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Abstract—In this paper, the generalized correlation of critical heat flux (CHF) derived by the author in

previous studies is combined with the boiling length concept to make an analysis for obtaining

theoretical predictions for the effect of inlet subcooling on CHF. Fairly good agreements are found

between the theoretical predictions thus derived and the existing data of experiments. Then the extent of

inlet subcooling over which the boiling length method is applicable for correlating CHF data is examined

quantitatively by comparing the CHF data obtained in studies of so-called dryout and post-dryout heat
transfer with the author’s generalized correlation.

NOMENCLATURE

d, L.D. of heated tube [m];

G, mass velocity [kgm~2s71];

latent heat of evaporation [Jkg™'];

AH,, inlet subcooling enthalpy [Jkg~'];

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

I length of heated tube [m];

I, boiling length, equation (3) [m];

M, M =00031//d;

N, N = 107(op,/G*1)°3*l/d;

D, absolute pressure, Figs. 3-10 [bar];

qe critical heat flux [Wm™2];

4o, qcfor AH;=0[Wm™?];

r, relative error, equations (9), (15) and (21);

z, axial coordinate, Fig. 2 [m].

Greek symbols
e, = (U4)@/(GAHq,);
pi,  density of liquid [kgm*];
P,  density of vapor [kgm™3];
o, surface tension [Nm™'];
e quality (x.,: exit quality corresponding to
critical condition; y,,: inlet quality).

1. INTRODUCTION

For criricaL heat flux (CHF) of forced convection
boiling in vertical uniformly heated tubes, it is well
known [1, 2] that plots of g, against AH; for fixed G
often indicate the linear relationship such as is
shown in Fig. 1, and it can be written as follows:

9. = qco(1 +KAH/H ), (1

where K is a dimensionless parameter independent
of AH,. Analyzing the experimental data of CHF, the
author [3, 4] has shown that CHF data are classified
into four regimes called L-, H-, N- and HP-regime.
the linear equation (1) applies to regimes other than
N-regime. and ¢, on the RHS of equation (1) is

Ze
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o f— gcoﬁ

AHj

F1G. 1. Linear relationship between g, and AH, for fixed G.

correlated by equations of the following form:

Ao __ f(”—", . 1)- @
GH,, g Gl d

On the other hand, the idea of the boiling length /,
indicated in Fig. 2(b), that is the tube length minus
the length necessary to bring the thermodynamic
quality to zero, was devised by Hewitt et al. [5] and
Bertoletti et al. [6] for example, and has since come
into use in correlating CHF data (eg. GEXL
correlation [7]). In the special case of AH; < 0 (that
is, mixed inlet condition), the boiling length I, can
also be defined as indicated in Fig. 2(c). Then, for a
uniformly heated tube, /, is related to AH,; via the
heat balance thus,

E= 1—¢, wheree¢ =léGAHi.
[ 41 gq,

Equation (3) applies to both the case of Fig. 2(b)
where 0 < AH,; and that of Fig. 2(c) where AH; < 0.

Flow pattern at the point of reaching zero quality
in Fig. 2(b) differs generally from that at the entrance
of the heated tube in Fig. 2(a) where a saturated liquid
is fed with no entrained vapor. However, in the case of
0 <e «1orly/l=1 in equation (3), the boiling front

3)
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FI1G. 2. Linear variation of quality y along a uniformly heated tube.

can be approximately assumed to agree with the
position of zero quality in Fig. 2(b). In other words,
the CHF in this case can be correlated with the same
function as equation (2), so that it is written as

4. po 0P b
GH,, f(,;, ' GH,’ d)' )
In the case of Fig. 2(c), the point of zero quality
becomes an imaginary one, but if I/l = 1, the same
assumption of boiling front as above may be laid
down without serious error.

Then, q, in equation (1) with g, given by equation
(2) should coincide with g, in equation (4) with I,
given by equation (3), providing us with a means to
discuss theoretically the parameter K on the RHS of
equation (1).

