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Abstract—Based on the liquid sublayer drvout mechanism. a physical model of critical heat flux (CHF)
of subcooled flow boiling is presented in a previous paper with a rather tentative correlation of a coefficient
k to link the velocity of a vapor blanket with that of two-phase flow. In the present paper. a new correlation
of the velocity coeflicient & is derived based on CHF data of various kinds of fluids. presenting a generalized

method to predict CHF of subcooled flow boiling within the range of subcooling 7,

-7, 20K, void

sat

fraction x < 0.7, and vapor/liquid density ratio p,/p, > 0.01. Comparisons of predicted and measured
CHF show fairly good accuracy up to high degrees of subcooling.

1. INTRODUCTION

As ror critical heat flux (CHF) of subcooled flow
boiling. the first analysis based on the liquid sub-
layer dryout mechanism was presented by Lee and
Mudawar [1]. showing good accuracy to predict the
CHF of water up to rather high degrees of subcooling.

Then. following the same principle as above, a
somewhat different type of analysis was presented by
the author [2]. offering a predictive procedure of CHF
which is summarized in the Appendix. This analysis
postulates a flow structure such as that illustrated
schematically in Fig. 1, where CHF is assumed to
occur when a liquid sublayer of initial thickness ¢
is dried out due to evaporation during the passage
time of a vapor blanket of length Ly and velocity Uy
stiding on the liquid sublayer. In order to evaluate
the sublayer thickness J, a dimensionless correlation
of ¢ derived in a previous study of CHF in pool
botiling {3] is applied, while the vapor blanket velocity
Uy is evaluated by relating it to the local velocity
U, of the two-phase flow (which is assumed to be
homogeneous flow) at the distance of d from the tube
wall as follows :

Ug = kU,. (M

The velocity coefficient & on the right-hand side of
equation (1) is only one quantity to be determined
empirically in this model. In the previous paper [2].
CHF data of subcooled flow boiling of water in an
8 mm diameter tube, included in the CHF table of
the U.S.S.R. Academy of Sciences [4]. were analyzed
to give the following dimensionless correlation of & :
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where 2 is the void fraction, p./p  the vapor liquid
density ratio, and Re the Reynolds number. Also. it
has been found that the foregoing predictive pro-
cedure employing k of equation (2) is applicable to
predict CHF not only for water including various tube
diameters other than 8 mm. but also for non-aqueous
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FiG. 1. Subcooled flow boiling near CHF conditions.
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NOMENCLATURE

Cht specific heat of iquid at constant pressure Us homogeneous flow velocity at distance §
d i.d. of tube from wall
f friction factor for homogeneous flow X true quality
G mass velocity Xe local thermodynamic equilibrium quality
hyc  forced convection heat transfer X.n X at the incipience of net vapor

coefficient generation.
H;,  latent heat of evaporation

iy local liquid enthalpy (function of T,)
I enthalpy of saturated liquid

k vapor velocity coefficient

Ly length of vapor blanket

Pr. Prandt] number of liquid, g c,i /4
q heat flux
q. critical heat flux

Gu fraction of g for boiling

Re Reynolds number for homogeneous flow,
Gd/u

T, local liquid temperature (function of i)

saturation temperature

T wall temperature

Uy vapor blanket velocity

Greek symbols

x void fraction

o sublayer thickness

AL thermal conductivity of liquid
i viscosity for homogeneous flow
e viscosity of liquid

I viscosity of vapor

p density for homogeneous flow
PL density of liquid

Py density of vapor

a surface tension

T vapor blanket passage time

T, wall shear stress of homogeneous flow.

fluids in the range of « < 0.7, for which the assump-
tion of homogeneous flow may be tolerated.

However, k evaluated by equation (2) is not con-
tinuous in magnitude at the boundary between two
adjacent regimes of «, which gives rise to some degree
of discontinuity in the predicted value of CHF (see
thin lines in Fig. 6, for example). Besides, for the use
of equation (2), an averaging procedure of CHF value
near the boundary between two adjacent regimes of o
is needed (see ref. [2] for details), causing a remarkable
increase of computational time. In addition, equation
(2) exhibits comparatively low accuracy in predicting
CHF for non-aqueous fluids.

