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A Study on Limiting Exit Quality of
CHF of Forced Convection Boiling

Y. Katto

Department of Mechanical Engineering,
University of Tokyo,

Hongo, Bunkyo-ku,

Tokyo 113, Japan

in Uniformly Heated Vertical
Channels

This paper presents the results from a phenomenological analysis of limited exit
quality X°,,., that is, the occurrence of critical heat flux at a nearly constant exit

quality X°,, independent of the change of inlet quality under mixed inlet condition.
The author’s generalized correlation equations of CHF ‘in uniformly heated
channels with subcooled inlet condition are employed for this purpose, and the
prediction of X2, is compared with the existing data of X2, satisfactorily. As a basis
of the above-mentioned analysis, the applicability of the author’s correlation
equations to the state near the critical length-to-diameter ratio corresponding to the
limiting quality condition is also examined.

Introduction

Postulating an idealized critical heat flux (CHF) curve, such
as illustrated in' Fig. 1(a), for forced convection boiling in
uniformly heated channels, Doroschuk et al. [1] advocated
that region I related to the first kind (DNB) of CHF while
regions II and III related to the second kind (dryout) of CHF,
Further, the authors postulated that CHF in region' II took
place due to dryout of a liquid film in the absence of
replenishment from the core of dispersed-annular flow,
whereas CHF in region III was connected with deposition-
controlled dryout in a dispersed flow. A constant exit quality
X0, at which CHF was assumed to take place in region II was
called boundary steam quality. Then, Doroschuk et al. [2, 3]
made experiments for the CHF of water at 49-186 bars in
tubes of d=8 mm under both subcooled and mixed inlet
condition, and took into account the data of Smolin [4],
Sterman and Nekrasov [5], as well as their own data, to
present recommended values of X9, for water at 10-167 bars
[2}, or at 49-167 bars [3]. Meanwhile, the Heat and Mass
Transfer Section of the Academy of Sciences in the USSR [6,
7] proposed a standard table of g, — X, relation for water at
29.5-196 bars in uniformly heated tubes of d=8 mm, in
which recommended values of X%, for water at 29.5-137 bars
were presented. Recently, Morozov [8] made experiments for
CHF in tubes of comparatively large diameter (d=14.9-20.7
mm) under mixed inlet conditions to supply new data of X3,
for water at 49-169 bars.

For CHF in annuli, Bennett et al. [9, 10] performed ex-
perimental studies on water boiling in internally heated annuli
under mixed inlet conditions, and reported that a rapid fall of
CHEF, such as illustrated in Fig. 1(b), was observed, and that
the same trend was also found in the data of Adorni et al.
[11]. In their papers [9, 10], an exit quality X7,,, or exactly
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Fig. 1 Critical heat flux q. versus exit quality X for a uniformly

heated channel with fixed p, d(or dp,) and G

speaking, a narrow range of X, near XY, where the rapid fall
of CHF took place, was called critical steam quality, and the
data of XY, determined for d,, =8.52~16.9 mm and p=14—
86 bar were tabulated. Then, several years later, Moeck {12,
13] made experiments under similar conditions, but with
different annular channel dimensions, to give additional data
of X%,. After the studies for annuli, Bennett et al. [14] also
made a study on CHF of water boiling in tubes with a well-
defined two-phase inlet, showing results similar to the
foregoing for the rapid fall of CHF.

As for fluids other than water, the phenomenon of rapid
fall of CHF such as observed by Bennett et al. seems to have
appeared in an experiment of Groeneveld [15] for the flow of
R-12 in a tube with a mass velocity of 2770 kg/m?s under

Transactfons of the ASME



Table 1 - Typical experiments to give X7, under mixed inlet condition

Fluid I {'/dor o
Source channel (m) U'/dy, =2 %100
o
Doroschuk et al. {2, 3] H,O, tube 1.50-3.00 188-375 0.569-20.2
Morozov [8] H,0, tube 1.71-1.92 86-129 3.21-21.0
Groeneveld [15] R-12, tube 1.38 177 4.82
Deev et al. [16] " He, tube 0.0489-0.174 30-107 14.4-14.7
Bennett et al. [9, 10} H,0, annulus 0.737 44-69 0.788-6.34
Adorni et al. [11] H,0, annulus 0.500 59 4.84
Moeck {12, 13] H,O, annulus 1.31 147 2.13-4.84
mixed inlet condition. Also, data of XBX were presented by , HP-regime /20"91
Deev et al. [16] for flow of helium-I in tubes with very low 10 \ LTSRN —T T
mass velocities of 92-200 kg/m?s under mixed inlet condition. ) \
%,

Among the data sources of XY, mentioned so far, several
typical ones are listed in Table 1 with some experimental
conditions. For-: clarity, X3, ‘will be called: ‘limiting exit
quality’ or ‘limiting quality’, after Hewitt [17], in this paper.
According to the foregoing studies on X%, the limiting exit
quality can be defined as a phenomenon which is observed as
a rapidly falling curve of critical heat flux g, versus exit
quality X, when the experiments are made under mixed inlet
condition for fixed p, d and G. Thus, there is an important
problem of how the phenomenon of X%, can relate to the CHF
with subcooled inlet conditions. This problem is all the more
important because it has been postulated in the studies at-
tachmg weight to XY, [1-3, 6, 8,-16] that the transition from
region I to region II in Fig. 1(a)is due to the change of CHF

“ mechanism from DNB to dryout.

In this paper, therefore, an analysis of the limiting exit
quality is attempted employing the generalized equations
proposed recently by the author for correlating the CHF data
obtained under subcooled inlet conditions.

Analysis of Limiting Exit Quality

CHF correlation equations used. The - author’s
generalized correlations of CHF in tubes [18] has been
constructed as follows: for a uniformly heated tube with an
inlet subcooling enthalpy AH;>0, critical heat flux g, is

written as

qC = qCG (1 ) 1
GH/g GHfg Hfg o
First, g.,/ GH, is empirically correlated with dimensionless
groups of p,/p;, op;/ G*! and //d by classifying CHF into four
characteristic regimes called L, H, N and HP. Figure 2
illustrates the CHF-regime map for p,/p, =0.0484. Broadly
speaking, L, H and N-regimes correspond to dispersed (or
" annular), spray annular, and froth (or bubbly) flow at the
tube exit, respectively, (see [19]), and the HP-regime is the
regime which gradually invades the N-regime as p,/p; in-
creases. K on the RHS of equation (1) is derived theoretically
from the previois correlation of 9.,/GHy, by employing the
boiling-length concept, except for the N-regime with

nonlinear relationship between ¢, and AH; (see [21]).

L-regime

H-regime

" N-regime

£ /h=0.0484
10 IR L L .
T 16 10° 5° :
0R /)t
Fig. 2 CHF-regime map:.... , Matzner et al. [34]; —, Wurtz [36);—
Dell et al..[37), and Hewitt [38]; — —, Campolunghi et al. [39]

Analysis of Xo.. Fora uniformly heated tube with an inlet
subcooling enthalpy AH;, the exit quality X, is related to the
critical heat flux g, via the heat balance as follows:

4q, | AH;

= 2
® GHy,d Hj @

Then, subsmutmg q. of equatlon m mto ‘the 'RHS of

equation (2), it glves ’
_4q, ! (

*" GH, d

4qco. 1.__ 1) AI-Ii

Hfg

3
GH, d &

If the term inside the pa_reniheses on the RHS of equation
(3) can be kept at zero, that is

4q., ! :
K -—1=0 4
GH, d @
then the value of X; is kept at the following constant value
X, independently of AH;:
4q., 1
X0 = —= — 5
*" GHp d ©)

When the condition of equation (4) is tested by the author’s
correlation equations of q,,/GHj, and K for four charac-
teristic regimes, it is found that equatlon (4) can be satisfied in

-the H-regime alone, where ¢,/ GH, and K read as follows:

Nomenclature
K = parameter for the effect of
d = L.D. of heated tube AH, ong,
dpe = heated equivalent diameter = I = length of heated section for p; = density of liquid
(4 x flow area)/(heated pe- AH;>0 : p, = density of vapor
rimeter) I = lcngth of heated section for o = surfacetension
d; = LD. of annulus AH, <0 . ‘X, = exit quality at critical heat
dy = 0.D. of annulus p = absolute pressure flux condition
G = mass velocity g, = critical heat flux . XY = limiting exit quality
H;, = latent heat of evaporation 4., = basic critical heat flux (g, for X,, = inlet quality= —AH,;/H;, <0
AH; = inlet subcooling enthalpy AH, =0) X, = inlet quality= —AH;/H;, >0

Journal of Heat Transfer
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—q&=0.10(?—”)0.m (ﬂ’i)m ] 1 ©
GHy, I G2l 1+0.0031/d
and

5 0.0124 +d/I

K Q)]

T 6 (0,/0) B (a1 GD

Equation (6) is an empirical equation capable of outlining
the characteristics of existing g, data for many different
fluids (see [20]), and equation (7) derived from equation (6)
agrees fairly well with the trend of the experimental data of K
(see Fig. 4 of [21]). As mentioned before, CHF in the H-
regime is presumed to be associated with spray annular flow
where replenishment of liquid film from the core flow is
weak. On this point, it is of interest to add that equation (6)
has a similarity in form to the correlation equation of CHF on
a downward-facing flat surface cooled by a liquid film flow,
where the droplet deposition on the liquid film can hardly
occur (cf.[22]).

For g., and K of equations (6) and (7), the condition of
equation (4) is found to be satisfied at

! =645 ®)

d

Then, substituting equation (6) into the RHS of equation (5)
and eliminating / by the critical //d ratio of equation (8), the
limiting quality is yielded as follows:

X2x=9‘95(:,)_‘;) 0133 (%) 1/3 )

Possible mechanism of X% observed under mixed inlet
condition. Few measurements of CHF in the H-regime have
been made for vertical tubes with an //d ratio as high as 645
under subcooled inlet condition. This is probably due to
various difficulties encountered in experiments. However, it
will be assumed at the moment that the mode of CHF in the
H-regime can extend up to //d=645 (which will be examined
in the final section of this paper) when the axial variation of
quality X for the state of limiting quality is represented in Fig.
3. Then, let’s imagine a case where the tube of Fig. 3 is cut
down to alength /’, and a two-phase flow of quality X7, is fed
to the bottom end, under conditions of fixed p, d and G. It
has been previously mentioned that CHF in the H-regime
takes place with a spray annular flow pattern, and Whalley et
al. [23] have suggested that this type of CHF is relatively
insensitive to inlet behavior. If so, and if the !’ /d ratio is
sufficiently high (say /’/d>50 out of regard for actual
examples of /’/d shown in Table 1) to repress the inlet
disturbance, then there is a possibility of observing a constant
value of exit quality (as predicted by equation (9)) in-
dependent of the change of /” and X}, for fixed p, d and G.

Flow conditions to generate X%,. As is seen in Fig. 2, the
H-regime, where equation (9) applies, borders the L, N and
HP-regimes, and these three boundaries have been given by
equations (13), (14) and (21) of a previous study [18].
Therefore, substituting the condition of equation (8), that is
I/d=645, into these three equations, determines the boun-
daries of the region of applicability of equation (9) as follows:

op; . '0.0158 345
Gia =% [(p.,/m)"'133 ] 1o
%:2.05x10~5 an
P, ap; 0.160 ap; »0.393 7 2.14
;j— =0.308[(GTd) +12.3 (GTd ] a2)

The bounding lines given by equations (10-12) are shown by
broken lines in Fig. 4.
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Fig. 3 Axial varlation of quality X for a uniformly heated tube of the
critical I/d ratio under subcooled inlet condition

Limiting Quality for Tubes under Mixed Inlet Con-
dition

Experimental range displaying X?,. Experimental con-
ditions under which the X%, data were obtained are shown in
Fig. 4 by horizontal lines for water, by an open circle for R-
12, and by three solid circles for helium-I. Two symbols of x
in Fig. 4 represent the conditions of displaying the no-
limiting-quality phenomenon in the experiments of Deev et al.
[16]. From Fig. 4, therefore, it may be concluded that
measured X9, appears virtually in the region predicted for
generating X9,. As for the protrusion, in the experiments, of
water into the HP-regime found for ¢p;/G?d<10-* in Fig. 4,
it may be of interest to point out that the X?, in the range of
ap;/G?d<10~* has been eliminated from the USSR standard
table of CHF, as will be shown later in Fig. 5(c).

Comparison between predicted and experimental X%, for
water. The prediction of X%, by equation (9) is compared
with the experimental X%, obtained for water by Doroschuk et
al, [5], Morozov [8], and USSR Academy of Sciences [6] in
Fig. 5(a), 5(b) and 5(c), respectively. The number of data
points, and the deviation of data about the predicted value,
are listed in Table 2. Although a certain degree of deviation
exists, it is noticed in Fig. 5 that-the trend of data is nearly in
accord with the prediction, suggesting the significance of the
present analysis of X?,. Fig. 5(c) is somewhat inferior to Fig.
5(a) for the agreement between prediction and data, but it
may be rather natural if it is supposed that the recommended
values of X9, shown in Fig. 5(c) were determined on the safety

Transactions of the ASME
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Fig. 5 Comparison between predicted and measured X3, for tubes
under mixed inlet condition: (a) Doroschuk et al. {2] for water, and

Groeneveld [15] for R-12; (b) Morozov (8] for water; and (¢) USSR
Academy of Sciences [6] for water, and Deev et al. [16] for helium-.

side in the process of preparing the USSR standard table of
CHF for water. '

XY, for R-12 and helium-I. The experiment of Groeneveld
[15] for flow of R-12 in a 7.8-mm dia tube with G=2770

Journal of Heat Transfef

kg/m?s gives the data of X%, =0.4, showing a good agreement
with equation (9) in Fig. 5(a). The X3, data obtained by Deev
et al. [16] for flow of helium-I in 1.63-mm dia tubes with
G=92-200 kg/m?s are compared with equation (9) in Fig.
5(c). For unknown reasons, these helium data lie somewhat

FEBRUARY 1982, Vol. 104



below the prediction. But it must be noted that the magnitude
of mass velocity G is extraordinarily low for helium and there
is the possibility that the data suffers from the effects of the
unexpected phenomena due to mixed inlet conditions.

Limiting Quality for Internally Heated Annuli Under
Mixed Inlet Condition

Analysis of X%. For annuli with uniform inside heating,
the author has proposed the following generalized correlation
of g, in H-regime [24]:

Geo =0v12(&>0.133 <ﬂ)1/3 1
GH, \p G/ 1+0.00811/d),

where d,, is the heated equivalent diameter, and is given as
dye = (dy* —d;?)/d; in the present case. Heat balance equation
(2) holds if d is replaced by d,,., and K on the RHS of equation
(1) can be derived theoretically from ¢, /GH, of equation
(13) in the same way as in the case of tubes to give

25 0.0324 +d,, /1
736 (p,/p) B (00, /G2

In Fig. 6, the prediction of equation (14a) is compared with
the data of K obtained from the experimental resuits of
Janssen and Kervinen [25] for water, of Moeck et al. [26] for
water, of Barnett [27, 28] for water, of Stevens et al. [29] for
R-12, of Little [30] for water, and of Ahmad and Groeneveld
[31] for R-12. The data show a considerable scatter, but its
effects on g, are not necessarily great because the magnitude
of AH;/H,, on the RHS of equation (1) is usually not large.
According to Fig. 6, the data are statistically a little lower
than the prediction of equation (14). The cause is not yet
known, but quite the same trend has also been observed for
CHF in rectangular channels [32]. Therefore, a slight ad-
justment will be made for the prediction of X from the solid
line of equation (14) to the broken line in Fig. 6, that is

25 0.0324 +d,,. /1

K=0.9%x —
36 (py/p1)%* (a0 / G}

13)

(14a)

(14b)

Table 2 Number of data points and deviation about
predicted value for X%,

Then, equations (13) and (14)) give the following critical //d,,
ratio and limiting quality X7, in the same way as in the case of
tubes: '

d—1=432 15)
he
‘ 0.133 1/3
X%, = .1o(ﬁ) ( %! )
e =6 1] szhz (16)

Flow conditions to generate X%.. For internally heated
annuli, the boundaries of the H-regime still remain somewhat
vague or undecided because of the deficiency of CHF data in
L and HP-regimes (cf. [33]). Apart from this problem,
however, equations (11) and (12) of a previous study [24] give
the following boundary equations:

ap; 0.0217 ]3-45
- 2[
Gy (o) 2 an
ap; -
Gra =H12X10 5 (18)

The above two equations correspond to equations (10) and
(11) respectively. No equation corresponding to equation (12)
can be given at present. : '

Comparison with experimental data. Fig. 7(a) shows the
region decided by equations (17) and (18). Also shown in Fig.
7{a) are the experimental conditions under which the data of
X7, were obtained by Bennett et al. (see Table III of [9] and
Tables VII, VIII'and IX of {10]) and by Moeck (see Fig. 8.2 of
[12] or Fig. 2 of [13]). In addition, two symbols of x in Fig.
7(a) represent the conditions under which X3, cannot be
determined at all in the experiments of Bennett et al. {see Fig.
6 of [9] and Fig. 1 of [10]), and two symbols of x? show the
conditions under which the fall of CHF is not sharp enough to
determine X%, definitely in the experiments of Moeck. The
circumstances of Fig. 7(@) may be regarded as nearly the same
as those of Fig. 4 for tubes.

Next, the prediction of equation (16) for X2, is compared
with the experimental data of {9-13] in Fig. 7(b), and the
deviation of data is shown in Table 2. The agreement between
predicted and experimental X7, is fairly good.

On the Limiting Character of CHF in H-regime under
led Inlet Conditions

No. of R.M.S. Mean
data deviation deviation’
points %o % Sube
Fig. 5(a) H,0 59 14.5 - 82
- R-12 1 6.8 - 6.8
Fig. 5(b) H,0 158 16.0 -11.7
Fig. 5(c) H,0 37 23.2 -20.9
i He 3 37.4 -36.9
Fig. (&) H,0. 22 19.5 +15.5

!Simple average of deviations with sign

As mentioned before, few experiments of CHF in the H-
regime have been made under subcooled inlet conditions for
the channels of very high //d or //d,, ratios. However, as the
basis of the present analysis, it is indispensable to check the
author’s CHF correlation equations against those ex-
perimental data up to the critical length-to-diameter ratio.

% (%;L)ﬂy(aom + ey

) | | |

Water and R-12
af6 = o.ozswo.oeos]

OExp.data
2]dne=18.5 ~ 388

4 53 &
o8 /G2

Fig.6 Comparison between predicted and experimental K
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Table3 Experiments of CHF in H-regime under subcooled inlet condition

Fluid- Max. / Max. I/d o
Source channel (m) orl/dpe = x100
. Pt
Matzner et al. [34] H, 0, tube 4.88 480 4.84
Merilo-Ahmad [35] R-12, tube 3.05 576 4.82
Waurtz {36] H,0, tube 8.00 800 4.92
Hewitt [37, 38} H, 0, tube 5.51 893 4.84
Campolunghi et H;O0, tube 11.2 983 2.82-
al. [39] only only 17.6
Little [30] H,O, annulus 4.57 388 4.84
1% o \ 3 T I T
ol (@) o o Y - L-regime
o 0 oooom © o x? x\\\«\ Prevd' 7 Exp.
s,,, o e \\x\?g‘ _____ E =402 OO0
o Near \~
2} N-regime ° 00 c00C © o X? £ | 2
a \\\ — .E = 600 e
1§ o Region for Eq. 18)
Toa L e . —— Z-g00
Il 1 1 1 1 1 1 1 1 L A
1:1(5’ 10* 10? 1° . . :
) 21 1
. 5 .
S “€ | G=2500 kg/m's
3 = o
s s \
- N ! -l
o1 . C g ] . | . L ‘ \ 2
g j ; ” 9. \ G =1500 kg/m’s
10 10 ¢4 /G 10° 16 oL \ g/ )

Fig. 7 Experimental dété of X3, for .internally heated annuli under

mixed inlet condition (Bennett et al f9, 10], Adorni et al. [11], and Moeck *

[12]) (a) parison b dicted and experimental condition to
give X9y (x and x?: no appearance of X3y); and (b) comparison between
predicted and measured Xe,

Vertical tubes. To the author’s knowledge; Matzner-et al.
[34] performed experiments for water flow-in vertical tubes up
to ' {/d=480 under subcooled inlet conditions, Merilo and
Ahmad [35] for R-12 up to //d =576, Wiirtz [36] for water up
to //d =800, Hewitt et al. {37, 38] for water up to //d=893,
and Campolunghi et al. [39] for water at //d=938. Con-
ditions of / and p, /p; employed in these previous experiments
are listed in Table 3. According to Matzner et al: [34] and
Merilo [40], CHF for comparatively high //d and p,/p, seems
to have a possibility of suffering from anomalous phenomena
such as upstream CHF or slow CHF at very high mass
velocities. Therefore, CHF data for G>>4000 kg/m?s are now
discarded, and the experimental conditions for p,/p, 50.0484
are shown in Fig. 2 through: short lines corresponding to
references [34 and 36-39], for which the limiting condition of
1/d =645 is represented by a horizontal broken line.

Thus the data of Wiirtz [36) and those of Hewitt et al. [37,
38] will be compared with the prediction of equations (1), (2),
(6) and (7) for CHF, but both data are similar in character so
that the former alone is shown in Fig. 8, where the values of
XY, given by equation (9) are also indicated by directed lines.

Internally heated vertical annuli. Little [30] performed
experiments of water flow in vertical annuli under subcooled
inlet conditions up to //d;,, = 388 (see Table 3 for experimental
conditions). His data given in Appendices I and II of [30] are
compared with the prediction of g, —X,, by equations (1),
(2), (13) and (14b) in Fig. 9, where directed lines indicate the
limiting qualities predicted by equation (16). Characteristic
features of CHF observed in Fig. 9 are similar to those ob-
served in the case of vertical tubes.

Discussion. (@) It is noted from Figs. 8 and 9 that if the
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Fig. 8 Comparison b predicted and d q; for tubes

under subcooled inlet condition: Water, p = 70 bars, d = 10.0 mm (Wiirtz
[38) )

value of I/d or l/d,, is restricted to the range less than the
critical value (//d=645 and l/d,, =432), the agreement of
trend between the data and prediction of g, —X,, relation is
good. Therefore, the use of equations (6) and (7) for tubes, or’
equations (13) and (14b) for annuli, is regarded as justifiable
for deriving an'approximate prediction of X3,.

(b) As has been mentioned in the Introduction, it is
postulated in many studies on X9, that the difference in the
trend of g. —X,, relationship between region I and region II
in Fig. 1(a) is due to the change of CHF mechanism between
DNB and dryout. However, the analysis of this paper suggests
that the occurrence of region II (the limiting quality) is
possible without a change of CHF mechanism, because the
limiting quality takes place simply as a result of the character
of g.—X,, curve in the H-regime associated with spray an-
nular flow (cf. [41]).

(c) As is noticed in Fig. 8, the rapid fall of g, takes the form
of Fig. 1(b) instead of Fig. 1(a) under subcooled inlet con-
ditions. Accordingly, experimental values of X%, cannot be
easily or -definitely determined. In addition, the extremely
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high value of //d, near which the limiting quality takes place,
is beyond the range of ordinary length-to-diameter ratios
employed under subcooled inlet conditions of practical im-
portance. Therefore, there seem few chances for the practical
application of the limiting quality concept.

(d) According to Fig. 8, shortly before I/d exceeds 645 and
during a heavy increase in //d, experimental data begin to
depart from the predicted trend, showing an entry into a
special regime, where the author’s correlation equations ((6)
and (7)) of commonly observed CHF are no longer applicable.
This regime is presumed to agree with the regime which was
classified before as “‘zone I’” by Hewitt [37, 38, 42, 43], and it
claims that the region located above the horizontal broken
line in Fig. 2 must be discriminated from other regimes. It
may be of interest to note from Fig. 2 that the data of
Campolunghi et al. fro p,/p, =0.0484 belong to ‘‘zone I”
completely.

(e) Recently, studies on the theoretical prediction of CHF
on the assumption of liquid film dryout in an annular two-
phase flow were advanced by Whalley et al. [23], Wiirtz [36],
Levy et al. [44], and some others. It should be mentioned here
that Wiirtz’s prediction are fairly well in accord with his own
experimental data of water at 70 bars (AT, =10°C,
G=500-3000 kg/m?s, //d=202, 402, 600 and 800), in-
cluding the data shown in Fig. 8. Meanwhile, the analysis of
Levy et al. with a three-region flow pattern model, shows
good agreement with Wiirtz’s data for G=2000 kg/m?s and
I/d=202-800 and elucidates the difference of CHF
mechanism between the region of rapidly falling g, and the
succeeding region with much higher X2, .
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CHF OF FORCED CONVECTION BOILING IN UNIFORMLY
HEATED VERTICAL TUBES: EXPERIMENTAL
STUDY OF HP-REGIME BY THE USE OF REFRIGERANT 12

Y. Karro and S. Yokoya
Department of Mechanical Engineering, University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan

Abstract—For the critical heat flux in HP-regime, that is high-pressure regime, almost no data having been
published for fluids other than water, an experimental study is attempted on R-12 boiling in 5--and 3-mm
dia. and 1000-mm long tubes. Critical heat fiux g, is measured in.the range of pressure p = 19.6-34.3 bar
(vapor-to-liquid density ratio pg/p; = 0.109-0.306), mass velocity G = 1100-9000 kg/m?s, and inlet subcool-
ing enthalpy AH; =0-65kJ/kg. Depending on the condition of G and AH;, CHF takes place with natures
which can be divided into two categories, regular and anomalous. For regular CHF, critical condition is
detected first at the exit end of heated tube and a linear g, — AH; relationship holds, whereas anomalous
CHF initiates its critical condition upstream of the tube exit and exhibits involved relationship between g,
and AH, Experimental data of regular CHF are found to agree fairly well with the predictions of two
different generalized correlations proposed recently by Katto and by Shah respectively although some
systematic differences proper to each correlation exist.