2. PARAMETER K IN L-REGIME

According to the author’s correlation of g, [3,4],
equations (2) and (4) are written for L-regime as

follows:
0.043 1
dco =C U_/)l _ (5)
GH,, G*l l/d
0.043
q. ap 1
=Cl— s ©)
GH, G*l, l,/d
where C=034 for both op/G*l and

op, /G, < 5x107%, and C = 0.25 for both op,/G*!
and op/G?l, > 5x 10™* Then, dividing each mem-
ber of equation {6) by that of equation (5), and
substituting equation (3) for I,, it yields the relation

qc(l _8)1.043 =40 (7)

When |¢| < 1, equation (7) can be expanded with
respect to ¢, and higher order terms than the second
term can be ignored to give

q.(1-1.0438) = g0 ®)

with the relative error r defined as follows:
_ 1—-1.043¢

- (1 _8)1.043 -

©

Equation (9) indicates that the error can remain
small for a comparatively wide range of ¢ Then,
replacing G included in ¢ of equation (8) by G of
equation (5), it yields
_ - 1.043 AH,;
qde =40 4C(O_pl/G21)O.O43 Hfg ’
Comparing this equation with equation (1), it gives
K in L-regime (designated by K ) as follows:
K - 1.043
L 4C(o,pl/Gzl)0.043 >
where C takes the value indicated in equation (5).
In Fig. 3, K, predicted by equation (10) is
compared with the experimental data of K; com-
piled in Fig. 16 of the preceding study [3]. Though
data are limited in their number and show scattering,

approximate agreement may be witnessed between
predicted and measured K.

(10)

3. PARAMETER K IN H-REGIME

According to the author’s correlation of g, [3],
equations (2) and (4) are written for H-regime as
follows:

4.0 ~0.10 & 0.133 ﬂ 1/3 1
GH,,  \p Gl 1+00031/d

q £ 0.133 ap \1/3 1
¢ =010 Pyt L
GH,, (m ) (G%,) 1+0.00314y/d

Dividing each member of equation (12) by that of

(11)

(12)
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F1G. 3. Comparison between prediction of equation (10) and experimental data for K.

equation (11) and substituting equation (3) for I,

yields

1+M(1—¢)
1+M

where M = 0.0031l/d. When |¢| < 1, equation (13)

can be expanded with respect to ¢, and higher order
terms than the second term can be ignored to give

g.(1—e)'? (13)

= 4.0

Then, replacing G included in ¢ of equation (14) by G
of equation (11), it yields

5 00124 +dJl AH$

- 14— ——
qc qco{ +6(pv/pl)0.133(o.p‘/G21)1/3 Hfg

Comparing this equation with equation (1) yields K
in H-regime (designated by Ky) as follows:

1 M
-Gl 0 e LI
76 (pu/Pl)o'ln(Gpt/Gzl)l/S
with the relative error r defined as follows:
1 M In Fig. 4, K, predicted by equation (16) is
1— <§+1—>a compared with the experimental data of K,, com-
r= +M —1. (15) piled in Fig. 17 of the preceding study [3]. It may be
(1—g)'P? 1+M(1-e¢) concluded that agreement between predicted and
1+M measured K, is fairly good.
10’_ T T
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FiG. 4. Comparison between prediction of equation (16) and experimental data for K "
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F1G. 5. Comparison between prediction of equation (22) and experimental data for K ;,

4. PARAMETER K IN HP-REGIME

According to the author’s correlation of ¢, [3],

equations {2} and (4} are written for HP-regime as
[ } P

1CHIOWS
0.65 0.453
9o ~820(p*‘) (fmq
O T 2
GHy, \oi/ G
! 17
x
1+ 107 (g0, /GENO54/4 an
4+ 10T (ep,/G1)7*i/d
0.65 0.453
4. 2y Gp,
G- =801 21
TRt ie \#+1 /7 N> "B/
1
(18)

X .
L 107ap, /G234, /d

Then, in the same way as in the preceding section,

the following equation is derived from equations

(17}, (18)and (3):

