regime
l 1 Py 102 No. of Ref.
d d I data no.
50 0.124 2 [11]
3 5.14 15.1 1 [35]
10 7.86-10.9 211 2 [35]
100 0.675 3 [32]
15.0 0.124 1 [11]
15 125 0.151 1 [35]
250 0.124 9 [
25 218-312  151-211 4 [35]
25.7 15.1-41.3 5 [37]
359 15.1 1 [35]
50 50.0 17.0 1 [36]
51.4 15.1-413 5 [37]
200 188 15.4-20.1 7 [25,26]
Total 42

Next, H- and N-regime data in Table 3 change the
value of p,/p, in some degree above and below the
value of 0.048 (cf. Section 3.2). However, the data
points of CHF plotted in H- and N-regime in Fig. 1
appear along by the lines {c) and (d), supporting
equations (6) and (7) on the point that the effect of p,/p,
on CHF is only in the degree of (p,/p;)°-**>. It should
be noted here that correction of experimental value of
.o bY (p,/p)% 133 in plotting the data in Fig. 1 has not
been done, mainly because of avoiding artificial modi-
fication of data as far as possible, and partly because of
the difficulty of dealing with the data near the boun-
dary between L- and H-regime with different character
as to the effect of p,/p,. However, the correction of
multiplying [0.048/(p,/p)]°*** to q.,/GH , has been
made for the small number of data of Table 4, because
the difference of p,/p, from 0.048 is comparatively large
and the data are sufficiently apart from L-regime.

Finally, HP-regime data in Table 3 are subject to a
strong influence of p,/p, as is noticed in Fig. 1, so that
the curve (e) representing the prediction of equation (7)
is drawn in Fig. 1 for every experimental value of p,/p,
on the condition that p,/p, = 0.361, which cor-
responds to only one data of water [27], is omitted for
avoiding the confusion of representation.

4. DISCUSSION OF THE RESULT OF FIG. 1

(I) Itis ofinterest to know that a large number of 4.,
data obtained from various independent sources
[5-52] indicates such a regular nature as shown in Fig.
1 for a wide range of I/d, suggesting the importance of

* Notice that the H-HP boundary defined by equation (19)
of the preceding study [2] is kept unchanged.
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the dimensionless group ap,/G*! for this phenomenon,
(N.B. the comparative deviation of two benzene data
for I/d = 15, indicated by thick arrows in Fig. 1, is
unaccountable as was mentioned in the preceding
study [3]). In connection with this point, it may be of
use to add that this type of dimensionless group, which
is composed with the length of heated surface mea-
sured in the direction of forced convection, can play an
important role for correlating CHF in forced flow of a
jet over a heated surface [61-64].

(IT) It may be said from the result of Fig. 1 that the
author’s correlation equations (4)—(8) express the
general trend of experimental data on the whole.

(IIT) In the author’s preceding study [3], the con-
stant C in equation (5) was tentatively determined as C
= 025 for 5 x 107* < 0p,/G*l and C = 0.34 for
op/G*l < 5 x 1074, and this character is fairly
observed in Fig. 1, too. However, a detailed obser-
vation of Fig. 1 reveals a better formulation that C =
0.25, for I/d < 50, C = 0.34 for l/d > 150, and a
transition between C = 0.25 and C = 0.34 takes place
in the range of I/d ~ 75-100.

(IV) Correlation equation (8) for g, in HP-regime
agrees with experimental data fairly well as shown in
Fig. 13 of [2]. However, there is still an anxious matter
found in [4] that the parameter Kyp for the effect of
inlet subcooling on CHF in HP-regime derived
theoretically from equation (8) is slightly higher than
the experimental data of K . Therefore, it is naturally
impossible to derive the ultimate criterion for the onset
of HP-regime from the result of Fig. 1 based on
equation (8). However, it may not be useless for the
present to give the following tentative criterion. If it is
assumed that the curve (e) of HP-regime in Fig. 1 can
appear only originating itself on the line (c) of H-
regime*, the lowest value of p,/p, for permitting the
onset of HP-regime occurs when the intersecting point
between (e) and (c) [determined by eliminating q,,/-
GH, from equations (6) and (8)] agrees with the
intersecting point between (c) and (d) [determined by
eliminating q.,/GH;, from equations (6) and (7)] to
give

Py _ [116(1/11)'0"“+0.976(l/d)0.324]1,93 o

o 0.254(1/d) + 82

and Table 5 shows the computed result of equation
(11).

Then, the circumstances for the appearance of HP-
regime in Fig. 1 are explained as follows. First, CHF in
HP-regime is not observed for I/d = 25 and 50 in Fig. 1
in spite of the experimental value of p,/p; as much as
0.413 (see Table 4), but it is natural because the lowest
values of p,/p, given in Table 5 for I/d = 25 and 50 are
much larger than 0.413. On the other hand, HP-regime
is observed for l/d = 150-500 in Fig. 1, and it is also
natural because the values of p,/p, listed in the column
of HP-regime in Table 3 are on the whole larger than
the respective lowest values of p,/p, in Table 5, though
some minor discrepancies are observed.
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Table 5. Lowest limit of p,/p, for the appearance of CHF in HP-regime

l/d S 10 15 25 50

pu/pyx 102 129*  106* 938 78.8 590 478 40.0 29.8 232

* Values of p,/p, > 1.0 mean nonexistence of HP-regime.