1.INTRODUCTION

Many experimental studies have been made on critical heat flux (CHF) of forced convection
boiling in uniformly heated vertical tubes fed with subcooled water to clarify the fundamental
natures- of CHF in connection with their application in nuclear reactors. Compared with this,
the studies on CHF of boiling water at high pressures and high mass velocities, as connected
with steam generators or conventional steam boilers, are not necessarily numerous.:Néverthe-
less, the pioneer studies of Peskov et al. (1969), Becker ef al. (1972), and Campoliinghi et al.
(1974) (see table 1 for their experimental conditions of heated tube length+/; tube diameter d,
vapor-to-liquid density ratio pglp;, and mass velocity G) have revealed Hat when the mass
velocity is high, CHF at high pressures exhibits different characters-from those observed at low
to moderate pressures. In addition, empirical equations for predicting CHF of water at high
pressures have been presented by Peskov et al. (1969), Lee (1970), and Becker et al. (1972)
respectively, and these give very high accuracies. In the paper of Becker ef-al. (1972), the lower
limit of the mass velocity to originate the high-pressure regime is also given-as a function of
pressure. :

Meanwhile, for existing data of CHF obtained for different fluids in uniformly heated tubes,
two generalized corrleations were recently proposed by Katto (1978, 1979, 1980a) through a
formulation method and by Shah (1979) through a graphical method, including the above-
mentioned high-pressure regime. The former correlation classifies CHF into four characteristic
regimes called L, H, N and HP, where L-, H- and N-regime appear when the mass velocity is
low, moderate and high respectively, while HP-regime is the regime which replaces N-regime
when the system pressure is sufficiently high corresponding to the above-mentioned high-
pressure regime, The latter correlation may be considered to give the high-pressure regime for
reduced pressure p, = 0.6 although a special narrow transition region exists for p, =0.3 to 0.6.
These two correlations are possibly inferior to Peskov, Lee and Becker correlations as regards
the accuracy for predicting CHF of water at high pressures, but are in the generalized forms
capable of predicting CHF of the fiuids other than water. It must be noted, however, that
almost all existing data of CHF obtained for very high pg/p; ratios are of water except for the
restricted data of liquid helium. obtained for low I/d ratios less than ~50 (see Katto 1979,
1980a). Namely, in addition to the above-mentioned water data of Peskov et al., Becker et al.
and Campolunghi ef al., there are water data belonging to the high-pressure regime obtained in
the experiments of Chojnowski & Wilson (1974), Watson et al. (1974), Doroschuk et al. (1975)
or Levitan & Lantzman (1975), and the. old data compiled in tables 11-14 of Thompson. &
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Table 1. Main conditions of cited experiments for vertical tubes

Ma::m Author Fluid Z{cm) d{cm) 1/d p./p G{kg/m?s) Remark
Regime . vl
: - - S1 a small temp.
Peskov et al.1969 - Water 89;1)0 0.80 l§é3 0.144-0.366  1110-5000 ri: E;F*S"‘a P
. : 200~ 200~
Becker et al.1972 Water “ 00 1.0 500 0-140-0.3W7  1000~7000
Campolunghi et al.19Th Water ~1100- 1.2  ~937 .0.0902-0.176  1100-2600
HP
Chojnowski-Wilson 1974 Water 762 3.2 238 0.2L3 6821462
Watson et al.19T7L Water 549 3.78 145. 0.271 407-203%  Upstream CHF
Doroschuk et al.1975 150  0.80 188 0.201-0.27L  1500-3000
Levitan-Lantzman 1975 Water 150 0.80 188 0.201-0.271 1500-3000
Thompson-Macbeth 1964 Watéer 69.6 0.191. 365 = 0.171-0.285 1940-3780 Data in Tables 11-14
) S t CHF for G =
Waters et al.1964 Water 366~ 1.12 327 0.0493-0.0853 6690-9320 gg;ofgg‘z"o kg/m;’;
: 244 ' 240- : Upstream CHF for G =
Near Matzn?r et 31.1965‘ Water ugg 1-02 180 o.(_)hBhr . 1340-9480 6900-9300 kg/mls
Py o ] . : )
: 24— 19k~ . Upstream CHF for G =
Me_r(llo'19'{7 ) R=12 Tues 1.2§ 387 9'0"87 950‘-6500 5500-6500 ke/m’s
» . o 103~ 19h- 5 : stream CHF for G =
Merilo—Ahma.:i 1?79 " R-12 : Ogos o.v53 . 275 ’o.oh87—o.ov7618> .1609-8100 goo ke/mls
T i Upstream CHF*¥ and
: d  Groeneveld 1972, 197+  R-12 138 0.78 177 0.0498 1330-8100 PSR an
HP  Present study  R-12 100 %530 20~ 5.109.0.306  1100-9000

© 0.50 .:333;

:*.in’ case of high pressure and small AHi. ** for mixed inlet conditions with G > 4050 kg/m?s.:

Macbeth;(1964) include some water data in the high-pressure regime (see table.1 for high values.
of pglpr. of these data). Hence, as far as the high-pressure regime is concerned, both Katto
and Shah_correlations, although, generalized, are .virtually based on the water-data such as
mentioned above, and their applicability to the fluids other than water has not necessarily been
confirmed. S S g e . >
- Now, figure 1 illustrates the criterion for the onset-of CHF in HP-regime proposed in the
generalized correlation of Katto (1980a), where pg is the ‘density of vapor, p, the density. of
liquid, / the length of heated. tube, d-the LD. of heated tube, .o the surface tension,.and G- the
mass velocity. Outlines of the process. to deduce:figiire:1 will be explained afterward in Section
4.1. Within the region on the r.h.s. of a heavy curve in figure 1, if the value of dimensionless
group op,/G?l is lower than the indicated value, then CHF in.HP-regime takes place there.
This region will be hereafter referred to as HP-pessible-region. According to Katto (1980a), the
experimental data listed in table 1 from the first to the eighth line satisfy the above-mentioned
criterion for the onset of HP-regime, and henee they are listed together under a mark of HP.
In connection with HP-regime, also attention must be paid to the experimental studies on
CHF of water or R-12 made by Waters et al. (1964), Matzner et al. (1965), Merilo (1977), and
Merilo & Ahmad (1979) for vertical tubes under conditions from the vicinity of the boundary of
the HP-possible-region to the neighboring region in figure 1 (see table 1 for the conditions of //d
and pglp. adopted in the studies). These studies, carrying out the experiments up to very high
mass. velocities, reported the observation of the phenomenon of upstream CHF, that is, the
initiation of CHF condition upstream of the exit end of heated tube, in the ranges of or at G
noted in the far right column of table 1. In addition, Groeneveld (1972, 1974, 1979) reported the
observation of upstream CHF for G >4050kg/m’s in his experiment of R-12 made under
conditions far from HP-regime (see table 1 for the conditions of //d and pg/p;) and with mixed
inlet conditions. In the experiment of Groeneveld, slow CHF was also observed at high mass
velocities, instead of the usual CHF temperature excursion, while Peskov et al. (1969) reported
the observation that the wall temperature excursion at the onset of CHF declined noticeably
with increasing pressure and decreasing inlet subcooling. :
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Figure 1. Criterion for the onset of CHF in HP-regime (Katto 1980a), and the experimental conditions
adopted in this study.

In the present study, therefore, experiments are made for CHF in HP-regime employing
R-12 as coolant (see the bottom line of table 1 for the experimental range) with three main
purposes: (i) to provide CHF data of R-12 for HP-regime where most existing data are limited
to those of water, (ii) to examine the two generalized correlations proposed recently by Katto
and Shah on the generality of HP-regime correlation virtually based on water data alone, and
(iii) to clarify the circumstances of generating anomalous phenomena such as upstream CHF,
low temperature excursion and the like. '

2.EXPERIMENTAL APPARATUS

The experimental apparatus employed is shown schematically in figure 2. Among the liquid
of R-12 flowing out of a circulating pump, a part passes through flow meters and an electric
preheater successively to enter the test section under subcooled conditions, and then the
vapor/liquid two-phase flow leaving the test section flows into a pressurizer, that is a 200-mm
dia. and 650-mm high vessel. Meantime, the rest of the liquid flowing out of the circulating
pump passes through a cooler (4-pass concentric tube, counter flow heat exchanger cooled by
water), and then the greater part of it returns to the circulating pump through a filter, while the
rest is sprayed into the pressurizer to condense the vapor coming from the test section. The
pressurizer, equipped with a water-cooled condenser and an electric heater in it, adjusts the
temperature of saturated liquid in the vessel, and thereby the system pressure is kept at a
prescribed value. Finally, the liquid flowing out of the pressurizer joins the subcooled liquid
coming from the cooler to return to the circulating pump.

The test section, a stainless steel tube of L.D. d =5 mm and 3 mm with wall thickness of
I'mm for both-cases and length of heated section / = 1000 mm, is heated by direct passage of a
d:c. current. As shown in figure 3, eleven 0.1-mm dia. Chromel-Alumel thermocouples are
spot-welded to the outer wall of the heated section, and the temperature of these thermocouples
are measured during the experiment. Besides, a CHF-detector is set to operate automatically
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Figure 2. Experimental apparatus (P: pressure gauge, and TC: thermocouple).

for shutting off the d.c. current when the thermocouple TCI near the exit end of heated section
detects the wall temperature rise of 60°C higher than the saturation temperature. In case of
upstream CHF, the d.c. current is shut off manually.

3. EXPERIMENTAL RESULTS

Experimental results obtained will be presented with the aid of figures to save the space (the
tabulated data are obtainable from the authors if necessary).

3.1 Data for 5-mm dia. tube

For the heated tube of d =5mm and /= 1000 mm, experiments are made at pressures
p =343, 29.4, 24.5 and 19.6 bar, which correspond to the points A, B, C and D in figure 1
respectively. The results are presented in figure 4, which shows the variation of critical heat flux
g. with inlet subcooling enthalpy AH; for fixed inlet pressure p and mass velocity G.

In figure 4, open circles represent the data of CHF detected by the thermocouple TCI near
the exit end of heated tube, while solid circles represent upstream CHF. The number of
thermocouple (see figure 3), with which critical condition is detected first, is indicated by the
side of solid circular data point partly for p =34.3 and 19.6 bar alone to avoid complexity,
showing the trend that (i) the range of AH; to originate upstream CHF becomes wider with
increasing p and G, and (ii) the location initiating critical condition moves gradually toward the
inlet end of heated tube with decreasing AH;. The broken curves in figure 4 have been drawn to
indicate the boundary of the region of linear g, — AH; relationship, and it is noted that upstream
CHEF appears in the region on the Lh.s. of the broken curve.

For the upstream CHF shown in figure 4, the wall temperature rise at the onset of CHF is
observed to be lower than that of the regular CHF detected by the CHF detector. In addition,
even for the data of regular CHF at G =1100 to 3300 kg/m’s in figure 4, the trend of the
reduction of CHF temperature excursion is observed under the conditions of AH;=0. These
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Figure 3. Test tube in case of d =35 mm and the positions of thermocouples (unit of length: mm).

circumstances of wall temperature rise observed at the onset of CHF may be regarded as
similar to the observation of Peskov et al. (1969). ,

-Figure 5 shows the ratio of the pressure drop —Ap through the test tube to the inlet pressure
D, observed just before the onset of CHF.

3.2 Data for 3-mm dia. tube

For the heated tube of d =3 mm and / = 1000 mm, experimental results of both g, and —Ap
obtained at p =34.3 bar (point E in figure 1) are shown in figure 6. Experiments were also made
‘at p = 19.6 bar (point F in figure 1) with qualitatively similar results to figure 6, but the pressure
drop through the test tube was extremely high so that the presentation of the data is omitted
here.

For the heated tube of a diameter as small as 3 mm, upstream CHF does not take place
within the experimental range, but a somewhat anomalous character for g. — AH; relationship is
observed in the region on the Lh.s. of the broken curve in the top diagram of figure 6.

In the case of 4 =3 mm, it is also observed that for the greater part of data shown in figure
6, the wall temperature rise at the onset of CHF is lower than that measured for the regular
CHF in 5-mm dia. tube. However, this phenomenon may probably be due to the effect of heat
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Figure 5. Pressure drop —Ap through test tube just before the onset of CHF for R-12, d =5 mm, and
= 1000 mm.

conduction through the tube wall at the exit end of heated section, because the wall thickness
of 1 mm is considerable as compared with the tube diameter of 3 mm.

4. ANALYSIS OF DATA
4.1 Preparation
From the generalized correlation equations of CHF proposed by Katto (1980a), equations
necessary in this chapter will be abstracted below, writing critical heat flux g, for inlet
subcooling enthalpy AH; as:

AH;
- 1
4 qw<1 +KHLG> (1l

MF Vol. 8, No. 2—F
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Figure 6. Experimental results of g. and —Ap for R-12, d=3mm, and /=1000mm (p = 34.3bar
corresponds to point E in figure 1).

where H,; is the latent heat of evaporation. First, for q,, on the r.h.s. of [1], H- and N-regime:

dhitz-00(%) " () rrommra 2
s moo () (B) i g
HP-regime:
GquLG =0.0384 (%)m (%)le n 0.280(aplle21)°'2’3l/d ' 4
Next, for K on the r.h.s. of [1],
K corresponding to g, of [2]:
K= S G on G L
K to g, of 3}
K =0416 (0.0221 + dfIyd/D™” (6]

(pb/pL)O.133(0_pL/GZI)0.433-
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K to q., of [4]:

1.52(op ) G2 + d]1

K= 1'12(pG/pL)°'60(0'pL]Gzl)o‘m‘ [7]
Boundary between H- and N-regime relating to {3] is given by
_aﬂ _ Qﬂ 2.70
Gl ( Ild ) ‘ 8]

Figure 7 illustrates the mutual relations between equations of [2] to [4] and [8] for fixed
pclp. and //d. The prediction line of [2] intersects that of [3] at an open circle point, while two
prediction lines of [2] and [4] intersect at a solid circle point P. For a given value of //d, [8] fixes
the horizontal position, that is the value of op,/G?, for a vertical broken line A-A in-
dependently of pg/p;, and thereby the prediction of [3] is divided into two parts, H-regime and
N-regime. Now, 4.4/ GH,  of [2] is proportional to (ps/p,)™' while that of [4] to (pg/p,)**°, and
hence the point P appears on the r.h.s. of A-A for sufficiently high pg/p, ratios as shown in the
upper diagram of figure 7, while the point P moves to the Lh.s. of A-A, as in the lower diagram
of figure 7, if pg/p; reduces. Under these circumstances, it is assumed in Katto correlation that
for the upper condition of figure 7, HP-regime predicted by [4] is realized starting the point P
and the dotted line of [3] does not materialize, while for the lower condition of figure 7,
N-regime predicted by [3] appears and the dotted lines of [2] and [4] do not materialize. In this
way, when the mass velocity G is high, HP-regime can take place if the pressure (or pg/py) is
high, while N-regime appears if the pressure (or pg/p,) is low. The boundary line of the
HP-possible-region shown in figure 1 has been obtained from the condition of coincidence of
the horizontal position between the point P and the line A-A in figure 7, neglecting the transition
zone which should exist between HP- and N-regime, for simplicity’s sake.

4.2 Classification of CHF data to characteristic regimes ‘

The marks (HP), (H) and (N) attached to the experimental data in figures 4-6 represent the
classification of data to HP-, H- and N-regime respectively on the basis of the criteria explained
in figure 7. The pressure conditions of p = 24.5.and 19.6 bar in figure 4, however, correspond to

3
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Figure 7. Criterion for the onset of HP- and N-regime.
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the points C and D in figure 1. In other wards, they are in the vicinity of the boundary of the
HP-possible-region. Strictly speaking, it means being in a transition zone lying between HP-
and N-regime, and this is the reason why question marks are attached to (HP) at p = 24.5 bar
and to (N) at p = 19.6 bar respectively.

In figure 4, the data classified to H-regime show the linear q. — AH; relationship throughout
the experimental range of AH, whereas the data in N-regime deviate from the above
character. These are in accord with the respective characters of H- and N-regime assumed by
Katto (1978). On the other hand, the data classified to HP-regime in figures 4 and 6 have the linear
d. — AH; relationship when G < 3800 kg/m’s, but exhibit anomalous trends in the region on the
Lh.s. of the broken curve when G > 3800 kg/m’s. In a preceding paper (Katto 1978), HP-regime
was assumed to have the linear g, — AH; relationship on the basis of the experimental data of
Chojnowski & Wilson (1974) for G <1500 kg/m?s as well as of the empirical correlation of
Becker et al. (1972). According to the results of figures 4 and 6, however, it seems likely that if
G is increased extraodinarily, the linear ¢, — AH; relationship: deteriorates in the range of small
AH. ’

4.3 Upstream CHF

‘Figure 8 shows the experlmental data of CHF obtained by Waters et-al. (1964) for water
boiling at. p = 104 bar in a heated. tube 11.2 mm-in diameter and 3660 mm in length, where opén
symbols refer to regular CHF, while solid symbols represent upstream CHE. These are nothing
but the data. which Collier (1972) cited in his book as: the anomalous effects due to ultra hlgh
mass velocities.

The experimental condition of ﬁgure 8 (pG/pL =0. 0853 Vs 1/d 327) is found to fall in the
HP- poss1ble -region, but is located near the boundary in figure 1, so that the situation is similar
to the.case of p-= 24.5.bar in figure 4. Besides, it is noted that the experimental results in both
cases -of figures 8 and .4 are very similar-in.character, not only for the relation between g, ‘and
AH; but also for the circumstances of generating upstream CHF. In addition, the experimerits
of Matzner et al. (1965), Merilo (1977), and Merilo & Ahmad (1979), in which upstream CHF
was observed at very high mass velocities, are of the same order as that of Waters ‘et al. for I/d,
pclpr and G. All the-facts:mentioned above may be regarded as suggesting that the:character of

(MW/md)

3

Water , p=104 bar

1+ 0=3.66m,d=11.2 mm]
——— Egs.(1),(4), (7).
0 I | I !
) 200 400 600 800 1000
AH T/ kg)

Figure 8. Experimental results of g for water, pg/p; = 0.0853 and i/d =327 (Waters ef al. 1964).
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CHF such as shown in figure 4 is common to R-12 and water. At the present state, however, it
seems premature to discuss the relation to the upstream CHF of Groeneveld (1972, 1974),
because this upstream CHF is the one observed under conditions considerably far from
HP-regime and for mixed inlet conditions (that is AH; < 0) alone.

4.4 Regular CHF with linear q. — AH; relationship

Experimental values for g, and K on the r.h.s. of [1] can be determined from straight lines
in the region of linear q. — AH; relationship in figures 4 and 6, and they are compared with the
predictions of g, and K given by [2]-[7] in figures 8-10. Physical properties used are those of
the saturated condition at inlet pressure p. Presenting the data on log scale, as in figures 8-10,
may not be fair as regards accuracies, but it is more important at present to seize the character
of the g,, and K data, for which log scale is suitable.

First, in figure 9, open circles represent the measured values of gq,, determined from the
datat of figure 4, while heavy lines indicate the predicted q.,, for which characteristic regimes
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Figure 9. Comparison between the measured and the predicted g, (R-12, d =5 mm, and / = 1000 mm).

tAdditional data obtained for G = 1600, 2700, 3800 (or 3900), and 4800 (or 4900) kg/m?s, which are omitted from the
presentation in figure 4 to avoid complexity, are also used. ’
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determined in figure 4 are shown with the same marks: (HP), (H), (HP) and (N). For p =34.3
and 29.4 bar (points A and B in figure 1), the agreement between the measured and the
predicted q,, is fairly well. For p = 24.5 bar (point C in figure 1), the measured q,, in the range
of apL/G*l <3 x 107 lies between the predictions of [3] and [4], suggesting the trend of transition
from HP-regime. Then, for p = 19.6 bar (point D in figure 1), the measured gq,, in the range of
opr/G*1 <3x 1077 agrees with the prediction of [3], exhibiting the clear ‘separation from
HP-regime. However, it should be noted that this does not mean the appearance of N-regime in
its pure form, because the values of g., determined through the extrapolation as AH; -0 of the
data for p = 19.6 bar in figure 4 are represented by crosses in figure 8 showing a deviation from
the prediction of [3] for g, in N-regime.-

Next, in figure 10, triangular symbols representing the experimental values of K determined
from the data of figure 4 are compared with the predicted k given by [5]-[7], showing quite the same
character as that of figure 9 in the relation to the characteristic regimes. It is noted in the case of
p = 19.6 bar that the experimental data of q., for op,/G* <7x 1077 in figure 9 agree well with the
prediction of 3], whereas the corresponding data of K for op;/G*l <7 % 107 in figure 10 are near
the prediction of [5] than that of [6] which corresponds to [3]. A similar result has already been
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[ = 1000 mm).

obtained in the preceding study of one of the authors (see Section 3.1 of Katto 1980b), and hence
the use of [5] instead of [6] seems preferable for predicting the approximate values of K in
N-regime.

Figure 11 shows the comparison of the experimental values of g,, and K obtained from the
result of figure 6 (point E in figure 1) with the predicted q., and K. The experimental values
agree fairly well with the prediction, and the general feature is similar to that in the case of
p =34.3 and 29.4 bar in figures 9 and 10.

Finally, three broken lines drawn in figure 8 represent the prediction of g, calculated
through [1] and the correlation equations [4] and [7] for HP-regime. They show some deviations
from the experimental data, but it may be rather natural because the experimental condition of

figure 8 is in a transition zone from HP-regime to N-regime as has been mentioned in Section
43,

4.5 Shah generalized correlation and regular CHF data

So far regular CHF data have been analyzed on the basis of Katto correlation. Next, the
prediction of Shah correlation is compared with the regular CHF data in figure 12 in quite the
same manner as in figure 9. Each curve in figure 12 represent the prediction of g, derived from
Shah correlation for the conditions of R-12, d=5mm, [ =1000 mm and AH; =0, while the
experimental data are the same as those in figure 9. It is noted from figure 12 that Shah
prediction agrees fairly well with the data all over the experimental range of pressure from 34.3
to 19.6bar, and particularly the agreement is satisfactory at p =24.5bar. However, a
systematic difference of trend is observed in the range of low op /G* in figure 12 that the
prediction curve keeps nearly an identical form throughout the experimental range of pressure,
whereas the data points line almost horizontally at high pressures (p = 34.3 and 29.4 bar) and they
line on a slant at low pressures (p = 19.6 bar). As has been stated in Chapter 1, Shah correlation
assumes that the lower limit of the reduced pressure to generate the high-pressure regime is 0.6,
which corresponds approximately to the condition of p = 24.5bar in the present case. Therefore, it
may be said that Shah correlation exhibits the highest accuracy near the boundary of HP-regime,
that is, near p = 24.5 bar, whereas Katto correlation gives the lowest accuracy there.
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Figure 12. Comparison of the measured g, with the prediction of Shah correlation (R-12, d = 5 mm, and
1= 1000 mm).

4.6 Change of physical properties due to pressure drop

Figure 13 shows the variation of physical properties of R-12 corresponding to the pressure
drop —Ap produced over the-test tube.

For Katto correlation, [4] and [7] indicate that the physical properties affecting CHF in
HP-regime are Hs, pglp. and op.. However, if the change of p, is now neglected for
simplicity’s sake, they may be reduced to H, 4, pc and o. It is noted from figure 13 that the
change of o is exceptionally great in HP-regime (p = 34.3 and 29.4 bar). However, as is seen in
figures 9-11, both g, and K in HP-regime hardly change with the change of op,/G?, so that
the effect of o on CHF in HP-regime may be neglected for rough purposes.

In the case of Shah correlation, CHF is affected by the physical properties ¢,./k;, ui/c, pr,
H together with the reduced pressure p, (which may be substituted by pg/p;), where Cor 18
the specific heat of liquid, k; the thermal conduétivity of liquid, u; and ug the dynamic
viscosity of liquid and vapor respectively. As is seen in figure 13, the change of u;/ug is
significant in HP-regime, but Shah correlation seems to be constructed so as to give little effects
of ur/ue on CHF in HP-regime.
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Figure 13. Change of physical properties of R-12 due to pressure drop [broken line: A(ur/pe)(pr/ptc)
chain line: =A(c,u/kp )¢, /kp)].

Now, if a limited range of mass velocity, say, G < 3800 kg/m?s, is considered, then the linear
q. — AH; relationship holds invariably for AH; > 0 (see Section 4.2), and it follows that — Ap/p <.
0.03~0.04 for HP-regime in figures 5 and 6, and consequently AH,o/H; —Apglpg, and
Alc,rfkp)(cporl k) < 0.1 in figure 13. Principally, therefore, such a mass velocity range as
mentioned above should be taken as the basis on which both Katto and Shah correlations of
CHF in HP-regime are constructed with the assumption of constant physical properties.

4.7 Wall temperature rise at the onset of CHF

The circumstances to generate a lower wall-temperature excursion than the normal one at
the onset of CHF have been described in Sections 3.1 and 3.2. However, if compared with the
slow CHF observed by Groeneveld (1972), it seems preferable to say that the temperature rise
measured in the present study is sharp rather than slow.