1+ N{1—g)03®
1+N

where N = 107(op,/G*1)*>**1/d, and equation (19) can

be replaced by

g {] —g)0453 - {19y
‘lc “F b FtA] Ay

N
ad1- el mg )
{ \ TN/}
with the relative error r defined as follows:
- ( 1 +N)
" 1 0,453 1+ N( —8)0' 6 : @
(1=2) 1+N
Then, in the same way as before, equations {17}, 20}
and (1) yield K in HP-regime (designated by K ,,) as
follows:
215 G21)0-34 . d/i
K, = 00138 —20P/C]) AR

(0.1 opy G 1 #33
It may be of interest to note that if df! is removed

frman thin DITC Af arvicatioe satian
VMR LHIC NS U unauuu (LL}, KUC cquauuu lb

written as K, = 2.97(0p,/G*)* %7 /(p,/p,)°*%*, which
is nearly consistent with one of the equations of K,
obtained empirically in the previous study [3],
Kyp = 3.08(ap/G*D*°fp,/p)°°. Anyhow, in Fig. 5,
K yp predicted by equation (22} is compared with the
experimental data of Kyp compiled in Fig. 18 of the
preceding study [3]. The prediction of equation (22) is
slightly higher than the experimental data, and it
suggests that the correlation equation (17) may have a
little defect with respect to the effect of //d on CHF.
At the present stage, however, the number of available
data of ¢, in HP-regime is so limited that definite
conclusions cannot be obtained.

AISSIBLE RANGE OF BOILING

LENGTH METHOD

On the premise that the author’s generalized
correlation of g, [equations (5), (11) and (17)] is
substantially valid, and that the linear g —AH,
relationship (Fig. 1) holds empirically in L-, H- and
HP-regime, the results of Figs. 3~5 are regarded as
showing the existence of a range in which the boﬂing
xerxg‘m method for CDTrt:ldllllg CHF data is dppllb-
able with a permissible margin of error. It should be
mentioned here that according to the existing CHF
data (cf. Ref. [8] and others), the linear q.—AH,
relationship can be observed to hold to the extent of
¢ > 1. Besides, logically speaking, it has been
unnecessary in the present section to worry about
the disagreement of flow pattern between the zero

noint Tig YHal and tha Fig 2HhY and
quanl)‘ point ul i, aaj ang tnat ul g, Llu) aiia

(c). Then, in compliance with a marginal magnitude
of error, a permissible range of the boiling length
method can be determined by equations (9), (15) and
(21) for L-, H- and HP-regime respectively.
Numerical results thus obtained are shown in
Tables 1-3, and it may be noticed that for the type of

5. PERN
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Table 1. Permissible range of boiling length method in L-regime

Irl < 0.025

irl < 0.050

Irl < 0.100

—270 < ¢* <059

—6.75 < &* < 0.69

—289 < e* < 0.79

*r does not become positive for this range of ¢.

Table 2. Permissible range of boiling length method in H-regime

M |r] < 0.025 Ir| < 0.050 [r] < 0.100
0.05 —0.67 < ¢t <040 —1.06 < ¢t < 0.52 —1.78 < ¢t < 0.65
0.15 —092 <&t <044 —1.66 < ¢t < 0.56 —4.27 < gt < 0.68
0.30 —508<¢ <052 —674 <¢ <063 -102<e <074
0.60 —142<¢ <072 —224<¢ <078 —389<¢ <085
1.20 —0.79 < e* <047 —1.29 < g* < 0.62 —230 <e* <0380
2.50 —0.60 < &* < 0.35 —097 < e* < 045 —1.73 < &* < 057

0 —045 <e*<0.26 —073<e* <034 —1.30 < ¢* <043

*r does not become positive for this range of ¢.
+r does not become negative for this range of ¢.