Hence, it is desired that the foregoing defects associ-
ated with equation (2) should be removed; if this is
realized, the foregoing predictive procedure becomes
much more useful in various aspects. The present
paper reports the results of a study which has been
carried out with these objectives.

2. A NEW CORRELATION OF « AND
PREDICTION ACCURACY OF CHF

Experimental CHF data of subcooled flow boiling
employed in the present study are listed in Table 1,
where the number of data points, the ranges of diam-
eter 4, pressure p, mass velocity G, subcooling T, — T,
and thermodynamic equilibrium quality x. at the
CHF location, and the range of vapor/liquid density
ratios p,/p. are shown, together with the reference
number of each data source.

As already mentioned, the data of ref. [4] for water
were employed in the previous paper [2] to derive a

rather tentative correlation of k, that is, equation (2).
In the present study, all of the 835 points data for the
various materials listed in Table 1 have been analyzed
to investigate the possibility of deriving a synthetic
correlation of k. For this purpose, the magnitude of
k is evaluated first through the calculation procedure
of the Appendix, so that the CHF value predicted with
the magnitude of & may agree with the corresponding
experimental data of CHF. In the course of this com-
putation, quantities such as void fraction «, Reynolds
number Re, density ratio p./p., and others can also
be determined relating to each value of k.

For the value of « thus evaluated. it is found that
the condition of x < 0.7 is satisfied by as many data
points as listed in the third column of Table 1. Then,
k- Re®® obtained for each of these data points is plot-
ted against p,/p, in a similar way to the previous study
[2], and some typical examples of the results are shown
in Figs. 2-5, where Fig. 2 represents the data for
x = 0.55-0.65, Fig. 3 for « = 0.35-0.45, Fig. 4 for
a = 0.05-0.15, and Fig. 5 for x = 0. respectively. In
these figures, different fluids are represented by differ-
ent symbols: O for water, + for R-12, x for R-11,
V for nitrogen, [J for helium, and A for R-113.

Then, with the help of least squares and other
means, various types of formulae have been tested to
correlate the data of k such as those cited above,
resulting in the following expression :

r o 242[1 + K, (0.355 ~ )] X
= 00197+ (p/p) " DI +903(p, p0) T

- 0.8
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Table [. Number of data points and experimental conditions for the CHF data analyzed
No.of Datu of d P G T.—-T,
Fluid data  x<0.7 {mm) (MPa) (kgm ™5™ (K) —x, P Ref.
Water 374 307 8 29-19.6 5005000 0--75 0-0.835  0.018 0.321 (4]
Water 270+ 270 7.72-11.07 34138 350-10360 1.8-97.6  0.010-0.493  0.021-0.136 [5]
R-12 53% 53 5 1.9-3.4 770-5400 0.0-10.4  0.004-0.264  0.108-0.311 [6.,7]
R-11 37 37 12.47 1.0-2.5 1390-8800 18.3-61.3  0.155-0.619  0.046-0.139  [§]
Nitrogen 51 51 12.80 0.5-1.7 550-2260 3.0-26.2  0.042-0477  0.030 0.11% [9]
Helium 11 11 1 0.199 35-90 0.0-0.159  0.021-0.191 0.410 [0
Helium 4 4 1.09 0.194-0.199 79-104 0.0-0.198 0.034-0216  0.381.-0.410  [11)
R-113 35 33 10.2 09-2.2 1280-5600 047 30.8  0.005-0.344  0.050-0.167  {12]
Total 835 768 1.0-12.8  0.199-19.6 35-10360 (-97.6 0.835 0.018-0.410 —
+ Nine clearly abnormal data points have been omitted from the original data.
1 Data potnts of Ap p > 0.03 have been omitted from the original data (see ref. [2] for details).
]
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FiG. 3. Velocity coefficient {void fraction: 0.35 < x < 0.45).
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FiG. 5. Velocity coefficient (void fraction: z = 0).
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Table 2. Prediction accuracy for CHF of various fluids

k of equation (2)

k of equation (3)