5.CONCLUSIONS
From the experimental study made on CHF of forced convection boiling of R-12 in
uniformly heated tubes of diameter 5 and 3 mm and length 1000 mm, the following conclusions
are drawn. )

(1) For mass velocity G less than about 3800kg/m’s, critical heat flux.q, in and near
HP-regime exhibits a linear relationship to AH; in the range AH; > 0. For G > 3800 kg/m’, the
linear g, — AH; relationship holds for AH; >k, where k is a positive value increasing with G,
while anomalous relation between ¢, and AH; appear for k> AH, > 0.

{2) Through both regions of G <3800kg/m’s and G > 3800 kg/m’s, the CHF with linear

— AH; relationship is always of the regular nature that the critical condition is detected first
at the exit end of heated tube.

MF Vol. 8, No. 2—G — 23 —
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(3) The regular CHF data obtained for R-12 at points A, B, C, D and E in figure | agree
fairly well with the prediction of Katto generalized correlation except for point C, near which
the transition between HP- and N-regime is presumed to take place. Meanwhile, Shah
generalized correlation exhibits a good agreement with the data throughout the experimental
range of pressure, excepting some slight systematic deviations.

(4) In the case of 5-mmdia. tube, the anomalous CHF observed under conditions of
G > 3800 kg/m?s and k> AH,>0 is upstream CHF. When the tube diameter is reduced to
3 mm, the anomalous region reduces considerably and upstream CHF disappears.

(5) Regular CHF takes place with a sharp wall-temperature excursion, whereas upstream
CHF shows a comparatively low temperature rise at the onset of CHF
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. Abstract—Among the fourcharacteristic regimes, which have been classified in the author’s preceding study
on the generalized correlation of critical heat flux (CHF), two regimes called L and H regime are ascertained
to have an annular flow pattern at the tube exit. Then, employing the annular flow model developed by
Whialley et al., theoretical analyses are made for uniformly heated tubes fed with saturated water; R-12 and
liquid nitrogen, and the results obtained are compared with the author’s generalized correlation clarifying
the roles of the governing dimensionless groups. It is'found that the dimensionless groups adopted in

" - “Ahmad’s‘modeling law accord with the annular flow model of Whalley et al., that a special dimensionless
group op,/G*l can be used with a physical meaning in correlating CHF data, and that the droplet mass
transfer between the liquid film and the gas core assumes different aspects between L and H regimes.

NOMENCLATURE
Copr specific heat of liquid at constant pressure
o [kgTKTY;

C, dimensionless constant in equation (5), or
concentration of droplets in gas core
(kgm™];

Ceor C for hydrodynamic equilibrium
(kgm™];

d. tube diameter [m];

D, deposition rate of droplets [kgm~257'];

E, - entrainment rate of droplets
(kgm~?s7'];

£ friction factor;

g. acceleration due to gravity [ms™?];

G, mass velocity W/(nd*/4) [kgm™2s™1];

Gigs liquid film mass velocity Wg/(nd?/4)
[kgm™2s7'];

Hg, latent heat of evaporation [Jkg™'];

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

kg, deposition mass transfer coefficient
[ms'];

ky, thermal conductivity of lquId
[Wm™ K17,

1. heated tube length [m];

m. liquid film thickness [m];

p. absolute pressure [bar];

q. heat flux [W m™%];

der critical heat flux [Wm™?2];

eos 9. at AHI = 0’

Re. Reynolds number;

w, total mass flow rate [kgs™'];

Wi, mass flow rate of liquid film [kgs™'];

= distance along tube [m].

Greek symbols

a, . void fraction of gas core;
TS viscosity of liquid [Pas};
iy viscosity of vapor [Pas];

o1 density of liquid [kg m™3];

P density of vapor [kg m™3];

a, surface tension [N-m™!];

T interfacial shear stress [Nm™2];

D, relative net deposition rate defined in
equation (15);

i quality;

Lexs exit quality at CHF condition.

1. INTRODUCTION

CriTicaL heat flux (CHF) of forced convective boiling
is a phenomenon related to the design and safety of
various important devices such as nuclear reactors,
steam generators, superconducting magnets and liquid
fuel rocket engines. There is also a necessity to study a
given system by using an expedient fluid rather than
the working fluid. Therefore, in spite of the involved
situation and the accompanying difficulty, some stu-
dies have so far been made on the fluid modeling
technique and generalized CHF correlation.

As for fluid modeling, it is well known that there are
two types of approach: the empirical parameter
approach initiated by Stevens and Kirby [1] and the
dimensional analysis approach initiated by Barnett
[2]. Among many proposed modeling laws, however,
one of the most excellent is that of Ahmad [3], where
the following dimensionless relationship for critical
heat flux g, is assumed under fixed conditions of p./p,,
I/d and AH/H¢,:

i =)

where Eoyp is the modeling parameter defined as y(1)

o = (Z20)(E) (&)

Equation (1) has been shown by Ahmad to apply for
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water, R-12, R-22, R-113, carbon dioxide and pot-
"assium in the ranges of p,/p, < 0.143, l/d = 59-309
and AH;/H, < 0.446.

On the subject of a generalized CHF correlation,
there are some pioneer studies [4, 5, 6], but succeeding
studies do not seem so numerous. Recently, however,
Katto [7, 8] and Shah [9] presented, almost simul-
taneously, generalized correlations of CHF of flow
boiling in uniformly heated vertical tubes. In the Katto
correlation [10], the following rather simple relation-
ship is assumed:

qc (Pv ! AH, 0'/’1)

GHy

P d Hy G
where 0p,/G! is a special dimensionless group, that is
defined with the tube length [ instead of the tube
diameter 4 and has not yet been employed elsewhere in
the analysis of two-phase flow (cf. [11, 12]). Mean-
while, the Shah correlation is constructed with the
dimensionless groups q./GHy,, p, (reduced pressure in
place of p,/p)), l/d and AH,/H,, together with the
following dimensionless parameter:

G ld GZ 0.4 . 0.6
-()Ga) G o

Though comparatively recent studies are involved,
there remain wide differences between equations
(1)-(3). Therefore, it is necessary to discover whether
there is any underlying or internal relation between
them. Fortunately, Whalley et al. [ 13, 14] have recently
made a comprehensive study of the theoretical model
to predict CHF under annular flow conditions. There
are also more recent models [ 15, 16] which depend on
a detailed analysis of the droplet concentration in the
gas core for hydrodynamic equilibrium. Other, dif-
ferent, models also exist {17, 18]. However, the preced-
ing model of Whalley et al, is simple and yet can predict
CHF reasonably well in a wide range of conditions. In
this paper, therefore. the model of Whalley et al. is
employed to study the roles of the governing dimen-
sionless groups. For simplification purposes, the dis-
cussion is restricted to CHF in uniformly heated tubes
with saturated inlet.

@

2. IDENTIFICATION OF ANNULAR FLOW REGION

Comparison between experimental CHF data and
annular flow model predictions is meaningless unless
the data have been confirmed to belong to the annular
flow region. Therefore, a preliminary study is made in
this section. ~

2.1. The author’s generalized correlation of CHF data

Figure 1 is a reproduction of part of the results
obtained in the author’s preceding report [19], where
the existing data of g, (critical heat flux for AH; = 0)
obtained for various kinds of fluids are correlated. As is
seen in Fig. !, the author’s generalized correlation
classifies CHF data into four characteristic regimes
call_ed L.H.Nand HP. L, H and N regimes correspond

to the states of low, middle and high mass velocities
respectively (Fig. 1). The N regime is distinguished by
showing a non-linear relationship between g.and AH,.
The HP regime is a special regime and occurs instead
of the N regime at extremely high pressures. The
correlation curves (a)—(f) in Fig. | are formulated as
follows: )
L regime.

deo_ _ 025 (L> @)
@ Gu, =" \pa)

0.043
qco Jpl 1
—= = C{— — 1, (5
® G, &) @) ©
where C = 0.25for l/d < 50, C = 0.34 for l/d > 150,

and C = 0.25 + 0.0009[(I/d) — 50] for I/d = 50-150.
H and N regimes.

. 0.133 13 1
© = _o10( LT . S—
GH ) G?1) 1+ 00031(/d)

fg

(6)
0.133 0.433
() = —0.098 (-) (@)
GH;, 2 G*l
N (I/d)0.27 (7)
1 + 0.0031(//d)’
HP regime. :
qco Py 0-60 Upl 0-173
—— =0.0384 | — —
© GHg, (Pl) <Gzl>
1
(®)

1 + 0280(ap/G2° *3(/d)

In the above, equation (7) applies to both H-and N
regimes [ see line (d)in Fig. 1], whose boundary is given

by
opy _ (OTTNHO :
0 T (l/—d> %)

2.2. Annular flow region
Figure 2 is a reproduction of part of the results
obtained in the author’s preceding report [20], illus-

10°? T T T
{/d =25 - i
|
g 10° : @ ! ~
= i
3 Mo
Ko ! :
g 1
o gt L ' 4
I
(N} oy
-5
10 L ! L %} L !
10-.z T L T T T
i1/d =200
9/9=0.347 /9, =0.27 ®
FpEI 592, 920,140, D075 . NESR——
x ik
S S A ® c-0.34
e T i
o g 1
w0 | B
1
: |
1
s (N) t () ! (L)
0 i | ! ! ) : :
10 i 10 6 6" 16

= 0
10 10
o9/6

FiG. 1. Generalized correlation of 4., data {lines (c) and (d) -
represent equations (6) and (7) with p,/p, = 0.048]. ~



CHF of flow botling in vertical tubes

d=1.02cm
L
1/d =860
2 ULAR
. "
St —
o
BUBBLY R Y0}
-
10
-2
10 ;
=1.02cm
{/d = 240
3:3" -3 L
Tl 4
> AR
ANNUL
Y SPRAY
P T ——
. FROTY SLUG
0 Busgy 1ei= 0 7
16 16" 16° 10* 10°
ap /G

F1G. 2. Flow pattern at the exit end of uniformly heated
_ vertical tube.

trating flow patterns measured by Bergles and Suo
[21] at the exit end of uniformly heated tubes fed with
water at 69 bar and AH;/H,, = 0.08. Meanwhile, heavy
lines marked with L, H and N in Fig. 2 are the
boundaries due to CHF predicted by the author’s
generalized correlation and the vertical broken short
line dividing the H and N regimes is given by equation
9). In Fig. 2, CHF in the L and H regimes is seen to
take place under annular flow conditions, while CHF
in the N regime is concerned with a frothy or bubbly
flow pattern.

However, it is desirable to ascertain the preceding
character more generally. Figure 3 is the Hewitt—
Roberts map for the flow pattern of vertical
two-phase flow ([22], or p. 28 of ref. [23]), on which the
boundary line between the H and N regimes can be

3
10
Lo 4
. o—-—o}HZO (p=69 bar} o d=
10 '_ A ‘OQ\F 5 mm
o ~ 12.6 mm
. 25 mm
10 — / )
. . .
£ ™
g’ 3 Annular
10| .
o
o *" Wispy annular
= 2
& 10 &
=
Churn
Bubbie flow with
10 developing
- structure
Plug
1 - 2 ) 3 ) S 6
i 10 10 10 10 10 10
. :
W~x1G1'/9  kgjms
FIG. 3. Hewitt-Roberts map for flow pattern of vertical two-
phase flow. )

drawn in the following manner. Substituting op,/G*! of
equation (9) into the RHS of equation (7), and taking
into account the heat balance equation for AH; = 0,

L 44,

= yd),
z .GHfg(/‘)

(10

yields immediately the following results:
w202 -0.734 1.90
25 _ 0169 <5> <”—> _ W
o, dj\p [1 + 0.0031(//d)]?
(1

and

202 0.133
=G 503 <5> [1 — 0288 <—>
4 d P

(I/d)o.lol 2 170
1 +0.0031(I/d)] ()= a2)

1)

If fluid substance, pressure and d are specified, then
equations (11) and (12) are related through (//d) as a
parameter.

Three light curves in Fig. 3 are thus obtained for
water at 69 bar and d = 5, 12.6 and 25 mm, for which
(I/d) varies from 20 to 500, that being the ordinary
experimental range. Similarly, three light curves drawn
in Fig. 4 are the boundaries predicted by equations (11)
and (12) for water, R-12, and liquid nitrogen at p,/p, =
0.048 and d = 8 mm, while a dotted curve and a dot-
dash curve in Fig, 4 are the boundaries for water at 29.5
and 134 bar respectively (I/d varies from 20 to 500in all
cases).

Though there are some dispersions depending on
the change of pressure, diameter and substance, it may
be concluded from the preceding results of Figs. 3 and
4 that L and H regimes correspond to the annular flow,
while the N regime to the wispy annular flow, where
agglomeration of liquid phase occurs leading to large
lumps of liquid in the gas core.

3. ANNULAR FLOW MODEL CALCULATION OF CHF
3.1. Theoretical model of Whalley et al.

For the change of liquid film flow rate G along a
heated tube (see Nomenclature for the definition of
Gg)» Whalley et al. [13, 14] assume the following mass
balance equation: .

dGlF=‘l D_E"_qco
dz 0 d ' Hy,

(13

where D and E are the local rate of droplet deposition
and that of droplet entrainment per unit area of tube
wall respectively, and q,,/H,, is the evaporation rate of
liquid per unit area of tube wall. Then, if the deposition
mass transfer coefficient k, is introduced. D and E are
written as follows: D = k,Cand E = k,C.,,, where C'is
the droplet concentration in the gas core, and C,, is the
value of C for hydrodynamic equilibrium.

Now, in the case of a uniformly heated tube with AH;

— 28 —
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= 0, the local vapor quality y at z is given via the heat

balance as
(44 \(z
*=\GH, )\d)

Therefore, substituting y of equation (14) for z in
equation (13), and rewriting equation (13) in a dimen-
sionless form gives immediately

(14)

. d(G&;/G) —d_1
where (15)
o= Ka/G (E _ &>
4./GHee \p1 p )
(m/d) =

homogeneous mixed condition of the gas core, C is
given theoretically as

c= (/)'(—————Z >+(”—ﬂ
=nlede) [ \T = = Gwer) T\ )
| (17)

Finally, empirical values of C,, given by Whalley et al.
[14], are correlated in the present paper as follows:
C.lkgm™*] = 1.01 x 10°[(z;m)/6]?"°
_ for (t;m)/o < 0.0366

C.[kgm™] = 1.03 x 10*[(r;m)/c]' &!

for 0.0366 < (t;m)/e < 0.247 ) (13)
Ceq[kgm-%] — 10(0.439+L92(tim»'a)

for 0.247 < (xm)/o

where t; is the shear stress acting on the interfaéc;
between the gas core and the liquid film, and m the
thickness of liquid film.

The dimensionless group (r;m)/¢ used in equation
(18) can be rewritten as -

- [))e)

where two dimensionless groups (;0,)/G? and m/d can
be evaluated, corresponding to the local values of y and
G /G, as the roots of the following two simultaneous
equations*:

(19)

m_ G_( s )

20
d G \1,p/G? 29

with f; = 16/Refor Re < 2000, andf; = 0.079/Re** for
Re > 2000, where Re = (Gd/u)(G¢/G), and

(p./p))(Tip/G*)/180 i

J;

0Q

® being the net disposition rate (= deposition rate —
entrainment rate) defined to take a relative value
against the value of unity of the evaporation rate. The
values of k,, C and C,, are given as follows.

First, empirical values of k, given by Whalley et al.
for water, R-12 and liquid nitrogen ([13] and p. 293 of
ref. [23]) are correlated in the present paper as follows:

" kg{ms™'] = 0405 %2

for o < 0.0383[Nm™']
kyfms™'] =9.48 x 10*¢*7°

for ¢ > 0.0383{Nm™']
where o is the surface tension. Next, by assuming a

(16)

* Equation (20) is obtained from the Turner-Wallis equa-
tion {1 — a) = [(dpsd=);/(dp/d=)]" 2 with approximations of
a =~ 1 — (4m/d) and dp;dz ~ — 41;/d, while equation (21) is
the Wallis equation of gas core flow.

- (21

S
G /M P G )

with f,. = 0.079/Re.”, where Re,, = (Gd/u,/u.)
[1 = (Gy#/G)]-

Now, for a prescribed value of g.,/(GHy,), the axial
variation of G,¢/G can be calculated by the differential
equation (15), and the CHF condition is assumed to
take place at the position of Giz/G = 0. Thus, if z/d
determined from y at G,/G = 0 through equation (14)
agrees with I/d, then the preceding value of q../(GH,) is
regarded as the soiution. Thus, the solution of equa-

tions (14)-(21) has the following functional
relationship:
4o Py P Gd py
ljdy = < » Ty g T T 0,/)-G>
WD =N\Gryy o Gd w0 w '

where o, p,and G on the RHS are the quantities mainly
related to the term (kyp,)/G in equation (15), and
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FiG. 5. Comparison between generalized correlation and numerical solution for g, -

remain nongeneralized due to the empirical expression
of k4 in equation (16).

3.2. Numerical results :

In the present study, the differential equation (15) is
~ solved on the computer by the Adams-Moulton
method [24], a predictor—corrector method. For the
initial state of annular flow [i.e. the starting point of the
computation of equation (15)] Whalley er al. [13, 14]
employed the conditions of y = 0.01 and G,¢/G =

0.0099. However, this value of G\/G is generally too .

low (see the magnitudes of G,/G near y/y., = 0in Fig.
8), and sometimes causes inconvenience in the calcu-
lation process. In the present study, therefore, the value
of G/G satisfying the condition of C = C,, at the
starting, point of y = 0.01 is employed as the initial
value of Gg/G. )

Thus, in Fig. 5, heavy (broken and solid) lines
illustrate the author’s generalized correlation equa-
tions (7)—(9) for p,/p, = 0.04846 and I/d = 20, 100, 300
and 1000, while light (broken and solid) lines represent
the numerical solutions of differential equation (15) for
water under the same conditions as above plus d =
8 mm. From the comparisons in the range of L and H
regimes, it may be concluded that though a remarkable
deviation is noted for I/d = 20, comparatively good
agreements are recognized in the range of I/d > 100.

Next, the symbols O, @ and A in Fig. 5 represent
the numerical solutions of differential equation (15) for
water under the same conditions as before except for d
= 5,.12.6 and 25 mm. Some discrepancies appear due
to the change of tube diameter d, but they are not
remarkable if the range of 4 is limited to an ordinary
experimental range, say, 4-30 mm.

Meanwhile, the symbols + and x in Fig. §
represent the numerical solutions of the differential
equation (15) for R-12 and liquid nitrogen respectively

* It may be of interest to note that the effect of y, is not
included explicitly in both the theoretical models of Wiirtz
[15] and Levy et al. [16].

in the case of d = 8 mm. As compared with the result
for water under the same conditions, the solution of R-
12islocated very near that of water, and the solution of
liquid nitrogen is somewhat lower than that of water.

Then, the effect of p,/p, is also examined as shown in
Fig. 6, where heavy (broken and solid) lines show the
generalized correlation equations (7)—(9), while light
(broken and solid) lines represent the numerical
solutions of differential equation (15) for water with d
='8 mm. Similar conclusions to Fig. 5 may be drawn
from Fig. 6 that the range of [/d > 100exhibitsa fairly:
good agreement for L and H regimes.

4. DISCUSSION ON DIMENSIONLESS GROUPS

If the nongeneralized quantities ¢, p; and G are
ignored in equation (22), the remaining dimensionless
groups are quite the same as those adopted by Ahmad
[3] in constructing his modeling law. Then the three
dimensionless groups ap,/(G21), (Gd)/p, and p,/u, com-
posing the modeling parameter Sy in equation (1)
are the quantities governing the local value of C,, of
equation (18), that is, op,/(G?d) éxerts its effect on C,,
through equation (19), while (Gd)/y, and pu/u, exert
effects through the friction factors f] in equation (20)
and f,, in equation (21). In this case, however, j/u, is
included in f,, as (1/,)°%*, and accordingly the effect
of /i, is regarded as comparatively small*. The effect
of (Gd)/u, is also comparatively small except under the
conditiorr of very low G,z/G. Finally, (¢p,)/(G*d) can
have a strong effect on C,,, but in the part of the tube
where the liquid film becomes so thin that C » C, in
equation (15) @ is hardly affected by C,,.

Meanwhile, as mentioned in Section 3.1, the non-
generalized quantities ¢, p, and G in equation (22) are
mainly related to the term (k4p,)/G, which governs
directly the magnitude of ®. Since .k, the deposition
coefficient, is invariant, the term (k,p,)/G is kept
constant through the tube. This has a direct influence
on the evaluation of the distance up to the position of
Gy/G = 0. Presumably, therefore, there is a possibility
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that the quantities o, p, and G may cooperate with the
tube length ! in constructing a dimensionless group
{op1)/(G*]), though it be in an approximate sense.

It has been shown in Section 3.2 that when the
numerical solutions of CHF are correlated in terms of
{(op)/(G*]) as in Fig. 5, some discrepancies arise
according to the change of tube. diameter and fluid
substance. However, if the range of ordinary experim-
ental conditions is considered, the discrepancies are

not so remarkable, and in this sense, the availability of
(op,)/(G*l) in correlating CHF data can be said to be
supported by the analysis based on the annular flow
model of Whalley er al.

Finally, the dimensioniess groups (Gc,d)/k, and
G?/(pigd), composing the parameter Y of equation (3),
have no connection with the theoretical model of
Whalley er al, though the model has not been
completed theoretically, nongeneralized parts remain-
ing. Accordingly, as far as the physical meaning of
dimensionless group is concerned, the Shah cor-
relation may stand on an unsound basis in the annular
flow region at least.

5. OTHER RELATED MATTERS

5.1. Difference in fluid behavior between L and H
regimes ' .

Figure 7 shows the axial variations of G,z/G calcu-
lated by the differential equation (15) for water at 69
barand d = 8 mm, and Fig. 8 shows the corresponding
variation of the net deposition rate of droplets @, which
takes a relative value against the value of unity of the
evaporation rate of liquid in equation (15).

In both diagrams of Fig. 7, four (two light and two
heavy) curves are represented for (ap,)/(G2I) increased
successively by about 10 times, and they are divided
into two groups as follows. First, when (op,)/(G*]) is

_comparatively high (that is'L regime), G,/G takes a

yalue of almost unity near the tube inlet, and thereafter,
decreases almost linearly up-to the tube exit where
G¢/G vanishes. This means that most of the liquid fed -
to the tube is wasted away by evaporation from the
liquid. film, and thereby the CHF condition is in-
troduced. Therefore, this type of CHF can be said to be
‘evaporation controlled’. In fact, according to Fig. 8,
when (op,)/(G*]) is high, either the absolute value of
is maintained near zero throughout the tube, or ® <.0
in-the first half of the tube while ® > 0 in the second
half. Either case is in accord with the circumstance that
the ultimate extinction of the liquid film flow is
brought about mainly through the evaporation. Table
1 shows that exit quality y., is near unity in this high
(op)/(G?]) region, corresponding to the L regime [see
equations (4) and (10)].

On the other hand, when (op,)/(G2]) is compara-
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Table 1. Exit quality z.,

I/d = 100 Ifd = 1000 -

opyG*l Hex op/G* Tex
1.64 x 1073 1.00 1.64 x 107¢ 1.00
1.85 x 107* 0.88 1.81 x 1073 095
164 x 1075 - 041 1.64 x 1076 073
1.03 x 107° 0.18 1.02 x 1077 0.46

tively low (H regime), the value of G,¢/G is much lower
than unity from near the tube inlet. In addition, Fig. 8
shows that in this low (op,)/(G2]) region, ® has the
trend of being.greatly negative in the vicinity of the
tube inlet, and taking values near unity alil through the
remaining part of the tube. This means that a great
part of liquid is entrained into the gas core near the
tube inlet, and thereafter the liquid film is continually
supplied with liquid from the gas core so as to balance
nearly the local evaporation rate. Therefore, CHF in
this region can be said to be ‘net deposition controlled’.
Table 1 shows that CHF in this region occurs with y,,
much less than unity, corresponding to the H regime.

Supplementary note. There is a well-known diagram
given by Hewitt (see p. 285 of ref. [23] and p. 228 of ref.
[26]), which shows that the entrained droplet flow rate
increases in the first part of a tube, and thereafter
decreases up to the position where the entrained flow
rate agrees with the liquid flow rate in the tube to
generate the CHF condition. This circumstance is the
same as that of the evaporation controlled CHF (® <
0Oin the first part and ® > Oin the second part). In fact,
the preceding Hewitt diagram was obtained from the
experiment in the L regime.

5.2. H regime for very high 1/d ratios

According to Figs. 5 and 6, in the case of the H
regime for I/d = 1000 there is a difference in trend
between the author’s correlation and the numerical
“solution. Relating to this problem, Fig. 9 shows critical

* The boiling length concept presumably applies well to
CHF in annular flow region. Accordingly, the relationship
between ¢, and 7., is obtainable with tolérable accuracies
from the results for AH; = 0.

HMT 25:98 - G

heat flux g, against the exit quality y,, for water atp =
69 bar,d = 8mmand G = 2000kgm~2s~! wherea
heavy line represents the author’s generalized cor-
relation equations (6) and (7) (the broken part is the N
regime and the solid part the H regime), and a light line
represents the numerical solution of differential equa-
tion (15)*, with six representative values of I/d along
each line. Figure 9 also shows experimental data
from the U.S.S.R. standard table of CHF for water at
69 bar with d = 8 mm [26] and from the experiment of
Wiirtz for water at 70 bar with d = 10 mm [15].
The experimental data (Fig. 9) agree well with the
author’s correlation equations in the range of l/d <
600, but a separation appears for I/d > 600 (see [27]
alsas). In the range of I/d > 600, experimental data
exhibit the trend that g, — 0 and x,, — 1 with
increasing l/d, for which the author’s correlation
becomes invalid, while the numerical solution of
differential equation (15) is valid. Therefore, annular
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flow model calculation is regarded as useful to predict
CHF in the H regime for I/d > 600.