Table 3. Permissible range of boiling length method in HP-regime

N Jrl < 0.025 |r| < 0.050 |r] < 0.100
0.50 —0.69 < e* < 0.39 —1.12 < g* < 0.50 —1.94 < ¢* < 0.62
1.00 —0.79 < ¢* < 041 —1.31 <&* <052 —239 <e* <0064
2.00 —092 <e* <044 —1.59 < e* < 0.55 —3.09 < g* < 0.66
5.00 - 1.1l <&g* <047 —201 < &* <058 —425 <g* <069

0 —143 < ¢* < 051 —237<e* <062 —6.34 <e* <073

*r does not become negative for this range of &.

Fig. 2(c), that is ¢ < 0, the range of ¢ for a fixed
margin of error is comparatively wide in L-regime,
whereas for the type of Fig. 2(b), that is 0 < ¢ < I,
the range of ¢ for a fixed margin of error takes nearly
the same value for L-, H- and HP-regime.

Supplementary note: N-regime
According to the preceding study [3], g, in N-
regime is expressed as:
()

\0.133 \0.433
G0 _ 0_098<&) (z&) _
GH,, o G 1+0.00311/d

and the same procedure as that in Section 3 based on
the boiling length concept provides the following
equations instead of equations (15) and (16):

Mo
1—[0.163 + £
1+M |
r= -
(1_6)0.1631+M(1_8)
1+M
0.0221 +d/H(d/1)°-27
K = 0416 ( +d/)(d/!)

(pu/p)* 13 (apy G143

On the other hand, however, it has been found in the
preceding study [3] that linear g — AH, relationship,
that is equation (1), does not hold in N-regime.
Therefore, it may be concluded that the boiling
length concept is inapplicable in N-regime; and this
character seems natural because CHF in N-regime is
presumed to occur in a state very near zero quality.

6. TEST OF PERMISSIBLE RANGE
OF BOILING LENGTH METHOD
6.1. Experimental data

In order to test the permissible range of the boiling
length method predicted in Tables 1-3, experimental
data of CHF obtained by Ueda et al. [16,17] on R-
113, Ueda [18] on R-113, Hynek ez al. [19] on liquid
nitrogen, and Bennett et al. [20] on water will be
used. These experiments are concerned with the
study of so-called dryout and post-dryout heat
transfer, but no singular problems arise so long as
the length of heated tube ! used in this paper is
measured as the distance between the entrance of the
test tube and the dryout point which appears generally
upstream from the exit of the test tube.

Table 4 lists main conditions of the experiments
above-mentioned, including the experimental range
of ¢ I/l and M. Classification of experimental
conditions into two regimes of L and H in Table 4
has been made in the following way. Namely, if it is
tentatively assumed that the boiling length [, is
applicable for correlating CHF over the whole range
of these experiments, experimental conditions can be
plotted as in Figs. 6-8, where the boundary between
adjoining regimes is given by the following equations
derived by the author in previous studies [3,4]: for
the boundary between L- and H-regime,

I, 1

b _ @3
d~ 0.10C(p,/p))° >3 (ap,/G?1,)°2° — 0.0031
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where C takes the value indicated for equation (6),
and for the boundary between H- and N-regime,

L, 077
d (op/G*,)"37
In Figs. 6-8, experimental conditions located in and
close to L-regime are indicated by open symbols,

whereas those conditions located in H-regime by
black symbols.

(24)

5

I
— A4 & R-113 (p=3.0) [16117]
- 0,<.m R-13 (p=3.2) (18]

e/ d

FIG. 6. Experimental conditions for R-113 [16-18].
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¢  Exp.in Fig.19 of [19]
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2
06/ G2

FIG. 7. Experimental conditions for liquid nitrogen [19].

6.2. CHF in L-regime

In Fig. 9, data of critical heat flux ¢, obtained
under the experimental conditions of open symbols
are compared with the prediction of equation (6).
The experimental data scatter to some extent, but it
may be concluded that the data agree with the
prediction of equation (6) based on the boiling
length concept; and this result is regarded as
reasonable because only minor errors are estimated
by equation (9) within the experimental range of ¢ in
L-regime indicated in Table 4.