Data of
Fluid x<0.7 w(R) o(R) u(R) o(R) Ref.
Water 307 1.030 0.167 0.978 0.144 [4]
Water 270 1.085 0.192 1.021 0.120 [5]
R-12 53 1.159 0.247 1.064 0.291 [6. 7}
R-11 37 1.182 0.247 1.039 0.271 [8]
Nitrogen St 1.337 0.215 1.165 0.145 [9]
Helium 1 1.614  0.294 1.038 0179  [10]
Helium 4 1.641 0.337 1.147 0.260 [
R-113 35 1.632 0.411 1.494 0.387 [t2]
Total 768 1.125 0.260 1.040 0.210 —

where K, =0 for x> 0.355, and K, =3.76 for
1 < 0.355. Respective lines in Figs. 2-5 represent
equation (3) with 2 = 0.6 in Fig. 2, « = 0.4 in Fig. 3,
2 = 0.1in Fig. 4, and 2 = 0 in Fig. 5, indicating that,
in spite of its simple form, equation (3) is capable of
correlating A fairly well over a wide range of con-
ditions.

Now, as for the accuracy of predicting CHF in the
range of x < 0.7, the procedure of the previous paper
[2] employing equation (2) is compared with that of
the present paper employing equation (3) in Table 2,
where R is defined as

R = (predicted CHF)/(measured CHF)

and p(R) and 6(R) are the mean value and standard
deviation of R, respectively. In this statistical com-
putation of prediction accuracy, nine data points of
water for p = 19.6 MPa and T,,,— T, = 0 K, included
in the U.S.S.R. CHF table [4], have been omitted
because they exhibit rather regular deviation as com-
pared with all the other data. In any case, the results
of Table 2 indicate that equation (3) is capable of
predicting CHF with comparatively good accuracy
for various fluids except for the data for R-113 of
Coffield er al. [12].

Regarding the exceptional character of the R-113
data mentioned above, it may be of use to point out
that nitrogen gas was used to pressurize the fluid in
the loop of Coffield er al. [12]. In other words, a
noticeable gas volume (the volume in the pressurizer
plus that of the gas bomb) was attached to the loop
on the entrance side of the test tube, and there might
have been a certain measure of flow pulsation to lower
the magnitude of the CHF.

3. IMPROVEMENT OF CHF PREDICTION
ACCURACY FOR WATER

From the results obtained in the preceding section,
it is clear that the use of equation (3) is superior to
that of equation (2) with respect to the prediction
accuracy ; besides, the use of equation (3) instead of
equation (2) can remove defects such as the dis-

continuity in the predicted CHF value and the increase
of computational time.

Nevertheless, the accurate prediction of the CHF
for water is particularly important in technology, and
accordingly, more detailed analyses of k for water will
be mentioned below. If the 307 data points of water
listed in the first line of Table 2 are divided into eight
subregions of 2, they give the results of Table 3 for
prediction accuracy. Similarly, 270 data points of
water in the second line of Table 2 give the results
shown in Table 4. These two tables disclose that the
CHF prediction based on equation (3) exhibits some-
what lower accuracy in the regime of x < 0.1 as com-
pared with the regime of « > 0.1.

If one wants to improve the prediction accuracy for
2 < 0.1, it can be done in the following way : a simple
correction term is included on the right-hand side of
equation (3) to give:

_242[1+ K, (0.355 — )1 +K,(0.100— )]
T [0.0197+(p./pL)" T I1+90.3(p. ip )

Re-O.S

S

where K, is the same as in equation (3). while K, = 0
for 2 > 0.100 and K, = 2.62 for « < 0.100. The accu-
racies of CHF prediction with equation (4) are also
listed in Tables 3 and 4, indicating that. in the case of
water including the regime x < 0.1, the use of equation
(4) is preferable.

4. ADDITIONAL REMARKS

4.1. Variation of CHF with diameter

Figure 6 represents the variation of critical heat flux
g. with diameter d: thin and thick lines are the results
of predictions of CHF for water at p = 13.79 MPa,
G=2065kgm=?s"' and T, —T, =26 K (x,=
—0.146), while three open circles represent the exper-
imental data of water collected from ref. [5] for
nearly the same conditions of p, G, and T~ 7 as
above.