5.3. Annular flow models

Levy et al. [16] has shown that their own model
gives a numerical solution which has a rather similar
shape to the light curve in Fig. 9 but shifts to the right
50 as to pass along the whole data points of Wiirtz. If
comparison is made with the author’s generalized
correlation in the form of Fig. 5, good agreement is
found in the L regime, but deviation appears in the H
regime increasing more and more with decreasing //d
ratio. The model of Wiirtz [15] also exhibits rather
similar characteristics to the above. Strictly speaking,
therefore, there seems to remain the problem of finding
the region to which annular flow models with the CHF
condition of Gz/G = 0 apply correctly.

6. CONCLUSIONS

Numerical analysis of CHF based on the annular
flow model of Whalley ez al. is employed together with
the author’s generalized correlation of CHF in the L
and H regimes (annular flow region) clarifying the
roles of governing dimensionless groups (Section 4). A
few other related subjects, including the difference in
droplet mass transfer behavior between the L and H
regimes, are also investigated (Section 5).

The situation of CHF in the N and HP regimes is
beyond the scope of the present study and remains to
be studied in the future.
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UNE ETUDE ANALYTIQUE DU CHF EN EBULLITION AVEC CONVECTION FORCEE
DANS DES TUBES VERTICAUX AVEC UNE REFERENCE SPECIALE AUX GROUPES
ADIMENSIONNELS ACTIFS )

Résumé—Parmi les quatre régimes caractéristiques qui ont été définis par 'auteur dans une étude précedente
sur la formulation générale du flux thermique critique (CHF) deux régimes appelés L et H correspondent a
un écoulement annulaire 4 la sortie du tube. A partir du modéle d’écoulement apnulaire développé par
Whalley et al., une analyse théorique est faite pour des tubes chauffés emplis d’eau, de R-12 et d'azote liquide
saturés; les résultats obtenus sont comparés avec les formules générales de I'auteur pour clarifier les réles des
groupes adimensionnels. On constate que les groupes adoptés dans le modéle de Ahmad s’accordent avec le
modéle annulaire de Whalley et al., qu’ un groupe adimensionnel special (cp,/G2I) peut étre utilisé avec une
signification physique en relation avec les données du CHF, et que le transfert massique de gouttelettes entre
le film liquide et le noyau gazeux prend des aspects differents entre les régimes L et H.

EINE ANALYTISCHE UNTERSUCHUNG DER KRITISCHEN WARMESTROMDICHTE
BEIM STROMUNGSSIEDEN IN GLEICHFORMIG BEHEIZTEN SENKRECHTEN ROHREN
UNTER SPEZIELLER BEZUGNAHME AUF DIE MASSGEBLICHEN DIMENSIONSLOSEN

GRUPPEN

Zusammenfassung—In einer friireren Verdffentlichung des Autors iiber die allgemeine Berechnung der
kritischen Wérmestromdichte (CHF) wurden vier charakteristische Gebiete klassifiziert. Zweien dieser
Gebiete (L- und H-Gebiet benannt) wird ‘am Rohraustritt Ringstromungsform zugeschrieben. Unter
Verwendung des Ringstrémungs-Modells von Whalley er al. wird fiir gleichférmig beheizte, mit gesittigtem
Wasser, R-12 und fliissigem Stickstoff gespeiste Rohre eine theoretische Untersuchung durchgefiihrt. Die
Ergebnisse werden mit der verallgemeinerten Berechnung des Autors verglichen, wobei die Rolle der
maBgeblichen dimensionslosen Gruppen herausgearbeitet wird. Es ergibt sich, daB die dimensionslosen
Gruppen, die in Ahmads Modell-Gesetz angenommen werden, in Ubereinstimmung mit dem Ringstré-
mungs-Modell von Whalley et al. sind, daB eine spezielle dimensionslose Gruppe ¢p,/G?*! mit einer
physikalischen Bedeutung bei der Berechnung von CHF-Werten verwendet werden kann und daB der
Trépfchen-Massentransport zwischen dem Fliissigkeitsfilm und der Dampf-Kernstrémung verschiedene
Erscheinungsformen zwischen dem L- und H-Gebiet annimmt.

AHAJIMTUYECKOE UCCIAEJOBAHUE KPUTHUYECKOI'O TEIJIOBOI'O NMOTOKA
MPU KUMNEHUU ABMXKYILENCS XUAKOCTU B PABHOMEPHO HAIPEBAEMBIX
BEPTUKAJIbHBIX TPYBAX. YTOUHEHWUE OCHOBHBIX BE3PASMEPHBIX
KPUTEPHUEB

AHHOTAINA— Y CTAHOBJIEHO, YTO CPEdH HYETbiPEX XapaKTEPHBIX PEXHMOB, KiacCHOHKaLHMs KOTOPbIX
Obia JaHa B OJHOM W3 MpeRbLAYWHX padoT aBTopa. B KOTOPOH ObL10 NPEITOKEHO COOTHOLUCHHE
IS pacyeTa KPUTHHECKOTrO TEMIOBOrO MOTOKA, ABA pexuma, a uMenHo L u H. xapakrepusyiorcs
KONbUEBOH KOHHUrypaLHeil MOTOKa Ha BbixoLe W3 TPyOsl. Mcmoms3ys monesib KOJBUEBOTO TEHCHHS
Yoanu u dp.. NpOBENEH TEOPETUYECKHMil AHANW3 IS DABHOMEDHO HArpesaeMbix Tpy6, B KOTOpbIE
NO0AETCA HACKILIGHHAS Boa, hpeoH-12 u xunxuii a30r. [1poBeneHO CpaBHEHHME MO.J1YHEHHBIX pe3y/ibTa-
TOB C Pe3yabTaTaAMH PACYETOB M0 NPELTOKEHHOH aBTOPOM 3aBUCHMOCTH H BBIICHEHA POJIb OCHOBHBIX
Ge3pa3sMepHBIX KDHUTEpHeB. YCTAHOBIJEHO cledyloliee: 0e3pasMepHbie KPUTEDHM, HCMONb3yembie B
3AKOHE MOLEJUpOBAHHA AXMafla. COLNACYIOTCA C MOMEAbIO KObUEBOro Tevewus Yonnu u 0p..
Bespasmepubiit kputepril op, /G MOXHO (UIMMECKH OOOCHOBAHHO HCNOAB3OBATH IS ONMHCAHUA
DAHHLIX MO KPUTHYECKOMY TEILIOBOMY MOTOKY, Mexay pexumamu L v H kanmeabHbI MacconepeHoc
MEXIY WHUAKOCTHO! NIeHKON M BHYTPEHHHM OOBEMOM ra3a XapaKTEepU3yercs PAAOM OTJIHMHMTEbHbIX
ocobenHocTe .
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Critical Heat Flux in Free Convective Flow through
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Experiments are made on free convection boiling in uniformly heated tubes held verti-
cally in a large pool of saturated liquid. The length/ and diameter d of test tube ranges from
100 to 800 mm and from 4.0 to 10 mm respectively. Under stable conditions where no flow
oscillations are detected, critical heat flux (CHF) q,, is measured for water at 1.0 — 8.8 bar
and R-12 at 7.5 — 32 bar. Based on the experimental data of CHF thus obtained together
with the existing data of helium I at atmospheric pressure, an attempt is made to derive a
simple generalizéd correlation of CHF in terms of two dimensionless groups (qco/vafg)/
[oglop—p,)/ 0y 11
that of helium data in spite of a large difference of physical properties, whereas R-12 shows

and /d. The generalized correlation of water data is found to agree with

a somewhat different trend and also greater dispersion of data. Finally, related discussion is
made, in which the CHF mechanism encountered in this study is suggested to differ from
that in a heated vertical tube forming part of a natural circulation loop having a noticeable
flow resistance due to throttle valves and the like. ‘

1. Introduction

¢

Critical heat flux (CHF) of free convective flow passing through a uniformly heated tube
held vertically in a large saturated liquid bath such as shown in Figure 1 will be dealt with in
this paper. For this type or similar types of boiling, Sydroriak and Roberts (1956') measured
CHF of liquid hydrogen and nitrogen in vertical annuli at Los Alamos atmospheric pressure
(about 0.77 bar due to the height of Los Alamos), while Boggardt et al. (1965) obtained CHF
data of water in a vertical annulus at 2.0 — 30 bar. Meanwhile, relating to the superconducting
magnet, CHF data of liquid helium I at atmospheric pressure were presented by the following
investigators: Lehongre et al. (1968) for tubes, an annulus and a rectangular channel, Ogata
et al. (1969) for rectangular channels, Johannes and Mollard (1972) for rectangular channels, -
Vishnev et al. (1974) for annuli, and Bailey (1975) for rectangular channels. To the author’s
knowledge, however, studies of CHF in the boﬂing system such as shown in Figure 1 are still
limited in not only number but also the range of experimental conditions. In the present
study, therefore, CHF is measured for saturated water and R-12 under various conditions of
pressure, tube diameter, and tube length; and the data thus obtained are employed together

Department of Marine Engineering
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passing through a heated tube.

with the foregoing existing data of liquid helium to test the possibility of deriving a simple
generalized correlation for CHF of the preceding free convection boiling system.

2. Experimental Apparatus

2.1 Experimental apparatus

As shown schematically in Figure 2, the main part of experimental apparatus is consisted
of an upper vessel (1), a bottom vessel (8), two downcomers (6) of 35.5-mm LD., and a test
tube (5) of internal diameter d=4, 6, 10 mm and length /=100, 200, 400, 800 mm:. Sum of the
cross sectional areas of the foregoing tv;fo downcomers is 25 to 157 times as large as that of the
test tube, so that it is presumed that this 'apparatus_ can simulate the boiling system of Figure 1.
The test tube made of a stainless steel tube 1 mm in wall thickness is heated by passage of a d.c.
current supplied from the d.c. power source (10) shown in Figure 2. In order to minimize the
electrical contact resistance at each end of the test tube, the electrode is connected with each
end of tube in such a way as shown in Figure 3, where the cylindrical part of 24 mm O.D,,
which is welded to the test tube end, is fixed tightly to the electrode by means of the nut and
bush. Thus, unheated conical flow passages are formed inevitably being connected with the
- inlet and outlet ends of the heated tube respectively. However, as will be noticed in Figure 3,
those unheated passages are comparatively short so that their effects on CHF may be presumed
to be small. The relative vertical displacement due to axial thermal expansion of the heated
tube can be absorbed by the flexible tubes (7) shown in Figure 2.

By means of the level gauge (3) shown in Figure 2, the free surface of the liquid pool in
the upper vessel (1) is maintained 250 to 300 mm high from the outlet end of the test tube, and
the vapor generated in the test tube is condensed on the outer surface of the water cooled
condenser coil (2). The system pressure is maintained at a prescribed value by adjusting the
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foregoing condenser coil (2) together with the two auxiliary heaters (4) and (9). Thermocouples
denoted by the mark of T in Figure 2 include three thermocouples spot-welded to the outer
wall of the test tube, which are used to detect the temperature excursion of the test tube wall.
In the experiment, the electrical input to the test tube is raised stepwise until the temperature
excursion breaks out near the outlet (top) end of the test tube, and thereby the occurrence of
CHF conditions is detected. The electrical input to the test tube is measured by the voltmeter
(V) and the shunt (11) in Figure 2, where the electrical current is determined from the voltage
drop between two terminals of the shunt. Heat losses from the outer surface and both the ends
of the test tube are estimated to be sufficiently small as compared with the electrical input to
the test tube, and accordingly corrections to the foregoing heat losses are eliminated in the

present study.

2.2 Precautions against remaining air ,
In the preliminary- stage of experiment, a rather strange phenomenon was occasionally
observed that a rapid rise of wall temperature took place near the inlet (bottom) end of heated
tube as if the CHF conditions were generated there. Since the air dissolved in the test liq_ﬁid
had already been removed out of the top vent of the apparatus by boiling the liquid in the
apparatus for a sufficiently long time, the possibility of the electrical contact detrioration at the
inlet end of heated tube due to thermal expansion or some other possible causes was examined
first, but no problems were found. It was then assumed that the air, which remained in the
corner parts inside the apparatus fed with the test liquid, was removed by the convection to
gather near the inlet of heated tube. Thus, the vacuum pump (12) shown in Figure 2 was

Fig. 2 Experimental apparatus. (1) upper vessel, (2) condenser coil, (3) liquid level gauge,
(4) auxiliary heater, (5) test tube, (6) downcomer, (7) flexible tube, (8) bottom vessel,
(9) auxiliary heater, (10) d.c. power source, (11) shunt; (12) vacuum pump, (T) thermocouple,
(P) pressure gauge, and (V) voltmeter. )
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installed to evacuate the inside space of the apparatus before feeding the test liquid, and there-
by the above problem could be solved completely.

3. Experimental Results

3.1 Stable conditions with no flow oscillations ;

As well known, the boiling system of Figure 2 has a possibility of generating the so-called
natural-circulation-loop instability. In the present study, flow oscillations of a comparatively
low frequency from 1 to 1.5 Hz were observed in the case of water for tubes of relatively large
! and d (that is, /=400, 800 mm and d=6, 10 mm) over the experimerital range of pressure from
1.0 to 8.8 bar. The onset of the foregoing flow oscillations was readily detected by either
hearing a sound emitted from the test tube along with other neighboring parts, or touching the
flexible tube (7) in Figure 2 with fingers. Also, for test tubes of relatively large / and small d
(that is, /=400, 800 mm and d=4 mm), flow oscillations were found to take place near atmo-
spheric pressure, but no oscillations were detected at pressures above 2 bar. In the case of R-12,
flow oscillations were not detected at all over the experimental range of pressure for R-12 from
7.5 to 32 bar. It must be noted here that in the present study, the vapor to liquid density ratio
Pylpy ranges from 6x107* to 7x 107 for water while from 3x 1072 to 3x107! for R-12, which
means that p,/p; of R-12 is about 50 times as high as that of water. Therefore, it may be con-
cluded that the foregoing observations of flow instability agree with the already-known fact
that the onset of instability becomes easy with increasing the exit quality or with decreasing
the system pressure and the channel resistance. / k A

In the present study, no measurements of critical heat flux were attempted under such
unstable conditions as mentioned above. The CHF data reported in the next section are those

obtained only under stable conditions with no flow oscillations.

Tank wall Teflon
I
_m
jol)]
Cylindrical
FV part
Electrode
Nut |f=— Heated tube
Bush
l Fig. 3 Connecting part of test tube
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3.2 Experimental results of CHF

All the data of critical heat flux q,, obtained for saturated free convection boiling in the
present study are shown in Figure 4 for water and in Figure 5(a)—(c) for R-12. A solid line in
each figure represents the prediction of Kutateladze correlation (1952) for CHF in saturated

pool boiling:
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and a broken line represents the correlation given by the hydrodynamic instability theory of
Zuber (1959) with the modification of an involved constant from 0.13 to 0.18 by Rohsenow

(1973):
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In the above, Hfg is the latent heat of evaporation, ¢ the surface tension, and g the acceleration
due to gravity.

It can be noticed from Figure 4 that the experimental g, data for water exhibit the trend
similar to that of equation (1) and (2) in regard to the change of g, with//d, and the magni-
tude of g, decreases with increasing //d. In case of R-12, the same situation as above can be
observed only except that in the region of small p,/p;, the data for /=100 mm in Figure 5(b)
and the data for /=100, 200, 400 mm in Figure 5(c) deviate from the trend of equations (1)
and (2). It is interesting to note here that the CHF of free convective flow in a vertical tube of
Figure 1 can have a character similar to that of the pool boiling on a heated, infinite horizontal
surface, to which Zuber’s instability theory applies.

3.3 Dimensionless representation of data

Considering the relationship observed, in the preceding section, between the experimental
data and two equations (1) and (2), the dimensionless group appearing on the LHS of the fore-
going two equations is tentatively employed along with the length to diameter ratio //d for
correlating the data, resulting in Figure 6 for water and Figure 7 for R-12, where p denotes the
nominal value of pressure for which the data are obtained. In the case of water, CHF data
scatter to some extent, but it seems likely that the solid curve drawn in Figure 6 is capable of
predicting the rough trend of data. In Figure 7 for R-12, however, the dispersion of data is

considerably large, and what is awkward, it cannot be ascribed to the change of pressure.
4. Discussion

4.1 CHF in a single flow passage
(i) Bogaardt et al. (1965) performed experiments of CHF for water at 2.0 to 30 bar flow-
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Fig. 6 Generalized graphic representation of g, data for water
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ing through an internally heated vertical annulus of 33.8 mm in O.D. of heated rod, 504 mm
in LD. of unheated shroud, and 2400 mm in heated length. Unheated passages of lengths
40 mm and .188 mm were connected with the bottom and- top end of heated channel respec-
tively, -but their effects on CHF are presumably not large. The data of Bogaardt et al. are
plotted by the symbol x in Figure 6, for which d has been replaced by the heated equivalent
diameter dj,.- defined as:

dpe=(4xflow area)/(heated perimeter) 3)

One of the authors of the present paper has shown that the use of heated equivalent diameter
instead of hydraulic equivalent diameter is an effective way for the generalized correlation of
CHF of forced convection boiling in' uniformly heated annuli (Katto 1979a, 1981a) and
uniformly heated rectangular channels (Katto 1981b). Of course, it is unknown that this is true
for the free convection boiling system also, but according to Figure 6, we have one example
that the annulus data of Bogaardt et al. agree fairly well with the tube data if dp, is employed
in place of d.

(i) Existing data of CHF obtained for helium I at atmospheric pressure are plotted in
Figure 8 in the same manner as in Figure 6 and 7. The data of Lehongre et al. (1968) are those
obtained with tubes of diameter 1—5 mm and length 25—400 mm; Ogata et al. (1969) for
rectangular channels with one side wall heating of heated width 10 mm, heated length 50 — 400
mm, and channel thickness 1 — 5 mm; and Johnnes and Mollard (1972) for rectangular chan-
nels with one side or two facing sides heating of heated width 40 mm, heated length 88 — 200
mm, and channel thickness 0.4 — 4.34 mm. Heated equivalent diameter dj,, defined in equation
(3) has been used in Figure 8 also to plott the preceding rectangular channel data. Furthermore,
it may be of use to add that Bailey (1975) presented no experimental data points but the
correlation curve given in his paper agrees fairly well with the data of Ogata et al. for I/dj,> 20.
As for the study of Vishnev et al. (1974), experiments were made only for //d. < 10.8, so their
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data are omitted from the presentation in Figure 8.

The solid curve drawn in Figure 8 is equal to that of Figure 6, and the CHF data of helium
I shown in Figure 8 are found to exhibit nearly the same character as that of water in Figure 6.
It must be pointed out here that such a result as above is obtained despite the great difference
of physical properties between water and helium I. v

(iii) The solid curve in Figure 6 constitutes a straight line in the range of 1/d<90, which is

formulated as:
. 1/4

dco Fg(pz—pv)} o 1 .
pVHfg/ Py T 140.047()/d) )

Ogata et al. (1969) have presented the following empirical equation for their own data of
helium at atmospheric pressure obtained in the range of //d;,<100:
qon=6 0x103——1—W/m2 5)
co 1+0.057(l/dpe)
For the effect of //d on q,,,, equations (4) and (5) are noticed to have nearly the same function.
Meanwhile, Lehongre et al. (1968) have presented the following empirical equation for the data
of helium at atmospheric pressure in the range of I/dj ,=0—200:

1
=5.9x103 W/m? 6
Teo =3 0 735 dp )05 / ©)

If the function of //d on the RHS of equation (4) is replaced by that of equation (6), it gives

deo [ oglo—py) " 1
/ - =0.12 — (7)
pyH g, 0, 1+0.0735(!/d)




Y. KAaTTO and S. KAWAMURA

The prediction of equation (7) is illustrated by the broken line in Figure 6, showing that equa-
tion (7) predicts too high values for CHF in the range of 1/d>140 as compared with the solid
curve obtained in the present study. ‘

(iv) From a very rough view point, it may be said that Figure 7 obtained for R-12 is similar
in character to those of Figure 6 for water and Figure 8 for helium. However, according to
Figure 7, the dispersion of data is rather large especially in the vicinity of //d=0, and further-
more, the relationship between q,, and //d seems to have a somewhat different trend from
those in Figures 6 and 8.

As has been mentioned in Section 3.1, the density ratio py/p; of R-12 is about 50 times as
high as that of water in the experimental range of the present study. However, if compared with
helium, it is found that the magnitude of p,/p; for R-12 (p, /p;=3x1072=3x107") is in nearly
the same order as that of helium at atmospheric pressure (p,/p;=1.35x107"). Therefore, the
foregoing peculiarities of R-12 in Figure 7 cannot be ascribed to the difference of the magni-
tude of p,/p;. '

‘ The mode of the outflow of vapor from the top end of heated tube to the upper liquid
bath may be affected by the ratio between the tube diameter d and the critical wave length of
horizontal liquid-vapor interface X, =2m X\/(W;v—)—. However, the ratio d/A, does not differ
in magnitude noticeably among the three fluids under the respective experimental conditions
(d/A,=0.25-0.64 for water, d/\,=0.79—4.45 for R-12, and d/\,=0.51-2.59 for helium), and
accordingly it seems difficult to look for the reason of peculiarities of R-12 from this side.

In sum, the cause remaines unexplained for the problem of R-12 exhibiting somewhat
different characters from those of water and helium, and further studies in the future are of
course needed. ' o

(v) The viscosity of helium is quite different in magnitude from those of water for either
phase of liquid and vapor. However, we have obtained similar results such as shown in Figures 6
and 8 for the CHF of these two different fluids independently of the difference of viscosity.
This fact may suggest that like in pool boiling, viscosity can have only the secondary effect on
CHF in free convection boiling passing through vertical channels.

(vi) The CHF data of liquid hydrogen and nitrogen obtained by Sydroriak and Roberts
(1956) in the range of l/d,, e=0—220 exhibit rather different features from those of Figure 6 to
8. Their data, if plotted in the dimensionless form of Figure 6, give an independent correlation
curve for every set of [ (or d) and fluid, and besides have the trend of increasing the gradient of
correlation curve with I/dj,. The similar trends are also observed in the experiment of Katto
and Kurosaka (1979) on CHF of water. These two independent experiments happen to be the
same in dealing with CHF in annular channels with outside heating, but it is unknown whether
this is the cause or not. In addition, it must be noted that in the experiment of Katto and
Kurosaka, cartridge heaters were spaced evenly around a large cylindrical copper block with a
center bore of small diameter to make the heated shroud of annulus, with a possibility of

deteriorating the uniformity of heat flux over the inner surface of the heated shroud.
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4.2 Note on CHF in a natural circulation loop with throttle valves

Barnard et al. (1974) made measurements of CHF for an upward boiling flow of slightly
subcooled R-113 near atmospheric pressure through a 17.2-mm 1.D. verticl tube forming part of
a natural circulation loop. This loop is quite different in nature from the system of Figure 2 in
comprising two parallel flow passages just upstream of the heated tube, each of which is com-
posed of a throttle valve and a flow meter of rotameter type. Among the total of 47 CHF data
presented in their paper, 9 data are the special ones measured by closing both the foregoing two
parallel valves, with counter-current flow in the test tube thus closed at the bottom end. The
rest 40 data, measured with natural circulation in the loop, are plotted in Figure 9, where q,,
and G are CHF and mass velocity respectively, and [ is the boiling length, that is, the heated
tube length minus the length necessary to bring the thermodynamic quality to zero (see Katto
1979b). Meanwhile, the lines drawn in Figure 9 represent the prediction of the generalized
correlation equations presented previously by one of the authors (Katto 1980a) for CHF of

forced convection boiling in tubes:

4eo 00;\0.043 1 .
cy = e l/—d,w1thC=0.25 : (8)
4
and
q P, \0.133 £ Gp7\1/3 1
L ) L SR
GHyg Py G*1 1+0.00311/d

where the constant C on the RHS of equation (8) is taken as 0.25 because //d <55 for the data
shown in Figure 9 (see Katto 1980). Agreement between the measured and the predicted g, is

surprisingly well for I/d>17, verifying the view of Barnard et al. that CHF with natural circula-
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Fig. 9 Comparison between the measured and the predicted g, for natural circulation loop with
throttle valves
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tion appears to occur through forced convection CHF mechanism.

Now, if the above 40 data are compared with the prediction of equation (4) obtained in
this study, it gives Figure 10. It is rather surprising to know that in spite of the natural cir-
culation loop with a noticeable resistance due to throttle valves, there are many data points
situated below the prediction line of equation (4), showing higher values of g, than the values
predicted by equation (4) for CHF in a single passage held vertically in a saturated liquid bath.
This fact suggests that the throttling given at or near the test tube inlet may have the ability
to suppress the instability leading to the onset of ordinary free convective flow CHF.

5. Conclusions

Employing water and R-12, experiments are made on CHF of free convection boiling in
uniformly heated tubes held vertically in a saturated liquid bath. CHF data of water thus
obtained in the range of p,/p;=6x 107 —7x107® are correlated in a simple generalized form in
Figure 6, showing similar characters to Figure 8 correlating the existing data of helium I at
atmospheric pressure with p,/p;=1.35x107'. Meanwhile, the data of R-12 obtained in the
range of p,/pj=3x1072—3x 107" have a likeness to water and helium in a very rough sense, but
the variation of g., with //d exhibits a somewhat different trend from that of water and
helium, and the dispersion of data is greater than those observed for water and helium. Finally,
the foregoing CHF data are compared with those obtained in a heated vertical tube forming
part of a natural circulation loop with throttle valves (see Section 4.2), suggesting that the
mechanism to generate CHF in the boiling system dealt with in this study differs from that of

forced convection boiling.