(V) Itis noticed in Fig. 1 that experimental data of
freons have a trend to be slightly lower than those of
water in H- and N-regime for [/d = 50. This trend
coincides with the indication given in the preceding
paper [3] (see the discussion of mass flux scaling
factor). It is also noticed in Fig. 1 that experimental
data in H-regime for l/d = 250 seem to have slower
gradient than the line (c). In addition, it should be
mentioned that the data of potassium exist in L-regime
alone, while the data for HP-regime are only of water.

5. CONCLUDING REMARKS

Dealing with CHF of forced convection boiling in
uniformly heated tubes with zero inlet subcooling, a
generalized graphical representation of 946 data
points listed in Table 1 has been made giving the result
of Fig. 1, and thereby the following quantitative
informations are obtained: (a) the behavior of con-
stant C in equation (5) as described in Section 4(III),
and (b) the lowest value of pv/p, for the onset of HP-
regime as given by equation (11).
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ASPECT GENERAL DU FLUX CRITIQUE EN CONVECTION FORCEE
DANS DES TUBES VERTICAUX, CHAUFFES, AVEC UN
SOUS-REFROIDISSEMENT NUL A L’ENTREE

Résumé — On développe une méthode graphique qui, en un clin d’oeil, rassembie les données connues pour

le flux critique (CHF) dans les tubes verticaux, sans sous-refroidissement a 'entrée. On utilise 946 points

expérimentaux provenant de 47 sources et concernant 14 fluides (eau, ammoniac, benzéne, éthanol, freons,

helium I, parahydrogéne, monoisopropy!biphenyl, azote et potassium), une longueur de tube allant de 0,0109
a 8,82m, un diamétre de tube de 0,00027 a 0,413. On dégage une nature réguliére du flux critique.

HAUPTMERKMALE DER KRITISCHEN WARMESTROMDICHTE (KWD)
BEIM SIEDEN BEI ERZWUNGENER KONVEKTION IN GLEICHFORMIG
BEHEIZTEN SENKRECHTEN ROHREN BEI EINER
EINTRITTSUNTERKUHLUNG VON NULL

Zusammenfassung—In diesem Aufsatz wird eine grafische Methode entwickelt, um einen allgemeinen

Uberblick iiber die vorhandenen Daten fiir die KWD in senkrechten Rohren bei einer Anfangsunterkiiblung

von null zu geben. Zu diesem Zweck wurden 946 Versuchsergebnisse aus 47 Quellen verwendet. Diese

umfassen 14 verschiedene Fliissigkeiten (Wasser, Ammoniak, Benzol, Athanol, Freone, Helium I,

Parawasserstoff, Monoisopropylbiphenyl, Stickstoff und Kalium), Rohrlingen von 0,0109 bis 8,82m,

Rohrdurchmesser von 0,00109 bis 0,0381 m und Dampf/Flussigkeit-Dichteverhéltnisse von 0,000270 bis
0,413. Als Ergebnis wird ein reguldrer Verlauf der untersuchten KWD erhalten.

KPUTHYECKHE TEIJIOBBIE ITOTOKY ITPM KUIIEHUHU B YCIIOBUAX
BBIHYXJEHHOWM KOHBEKLIMM B PABHOMEPHO HATPEBAEMbIX BEPTHUKAJIbLHbBIX
TPYBAX MPU OTCYTCTBUM HEAOIPEBA HA BXO/JE

Aunnorauns — [lpensioxen rpaduyeckuit MeTon 06OOLICHHsT NMEIOUIMXCA HaHHBIX 10 KPHTHYECKOMY

TENJIOBOMY NOTOKY B BEPTHKAJbHBIX TpyOax npH OTCYTCTBHM Heaorpesa Ha Bxoje. C orToil menesro

HCIOb30BaHO 946 3KCnepHMEHTANBLHBIX TOUeK U3 47 HCTOYHHKOB [UIst 14 pa3MdHbIX )HAKocTel (Bona,

aMMuak, OeH3os, 3tanos, dpeonst, reaunii-1, napabonopon. MoHon3onponuabHudeHUN. a30T U KasHi)

B Tpybax anuHod ot 00109 no 8,82 m. amamerpom ot 0,00109 no 00381 m npu oTHOLIEHHAX

MJIOTHOCTH Tapa K IUIOTHOCTH XuAkocTH 8 npegenax 0,000270--0,413. BrisiBiaeHbl 3aKOHOMEPHOCTH
[N KPUTHYECKOTO TEILIOBOrO NOTOKA B MCCIIEAYEMOM NHANa30HE NapaMETPOB.