In Fig. 6, thin lines represent the CHF value pre-



Critical heat flux of subcooled flow boiling

1925

Table 3. Prediction accuracy for water CHF data of ref. {4]

k of equation (2)

k of equation (3) k of equation (4)

Range of Data
2 points u(R) o(R) u(R) o(R) w(R) a(R)
0.6-0.7 28 t.164 0.203 1.034 0.191 1.034 0.191
0.5-0.6 30 1.079 0.261 1.006 0.224 1.006 0.224
0.4-0.5 28 1.093 0.167 1.014 0.173 1.014 0.173
0.3-0.4 31 1.036 0.141 1.009 0.116 1.010 0.114
0.2-0.3 37 1.090 0.110 1.028 0.102 1.028 0.102
0.1-0.2 36 1.037 0.108 0.997 0.094 1.005 0.082
0-0.1 55 0.934 0.113 0.927 0.095 1.008 0.076
0 2 0.958 0.112 0911 0.103 1.001 0.098
Total 307 1.030 0.167 0.978 0.144 1.012 0.132

Table 4. Prediction accuracy for water CHF data of ref. {4}

k of equation (2) k of equation (3) k of equation (4)

Range of Data
x points 1(R) a(R) u(R) a(R) 1(R) g(R)
0.6-0.7 4 0.810 0.059 0.891 0.064 0.891 0.064
0.5-0.6 6 0.883 0.147 0.976 0.139 0.976 0.139
0.4-0.5 7 1.011 0.217 0.958 0.157 0.958 0.157
0.3-0.4 32 1.128 0.163 1.026 0.075 1.026 0.075
0.2-0.3 57 1.119 0.192 1.085 0.104 1.085 0.104
0.1-0.2 77 1.152 0.204 1.076 0.129 1.077 0.129
0-0.1 69 0.988 0.147 0.960 0.063 1.040 0.048
0 18 1.136 0.052 0.879 0.041 1.000 0.047
Total 270 1.085 0.192 1.021 0.120 1.050 0.103

dicted by the method of the previous paper [2] employ-
ing k& of equation (2), while a continuous thick line
represents the result of the present work with k of
equation (4), showing that the latter method can pre-
dict the magnitude of CHF in a continuous form. For
reference, the variation of void fraction « accompany-
ing the continuous change of CHF in Fig. 6 is rep-
resented in Fig. 7, where sharp bends can be seen at
A and B where z = 0.355, and at C where a = 0.100.
However, this is only a superficial matter resulting
from an empirical form of equation (4) (primarily.

5 T
Water p=13.79MPa
kA G=2065kg m"%s"
5
z Tyar -TL=25K
;101 S
*
E \Q
::- 5 \ \
3
2
= \
2 d
< O Experimental Data \
- 1 1
1 5 10 50 100

Diameter d (mm)

F1G. 6. Varnation of critical heat flux with tube diameter.

the curve must be smooth at these points). An impor-
tant observation in Fig. 7 is the fact that even if p, G,
and T, — T, are fixed, the magnitude of « at the CHF

condition changes with 4. and besides, has a peak
value on the way.

4.2. Comparison of predicted and measured CHF

The accuracy of the CHF prediction procedure
employing either equation (3) or equation (4) has
already been discussed based on u(R) and ¢(R) in
Tables 2-4. However, visual comparisons between the

0.8

0.6

AN

| N

1 5 10 50 100

>N

Void Fraction a

Diameter d (mm)

F1G. 7. Variation of void fraction at CHF condition cor-
responding to the state of Fig. 6.
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predicted and the measured values of CHF are also
of use, so they are shown in Figs. 8 and 9. In these
figures, the predicted values for water have been com-
puted with £ of equation (4). while those for non-
aqueous fluids have been predicted with & of equation

3).

4.3. A note on the rootof ¢ =¢q’

The prediction procedure of CHF summarized in
the Appendix begins its calculation by assuming a
value of the heat flux ¢, and finally a resultant value
of the heat flux ¢’ is derived. Hence, if the magnitude
of ¢ undergoes a change, it gives ¢’ which varies as
a function of g. A typical example of the relation-
ship between g and ¢’ thus obtained is shown in
Fig. 10 for the case of water at p = 11.8 MPa, G =
5000 kg m~* s~', and T,,—T,_ =0 K, where the
foregoing function ¢’ = f(q) is represented by a thin
line: clearly, the magnitude of CHF is predicted
at the location of O where ¢ = ¢’, while the measured

10* ‘
Water {5]
<107
5
z R-11 (8]
; 10¢ 3~ 4
& “~Nitrogen (9]
o o10°
-
9
3
3 10t
B
p Helium [11]
10*
102 ] s 7
10? 10* 10 10 10¢ 10 10*

Measured CHF q, (W m?)