— 46 —
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A COMPREHENSIVE STUDY OF CHF FOR FUNDAMENTAL SYSTEMS OF FORCED
CONVECTION BOILING WITH UNIFORM HEATING

Y.Katto
" Dept.of Mech.Eng.,Univ.of Tokyo,Bunkyo-ku,Tokyo,Japan

ABSTRACT

This paper summerizes the results of a compre-
hensive study made with a purpose of giving a broad
perspective on the occurrence of the critical heat
flux (CHF) of forced convection boiling. The study
begins with the experiments of CHF made for basic
systems of external flow boiling in order to find
principal dimensionless groups governing the phe-~
nomenon concermed. Then, in the light of the re-
sults thus obtained, a large number of existing
data of CHF in the boiling systems of stable forced
flow through vertical channels such as tubes, an-
nuli and rectangular channels with subcooled inlet
conditions are analyzed to find generalized cor-
relation equations. In the above analysis, four
characteristic regimes of CH¥ are classified, and
their relations to the flow patterns are also
studied. Next, the state of CHF under the limit-
ing conditions of the factors such as the vapor-
to-liquid density ratio and the length-to-diameter
ratio are investigated to clarify the natures of
CHF on the outskirts of conditions. Finally, some
experimental studies are made on CHF of free con~
vection boiling in channels to get subsidiary in-
formations relating to the CHF mechanism.

NOMENCLATURE

¢ = constant, equation (9)

d = I.D. of heated tube, m

dpe = heated equivalent diameter, equation (19)

G = mass velocity, kg/m?s

Hfg = latent heat of evaporation, J/kg

AH; = enthalpy of inlet subcooling (AH; > 0 for
subcooled inlet and AH; < 0 for mixed inlet),
J/kg :

K = inlet subcooling coefficient, equation (5)

z = length of heated surface or channel in direc-
tion of flow, m

14 = absolute pressure, bar

q = heat flux, W/m?

qe = critical heat flux, W/m2

qeo = qe for saturated liquid flow, or g, for AH;
= 0 at the channel inlet, W/m2

u = velocity of liquid fed to the boiling system,
m/s

p7 = density of liquid, kg/m3

pp = density of vapor, kg/m?

g = surface tension, N/m

Xgx = exit quality at CHF condition

Xexr = limiting exit quality, figure 9

1. INTRODUCTION

The critical heat flux (CHF) of forced con-
vection boiling is a very important phenomenon
which is related to the design and the safety
problem of nuclear reactors and also to other
energy technologies. Accordingly, (i) a large

number of exerimental studies on CHF have been
made, - (1) not a few empirical correlation equa-
tions have been presented to predict CHF with high
accuracies under specially designated conditions,
(iii) the study of fluid~fluid modeling, that is,
the method to relate the data obtained for differ-
ent fluids, has been advanced, and (iv) the ana- '
lytical study has been progressing, particularly
for the CHF accompanying the two-phase flow with
annular flow pattern.

However, a broad perspective on the circum-
stances of generating CHF has not yet been ob-
tained, and consequently, it is often difficult or
impossible to find mutual relations between indi-
vidual studies or informations, delaying the sys-
tematic understanding of CHF phenomenon. In this
paper, therefore, a comprehensive study is attempt-
ed dealing with generalized correlation equations
of CHF such as applicable extensively over a very
wide range of conditions for the fundamental sys-
tems of forced convection boiling.

2., CHF IN FUNDAMENTAL BOILING SYSTEMS OF EXTERNAL
FLOW

As mentioned before, the main object of this
paper is the CHF in the boiling systems of forced
flow inside tubes, .annuli and rectangular channels,
for which two limiting states can be assumed as
shown in figure 1, where tubes fed with saturated
liquid are i{llustrated for the sake of simplicity.
Figure 1(a) represents the CHF taking place with a
high vapor quality at the tube exit, for which the
dryout of a liquid £ilm on the heated wall may be
probably responsible, while figure 1(b) represents
the CHF with a very low exit quality, for which
the departure from nucleate boiling (DNB) in bubbly
flow may be responsible. Therefore, before begin~
ning work on the main subject, the CHF in the sat-
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Figure 1 Limiting states of forced flow boiling
in a tube fed with saturated liquid: (a) high
1/d or low G, (b) low L/d or high G.



uration quling systems of external flow having
similar flow patterns to figure 1(a) and (b) is
investigated below.

2.1 Rectangular heaters cooled by a film flow of
liquid

This is a boiling system of feeding a liquid
film flow to a uniformly heated rectangular sur-
face through a plane jet of saturated liquid flow-
ing out of a flat nozzle as shown in figure 2(a).
In the study of reference [1], rectangular surfaces
of length 7 = 10 - 20 mm in the direction of flow,
which are provided by an end surface of a copper
block heated by electric heaters, are cooled by a
film flow of water, R-113 and trichloroethane at
atmospheric pressure in the range of the inlet
velocity of liquid to the heater w = 1.5 - 15 m/s.
The data of CHF g, obtained are correlated fairly
well by the following generalized equation:

0.133 9p7 1/3

q °y
a;’-"—: 0.0164 (q) (i (1)

fa
where G = up;. In equation (1), p, and py are the
densities of liquid and vapor respectively, and o
the surface tension. Experimental ranges of pv/pZ
and 0p7/G%1 extend from 0.000624 to 6.00525 and
from 5 x 1078 to 3 x 10-3 respectively.

Ther, in the study of reference [2}, rectan-
gular surfaces of 7 = 10 ~ 40 mm offered by 0.5-mm
thick stainless steel plates, which are heated by
direct passage of a D.C. current, are cooled by a
film flow of R-113 and water at atmospheric pres—
sure, and the inlet velocity u is changed widely
from 1.8 m/s to 65 m/s. Although the data of ggp
show some systematic deviations depending on 7,
they can be correlated on an average by

q P, 0,133 0P 0,281
72— = 0.0106 () 52% (2)
fa i

The experimental range of op7/G2l extends from
6 x 1078 to 3 x 10°%. The exponent of cpZ/GZZ on

Nozzle

Nucleate boiling liquid layer
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___« Uniform
liquid flow
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Heate :
. surface
{b})

Figure 2 TForced flow boiling near CHF of satu-
rated liquid: (a) film flow, (b) parallel flow.

the RHS of equation (2) is somewhat smaller than
that of equation (1), but equation (2) may be
regarded as close to equation (1).

Furthermore, in the study of reference [3],
experiments of CHF are made for a 10-mm dia. disk
heater cooled by a radial film flow of saturated
R-12 at high pressures fed by a jet impinging on
the disk center. The results suggest that the
generalized correlation equations obtained at at-—
mospheric pressure like equations (1) and (2) can
apply up to very high pressures (say, pv/pl < 0.17).

2.2 Rectangular heaters cooled by a parallel flow
of 1liquid

This is a boiling system of a uniformly heated
rectangular surface submerged in a parallel flow of
saturated liquid as shown in figure 2(b). In the
study of reference [4], employing rectangular
heated surfaces of 2 = 10 - 20 mm provided by an
end surface of a copper block heated by electric
heaters, experiments are made for water and R-113
at atmospheric pressure in the range of bulk liquid
velocity ¥ = 1.5 -~ 10 m/s, and 400 obtained are
correlated fairly well by

q P, 0,559 0Py 0,264 .
2= 0.186 (B () : (3
fg 3

where G = upy and the experimental value of UpZ/
(21 ranges between 1'x 10™5 and 3 x 1073,  4s
compared with equations (1) and (2), the exponent
of pv/pz is considerably great in equation (3).
This difference may probably be.attributed to the
difference of hydrodynamic conditions between the
flow of figure 2{a) and that of figure 2(b). At
the present stage, however, it is more important
to know that for both the limiting states of flow
mentioned above, CHF can be correlated with common
dimensionless groups as:

o Py 9
= {2, T ) ()
Py P €

3. CHF IN FUNDAMENTAL BOILING SYSTEMS OF INTERNAL
FLOW

3.1 Generalized correlation of CHF in uniformly
heated verticcal tubes

For flow boiling in uniformly heated vertical
tubes, it is well known that if the inlet subcool-
ing enthalpy AHi i1s changed under conditioms of
fixing all other factors (p, 7, d and G), the crit-
ical heat flux g, changes with AH; as illustrated
in figure 3, where a straight line A répresents the
linear relationship hetween'qc and AH., while a
curve B represents the nonlinear relationship. It
is known that the former relationship is ordinarily
observed, while the latter one takes place under
restricted conditions. In any case, however, q,
can be written as:

X {5)

q,=q_ (1+K=%) 5
e co H g

where q is the value of q, at AHi = 0, and X the

'coefficignt of inlet subcociing enthalpy. In case

of the linear 90 = AHi relationship, X can be
determined independently of AH./H. .

On the g, For AH, = 0. Uhelda family data of
q, Vvs. AHi is available, an experimental value of
q on the RHS of equation (5) can be determined
by extrapolation as AHi + 0 (see figure 3). Then,
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AF'igure 3 Critical heat flux g vs. inlet sub-
cooling enthalpy AH; for fixedp, I, d and G.

in the light of the result of equation (4) obtained
for saturation boiling of extemal flow, there may
be a good possibility that the experimental data of

. qeo ©btained above be correlated in the following
form* :

e

n

.

I °
8
3
Rl

(6)

where 7 /d is the length~to-diameter ratio of tube.
Fortunately, thils prospect has been confirmed .in
the studies of reference [5 to 7], and figure &4
shows ‘@ part of the results from the study [7],
where existing data of CHF obtained for fourteen
different fluids (water, anmonia, benzene, ethanol,
helium, hydrogen, monoisopropylbiphenil, nitrogen,
R-12, R-21, R-22, R-113, R-114 and potassium) are
analyzed, - In the above analysis, four character-
istic regimes of CHF are classified as shown in
figure 4, where the marks (L), (H), (N) and (HP)
represent L-, H-, N- and HP-regime respectively.
From the general trend of figure 4, it may be
assumed that the CHF in L-regime, where ¢ is low
and xgyx 1s high, is of the nature of dryout, while
the CHF in N-regime, where G is high and xgp is
low, is of the nature of DNB. H-regime is inter-
‘mediate between L- and N-regime, and HP-regime is
the regime which appears in place of N-~regime at
very high pv/pl ratlos. As to the criterion for
the onset of HP~regime, it is referred to the
paper {8] owing. to space limit.

On the inlet subcooling coefficilent XK. In
the study of reference [5], experimental relations
between g, and AH; are examined for each of the
above-mentioned four characteristic regimes. As
the result, it is found that the linear 9o .~ AH >
relationship refers to L-, H- and HP-regimes, w?]ile
the nonlinear g, - AH; relationship refers to N-
regime. In each diagram of figure 4, the vertical
broken line designated by (® indicates the boundary
between H- and N-regime, which has been determined
empirically in [5] as:

ap 2,70
= (2174
77 = ) m

The ‘above result suggests that K on the RHS of

equation (5) can be determined independently of
AHy /Hf for L-, H~ and HP-regimes. In the study
of reference [8], therefore, theoretical predic-

* The analysis of CIco/GH described in Chapter 2
of [5] is to be replaced i‘;% the present reasoning

for the possibility of equation (6).
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Figure 4 Generalized correlation of g,, for
. vertical tubes (from [7]).

tion of X for the above-mentioned three regimes are
attempted utilizing the correlation equation (6) of
qep ©n the assumptions that (1) the. concept of
boiling length holds exactly in the vicinity of AH;
= 0, and (ii) the critical heat flux q, changes
linearly with aH;. .

Correlation equations of oo and X. The
author's correlation equations of q,, and X thus

. obtained are listed below in their final forms as

determined in [9]. First, the correlation equa-
tions of q,,, which correspond to the lines marked
with @ to ® in figure 4, are written as follows:

Icregine

) 1
B === 0.25 575 (8)
P 77d )
9Py 0,043
Sig, ¢ 77d (9)

where € = 0.25 for 1/d < 50, C = 0.3 for 1/d > 150, and
C=0.25 + 5—1@);539- 0.34 - 0.25) for 1/d = 50 - 150.

150 -
Heregime
L £,,0.133 TPz /3 1
©: ag " 0.10 (H) (e Tvo.00m 14 (10)

0.27
U0 Py, 0,133 0Py 0,433 1/d)
®: Gy " 0.098 ('p—l) w= Troonzd )

N-regi

0,27

90 Pp. 0,133 003 0433 (1/4

© G, =G @ Tewm i (1)
HP-regime

A0 Py, 0.60 997 0,173 1
2o v 12
@ : g = 0.038k (“1) (g2 a0y 0,277 (12)

fa 1+0.280(zz7) ki

In the above, equation (11) applies to both H- and
N-regimes, where the boundary between the two re-



gimes has been given by equation (7). - Next, the
predictions of K derived theoretically from equa-
tions. (8) to (12) are written as follows:

I-regime
From eq. {B8), k=1 (13)
From eq. (9), K= 1.043 (1k)

helap, /621)9.043

HB-regime

From eq. (10}, KX = — ook v/t (15)
. (pv/pz)o.na(opz/gzl)lla
HP-regime

. 1.52(091/021)0.233 +d/
From eq.(i2), X=112 —— & (16)
(Dvlol)°~°°(aol/02l)01173

In the above, the prediction of X derived from
equation (11) for H-regime has been omitted. Ac-
cording to the studies [10,11], where the experi-
mental values of X are compared with the predicted
K, the use of equation (15) is recommended for
predicting X throughout H-regime.
Relation between characteristic regimes and

flow patterns.  In the study of reference [12],
- the characteristic regimes of CHF are compared
with the flow patterns which have been measured by
Bergles and Suo [13] and by Bemnett et al.[l4] at
the exit end of uniformly heated vertical tubes.
Figure 5 shows two examples from the results ob-
tained, where thin curves illustrate the measured
boundaries of each flow pattern, while thick lines
marked with L, H and N respectively are the pre-
dicted conditions to generate CHF in L-, H- and N-
regime [the vertical broken line is the boundary
between H- and N-regime given by equation (7)].
In figure 5, the upper diagram refers to the result
of [13] for water at 69 bar with AHi/Hf = 0.0799,
while the lower diagram the result of l%é] for
water at 69 bar with AHi/H = 0.0476. From
figure 5, .the correspondence between the charac-
teristic regime of CHF and the flow pattern may be
assumed roughly as follows:

L-regime --~- Annular flow
H-regime --- Spray (or wispy) annular flow
N-regime -—- Froth (and bubbly) flow.

As for HP-regime, there seems no studies reporting
1ts flow pattern, and accordingly, studies on.the
flow pattern in HP-regime are needed.

Recently, the Heat Mass Transfer Sectionm,
Academy of Sciences, U.S.5.R.[15] published a
standard table of the relation of g, vs. Xey for
water boiling in uniformly heated 8-mm dia. tubes
in the range of p = 29.5 - 196 bar and G = 500 -
5000 kg/m?s. In the study of reference [16], the
standard table is compared with the gq, vs.
predicted by equations (5) to (16), showing a
fairly good agreement between them for the charac-
ters of CHF in each characeteristic regime.

Prominent features of the author's correla-
tion. The following features may be noted as to
the author's generalized correlation equations of
CHF.

(1) The reciprocal Weber number cpZ/GZZ,
which is composed with the length of heated sur-
face I in the direction of flow, appears fairly
effective in correlating CHF data for external
flow as is seen in equations (1) to (3). Then,
since similarities can be assumed between the
external and internal flows such as shown in
figures 1 and 2, cpZ/GZZ has been introduced to
the case of forced flow in tubes, being attended
with a fairly good result, though we have not yet
known what physical meaning this type of Weber
number has in.each of the four characteristic
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Figure 5 Relation between heat flux of heated
tube and the flow pattern at tube exit for water
at p = 69 bar (from [121).

regimes.

(ii) In a study accomplished by Ahmad [17] om
fluid-fluid modeling, the following generalized
relation has been derived:

q, . l. A”i
@mo=t!

g -2 L i
CHF, 5, » d , B
fa P1

fq an
. 9%y gg.1/2 ¥y 3/10
vhere Eqp = (m)(;;) ("v)

In equation-(17), uz and y, are the dynamic vis-
cosities of 1iquld and vapor respectively. It is
noted that no thermal properties such as the
thermal conductivity and the specific heat of fluid
are included in equation (17), and this is the same
as in the author's correlation. As for the effects
of viscosities, it may be roughly assumed that the
actual effect of uy in equation (17) is not large
because of the exponent as small as 2/15 (= 0.133),
and the effect of y, is also small because the
viscosity of saturated vapor does not differ so
much between different substances.

(111) Recently, Shah [18,19] presented gener-
alized correlations of CHF for tubes and annuli
through a graphical method. Roughly speaking,
Shah's and the author's correlations give rather
similar predictions of CHF, but the former seems
to give less well predictions for liquid helium.

In the Shah's correlation, the following dimension-
less group 1s employed along with g /GHf , 1/d, Py
(reduced pressure in place of pv/ng andgAHi/ny:

Ge_,d 2 0.% W7 8,6
a (R T (18)
Y= %, )(;%53) (“v)

where ¢,7 is the specific heat of liquid, k; the
thermal conductivity of liquid, and g the gravi-



tational acceleration. A question may arise on the
use of g for forced flow.

3.2 Generalized correlation of CHF in annuli and
rectangular channels

Studies similar to the preceding section are
also made for CHF in annuli {20,21] and in rectan~
gular channels [22], revealing that if the diame-
ter d is replaced by the heated equivalent diame-

ter 4he:

dhs = {4 x flow area)/(heated perimeter) {19)

correlation equations with forms similar to those
for tubes can be obtained, It should be noted,
however, that in the case of annuli, for example,
the inside and the outside heatings exhibit some-~
what different characters from each other.

4, CHF ON THE OUTSKIRTS OF CONDITIONS

It has been mentioned in the preceding chap-
ter that the critical heat flux q, 1s correlated
in the form ofq /GH = £, /oy, apZ/G 1,1/d or
1/, AH; /H it 19 desirable that we
should have é%me knowledges of CHF in the extreme
situation of the factors included in parentheses
on the RHS of the above equation.

4.1 CHF at very high p, /p; ratios

For CHF at very high p,/p; ratios, existing
data are not only few but also limited to those of
water and helium*. Besides, it seems likely that
the anomalous effects due to ultra-high mass veloc-
ities has not necessarily been clarified. There-
fore, in the studies of reference [11,24], employ-
ing the apparatus shown schematically in figure 6,
experiments are made for CHF of R~12 in uniformly
heated vertical tubes up to p = 34.3 bar. (p,/p; =
0.306). In the study (11}, 1/d = 200 and G <
8800 kg/m’s, while in the study [24], 1/d = 50 and
G < 6930 kg/n?s, Figures 7 and 8 show the data of
q, obtained, from which the followings are found:

(i) The data points designated by o in figures
7 and 8 refer to the regular CHF, for which the
CHF conditlons are detected first at the exit end
of the heated tube with an ordinary temperature
excursion. ’ )

(i1) The data points designated by e refer to
" the anomalous CHF, which is characterized by the
start of CHF conditions upstream the tube exit.
The axial position at which CHF is detected is
shown by the figure written by each data point.
The greater the figure is, the more the position
shifts to upstream. In this case, the temperature
rise to detect CHF appears low and slowly.

(1i1} The data of regular CHF agree fairly
well with the prediction of equations (5), (12)
and (16) for HP-regime.

(iv) The data of anomalous CHF show a rather
irregular relationship between q, and AH;. As
increasing 6, the region of anomalous CHF spreads
invading the region of regular CHF, and this trend
is more remarkable as 1/d is increased.

A criterion for the occurrence of HP~regime
in place of N-regime has been presented in [8],
but the subsequent study {24] suggests the neces-—
sity to reexamine the criterion in the range of
low 1/d ratios, where liquid helium and R-12 give

% Very recently, Yoshida et al.[23] made experi-
ments for R-22 up to pyfpz = 0.52 and for R-115 up
to py/pz = 0.39 in the range of G < 1300 kg/m?s.

the results conflicting with each other for this
problem.

4.2 CHF for very low L/d or 1/dy, ratios

For the sake of simplicity, the flow boiling
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i+
=] drer cooled
0 @ . — condenser
Level g Eigctric
To de. gauge heater
power Test —
supely section - X Pressurizer
rElsclric
preheater Cooler —{II
Filter

Circulating pump

Figure 6 Expefiméntal apparatus for CHF of R-12
in uniformly heated vertical tubes.

0.5 T T T T

Linear §c -aHi
i 1

0.5 T T T T T
p=29.4 bar G=8600 kgjnls
7500

v u stream CHF
.’ 6400

5400 |
4300
3200 i

2200

1100 }@ -

tinear §c-AHL
0 ] i ! ! 1 1

o] 10 20 30 40 50 60 70
aH: «3/kg)

-Figure 7 Critical heat flux qo of R-12 for a
tube of d = 5 mm and 1/d = 200 (from [11}).



in channels with saturated inlet conditions is now
assumed.
ly 1ike figure 1(b), the flowing state will depart

from the internal flow in channels, approaching the’

external flow boiling on a heated surface in a par-
allel flow of saturated liquid such as shown in
figure 2(b). If so, the critical heat flux oo
should approach the prediction of equation (3) as
1/d or 1/d,, is reduced, and a few examples of this
fact have been shown in [4] for annuli and in [22]
for rectangular ducts. .
Generally speaking, however, the above tran-
sition of flowing state 1s not so simple, because .
it can be expected that not only l/dy, but also
other factors such as pv/pz, apZ/GZZ, Xex» €LC.
will affect the flow pattern. In addition, the
ordinary concept of ¥, defined for channel flows
loses its physical meaning near the state of equa-—
tion (3). In the study of reference {25], there-
fore, some experiments on CHF including the obser-
vations of flow patterns are made for annull of
very low 1/dy,, and tentative rules to predict the
transition of flowing state are presented.

4.3 CHF for very high 2/d or 1/dy, ratios

Limiting exit quality xJ.. In the U.S.S.R.,
much interest has been centered around the ideal-
ized CHF curve as shown in figure 9(a), that is,
the relatlon of g, vs. X, obtained under condi-
tions of fixing p, d and G. In figure 9(a), the
regin II, where q, changes with a constant value
of exit quality x;, can usually be measured under
mixed inlet conditions (AH; < 0). More exactly,
this is a phenomenon to be observed as a rapid
fail of g, in the vicinity of xJ, as shown in
figure 9(b), and therefore, Xeo:z: may be regarded as
a somewhat ambiguous quantity.

In the study of reference [26], this limiting
exit quality Xeo:z: is analyzed on the basis of the
author's correlation equations of CHF described in

Then, if 1/d or 1/dy, 1s reduced extreme—-

l

:
I i

i
|
Xex
(a) (b)

Xex

Figure 9 g, - Xgp curve and limiting exit
quality xg, for fixed p, d and G.

Chapter 3. The results show that (i) the phenom-
enon of the limiting exit quality appears in H-
regime, (ii) if experiments are made with subcooled
inlet conditions, this phenomenon is to be observed
in tubes of 7/d = 645 or in annuli with inside
heating of 1/dy, = 432, and (iii) Xgp should be
correlated by the following equations:

For tubes,
0,.0.133 907 1/3
e = Uy (20)
Xog = 995 (pl) (Ezizd
For annuli with inside heeting,
P, 0.133 9P 1/3
° = 2 ( {21)
Xox 6.10 (pl) Gj_i\r(;,e

Figure 10 shows the comparison of the prediction of
equation (20) with the data of xé} obtained for
tubes with mixed inlet conditions. Figure 10(a)
refers to the data for water obtained by Doroschuk
et al.[27] along with a data for R-12 by Groeneveld
[28], while figure 10(b) refers to the data for
water by Morozov [29].
A specilal regime for ex-—

081 p= 34.3 bar 4 08 |

Upstream CHF
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tremely-high 7/d. It is very
4 difficult to make experiments

of CHF for extremely long
vertical tubes with subcooled
4 inlet conditions. Fortunate-
ly, however, there are three
valuable experimental studies
i performed by Hewitt [30],
Campolunghi et al.[31] and
Wirtz {32] for vertical tubes
of very high 1/d ratios up to
800 to 983. Therefore, in
the study 6f reference {26],
the analysis of these data is
made, disclosing that the
author's correlation equa-
tions for CHF in H-regime
cannot apply in the range of
1/d > 645. 1t means that
there is a special region of
CHF for 1/d > 645. Figure 11
is the CHF-regimes map given
from the author's correlation
equations for p,/p; = 0.0484,
and the region above a hori-
zontal broken line of 1/d ="

G=86930
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Figure 8 Critical heat flux qe of R-12 for a
tube of d = 5 mm and /4 = 50 (from [24]).

645 is the special region
mentioned above (— , +—-—,
and +— in figure 11 repre-
sent the range of experiments
[30], (31] and [32]). It is
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Figure 11 CHF-regime map for tubes iIn case
of pv/pz = 0.0484,

of interest to note that this region presumably
coincides with the region called by Hewitt [30] as
‘zone I'. According to Bennett et al.[33], zome I
1s the region rarely entered, except with mixed
inlet conditions, though it could be approached
with very long tubes. This character is just the
same as that of the special region mentioned above.

5. CHF IN FREE CONVECTION BOILING SYSTEMS OF
INTERNAL FLOW

Finally, in order to get subsidiary infor~
.mations relating to CHF mechanism, a few studies
are made on CHF of free convection boling in the
uniformly heated channels submerged in a pool of
saturated liquid {34-37). From the results, the
following conclusions may be drawn:

(1) As is well known, instabilities of flow
are apt to take place in free boiling systems of
internal flow.