Besides, it may be of interest to note in Fig. 9 that
R-113 data (p = 3.0bar) obtained by Ueda er al
[16,17] for the type of Fig. 2(c) agree approximately
with equation (6) for values of I/l extending from
14.06 to 2.50 (cf. Table 4). This may suggest that the
flow in L-regime has a poor memory for the effect of
upper stream and is governed by local conditions.

6.3. CHF in H-regime

In Fig. 10, data of critical heat flux g, obtained for
the experimental conditions in H-regime in Figs. 68
are compared with the prediction of equation (12). It
may be noticed in Fig. 10 that the data obtained by
Ueda er al. [16,17] for the type of Fig. 2(c) suffer
from scattering and have a trend to deviate from the
prediction of equation (12), whereas the data
obtained by Ueda [18] and Bennett et al. [19] for
the type of Fig. 2(b) agree well with the prediction of
equation (12). These results are consistent with the
degree of error predicted by equation (15) for the
experimental range of ¢ and M indicated in Table 4.

7. CONCLUSIONS

(1) The effect of inlet subcooling on CHF in L-, H-
and HP-regime is analyzed, yielding equations (10),
(16) and (22) to predict the parameter K in equation (1).

(i) Fairly good agreement between the predicted
and the measured K shown in Figs. 3-5 may be
regarded as an indirect proof of the substantial
validity of the author’s generalized correlation of g,
that is, equations (5), (11} and (17).

(iii) The permissible range of the boiling length
method is predicted by equations (9), (15) and (21)
corresponding to a required magnitude of error.

i \

HO (p=69.0) (20)

: [H-regime L-regime
N

A4 \ ~ %%

(7 * L)

2 R AT e I NEET L

L] &
% (25)
. Cs
0.3

107 5 10°

10° 5

#ﬁ/G’P;S

FiG. 8. Experimental conditions for water [20].
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Table 4. Experimental range of ¢, I,/I, and M for data compared
Type e<0 O<e
Experiment Ueda et al. Ueda Hynek et al. Bennett et al.
[16, 17] [18] [19]* [20]+
Fluid R-113 R-113 Lig. N, H,O
p (bar) 30 32 1.38 69.0
d (m) 0.0t 0.01 0.0102 00126
€ —13.06 ~ —1.50 0.174 ~ 0.197 ~0 0.094 ~ 0.116
L-regime I
- 14.06 ~ 2.50 0.826 ~ 0.803 ~1 0.906 ~ 0.884
1
e —2373~ -395 0216 ~ 0231 — 0.101 ~ 0.166
I
H-regime 2 24.73 ~ 495 0.784 ~ 0.796 — 0.899 ~ 0.834
M 0.0338 ~ 0.405 0.760 — 0.873 ~ 1.36
*Data in Figs. 12, 19 and 20 of [ 19] are employed, excluding not only the data with tape,
but also data of G = 2 x 10*1b/ft? h in Fig. 20 because of VL-regime (cf. Ref. [3]).
+Data in Table 1 of [20] are employed, excluding data near N-regime (G = 2.8 x 10° and
3.8 x 10% 1b/ft? h).
5
- - .(6)
A A £q.(6), C=0.34 Eq
| fe c=0.25
BT R % B9 —hp—ag ooy
ol
Qh 10 -
& F a.oRr13 (p30) 1181 07
of[T -
S sl— O.T R-113 (p=3.2) [18]
— 0O0.H,0 Lig. N, (p=1.4) [19]
~ O.0 H,0 (p=69.0) [20]
161 (L lin [ WA Lo liin [ R
10° 5 107 5 10" 5 107 5 10°
06 |G
Fi1G. 9. Comparison between prediction of equation (6) and experimental data for CHF in L-regime.
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— /
~ o
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n?|q: Al
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2 -
£ - 2
2‘ 5l Eq.\\
i - 2 A R-113 (p=3.0) (16171
< F O ® R-113 (p=3.2) (18}
© cCee
- vy H,0 (p=69.0) [20]
163 Lot Lol L1
107 5 10° 5 10° 5
0q/c'e

FiG. 10. Comparison between prediction of equation (12) and experimental data for CHF in H-regime.
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{tv) When the inlet subcooling is within the
permissible range of the boiling length method, the
regime of CHF can be discriminated by employing
the boiling length [, instead of the heated length I [cf.