Fi1G. 9. Comparison of predicted and measured critical heat
flux.
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F1G. 10. Relationship between assumed ¢ and resultant g’,
Re, and 4.

value of CHF is located at A. For reference, the
accompanying variations of Reynolds number Re and
the sublayer thickness § are also represented by thick
lines in Fig. 10.

Usually, the relationship between ¢ and ¢’ takes
the form shown in Fig. 10, so no problems arise in
predicting CHF by iterative procedures. However, in
the case of very high magnitudes of pressure and
subcooling (actually, water at p.p,_ = 0.321 and
T.u— T, = 50-75 K in the present study), the situ-
ation of Fig. 10 is transformed into a special form
(Fig. 12) passing through an intermediate one (Fig.
11). In a special case such as that shown in Fig. 12,
four roots of ¢ = ¢’ exist, but a continuous connection
with the situation of Fig. 10 must be maintained to
predict the value of CHF and accordingly it is found
that, among four roots, only one root of the highest
value at the location indicated by O can have a physi-
cal meaning, and this agrees with the trend of exper-
imental data.

T
[ TUAX
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L/ N

¢ O Predicted CHF \
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1
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0.1

<,
\ |
\
L\

102 L 0.01
102 10° 10* 10% 10¢ 107 10*

Assumed Heat Flux q (Wm?)

Resultant Heat Flux @' (W m~?). Reynolds Number Re

FIG. 11. Relationship between assumed q and resultant ¢’,
Re, and 6.
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5. CONCLUSIONS

(1) A total of 835 data points of CHF for six kinds
of fluids (water. R-12, R-11, nitrogen, helium, and
R-113) have been analyzed to investigate the nature
of an empirical coefficient (the velocity coefficient) &,
which has been introduced in a previous paper in
order to establish a physical model for CHF of sub-
cooled flow boiling. Equation (3) has been derived as
a new correlation of k.

(2) The foregoing model of CHF is one which is
based on the liquid sublayer dryout mechanism, and
it is of interest to learn that the velocity coefficient &,
which links the vapor blanket velocity with the two-
phase flow velocity in a tube, can be correlated in
terms of dimensionless groups dominating the two-
phase flow; that is, void fraction «, vapor/liquid den-
sity ratio p./p., and Reynolds number Re.

(3) Employing k of equation (3) [or that of equation
(4) to improve prediction accuracy in the regime of
< 0.1 for water], the CHF prediction procedure
summarized in the Appendix offers a generalized
method capable of predicting CHF of subcooled flow
boiling with sufficient accuracy up to high degrees of
subcooling.
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APPENDIX. CHF PREDICTION PROCEDURE

Assume a value for ¢ under local bulk conditions of p, G.
Taw— T and d.

Calculation of ¢

o m0.0384)7 [p, Y Yo (o HyY
OO (Y (e (0
2 oL P/ P\ dy

where qg = ¢ — ot T — 7). for which

hyc = 0.023(Gd' )3 Pri (2 )

DT w =T+ Al
\{}0

¥, = 230(¢/GHyy)"".

Calculation of x, and x,

I~y
Xe= =
Hy,
—00022—L 4 g ag000
XN = pLHy (2Ll L) s
“ q I Ge,d
41 - for —2= > 70000.
pLHE (Gip) [

Calculation of x

p < ":C l>
X, — XN €X -
YN

ENeES
— XN €XP -
VeN

0 for x, > X..

for x,« < x.

Calculation of p. x, and u
p=Lxp +(1=x)p]
2=x [x+(1=)(p./p0)]
o= p 2+ p (1 =2)(1 +2.5%).
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Calculation of U; Calculation of Uy
¥i forO0<ys <5 Uy = kU,
U =450+50In(35/5) fors<yf <30 where & is the velocity coefficient.