(i1) However, in the special case such as
that a heated vertical channel forms part of a
close loop having throttle valves or orifices so
as to suppress the flow instability, the mechanism
to generate CHF is presumed to be the same as in
the case of stable forced convection boiling (see
the middle diagram of figure 11 in [25] referring
to the data obtained by Barnard et al.[38] with a
natural circulation loop).

(i1i) On the other hand, when a heated verti-
cal channel is submerged in a large pool of satu-
rated liquid, the state of CHF seems quite differ-
ent from that of (ii), exhibiting the behavior
similar to the CHF in pool boiling. The data of
CHF, which are obtained in the study of reference
[37] for free convection boiling of water through
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Figure 12 Generalized correlation of critical
heat flux q,, of saturated water of free con-
vection through vertical tubes (from [37]).

vertical tubes, are plotted in figure 12. The
straight line to correlate the data in the range of
l/d < 90 is written as:

s '
q agle, = ;) 1
‘,u;;g [" o R wor -

As 1/d is reduced, equation (22) approaches the
form similar to Kutateladze or Zuber correlation of
CHF in pool boiling. According to [37], the data
of helium boiling in vertical channels at and near
atmospheric pressure are in fair agreement with the
correlation curve in figure 12.

(iv) At the present stage, however, further
studies are needed before the result of figure 12
becomes useful, because there are some data ob-
tained for other fluids or for other geometries
showing some deviations from the result of figure
12,

6. CONCLUSIONS

A comprehensive study of CHF has been made,
giving a perspective upon CHF of forced convection
boiling in uniformly heated wvertical channels over
a wide range of conditions, which will serve for
advancing the systematic understanding of CHF.
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ABSTRACT

An experimental study is attempted on the
critical heat flux (CHF) of flow boiling of R~12 in
a 5-mm dia.tube under somewhat particular condi-
tions of vapor/liquid demsity ratios py/p7 = 0.305-
0.109 and a length-to—diameter ratio 1/d = 50 such
as encountered in the studies of helium boiling.
The mass velocity ¢ ranges from 700 to 7000 kg/m?s
and the inlet subcooling enthalpy AH; from 0 to 40

kJ/kg. Anomalous, upstream CHF is observed at high

- pressures in a limited range of low inlet subcool-
ing when the mass velocity is very high. As for
the CHF of regular type originating CHF conditions
at the exit end of heated tube, the data obtained
suggest the availability of both generalized cor-
relations recently proposed by Katto and by Shah,
but further studies are needed, particularly on the
criterion for the onset of high-pressure regime in
the range of low length-to-diameter ratios.

1. INTRODUCTION

At extraordinarily high pressures, critical
heat flux (CHF) of the flow boiling in a tube with
high mass velocities exhibits different characters
from those observed at moderate and low pressures.
This. fact was found through the pioneer studies of
Peskov et al.[1], Becker et al.[2] and others, and
correlation equations capable of predicting CHF
with high accuracy for boiling water in high-pres-
sure regime have been presented by Peskov [1], Lee
[3], Becker [2], and Bowling [4].

Meanwhile, two generalized correlations of CHF
were recently proposed by Katto [5-7] through a
formulation method and by Shah [8] through a graph-
ic method, including the above-mentioned high-pres-—
sure regime. In the former, it is assumed that
within the region on the RHS of a heavy line in
figure 1, if opz/G 1 (where o: surface tension, G:
mass velocity, and Z: heated tube length) is less
than the indicated value, then CHF in high-pressure
regime takes place (the basis of this criterion
will be described later in Chapter 4), while in the
latter, high-pressure regime is assumed to appear
at the reduced pressure pr > 0.6 (p > 133 bar, or
pp/pz > 0.13, in case of water).

As for the existing data of CHF at high pres-
sures, they are mostly concerned with water [1,2,
9~13] and helium [14~16], and if the range of py/p7
> 0.14 is now considered, it may be noted from
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Figure 1 Experimental conditions

figure 1 that water data denoted by o are confined
to the range of length-to-diameter ratio 1/d >
100, while helium data denoted by x to the range
of 1/d = 50 (Peskov et al.[l] presented water data
for 1/d < 100, but they are not systematic data as
to the effects of G and inlet subcooling enthalpy
AH{ on CHF). Besides, the helium data mentioned
above do not exhibit the special character such as
that of water in high~pressure regime.

Recently, Katto and Yokoya [17], making ex-
periments of flow boiling of R-12 under the con-
ditions of A, B, C, D and E in figure 1, reported
that (i) when G is very high, an anomalous, up-
stream CHF takes place near AH; = 0, extending its
territory as pp/py increases, and (11) the regular
CHF, which generates CHF conditions at the tube
exit, agrees fairly well with the predictions of
the Katto and the Shah correlations.

In this study, with a purpose to get CHF data
of R-12 in the range of low 1/d ratios, experi-
ments 2re made under the conditions of A', B', C'
and D' in figure 1 (1/d = 50, py/pz = 0.306, 0.214,
0.153 and 0.109), employing a 5-mm ID test tube
with G = 700-7000 kg/m?s.

2. EXPERIMENTAL APPARATUS AND CHF DATA OBTAINED

Experimental apparatus. Figure 2 illustrates
schematically the experimental apparatus, which is
nearly the same as that employed in the previous
study [17]. A part of the test liquid flowing out
of a circulating pump, passes through flow meters
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and an electric preheater successively to enter the
test section with a prescribed subcooling, and the
vapor and liquid leaving the test section are con-

densed and cooled by the spray and the water cooled

condensers equipped in a pressurizer. The system
pressure is kept at a prescribed value by adjust-
ing the temperature of the saturated liquid in the
pressurizer.

The test tube employed is a stainless steel
tube of ID 5 mm, wall thickness 1 mm, length about
1000 mm, and insulated outside by glass wool. The

downstream quarter (length 250 mm) of the test
tube is heated by direct passage of a D.C. current.
As is seen in figure 2, a thermocouple (TC) and a
pressure gauge (P) are equipped near the entrance
of the test tube, and the temperature and pressure
drops over the unheated section from this position
to the inlet of the heated section are estimated
to be less than 0.5°C and less than 2.2 % of the
system pressure respectively within the experimen-
tal range. - Therefore, the readings of the above-
mentiored thermocouple and pressure gauge are
taken for the values at the inlet of the heated
section.

On the outer wall of the heated section, 0.1-
mm dia.Chromel-Alumel thermocouples are mounted at
the six positions shown in figure 3. A CHF-detec-
tor is set to operate automatically for shutting
off the D.C. current when the thermocouple TCl
near the exit end of heated section detects the
wall temperature rise higher than the saturation -
temperature plus 60°C. In addition, temperatures
of thermocouples TC2-TC6é are also measured to
detect upstream CHF when it occurs.

Experimental data of CHF. All the CHF data
obtained are presented in figure 4a and 4b, show-
ing the variation of critical heat flux g with
inlet subcooling enthalpy AH; for fixed p and G
(p = 34.3, 29.4, 24.5 and 19.6 bar correspond to
pp/pl = 0.306, 0.214, 0,153 and 0.109 respectively
for R-12).

In figure 4, the data point denoted by o (or
partly by ¢ to avoid confusion) represents the
regular CHF, which is always detected by the ther-
mocouple TCl near the exit end of test tube, while
the data point denoted by e represents the anoma-
lous, upstream CHF, which generates its CHF con-
ditions at a position upstream the tube exit. The
number of the thermocouple (see figure 3), with
which -critical conditions are detected first, is
indicated just above the e data point.

Solid lines in each diagram of figure 4 show
the linear relationship found between g, and AH;
for fixed G, and the left ends of these lines are
bounded by a dotted curve. Since the anomalous,
upstream CHF takes place in the region on the LHS
of the dotted curve, this region will be called
the anomalous region in contrast with the regular
region occupying the remaining part. In the regu-
lar region, broken curves (G = 1100 kg/mzs atp =
24.5 bar, and ¢ = 1100-4420 kg/m?s at p = 19.6
bar) represent the family of data characterized by
its nonlinear relationship between ge and AHZ.

3. ANOMALOUS CHF (UPSTREAM CHF)

Slow mode of wall temperature rise. For the
variation of steady-state wall temperature Ty mea-
sured when heat flux g is raised gradually step by
step until the onset of CHF conditions, typlcal
examples are shown in figure 5.

First, (a) in figure 5 refers to the case of
regular CHF, where Tj is the wall temperature mea=
sured by the thermocouple TCl. As q is increased,
a gradual rise of Ty, continues until ¢ arrives at
the point A, when a very rapid, unsteady, tem—
perature excursion takes place exceeding Ty = Tg =
60°C to start the CHF-detector. Next, (b) in fiR-
ure 5 shows an example observed for anomalous CHF,
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where T, is the reading of the thexmocouple TC3
located 60 mm upstream from the tube exit. In this
case, the first stage with a gradual rise of Iy is
followed by the second stage with a very rapid rise
of T passing points B and C. However, even at the
points B and C with very high magnitude of T - Tg,
No temperature excursion takes place, and accoding-
ly, we are obliged to determine the value of CHF
with certain ambiguities. In this study, the heat
flux at the point B has been temporarily taken

rise of the upstream CHF may be regarded as slow
in contrast with the rapid temperature excursion
of the regular CHF, although the mechanism is not
yet revealed. ’

Extent of anomalous region. Having an anom-
alous and a regular region, the experimental
results of figure 4 are similar to those obtained
in the previous study [17] for flow boiling of
R-12 in a 5-mm ID tube with 1/d = 200 under con-
ditions of A, B, C and D of figure 1. However, as
compared with the case of 7/d = 200, the extent of
the anomalous region in figure 4 is considerably
small and reduces very rapidly with decreasing
pressure. Thus, it may be concluded that the up-
stream CHF observed at high pp/p7 and G with sub-
cooled inlet condition weakens as 1/d is reduced.




4. DATA ANALYSIS OF REGULAR CHF

Apparent character of CHF data. Critical heat
flux go for an inlet subcooling enthalpy AH; is now
written as -

AHi ’
9, =4q,, 1 +KT) (1)

bj}
where Hfg is the specific latent heat of evapora-
tion. ge and X on the RHS of equation (1) can be
evaluated for each family of data with a linear
qe - AHj relationship in figure 4. For the data
qroup with a nonlinear relationship, gpp is eval-
uated by the extraporation as AH; + 0, and X can be
determined approximately through an average gradi-
ent because of weak nonlinearity in the case of
figure 4. For qgo and K, the following three
trends are readily observed from figure 4: (i) qeo
increases with G at high p, while it is nearly
constant independently of G at low p, (i1i) X hard-
ly changes with Gat high p, while it increases with

Table 1 Correlation equations of qgp and K.
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Figure 6. Criterion for the onset of HP- and
N-regime.

G at low p, and (iii) the relationship between gp
and AHj is linear at high p, but it turns into
nonlinear as p is reduced.

Comparison with Katto correlation. In the
Katto generalized correlation [7], gep on the RHS
of equation (1) is empiriecally correlated by clas-—
sifying CHF into four characteristic-regimes
called L, H, N and HP. Broadly. speaking, L-, H-
and N-regime correspond to dispersed (or annular),
spray annular, and froth (or bubbly) flow at tube
exit respectively, and HP-regime is the high-pres—
sure regime which invades N-regime as pp/p7 in-
creases, Next, X on the RHS of equation (1) is
derived theoretically from the above-mentioned
correlation equations of g,o by employing the
boiling length concept, except for N-regime which
is characterized by nonlinear qe - AH{ relation-
ship (cf.[5]).

From the correlation equations of ggp and X
thus' determined, those necessary below are listed
in table 1, and figure 6 illustrates the mutual .
relations between equations (2) to (5) for fixed.
pp/pz and 1/d. Equation (3) crosses equation (2)
at an open circle point, while equation (5)
crosses equation (2) at a solid circle point P.
For a given 1/d ratio, equation (4) fixes the
value of opZ/GZZ or the lateral position of the
vertical broken line A-A, and thereby the predic-
tion of equation (3) is divided into two parts, H~
and N-regime. Generally, the point P is located
on the RHS of A-A for high pyp/p7 ratios (see the
upper diagram of figure 6), while the point P

p=29.4be

€a.(8)

Figure 7 Comparison between the measured and
predicted oo (regular CHF, R-12, d = 5 mm,
7 = 250 mm). : .



moves to the LHS of A-A for low py/p7 ratios (see
the lower diagram). Then, it is assumed in Katto
correlation that under the upper diagram condition,
HP-regime of equation (5) is realized [the dotted
line of equation (3) is imaginary], while under the
lower diagram condition, N-regime of equation (3)
appears [the dotted line of equations (2) and (5)
is imaginary]. = The boundary line of HP-regime
shown in figure 1 has been determined from the
condition of -coincidence of lateral coordinates
between P and A-A'in figure 6. '

Now, figure 7 shows the comparison between the
measured goo and the prediction of equations (2) to
(5) in the same form as in figure 6. It is noted
that data points appear near the prediction of
equation (5) for HP-regime at p = 34.3 bar, while
they agree with the prediction of equation (3) for
N-regime at p = 19.6 bar, with a transitional trend
between HP- and N-regime at intermediate pressures.
Next, figure 8 shows the comparison between the
measured X and the prediction of equations (6) and
(7). It is noted again that data points are near
the prediction of equation (7) for HP-regime at p =
34.3 bar, and have a trend to approach N-regime
with reducing pressure. It may be of use to add
that according to the.previous study [17], if ge -
AH{ relationship is approximately linear in N-
regime, the data of K have a trend to appear near
the prediction of equation (6).

A question. The results of figures 7 and 8
indicate that the trends of CHF data (i) and (ii)
pointed out at the beginning of this chapter can be
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Figure 8 Comparison between the measured and
predicted K (regular CHF, R-12, d = 5mm, I =
250 mm).

explained satisfatorily by the correlation equa-
tions (3) and (5) for qep, and (6) and (7) for X.
In addition, the fact disclosed in figures 7 and 8
that N-regime becomes predominant as p is reduced,
agrees well with the trend (iii), because M-regime
is the regime characterized by nonlinear gp - AH;
relationship. ’
However, there remains a question., Atp =
34.3 bar in figure 7, the intersecting point of
equations (2) and (5) is situated on the LHS of
the lateral position of the vertical broken line
[equation (4)], and nevertheless, the measured Gpp
exhibits the character of HP-regime, contradicting
the criterion for the onset of HP-regime that .P
must be located on the RHS of A-~A in figure 6.
Meanwhile, for the experiments of liquid helium
made under conditions denoted by x in figure 1,
the measured qgp 1s compared with the prediction
of equations (2) to (5) giving the results of
figure 9, where data points are located near the
prediction of equation (3) for N-regime in accord
with the criterion of figure 6. Accordingly, fur-
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Figure 9 Comparison between geo data obtained
for helium { o {14}, + [15], A [16]) and the
the prediction (——: Katto [7],.... : Shsh [81).
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the prediction of Shah correlation (regular
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ther studies are needed particularly on the crite~
rion for the onset of HP- and N-regime.

Comparison with Shah correlation. In figure
10, solid curves represent the prediction of g,
derived from Shah graphic correlation for R-12, d =
5 mm, Z =250 mm and AH; = 0, while the data points
are quite the same as those in figure 7. In Shah
correlation, the region of reduced pressure pp >
0.6 is regarded as high-pressure regime, and it
corresponds to p > 24.5 bar in the case of figure
10. It is noted from figure 10 that the experi-
mental results agree fairly well with the predic-
tion. To see more minutely, however, differences
in trend are noticed between the data points and
the prediction in the range of low op7/G?Z, not
only at high pressures (see p = 34.3 bar) but also
at low pressures (see p = 19.6 bar). In addition,
Shah correlation, established with no data of
helium, predicts q,, for helium as shown by dotted
curves in figure 9. Therefore, further studies
seem to be necessary in this case too.
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CRITICAL HEAT FLUX IN FORCED CONVECTIVE FLOW
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ABSTRACT

With a long-range target to get a coherent under-
standing of CHF phenomenon, a brief review of the recent
studies on CHF is attempted laying emphasis on the CHF
mechanism. In this paper, boiling is divided into two
main types, that is, external and internal flow boilings.
Current knowledges of CHF mechanism are then outlined
through a most outstanding fundamental boiling system
for each of the two main types: (a) CHF on a uniformly
heated horizontal cylinder in the cross flow of a satu-
rated liquid; and (b) CHF in a forced flow through a
uniformly heated vertical tube with subcooled inlet.

NOMENCLATURE"

4 = droplet concentration in vapor core flow
Céq = value of C at hydrodynamic equilibrium
d = diameter

dpe = heated equivalent diameter of annulus

D = droplet deposition rate

droplet entrainment rate

gravitational acceleration

G = upl, or average mass velocity in tube
superficial mass velocity of liquid film flow
latent heat of evaporation

Ay = inlet subcooling enthalpy (positive for subcooled
inlet)

5]
[}

O
D5
non

kg = deposition mass transfer coefficient
1 = length of heated section

g = heat flux

ge = critical heat flux

qeo = value of qe for saturated boiling or bdH; =0

u = 'bulk liquid velocity in external flow
ug = liquid velocity

Uy = vapor velocity

2 = distance along tube axis
8§ = liquid film thickness

A = wave length

p7 = density of liquid

py = density of vapor

6 = surface tension

7{ = interfacial shear stress
X = local quality at 2

Xexr = exit quality at CHF condition
X8x limiting exit quality

INTRODUCTION

Critical heat flux (CHF) is a phenomenon that is
practically important for many industrial devices such
as nuclear reactors, steam generators, superconducting
magnets, electronic equipments, rocket engines and so
on. Accordingly, among the studies which have been
published since Nukiyama's discovery of this phenomenon
(1), those on internal flow CHF far outnumber those on
external flow CHF. As a necessary consequence, there
are many review papers or books (2-12) on the former
studies, but almost nothing on external flow CHF except
those of Gambill (13) and Bergles (14) associated with
pool boiling CHF. However, this one-sided trend seems

unsound causing the delay of the scientific elucidation
of CHF mechanism.

In this paper, a critical review of recent studies
will be presented with special reference to the funda-
mental mechanism of CHF. For the sake of clarity as
well as due to space limitation, the description will be
made through a horizontal cylinder in the cross flow of
a saturated liquid, chosen as a most outstanding system
of external flow bniling, and a forced flow in a verti-
cal tube with subcooled inlet, chosen asa representative
system of internal flow. Uniform heating, steady flow,
and sufficient wall thickness are also assumed.

EXTERNAL FLOW (CYLINDER IN CROSS FLOW)

EXPERIMENTAL FACTS

Cochran and Andracchio (15) observed that with
increasing the bulk liquid velocity u, two typical flow
patterns illustrated in Fig.l appear in relation to the
removal of vapor. Mckee and Bell (16) suggested that
the decrease of the heater diameter d, fixing u, also
causes the flow pattern transition from (a) to (b) in
Fig.l. Hasan,M.Z. et al.(l7) performed experiments for
u < 0 as well as u > 0, showing that CHF becomes equal
for u § 0 at high |u|. Hasan,M.M. et al.(18) measured
CHF on a heated cylinder with unheated satelite cylinders
in various arrangements, clarifying that CHF at very low
u is nearly equal to that of a single cylinder; and CHF
at high u only differs from that of a single cylinder
vwhen the heated cylinder is in the wake of an unheated
cylinder.

Hasan,M.Z. et al.(17) correlated CHF data measured
at high u for py/p7 = 0.000624-0.00489 to give the
following generalized correlation:
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where ¢ = upz. Yilmaz and Westwater (19) measured CHF
at high u for pv/pl = 0.00489, showing the relation:
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{b) Forced convective
boiling with

{a} Pool and intermediate
flow boiling with
bubbte-like escape sheet-like escape
flow of vapor flow of vapor

Fig.1l Saturated boiling near CHF.
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‘It is added here that Katto and Kurata (20) measured CHF-

on a heated plate in a parallel flow for pu/pl = 0.000624

and 0.00489, yielding the correlation:

Too P, 0.55% Oy o, 264
= 0.186 (-*) 7 3)
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where 1 is the length of the heated plate.

PRESUMABLE MECHANISM OF CHF

Some different mechanism have been postulated for
the CHF in forced convective boiling. For CHF in the
case of Fig.1l(a), Cochran and Andracchio (15) assume the
additive effect of forced convection heat transfer on
pool boiling CHF. For the case of Fig.1(b), Vliet and
Leppert (21) assume thedeficiency of liquid at the rear
portion of the cylinder covered with a two-phase bound-
ary layer flow. Lienhard and Eichhorn's mechanical
energy stability criterion (22) will be referred to
later. ‘Kutateladze and Leont’ev (23) propose a CHF
mechanism based on the analogy to the tramspired bound-
ary layer separation.

On reflection, however, pool boiling takes place
with external flow. Thus we can have two different
standpoints for CHF on cylinders in a cross flow: one
assuming a mechanism different from that of pool boiling,
and the other assuming a common cause. Now, the possi-
bility of the latter view will be. examined briefly by
extending the Kutateladze's view (24) that the CHF in
saturated pool boiling is of hydrodynamic origin. 'The
physical quantities to be considered at present are the
vapor velocity Ge,/pyHs,, the liquid velocity u, the
cylinder diameter d, the densities fy and py connected
with inertial force, the dynamic viscosities by and
U7 connected with viscous force, the surface tension o
connected with interfacial force, and the buoyancy

g(py - py) connected with gravitational force. Thus
dimensional analysis yields
Yoo o, epfd aloy -p)d v, o ogud
B T eyt o e I “©

If one considers the case of negligibly small effects of
viscosity for simplicity's sake, equation (4) results in
Pool boiling by eliminating u from equation (4)

9o N uy(oz —ou) 2, s .
‘,U,,q/,/_pu7—=i(a,d) (5)

Intermediate flow boiling
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Forced flow boiling by eliminating g from equation (4)

[
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where d' = d/Vo/g(py - 0,), u' = u /" 9g(p1 - py)/ny%,
and G = up7. Equation (5) is similar in form to the
Kutateladze correlation of pool boiling CHF, while
equation (7) seems likely to accord with empirical
equations (1)-(3) of forced flow CHF.

EXTENSION- OF POOL BOILING CHF MODEL TO FORCED FLOW

According to Disselhorst et al.(25), existing
models of pool boiling CHF are classified into two main
concepts: hydrodynamic instability model and vapor
blanketing model. Roughly speaking, the latter model

dv= AT/Z
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Fig.2 Vapor remcval configuration assumed near CHF.

has some difficulties in theoretical treatment, while
the former one seems elegant theoretically and most
widely accepted.

Helmholtz Instability .
As is well known, the wave motion of wavelength X

on an interface of a vapor and liquid with a relative
velocity 4, + uy travels with the following velocity c:

0,0 .
+ 1 2ng ) 2 A
e = _V// 22 - ?32_:_3;77 (u, +uy) . (8)

and the so-called critical wavelength Ay for ¢ = 0 is

1,1 1
Ay = 2mo (;Z + E:) —;;—;—;;;7 )
Thus the following theorems! come out of these two
equations:

Theorem I (for a given uy + uz)

(1) If there is a stable interface for a given
Uy + Uz, it must be constrained to be subject to the
disturbance of wavelength X < Ay.

(i1)If an interface is subject to the disturbance of
wavelength X > Ay, it is always unstable, possibly
collapsing with ‘the most dangerous wavelength.

_Theorem II (for a given Xg)

If an interface is subjeéct to the disturbance of
wavelength lg, it is stable when ¥, + uy is less than,
and unstable when %, + u7 is higher, than the value
predicted by equation (9) with ly = Agq.

Instability Model For Pool Boiling

The upper picture of Fig.2 shows the configuration
of escape vapor paths of diameter dv assumed by Zuber
(26) on an infinite horizontal plate. He then postulates
that the interface becomes unstable to cause CHF when
the relative velocity uy + uy increasing with heat flux
reaches the critical value of uy + uz predicted by
equation (9) with

Ay = "dv ) (10)

1The same theorems hold for the Taylor instability 1if
Uy + uz and Ap are replaced by g and Ap respectively.
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The condition of equation (10) has been imposed from the
Rayleigh instability that a circular gas jet in a liquid
is unstable for the disturbance whose wavelength is
longer than the circumference of the gas jet. Thus this
model can be regarded as associated with the foregoing
Theorem II, including a duplication of Helmholtz and
Rayleigh instabilities. The magnitude of 1s postu-
lated to be half the Taylor instability wavelength Ap.

The foregoing Zuber model has been extended by
Lienhard and Dhir (27) to pool boiling on an infinitely
long horizontal cylinder. As is shown in Fig.2(a) and
(b), the escape vapor path diameter dv 1s assumed to be
dy = d + 28, being somewhat larger than the cylinder
diameter d. In this case, however, d can give the state
of dy > A (Taylor instability wavelength). . Accordingly
Lievhard and Dhir divide cylinders into small and large
ones as shown in Fig.2(a) and (b), and modify equation
{10) as follows:

Yy m oy v “ 7 J» an

A broken line in Fig.3 represents the CHF prediction
based on the critical conditions of equations (9) and
(11), showing a good agreement with the range of about
900 data points.

Mechanical Energy Stability Criterion
As a next step, Lienhard and Eichhorn (22) attempted

to extend the foregoing instability model to the forced
flow configuration of Fig.1l(b). In this case, however,
there is no way to fix the value of Ay for equation (9)
because of a plane interface. In order to escape from
this dilemma, they notice the mechanical energy used in
creating neéw vapor/liquid interfaces, proposing a crite-~
rion (28): i :

"The .vapor-escape wake system in a boiling process

remains stable as long as the net mechanical energy

transfer to the system is negative."
This "mechanical energy stability criterion" has been
applied to forced flow CHF '(28,29), equation (1) being
one of the semi-empirical results, and also to pool
boiling CHF in reference (30), insisting that there is
no contradiction between the criterion and the hydro-
dynamic instability model. Principally speaking, how-
ever, the foregoing criterion does not need any wave
motion on the interface, and accordingly, has no
relation to equations (8) and (9), the basis of the
hydrodynamic instability theory.