Y. KATTO
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ANALYSE DE L’EFFET DU SOUS-REFROIDISSEMENT A L’ENTREE SUR LE FLUX
CRITIQUE EN EBULLITION AVEC CONVECTION FORCEE, DANS DES TUBES
VERTICAUX ET UNIFORMEMENT CHAUFFES

Résumé—La formule généralisée du flux critique (CHF) obtenue par I'auteur dans des etudes précedentes

est combinée avec le concept de longueur d’ébullition pour obtenir le calcul théorique de I'effet du sous-

refroidissement a I'entrée sur le CHF. Un trés bon accord est obtenu entre les estimations théoriques et

les données de I'expérience. On examine quantitativement P'extension du sous-refroidissement d’entrée et

de la méthode de la longueur d’ébullition applicable au calcul du CHF en comparant les donnees de

CHF obtenues dans les études de I'asséchement et du transfert de chaleur aprés asséchement, avec la
formule genéralisée de Pauteur.

EINE UNTERSUCHUNG DES EINFLUSSES DER EINTRITTSUNTERKUHLUNG AUF DIE
KRITISCHE WARMESTROMDICHTE BEIM STROMUNGSSIEDEN IN SENKRECHTEN,
GLEICHFARMIG BEHEIZTEN ROHREN

Zusammenfassung—Zur theoretischen Untersuchung des Einflusses der Eintrittsunterkiihlung auf die
kritische Wirmestromdichte (CHF) wird hier die vom Autor in fritheren Untersuchungen hergeleitete
verallgemeinerte Korrelation fiir CHF mit dem Konzept der Siede-Linge Kombiniert. Die Ubereinstim-
mung der so gewonnenen Ergebnisse mit den vorhandenen experimentellen Daten ist leidlich gut. Ferner
wird der Bereich der Eintrittsunterkiihlung, in dem die Siede-Lidngen-Methode zur Berechnung von
CHF-Werten anwendbar ist, quantitativ untersucht; hierzu werden CHF-Werte aus Wirmeiibergangs-
untersuchungen im dryout- und post-dryout-Gebiet mit der verallgemeinerten Korrelation des Autors
verglichen.
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AHAJIM3 BJIUAHUSA HEJOFPEBA HA BXOJIE BEPTUKAJIbHbIX PABHOMEPHO
HATPEBAEMBIX TPYB HA KPUTHUUYECKUH TEMNOBOW MOTOK MPU KUNEHWUH
B YCJIOBUSIX BBIHYXJEHHOH KOHBEKLIMU

Aunoraumn - J{19 onpencicHus BIMAHUS HEAOTPEBA HA BXOAC HA KPUTHYECKHH TENIOBOH NOTOK

(KTI1) aBrop B NaHHON cTaTbe MCNO.Ib3YET MOHATHE J/UTHHbI KMNEHHS H IONYYEHHOE MM paHee

06006menHoe cootHowenue nis KTT1. Halizentoe TakuM 06pa3oM COOTHOLUEHHE XOPOLIO ONUCHIBAECT

HUMEIOLIIMECS HKCTIEPUMEHTANbHbIE JaHHble. TlpoBeneH KONMHECTBEHHbIA AHAIM3 CTENEHM HEAOrpeBa

HA BXOZe, NS KOTOPO# NPUMEHHM METOA ANHHbI KHIICHHA, NyTéM cpaBHenns dannbix no KTIL

MO/IYYEHHBIX [IPH MCCME/IOBAHMH TAK HA3bIBAEMBIX KPHTHHECKMX M 33KPHTHUECKHMX DEXHMOB Tefjio-
obmena. ¢ 00o0meHHbIM COOTHOLLEHHEM aBTOpA.
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