5.5425Iny; for 30 < y} .
Yo - Calculation of Ly

+ o ! )
;’::lecr; U = Uﬁ/\/(TW/P) and y; 6\/(tw/p)/(l-‘/P)v for Ly = 2n6(p, +pL)/{p.pL UR).
1. = f-p(G/p)*/8 Calculation of ¢’
1 /f=2.0log,, (Re /) ~0.8 q = dp Hy/t
Re = Gdu. where 1 = Lg/Uy; ¢ is the critical heat flux g, when ¢ = ¢

PREDICTION DU FLUX THERMIQUE CRITIQUE D’EBULLITION POUR
L’ECOULEMENT SOUS-REFROIDI DANS DES TUBES CIRCULAIRES

Résumé—Basé sur le mécanisme d’asséchement de la sous-couche liquide, un modéle physique du flux
thermique critique (CHF) d’ébullition d’un liquide sous-refroidi en écoulement a é€té présenté antér-
ieurement avec une formule de coefficient k& pour lier la vitesse d'une couverture de vapeur a celle de
I‘écoulement diphasique. On présente ici une nouvelle formule de ce coefficient de vitesse k qui est obtenu
a partir des données de CHF pour différentes sortes de fluides, ce qui permet de prédire de fagon générale
le CHF d’ébullition avec convection dans le domaine de sous-refroidissement T,,, — T, > 0 K, de fraction
de vide a < 0,7, et de rapport de masse volumique vapeur/liquide p,/p, > 0.01. Des comparaisons entre
CHF mesurés et calculés montrent une bonne précision jusqu’a de forts degrés de sous-refroidissement.

BERECHNUNG DER KRITISCHEN WARMESTROMDICHTE BEIM UNTERKUHLTEN
STROMUNGSSIEDEN IN KREISROHREN

Zusammenfassung—In einer fritheren Arbeit wurde ein physikalisches Modell fiir die kritische Wirme-
stromdichte (CHF) beim unterkithlten Stromungssieden vorgestellt, das auf dem Dryout-Mechanismus
der Flissigkeitsunterschicht basiert. Dieses Modell enthilt eine eher tastende Korrelation fiir den Ko-
effizienten &, welcher die Geschwindigkeit der Dampfbedeckung mit der Geschwindigkeit der Zwei-
phasenstromung verbindet. In dieser Arbeit wird nun eine neue Korrelation fiir den Geschwindig-
keitskoeffizienten k ermittelt, die sich auf die CHF-Daten verschiedener Fluidarten stiitzt. Es wird eine
allgemeine Methode zur Berechnung der kritischen Wirmestromdichte beim unterkiihlten Strédmungs-
sieden fiir eine Unterkihlung T, —~T7, >0 K, einen Dampfgehalt 2 < 0,7 und ein Dampf/Flissigkeits-
Dichteverhiltnis p,/p; > 0.01 vorgestelit. Die berechneten und gemessenen kritischen Wiarmestromdichten
stimmen bis zu groBen Unterkithlungen ziemlich gut iiberein.

OMNPENEJEHHE KPUTHYECKOI'O TEIJIOBOI'O MMOTOKA INMPHU TEYEHHH
HEJOI'PETOX XHAKOCTU B KPYIJIBIX TPYBAX

Asnoraums—B npeasaymneit cTaThe Ha OCHOBE MEXAHH3IMA KPH3HCA TEILUIOOOMEHa B XKUAKOM MOACNOE
paspaboTana ¢u3HecKas MOAeab KpATHYeckoro Terosoro noroxa (KTTI) npu Tewennu wemorperot
XHAKOCTH B YCJIOBHAX KHIICHHS, @ TaKXe NOJTy¥eHa NpHOIMKEHHAA 3aBUCHMOCTL ANs Ko3dduumeHTa K,
CBA3BIBAIOMIAA CKOPOCTH MapoBo#i pybairky u AByxda3HOro moToka. B npennaraemMoii craTbe Ha OCHOBE
nannbix no KTII npa pasnuyAbIX BAAAX TEYCHHA BHIBEACHA HOBAA 3aBHCHMOCTH ANA KoddduuueHta k,
npeacTasasmomas coboit 0606uennsti Meton pacueta KTII npn TeueHHM HenorpeToR XHIAKOCTH B
YCJIOBHSIX KHMIeHMs B auana3oHe wenorpesa T, — T; 2 0 K, ana o6nemuoro conepxkanusa a < 0,7 u
COOTHOWEHHS IUIOTHOCTER Napa B XHAKOCTH p./p, > 0,01. Cpasuenne pacueTHuIX ¥ H3MeperHunx KTIT
NoKa3ano yAOBJIETBOPHTENLHOE COTIACHE JAXKe NPH BHICOKHX YPOBHAX HEIOTPEBA.