EXTENSIVE INSTABILITY MODEL BASED ON THEOREM 1

T T T T

[ Range of about 900 data

Smalt cyli
mall cylinder Large
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Fig.3 CHF for saturated pool boiling from horizontal
cylinders (see equation (5) for d').

In nucleate boiling, the whole surface of a heater
must be wet with liquid in either pool or forced flow
boiling. According to Gaertner and Westwater (31,32);
a fluld configuration such as illustrated in Fig.4(a)
appears near the heater surface in saturated pool
boiling at high heat fluxes (that is Zuber's inter-
ference region (33)), where the vapor flowing out of
numerous tiny vapor stems is stored in a massive bubble
covering the heated surface.

Due to violent fluid motion, the interface of the
vapor stems must be subject to the disturbance of
various wavelength A. Thus, these vapor stems (more
generally, any type of vapor jet in a liquid) are always
unstable due to Theorem I mentioned in the preceding
section. According to Haramura and Katto (34,35), how-
ever, the solid wall, on which the vapor stems stand,
may possibly have the ability to suppress the collapse
of the vapor stems up to a certain distance §, from the
wall (see Fig.4(a)), and the magnitude of 8, is probably
a quater of the unstable least wavelength Ay. 1If so,
the conservations of mass and energy together with

equation (9) determine §, as:
X A 2 pH. 2
[N NS WS BN ISl | ] an
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where 4,/4, 1s the ratio of the total cross-sectional
area of vapor stems to the heated surface area, which
is determined empirically for ordinary surfaces as:

. 0.2 an
A 1A, = 0.0584 (oyleg)

Equation (12) should hold for any heat flux g
within the Zuber's interference region. In the case of
pool and intermediate flow boiling of Fig.l(a), it can
be postulated that CHF occurs when a liquid film of the
initial thickness 8, drys out during a hovering period
of a vapor store bubble. Thus the CHF for Fig.l(a) is
predicted by this means without the use of adjustable
constants; and the result for u = 0 (pool boiling) is
illustrated by two thin lines in Fig.3 for p,/oz = 0.1
and 0.0001.

For forced convection boiling of Fig.l(b), the flow
model illustrated in Fig.4(b) is assumed, where CHF is
caused by the dryout of the liquid fed to the heater
surface through the inlet at the front stagnation point.
In this case, the liquid inflow rate 1s pzud, to half
the heater surface, then equation (12) gives directly
the following prediction via heat balance:

o0 Py 0.467 Pp 1/3 P03 3/3 (14
@ 0.151 (;‘) 1+ ”l) Gz
fa t

Equation (14) is in fairly good agreement with existing
experimental data (34,35).

Liquid

Vapor

u v r &
X tF
Vapor stem

Liquid film

(a)

Fig.4 Vapor and liquid configuration near CHF: (a)
pool boiling; and (b) forced convection boiling.
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On The Effect Of Viscosity

Inamura (36) has measured CHF for the boiling sys—
tem of Fig.5, where a nearly saturated liquid is fed
through a nozzle with sufficiently high velocities u =
1.7-12 m/s. As is 1llustrated in Fig.5, a greater part
of liquid is splashed away from near the top end of the
heater, and the remaining liquid flows down wetting the
heated surface. Though under limited conditions, CHF
has been observed to occur when the liquid film flow
rate at the bottom end of the heater reduces to zero.
Measured CHF data are plotted in Fig.6 in a regular
manner despite the wide change of I, suggesting no appre-
cilable effects of liquid viscosity on CHF. This is a
natural result if the liquid inflow rate to the heater
surface is determined at the heater top end in a similar
manner to Fig.4(b), because the liquid film can reach
the heater bottom end due to the effect of gravity.
The data shown in Fig.6 are correlated by

q £, 0.13. %P7 0,3n
Gz = 0.023 (;‘i) G %) (15)
I3 t

In the case of upflow as in Fig.4(b), if d is very
large, it may cause a state that the liquid film flow
cannot reach the rear stagnation point due to the
effects of viscosity and gravity. However, existing
data for cylinders in the cross flow at high velocities
have been obtained so far with very small cylinders.

Liquid Film Separation Model

Ueda et al.(37) also made experiments of CHF for a
boiling system similar to Fig.5 (I = 180 mm only) with
extremely low inflow velocites u. Their data in the
highest velocity region are correlated by

q Py 0.08 1/3
- p.0135 By G (16)
P1¥me’ fg 1 Ume

where Up, is the liquid film velocity at the bottom end
of the heater.  u,, is positive at CHF condition, then
the liquid film separation model is postulated. The
reason why the heater length I {s included on the RHS of
equation (16) is not so definite though an explanation
has been given.

‘Since there 1s a wide division between Inamura (36)
and Ueda et al.(l'l_), careful studies are needed for CHF
conditions. It may be of use to note that u of Ueda et
al. is so low that u/uy, is nearly unity (uluy, = 1.1~
2.2), then, if u is used instead of Upa» Such a corre~
lation as equation (16) is possible with a similar
accuracy (compare equation (16) with equation (15)).
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Fig.5 A uniformly heated vertical cylinder fed with a
saturated liquid.

COUNTERCURRENT FLOW IN CLOSED-END TUBE (FLOODING)

Liquid film downflow along a vertical heated sur-
face as in Fig.5 takes place also in a closed-end verti-
cal tube submerged in a saturated liquid. In addition,
for very short lengths of closed~end tube, a pool
boiling type of CHF mechanism might be expected to occur
(Barnard et al.(38)). Thus, one may feel affinities
with external flow boiling.

However, when 1/d 1s sufficiently high, CHF mecha-
nism differs much from that of external flow boiling,
because the liquid inflow is interrupted by the vapor
outflow as well as by the pressure gradient along the
tube, generating the flooding type of CHF. The most
commonly used Wallils correlation (44), which character-
izes a balance of inertial force and hydrostatic force,
is written as:

GV em @MY e . an
where j;* = p.;”z.j_,:/\/gd(oz - py) (§it superficial
velocity of vapor or liquid, d: tube diameter), m = 1.0,
and ¢ is a constant. For this type of CHF, there are
studies of Kusuda and Imura (39), Nejat (40,41), and
Tien et al.(42,43). ’ )

INTERNAL FLOW (FORCED FLOW IN VERTICAL TUBE)

The forced flow through a uniformly heated vertical
tube with subcooled inlet conditions (AH; > 0) will be
dealt with below. In this case, the quality X at the
distance z from the tube inlet is given via heat balance
as:

Lz _ i (18)

CHF, which is identified with a temperature excursion
taking place generally at the tube exit for uniform
heating, is roughly divided into two groups by the exit
quality X = Xgg at 2z = : (a) Subcooled and very low
quality CHF; (b) Higher quality CHF.

DIMENSIONAL ANALYSIS AND GENERALIZED CORRELATION

There are many empirical correlations of CHF data
of water with high accuracies for design purposes: for
example, CISE, Biasi, Bowring (45,46,47) based on local
conditions hypothesis, Hewitt (48) based on boiling

- length concept, Becker (49) at very high pressures, and

U.S.8.R. (50) in a tabular form. However, studies on
dimensional analysis, fluid modeling, and generalized

5
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Fig.6 CHF data for the heater of Fig.5 (d = 10 mm).



correlation of CHF ‘data are important in giving a firm
basis for the systematic investigation of the CHF mecha-
nism. Functional relationship involved in those studies
_ seems to be divided into two groups. For instance,
Group 1 composed of hydrodynamic factors except AH;/

Hfg.
q 9 0.5 Y7 0,3 P AH
Ahmad (51) : Eﬁu[ﬁ(? b p—"é——’“]
fa 1 v 3 fa
Katto (52) and A e g 1 o1 ﬂi)
. : 341 rd’ i
Mishikawa et al.(53) 2 6717 oy o
Group 2 1including other factors.
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where u: viscosity, ap: specific heat, k: thermal con-
ductivity, pp: reduced pressure, Pr: Prandtl number
(suffix. 1: liquid, v: vapor).

Notes On Dimensionless Groups

(1) The two-phase flow associated with the internal

flow CHF is a flow changing its state along the tube.
In case of annular flow, for instance, the liquid film
becomes so thin with approaching the CHF point that it
can hardly flow there, resulting in the midway termina-
tion of the roles of dimensionless groups related to uz
(see (57)).

(ii) Even in a single-phase flow, the state of flow
often changes along the flow direction as in the bound-
ary layer on a plate or the entrance region in a tube;
and these flows are controlled by dimensionless groups
such as uwz/v and zv/d%u composed of the distance z in
the direction of flow. Thus it is not necessarily absurd
if the Weber number G21/opy composed of I is adopted.

(111) CHF may possibly assume a purely hydrodynamic
aspect when a saturated liquid is fed to the tube (AH;
= 0), and even in the case of AH; > 0 as well if it is
under the condition where the boiling length concept is
applicable.

Generalized Division Of Characteristic Regime

CHF is classified into four regimes (L, H, N and HP)
in the Katto correlation (52), and it has been shown (57)
that L regime at low mass velocity is close to a simple
evaporation of liquid within a tube, H regime at inter-
mediate mass velocity corresponds to the spray anmnular
flow, and N regime at high mass velocity to the froth
or bubbly flow. HP regime, the regime at very high
pressures and high mass velocities, will be discussed
later in an 1independent section.

The generalized division of CHF mentioned above may
not be a complete one, but studies along such a line
seems useful to avoild the formidable confusions as
encountered in comparing the CHF data obtained with a
variety of conditions.

CHF AT SUBCOOLED OR VERY LOW QUALITY (v N REGIME)

This type of CHF occurs under the condition of very
low 1/d and high G for AH; > 0; and as a consequence,
the CHF mechanism is presumably rather close to that of
external forced flow. The commonly postulated three
mechanisms, which have been discussed by Tong and Hewitt

(58), Bergles (6), and Hewitt (9), are

(1) Local overheating at a nucleation site.

(2) Near-wall bubble crowding and vapor blanketing.
(3) Dryout of liquid film under vapor clot or slug.
Now it will be noticed that there is something similar
between the third mechanism and the state of Fig.4 for

external flow boiling. Fiori and Bergles (59) have
provided support for this mechanism on the basis of

their experiments perfommed for 1/dy, = 3~7 and G = 680
-10200 kg/mzs, and Van der Molen and Galijee (60) suggest
that CHF is triggered by the fast evaporation of a thin
liquid film under a bubble layer or vapor slug, on the
basis of their experiments made for 1/dj, = 1-13 and

¢ = 1000-2500 kg/m2s.

For this mechanism, there is a disproving evi-
dence mentioned by Tong and Hewitt (58) that the trend
of CHF to decrease with increasing pressure at high pres-
sures having a reduced pressure greater than 0.4 is
inconsistent with the dryout of liquid film underneath
a vapor clot in which the shrinking hotpatch at high
pressure is supposed to improve CHF. However, there is
a defence that a very rapid reduction of the liquid film
thickness is suggested by equation (12) in the same
pressure range as mentioned above.

CHF IN ANNULAR FLOW (v H REGIME AND PARTLY L REGIME)

This kind of CHF occurs usually in tubes of moder-
ate and high 72/d and in the Intermediate range of G.
For this type of CHF, Tong and Hewitt (58) emphasize
the importance of the integral entrainment-deposition
model leading to zero liquid film flow rate at the
point of CHF,

Theoretical Analysis
A number of theoretical analyses based on the above-
mentioned model or the like have been presented® (see

(9)). 1In most cases, the core
mixed flow of vapor and liquid
et al.(62,63), Wurtz (64), and
there is a multi-fluid modeling
(66), where vapor and droplets
crete part respectively.

The mass balance equation

flow is dealt with as a
droplets (e.g. Whalley

Levy et al. (65)), while
proposed by Saito et al.
are dealt with as a dis—

of liquid film is

" GiF/G, and X.
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where D, E and qco/Hfg are the local rates of deposition,
entrainment and evaporation respectively. When the
deposition mass transfer coefficient kg is introduced,

D =k4C and E = kdceq» where C (kg/ma) is the liquid
mass contained in a unit volume of the core flow, and
Ceq is the value of C at the hydrodynamic equilibrium
state of flow. Thus utilizing X of equation (18) with
AH; = 0 at 2 = 0 (then g is written as Gu,),. equation
(19) 1is rewritten in a dimensionless form as:

T L C_eq) 1 (20)
]
:

dx (qc IGHfg) 2]

Cloy 1s given theoretically as a function of py/p7,
Therefore, the local values of kd and Cpq
are necessary to integrate equation (20).

Deposition Rate (k4 or D)

Whalley et al.(62) have given empirical values of kg
for water, R12 and liquid nitrogen at some discrete
pressures, which are expressed as an approximate func-
tion of 6. These values, or near values, seem to be
utilized widely in the analysis of CHF.

2Madejski (61) 1s probably the only one who attempted to
predict CHF on the basis of what follows in post-dryout
region.



Studies on the deposition of particles from the
core flow to the wall is being advanced (67,68,63), and
a generalized correlation of the existing_k_d data of
uniformly sized particles is given by McCoy and Hanratty
(67). However, those results are unavailable in the
analysis of CHF, because the behavior of the droplets
originating from a liquid layer have some particular
problems.

In the case of heated tubes, if the vapor flow
effusing from the liquid film s sufficiently high, the
deposition rate D must be diminished. According to
Wirtz (64), however, when the liquid film is thick, the
foregoing vapor effect reduces because the droplets can
be captured by the wave, so that the following modifi-
cation of the deposition rate D is proposed:

‘

D=0 for v, e /%05
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for vy 2-6/60 < kd
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where § is the film thickness in um, 8p = 50 um, and v;
q/puﬂfg (see Numenclature for kg and C).

Entrainment Rate (C,, or E)

Hatch:lnson et al,(70,62) correlate Cp, data in the
form of Cpy = £(1768/0), where 17 is the’ interfacial
shear s_qress and § the film thickness. On the other
hand, Wurtz (64) recommends the following entrainment
rate E (= kdé'eq):

E=2.0 <1iks/u)~<igcul/a) kg/m2s

where kg 1s the equivalent sand roughness given as a
function of §, and ge the mean velocity of the core
flow.

Recently, Levy and Healzer (71) have performed an
analytical study on the annular flow taking into account
a transition wavy layer between the liquid film and the
core flow, giving the generalized prediction of Ceq’

Cea | °_v/{__"aq___ + "_v} )
Py T/ T xgy - @0 T oy
where X ™ 1- (G”./G)/(l - V1/8) for !{f+ 230
’ +
Xgg ™ 1= @GyeleriQ1 ~Vi78")  for yp <30 ro(22)
0y 1 1/8
with B=1+ kd(Gx ) [( ) 1]
g =14+VZ (B-1) J

where yf'" is the dimensionless film thickness, and k
the mixing length constant.

The inception criteria of entrainment is given by
Ishii and Grolmes (72,73) with physical models based on
two dominant entrainment mechanisms, that 1s, the shear—
ing off of a roll-wave crest and the undercutting of a
liquid film.

At very high heat fluxes, the bursting of bubbles
etc. may cause the increment of the entrainment, but
Wartz (64) says that this enhancement is presumably
negligible for the moderate heat flux less than 2 MW/m2.

CHF Coundition At Low Exit Qualities

Recently, Ueda and Isayama (74) measured the liquid
film flow rate T at the tube exit as a function of heat
flux (R113 at 3.2 bars, 2 = 1.5 m, L/d = 150, and G =
350-1700 kg/m?s), arriving at a conclusion that CHF
occurs with T > 0 for xg, = 0.23-0.5 against the widely
accepted condition of T = 0. Meanwhile, Leung et al.

(75) showed a contrastive result that their own data of
CHF obtained for g, = 0.14-0.28 (water at 97 bars, l=
4.88 m, 1/dpe = 499, and G = 2000-5000 kg/m?s) are com—
pared satisfactoxrily with the analytical predictions
based on the CHF condition of T = O.

CHF AT VERY HIGH PRESSURE AND HIGH MASS VELOCITY (v HP)

This type of CHF seems to occur in tubes of compar-
atively high 1/d 1f AH; > 0. One of the noticeable
characters of this type in connection with the CHF mech-
anism, is the occurrence of a CHF-like condition at a
location upstream of the tube exit. In Figs.7 and 8,
for example, solid symbols represent the data points of
the upstream CHF, while open symbols show the regular
CHF with an ordinary temperature excursion at or near
the tube exit. .

There are several reports making no mention of the
upstream CHF at very high pressures. However, it is
presumably due to either of the two reasons: (a) no CHF
detectors were set up at upstream positions, and (b) the
mass velocity was not raised up to sufficiently high
values. Even in the experiments made at a somewhat
lower pressure (py/p7 = 0.049), if the above two require-
ents are satisfied, the upstream CHF seems to be observed
(78,79,80).

Groeneveld (81,82), who observed the upstream CHF
in a tube with two-phase mixed inlet condipions (R12
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Fig.7 CHF data for water, pp/pl = 0.085 and l/d =
from Waters et al.(76).
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from Katto and Yokoya (77).

py/p7 = 0.031-0.073, 1/d = 177), postulated that the up-
stream CHF occurs as a consequence of deterioration of
the heat transfer near the wall in thehigh mass velocity
froth flow regime. Vidlent mixing motion will make the
froth more like a homogeneous foam as compared to the
more slug-like flow at lower velocity flows. As a con-—
sequence, vapor vold-fraction near the wall is raised,
and the accompanying deterioration of the heat transfer
causes a local dryout of the wall in such a way as shown
in Fig.9. This froth flow model is effective in the
present case as well, and the rise of the pressure will
accelerate the above-mentioned uniforming behavior in-
creasingly due to the change of py/pz + 1 and ¢ + O.

Finally it must be noted that the regular CHF at
high mass velocities is also different in character from
the CHF at moderate pressures. Fig.l0 shows the gpo-p
relationships near critical pressure. The trend of the
regular CHF to increase unlimitedly with G (Figs.7 and
8) may also be explained along the line of the foregcing
froth flow model.

LIMITING QUALITY AND CHF MECHANISM

Doroschuk ‘et al.(83) and other Soviet investigators
(84) are interested in the form of the CHF curve shown
in Fig.1ll, being related to the data of water, and re-
cently it has been extended to liquid helium as well
(85,86). This curve is a gp-Xgx relationship obtained
by changing ! and 4H; under fixed p, d and G. It is
said that region I is related to DNB and regions II and
ITI to dryout. In the region II, the deposition to the

- similar trend.

p =const.
d =const.-
G =const.

Critical Heat Flux Gc

I
1
LH_ } variable]

Xex
Exit Quality Xex
Fig.1l CHF versus exit quality.

liquid film is suppressed by a strong vapor effusion due.
to high heat fluxes’, so that q, can take various values
for a fixed quality, that is, the limiting quality X3z.
In the region III, however, the deposition controls CHF
because of. low qp, changing the ga-Xep character from
that of region II. In references (84,87) are found
recommended values of Xgy for water and d = 8 mm, along
with an approximate relation 6f Xz = d~ Recently
Levitan et al.(88) have revised the values of X;a: in
reference (87), and also recommended a new relation:

. =0.25
Xy = d (23)

It must be noted that most of the U.S.S.R. experiments
in this area are made with tubes of 1/d < 380, and the
data falling on the regions II and III are mostly those
obtained under mixed inlet conditions (4H; < 0).

Case Of Subcooled Inlet Conditions

In the meantime, Fig.12 shows the results associated
with the CHF of water for subcooled inlet conditions
(8H; > 0). The symbol @ represents the experimental
data obtained by Wurtz (64) for uniformly heated tubes
of 7/d = 202-800 with AH7 > 0. - Though not shown in
Fig.12, the data obtained by Hewitt (89) for uniformly
heated tubes of 7/d ranging up to 893 also show the
Meanwhile, a thick solid curve in Fig.12
represents the qe-Xex relation (&H; = O for simplicity's
sake) predicted by the Katto correlation for H regime
(spray annular flow region} with values of 1/d indicated
by directed lines.

The foregoing results will suggest that (a) the
concept of ¥3p becomes rather ambiguous in the case of
A#; > 0, but there seems a hook point more or less
similar to the point B in Fig.ll; and (b) the region
corresponding to the region II in Fig.ll seems to extend
over Xgp = 0.4 to 0.5 in the case of Fig.12. According
to (90), the qp—Xex curve predicted by the Katto corrla-
tion for H regime has a general character of infinite
gradient at 1/d = 645, and then if this limiting value
of Yexat 1/d = 645 is defined to be ¥z, it gives the'
following generalized expression:

0.133 003 1/3

e
o o a (24)
Xox 9.95 ("Z) (573)

Equation (24) predicts Xgp roughly in accord with the
X8z recommended by Doroschuk et al.(83).

31f equation (21) holds, the liquid film must be suffi-
ciently thin even near the point B in order to realize
the state of no deposition D = 0.



Support From The Side Of AH; > 0

Kitto (91) has recently presented a detailed review
of the world literature for the limiting quality phenom-
enon of water, with a conclusion that this phenomenon
does exist over some range of operating parameters. He
refers to the data of Roko et al.(92), Kitto (93) and
Belyakov et al.(24) as evidences of showing this phenom~
enon in the case of AH; > 0. Also France et al. (95)
provide support for this phenomenon with their own data
obtained for AH; > 0. Strictly speaking, however, the
concept of the limiting quality xS, defined in Fig.11
seems to be supported only by the data of Roko et al.
(1/d = 972) and France et al.(1/d = 1297), and their
data are obtained with "nonuniform heating". Therefore,
it seems too early to say the scientific verification
of the limiting quality phenomenon from the side of
AB7 > O.

Transition Of CHF Mechanism At Hook Point

It is important to note that ¥ge is not an inde-
pendent variable because of being connected with qe via
heat balance equation (18). Thus it 1s rather dangerous
to discuss the CHF mechanisms on the basis of the qo-
Xex curve, and accordingly, it requires circumspection
in dealing with the problem whether or not an abrupt
change of CHF mechanism takes place near the hook point
B in Fig.11l. 1In connection with this problem, there are
some contrastive results at present.

Employing a tube with nonuniform heating (I/d =
1297),France et al,(96) measured the fluctuations of
the wall temperature at two points with the same axial
position (2/1 = 891 only) and 180° apart in the azi-
muthal direction., A sharp increase of the statistical
relation between the two temperature fluctuations,
which is caused by the eptry of the fixed position to
the post-dryout state, 1s observed at a critical heat
flux near the point B, proving the abrupt change of the
flow structure near the point B.
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Fig. 12 CHF versus exit quality for subcooled inlet con-
ditions (@ and®: experimental data).

A thin broken curve in Fig. 12 represents the q,~
Xex relation predicted theoretically by Levy et al.

(65) employing kg = 0.0124 m/s and Cpy of equation (22);
and their paper says that CHF is dominated by vaporiza-
tion of the liquid film on the left sharply dropping
part of the curve.

Hord and Isshiki (97,98) have recently made studies
on the generalized correlation as well as the analytical
prediction of CHF in region I based on the supposition
that the region I is related to annular mist flow, while
the regions II and III to mist flow.

Finally, as 1is seen in Fig.12, the Katto correlation
curve has no change of CHF regime at the hook point of
the curve. It poses a question to the supposition of
the change between DNB and dryout at the point B in
Fig.l1l.

CONCLUSION

In this paper, current knowledges of the basic
mechanism of CHF have been outlined through a most
typical boiling system chosen for each of the external
and the internal flow boilings.
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Abstract

In this paper, Helmholtz instability is imposed on the vapor-liquid interface of columnar vapor,

stems distributed in a liquid layer wetting a heated surlace. This vapor-liquid system is collapsed wholly by the
instability, but due to the suppression of the solid surface, a thin liquid film including vapor stems s left stable
on the surface with a certain definite thickness relating to the Helmholtz critical wavelength. A vapor blanket,
thus formed on the liquid film, restricts the feed of liquid from the bulk region to the. film, resulting in the
disappearance of liquid from the heated surface, that is, the appearance of critical heat flux (CHF). Based on the
foregoing concept, a new hydrodynamic model is developed, and analyses of CHF in fundamental boiling
systems are exemplified not only for pool boiling but also for forced convection boiling, suggesting the validity
of the physical structure of this model.

NOMENCLATURE

A,, cross-sectional area of vapor stems [m?*];

A, area of heated surface [m?];

d, -diameter of cylinder or disk [m];

G, mass velocity of liquid, up, [kgm~2s~'];

g. acceleration due to gravity [m s~ %},

latent heat of evaporation [J kg™ 1];

H, vertical dimension of horizontal ribbon [m];

H', dimensionless height, H/[c/g(p,—p,)]1'/?;

k, . factor for liquid addition due to inflow;

1, length of flat plate [m];

g, heat flux [W m™?];

critical heat flux in saturated boiling [Wm™2];

Geo.2 Geor Dredicted by Zuber’s equation (1)
[Wm™?];

R’, dimensionless radius, (d/2)/[o/g(

t, time[s];

u, velocity of uniform liquid flow [m s™17;

u,  velocity of liquid [m s™1];

u,, velocity of vapor [ms~'];

v,, volumetric growth rate of bubble [m3s™1].

—p)1'%;

Greek symbols

d., critical thickness of liquid film {m];

2,  wavelength [m];

le, Taylor critical wavelength {m];

Ap.Ap, most susceptible (or dangerous) Taylor
wavelength [m];

Ay Helmholtz critical wavelength [m];

p,  density of liquid [kg m~3]; ‘

p,, density of vapor [kg m™3];

o, surface tension [N m™'];

75, hovering period of bubble [s].

1. INTRODUCTION

For criTicAL heat {lux in pool boiling, a number of
models have been proposed, but the one that seems to

have been most widely accepted is that presented by
Zuber [1] for the boiling on an infinite, upward-facing,
horizontal, flat plate [2]. This model postulates that the
vapor generated at the flat plate accumulates to form a
continuous columnar escape flow of diameter 1./2 at
intervals of Taylor critical wavelength A_,and that CHF
takes place when the vapor-liquid interface of the
escape passage becomes unstable due to Helmholtz
instability. However, the magnitude of the Helmholtz
critical wavelength A, isindefinite,soitis determined as
Ay = nl /2 from the Rayleigh stability limit ofa circular
gas jet in a liquid, and a few approximations such as

3/./2r = 1 are made to give the critical heat flux .o »

as
299;2_/[‘”’(’"2 pv)} =0.131. (1)
vafg I

As is well known, equation (1) has the same form as the
older equation of Kutateladze [3] correlating
experimental data through dimensional analysis.
Extending Zuber’s model to include finite bodies
such as illustrated in Fig. 1, Lienhard and co-workers
[4-7] carried out a number of studies about CHF with
many valuable results. Furthermore, Lienhard -and
others [8-11] attempted to explain CHF in forced
convection boiling as well as in pool boiling, by
replacing hydrodynamic instability analyses with a
very simple concept of “mechanical energy stability
criterion”, which considers a balance between the
kinetic energy of the vapor flow and the surface energy
necessary to develop the vapor-liquid interface.
However, it must be noted that in the case of infinite
plates, the vapor outflow and the incoming liquid flow
become unstable simultaneously because of the counter
flow pattern. This is not so in Fig. I, where the incoming
liquid flow can remain stable even if the vapor escape
passage has collapsed. In addition, as Chang pointed
out [12], the continuous vapor escape passages such as
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{opor estcpe passage

Cylinder

F1G. 1. Pool boiling at high heat fluxes on a horizontal
. : cylinder. .

illustrated in Fig. 1, to which Helmholtz instability is
applied, are quite different in nature from the actual
flow aspects involving vapor slugs with unsteady-state
behavior.

Meanwhile, for nucleate boiling at high heat fluxes,
Gaertner and Westwater [13, 14] reported the
following facts from the experiments of pool boiling of
saturated water at atmospheric pressure: (i) as
illustrated in Fig. 2, the heated surface is wetted with a
liquid film, which includes numerous, continuous,
columnar vapor stems, (i) the massive vapor bubble,
sitting on the liquid film and being nourished with
vapor from the underlying vapor stems, rises away from
the liquid film when it grows enough, and after a bubble
leaves the liquid film, a new one is immediately
established in its place, (i) as for vapor stems, the
population density increases while the diameter
decreases as heat flux is increased, and the total cross-
sectional area of vapor stems remains constant
independently of heat flux, and (iv) the height to
diameter ratio of vapor stem is kept constant
independently of heat flux, which means that the height
of vapor stem (thickness of liquid film) decreases with
increasing heat flux.

For the massive vapor bubbles generated success-
ively on the liquid. film, the following quantitative
behaviors have been reported by Katto and Yokoya
[15]. First, the heat transferred constantly from the
heated surface is absorbed by latent heat in the liquid
film, and consequently the bubble volume ¥ increases
in proportion to the time ¢ after the commencement of
growth as

V=uot 2)

where v, is the volumetric growth rate of bubble.
Second, the hovering* behavior of the massive bubble
growing on the liquid film can be analyzed by utilizing

*This massive bubble hovers on the liquid film mainly due
to the hydrodynamic action, because the surface tension of
vapor stems is generally much weaker than the buoyancy
force.

quU|d fllm
Vapor bubble

Heated surface®

chor stem

F1G.2. Vaporstructure near heated surface at high heat fluxes.

the theory of Davidson and others [16, 17] for the -
periodic formation of bubble due to the flow of gas into
a liquid, where the upward motion of a growing bubble
is determined by a balance between the buoyancy force
and the upward mass acceleration of the two-phase

-fluid. Thus, the hovering period for a bubble of

volumetric growth rate v, is given as

A L)
Td—(g) [W_)] i =% 0

where £, the volumetric ratio of the accompanying
liquid to themoving bubble, can be assumed to be 11/16
for the present purpose. Equations (2) and (3) can
predict a relationship between the bubble formation
frequency and the bubble diameter, agreeing well with
the empirical relationship obtained by Ivey [18] from
the data of high heat flux boiling [15].

In the present study, therefore, a new hydrodynamic
model will be created so as to include not only
Helmholtz instability effect but also the actual fluid
behaviors such as mentioned above, and the validity of
this model will be tested for forced convection boiling as
well as for pool boiling.

2.A NEW HYDRODYNAMIC MODEL

2.1. Thickness of liquid film &,

Consider the case that the liquid film shown in Fig. 2
is sufficiently thick,t so the heat transferred from the
heated surface is absorbed by latent heat near the base
of vapor stems, inducing the upward vapor velocity u,
in the stems and the corresponding downward liquid
velocity u. In this case, first, it is well known that the-
wave velocity ¢ in the vapor-liquid interface of stems is
given theoretically by

L 2ng  pp, ]“2
c= *j- —_— = (u,+uy) . @
_ [m+pv i (p+p) '
Second, the heat balance q4,, = p,u,4,H, gives
u, = (q/pHe)/(A/A.) (5

T The thickness of liquid film determmed in this chapter will
be used as the initial thickness (maximum value) of liquid film
in the subsequent analyses of CHF.
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where gis the heat flux, 4, the cross-sectional area of the
vapor stems, and A,, the area of the heated surface.
Third, the continuity equation pu,A4, = pu(4, —A,)
gives

uft, = (py/p)N A/ AN/[1 = (A./A)]. (6

Equation (6) reveals that u)/u, is far less than unity,
because p,/p, < 1, and also 4,/A,, is much less than
unity as will be found in Section 2.3. Therefore, using u,
of equation (5), and ignoring u, as compared with u,,

equation (4) with ¢ = 0 gives the critical wavelength 4y -

for Helmholtz instability as

A 2 H 2
i = 20 PP (_) <pv t‘g) ‘ )
P1Py Aw q

However, we must not forget that the wave motion is
suppressed by the solid surface, and its effect must
extend to a certain distance from the surface. In other
words, a liquid film including vapor stems (causes of
instability) can exist stably up to the distance §. from
the heated surface. The exact value of §, is unknown at
the present time, but it must depend on the unstable
wavelength, being probably somewhere between
0. =0 and §, = 4,y/2. In the present paper, therefore,
d, is assumed tentatively to be the middle value: .

O, = (0+y/2)/2 = Ayy/4,

when §, can be determined through equatic;n (7) as
follows

5ot T mte '(ﬂ)z' <""H‘B)2 ®)
4 2 pp, \4, q

2.2. CHF on a horizontal, infinite flat plate

Equation (8) includes an unknown quantity A,/4.,,
but the CHF on an infinite, horizontal flat plate will be
analyzed before proceeding to the evaluation of 4,/4,,
for the sake of convenience.

Figure 3 illustrates the configuration of the nucleate
boiling on an infinite plate corresponding to Gaertner
and Westwater’s observations (i) and (ii) mentioned in
Section 1. The interval A, between bubbles is
determined by Taylor instability, and according to the
studies of Lienhard and others [[7, 4], we must take the

Vapor bubble

[
1 1EHI,

P R \ VoSN
— Ap—= \ Ao Ao

Liquid fil_m‘

F1G.3. Poolboilingat high heat fluxes on a horizontal, infinite
flat plate.

most susceptible (or dangerous) wavelength instead of
critical wavelength, thus

Ap = 3'%21[o/g(py—p, ]2 )
Now, the unit heater area participatingin the growth of
one vapor bubbleis A3 [19, 20],and therefore, if the heat
flux is g, the volumetric growth rate of bubble v, in
equation (2) is given as

vy = 454/(p,Hyy) (10)

and the corresponding hovering time of bubble 7, is
given by equation (3).

Now, if the liquid film on the heated surface is not fed
with liquid from the bulk region during the hovering
period of bubble 7, then it can be postulated that CHF
appears when the liquid filmevaporates away at the end
of the hovering time, for which the heat balance is
written as

(3Y)
where &, is the initial thickness of the liquid film at the
start of bubble growth, and it has been given by

equation (8). Thus, solvingequations(2),(3)and (§)-(11)
for the critical heat flux g, and writing q as ¢, z gives

de0,z /[Ug(Pl“Pv):IW
vafg p3
. 7[4 1/16 Av 5/8 Av 5/16
) )02
11 3/57]5/16
(GG T

2.3. Evaluation of A,/A,, ]
For Zuber’s model described at the beginning of
Section 1, Lienhard et al. [6] advocate that the interval
. between the escape passages should be iy of equation
(9), and that. Helmholtz unstable wavelength Ay
determined as Ay = Ap is preferable to Zuber’s Ay
= n4/2, resulting in the increase of the constant on the
RHS of equation (1) by 14%. Examining the data of
critical heat flux g, obtained for finite, horizontal, flat
plates with vertical side walls to prevent induced
convection effect (i.e. to simulate the condition of
infinite plates), Lienhard et al. regarded the foregoing
result of g.o/9c0.z = 1.14 as appropriate. However, the
data points of g.0/q.0 2 plotted in Fig. 8 of ref. [6] are
statistically somewhat below 1.14 in the range of
L/Jp > 3, where L is the representative length of the
finite plate. Also, the data listed in Table 1 of ref. [6] give
average q.o/qeoz = 1.07 for L/ip > 3, and average
4c0/9:0z = 1.06 for L/Ap > 9.8. In the present paper,
therefore, it (will be -assumed, for simplification
purposes, that Zuber’s original equation (1) applies to

the CHF of infinite flat plates.
. Now, we can postulate that the RHS ofequation (12)
equals’that of equation (1),-and-if the assumption .of

quAw = plac(Aw - Av)Ht'g
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A,JA, « 1in Section 2.1 is used again, it yields

4, o V(e N7
=0.0654{{ — — +1 —+1 (1
A, [(16 o ) o 49

For p,/p, « 1, equation (13) can be reduced to
Av/Aw = 00584(pv/pl)02

The values of 4,/A4,, calculated by equations (13) and
(14) are compared in. Fig. 4, suggesting that equation
(14) will be enough to predict 4,/4,, up to p,/p, = 1if
only minor errors are ignored near p,/p; = 1. Equation
(14) is in accord with Gaértner and Westwater’s
observation (iii) mentioned in Section 1, that 4,/4,, is
kept constant independently of g for fixed p,/p, In
addition, Fig. 4 shows that the magnitude of 4,/A4, is
rather unchangeable, and is much less than unity. This

(14)

explains well the empirical fact that when wetted witha'

liquid film, the heated surface is cooled in spite of the
existence of numerous vapor stems in the liquid film.
Substituting A,/A4,, of equation (14) into the RHS of
equation (5) gives

u, = 17.1(a/p He oo/ p)° 2.

For water boiling at atmospheric pressure and at the
critical heat flux g as given by equation (1), the above
equation predictsu, = 61.5ms ™ 1. Ifcompared with the
sonic velocity of steam 473.5 m s™! at 0.1 MPa and
100°C, the value of 61.5 m s™* is relatively very low

.. (Mach number 0.13), snggesting that there are no

serious problems associated with sonic velocity.

Finally, the thickness of liquid film &, can be
determined by substituting 4,/4,, of equation (14) into
the RHS of equation (8) as follows:

2 0.4
S4B _ 00536 (”-’) (1 " ﬂ). (15)
g 14} 141

v

Equation (15) predicts a character that J, varies in
proportion to 1/q? under the condition of fixed
pressure, which accords with Gaertner and Westwater’s
observation (iv) mentioned in Section 1. For water
boiling at atmospheric pressure with a heat flux of

g =0.946 MW m~?, equation (15) predicts &, = 0.056
mm, while Gaertner [ 14] measured the average height
of vapor stems as J, = 0.12 mm at the periphery of a
horizontal 50.8 mm dia. disk heater. The measured J, is
about twice as thick as the predicted §,, but the liquid
film must have a greater thickness in the peripheral
region than in the interior, because of the straight-
forward exposure to the bulk liquid. Therefore, the
assumption of 6, = 1,,/4 for the relationship between &,
and 4, made in Section 2.1 will be left as it is.

3. CHF FROM FINITE BODIES
IN POOL BOILING

In order to test the validity of the model derived in
Section 2, a few typical analyses of CHF in pool boiling
will be made.

3.1. Infinitely long, horizontal cylinder

The configuration of high heat flux boiling on an
infinitely long, horizontal cylinder of a comparatively
small diameter d (actually, the length to diameter ratio
must be greater than, say, 20} is shown in Fig. 5(a). In
this case, a liquid film of thickness &, including vapor
stems appears on the cylindrical surface asillustrated in
Fig. 5(b). Thus, the heat balance associated with the
total evaporation of a liquid film in an hovering period
of bubble 7, is given by the following equation, instea
of equation (11), - . . B

quAw = plac(Aw—Av'*'Awac d)Hfg' (16)

But, excluding the case of excessively small diameter,
the normal condition of cylinder will be considered
below, where J./d is far less than unity, and hence the
third term in the parentheses on the RHS of equation
(16) can be ignored as compared with the first term.
According to the study of Lienhard and Wong [7],
the most susceptible wavelength Ay, for the horizontal,
cylindrical vapor-liquid interface is given by the
following equation, instead of equation (9), due to the
additional effect of surface tension along the curvature

107
5
Av
Aw
102l o Equation {13)
— Equation (14)
5 | ) i { L L i L N

> 1072

5 5

107 1008

£

F1G. 4. Magnitude of 4,/A,,.
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Vapor bubble

d
Ap—oe— Ap—sh— Ab
(a)
P
Vapor bubble Vapor stem
Cylinder Liquid film

FiG. 5. Pool boiling at high heat fluxes on a horizomalA

cylinder.

in the transverse direction :

172 ¢
J =312, i /[1 20 ]} (17
% "{gm—pv)/ * Tl

Since the unit heater area participating to the growth of
one vapor bubble is now ndly, as is noticed from Fig.
5(a), the volumetric growth rate of bubble v, is

Ui = ndibq/(vafg) (18)

Thus, solving equations (2), (3). (8) and (16)(18) for ¢
under the above-mentioned condition of §./d « 1, and

writing the g as g result in

9eo /[ag(p;—pv)]”“
vafg p‘%
7'[4 1/16 Av 5/8 Av 5/16
() ) ()
” 11 o 3/57]5/16
2 (=24
(GG

\/5 1/16 1 1/32
x(7> [1+2(R'>2]

where R’ = (d/2)/[a/g(p,—p,)]*'*. Comparison of
equation (19)for cylinders with equation (12)for infinite

6
‘Lo=(£>m [1+ L ]lm (20)

4oz \ R 2RY?

(19) -

- plates gives the following relation:

where the value of g, 7 is given by Zuber’s equation (1).

In Fig. 6, the value predicted by equation (20) is
compared with the range of about 900 experimental
data points collected by Sun and Lienhard [5], and
shows a fairly good agreement. For caution’s sake, it is
noted that if all the terms on the RHS of equation (16)
are taken into account along with the conditions that
A,/A,,is given by equation (14) and A,/A4,, « 1,thenthe
following equation is derived instead of equation (20):

dco

(\/—3—)1/16[ 1 :|1/32
—_— 1+ .
deo.z R 2RV

l: <p >0A4< P > 1 :Isns
x| 1+0.156[ — += )
o 1) Rl4eo/qc0.2)* ] {20a)

Values of 4.0/9.0,z predicted by equation (20) are
compared with those of equation (20a) in Table 1,
suggesting that with decreasing R’, some slight

Range of about 900 data

02
01

R

FiG. 6. Critical heat ﬂux in pool boiling for horizontal cylinders.
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Table 1. Values of q.4/q. 7 predicted by equations (20) and (20a)

R 01 02 05 10 10
deo/deo.z by equation (20) 1351 1241 L1118 1048 0896
pu/py = 0.0001 1360 1246 1120 1049 089
p./p1 = 0.001 1373 1253 1123 105l 089

gco/ Geo.z 20 pu/py = 0.01 1402 1270 L131 1055 0.897
y equation (202) "/ _ 0.1 1472 1313 L1153 1067 0.898
pufpL = 1.0 1699 1470 1243 1123 0906

dispersions appear according to the change of p,/p,,
particularly when R’ is near 0.1 and p,/p, is very high.

3.2. Infinitely long, horizontal ribbon oriented vertically

Consider next the case of an infinitely long,
horizontal, thin and flat ribbon heater with the broad
side oriented vertically and with both sides heated. At
the present time, the exact value of the most susceptible
wavelength for Taylor instability is unknown.
However, if the vertical dimension H of horizontal
ribbon is sufficiently small, a rough estimation of CHF
may possibly be made by substituting a cylinder of
equal heated surface area for the ribbon. Various effects
of the thickness of ribbon are now ignored for
simplification purposes. Thus, the equivalent diameter
d, defined by ) :

nd = 2H @1)

is substituted into equation (20) to give

1/16 271732
== () [T @
H 2\H
where H' = H/[o/g(p,—p,)]**. Figure 7 shows a
comparison of the value predicted by equation (22) with
the experimental data listed in Table 1 of Lienhard and
Dhir’s paper [4]. Agreement is not so good as in Fig, 6,
but it seems rather natural because of the use of various
broad approximations.

9co.z

3.3. Upward-facing horizontal small disk
‘When the diameter d of an upward-facing horizontal
disk is much. smaller than the most susceptible

wavelength A, of Taylor instability, one vapor bubble is
formed successively on the disk as illustrated in Fig. 8.
In thiscase, the heated surface area for the formation of
one bubble is nd?/4, independent of Ap, and _the
volumetric growth rate of bubble v, is

vy = (nd*/4)q/(p,Hyp). 23)
Furthermore, it must be noted that in the preceding
cases of Figs. 3 and 5, the inflow of liquid across the
periphery of the base of a bubble is blocked up by
adjoining vapor bubbles, but now the whole periphery
of a small disk is exposed straightforwardly to the bulk
liquid as seen in Fig. 8. Besides, a¢cording to the
experimental study of Katto and Kikuchi [21], the
vapor pressure within the bubble, averaged for a
hovering period, is lower than the surrounding liquid
pressure at the disk heater level due to the buoyant
effect. Therefore, an inflow of liquid to the liquid film
from the surrounding can take place even in ‘the
hovering period of bubble. Hence, in order to take the
inflow effect into account, equation (11)is now modified
as follows:

TaqAw = PiO(Aw— AN + k) Heg (24)

where k is the factor for the liquid addition due to

- inflow. Katto and Kunihiro [22] have shown that CHF

in pool boiling can be raised by artificial addition of
liquid to the disk heater through a very thin tube.
Hence, equations (2), (3), (8), (23) and (24) are solved for
the critical heat flux q,, and the comparison of g with

5

Geo 2

Geaz

Equation (22)

05
0.1

H’

F1G. 7. Critical heat flux in pool boiling for horizontal ribb_ons oriented vertically.
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Vapor bubble

Liguid inflow

Liquid inflow

~d

FiG. 8. Pool boiling at high heat fluxes on a horizontal disk.

g.0.z of equation (12) gives

dco =(l+k)5;‘16
qeo0.z

Ve, o 17272 n 1/16
X{E ’ zn(g(m—pv)> ]/ (Zd2>} _ @)

Now, six ¢, data points (1.62, 1.70, 1.43, 1.30, 1.54
and 1.67 MW m~2) found in previous studies [15, 23,
247 for saturated water boiling on a 10 mm dia. copper
disk heater at atmospheric pressure are averaged to
give g, = 1.54 MW m ™2, for which kin equation (25)is
evaluated as k = 0.83. This is only an empirical value,

" but this value does not seem unreasonable for a small

10 mm dia. disk surrounded by the bulk liquid.

N

4. CHF IN FORCED CONVECTION BOILING
OF EXTERNAL FLOW TYPE

Now, the model derived in Section 2 will be applied to
the CHF in forced convection beiling on flat plates and
cylinders submerged in saturated liquids flowing with
sufficiently high velocities.

4.1. Flat plates in a parallel flow
Figure 9(a) illustrates nucleate boiling at high heat

fluxes on a flat surface of length [ parallel to a saturated

{-Ieoted surface

N

Rectangular
ngzzle

{a) Flat plate

- liquid flow of velocity u. In this case, the vapor flowing

out of numerous vapor stems distributed in a liquid film
maintains a continuous vapor flow blanketing the
liquid film. The underlying liquid film also formsa flow
along the heated surface, decreasing its thickness in the
direction of flow due to évaporation. Phenomena such
as entrainment and deposition of droplets are ignored
here, because they are presumed to be scarce. At the
upstream end of the heated surface, the liquid filmhas a
maximum thickness &, given by equation (15), and
thereby can receive fresh liquid constantly from the
main flow of velocity of u. Thus, it can be assumed that
CHF appears when the heat being transferred from the
heated surface of length [ just balances with latent heat
of the total evaporation of the liquid flowing into the

liquid film.* Hence, the heat balance is written as
ql = plécqug' (26)

Substituting &, of equation (15) into equation (26), and
writing g as g, gives

0.46% 1/3 1/3
deo Py AN am)
——=0.175| — 1+= — 27
GHfg (Pl) ( Pl) \Gll

where G = up,, the mass velocity of liquid flow. When
p./pyis much less than unity, equation (27) is reduced to

ch =0175 & 0.467 0'_[’1 1/3
GH,  \m Gl

Figure 10 shows a comparison of the values predicted

(28

_by equation (28) with the experimental data obtained

by Katto and Kurata [25] for water (p,/p;, = 0.000624)
and R-113 (p,/p, = 0.00488) flowing over the heated
surfaces of I =10, 15 and 20 mm at atmospheric

* This gives the answer to the question why the viscosity of
fluid exerts no significant influences on the CHF in the forced
convection boiling of external flow type.

(b)

Cylinder

F1G.9. Forced convection boiling at ﬁigh heat fluxes. (a) A flat plate ina parallel flow, (b) a cylinder in a cross
flow.. -
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o Water {

=0,1MPa [25]
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{ L A ! 1
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F1G. 10. Critical heat flux for flat plates in a parallel flow.

pressure. In-Fig. 10 are also shown two broken lines
representing the empirical equation obtained by Katto
and Kurata for the above-mentioned data

0.559 0.264
9co Pv 0P,
=0 —0.186( = i<y I
GH,, % (Pl) (Gzl) : ‘(29)

Agreement between the theoretical prediction and the.

experimental data points is fairly good for water, while
it is'somewhat inferior for R-113, though for unknown
reasons at the present time. In any case, however, it can
be noted from equation (29) and Fig. 10 that the
experimental data points of both water and R-113 have
the exponent of op,/G?l of about 0.26, which is slightly
less than the theoretical value of 1/3 in equation (28).
This difference may be attributable to the effects of
forced flow on the flow conditions at the upstream end
of the heated surface, such as the thickness of liquid film,
the inflow of liquid, and some others.

4.2. Cylinders in a cross flow : ]
Figure 9(b) illustrates nucleate boiling at high heat
fluxes on a heated cylinder of diameter d perpendicular
to a saturated liquid flow of velocity u. In this case, if the
effect of curvature can be neglected, and if the same
mechanism of CHF as in the preceding section can be
assumed, then the flow structure along the semicircular
surface extending from the front to the rear stagnation
point becomes equivalent to that along a flat plate of
the same length as the semicircle. Hence, putting
| = 7d/2 in equation (27) yields g , for a cylinder as

follows:
0.467 13
=0151(2 2o
141 G*d :

Figure 11 shows acomparison ofthe values predicted

9o

fg

(30)

by equation {30) with the experimental data of water -

(symbol Q) and R-113 (symbol x ), both measured at
atmospheric pressure : the former being the data of Vliet
and Leppert [26, 27] for a comparatively small
diameter d = 3.18 mm, the latter those of Yilmaz and
Westwater [28]for d = 6.5 mm. Itis interesting to note
from Fig. 11 that like the case of flat plates shown in Fig.
10, the exponent of ap,/Gd is nearly 0.26 for the data
points of both water and R-113 (Yilmazand Westwater
[28] have given a relationship q.o/GHy, = const.
(op/G*d)°-28 to their data), suggesting the possibility of
quite the same mechanism of CHF between the plate
and the cylinder. The reason why the agreement
between equation (30) and the data is inferior in the
upper diagram of Fig. 11 may possibly be due to the
effect of the curvature.

Meanwhile, broken lines in Fig. 11 represent the
values predicted by the following equation obtained by
Lienhard’and Eichhorn [9] from the experimental data
for four different kinds of fluids (p,/p; = 0.00068 to
0.0059 and d = 0.5 to 1.7 mm):

dGo _1[ L (p\"™ 1 (p\"[ap )"
GH,, n|169\p, 192\ p, G i

@31y

In the lower diagram of Fig. 11, the accuracy of
equation (31)isclearly seento belost,and itisdue to the
specific character of equation (31) that q.,/GHy, tends
to become constant with decreasing op,/’sz for fixed
p./p- In the case of the upper diagram of Fig. 11,
ap,/G3d is on favorable orders. and hence the first term
on the RHS of equation (31) can exert its proper effect
on the second term. It must be noted here that equation
(31) was derived by Lienhard and Eichhorn from the
experimental data of op,/G*d ranging from 9 x 107 3to
5x 107" : )
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5 . . .
Water (p=0.1MPq, d=318mm) [ 26, 27] e
%o ,
GHig |  SQ12in g
1070 oo
> 3 5 2 5 1 5
10 107 o 10
G2d
2 . .
R-113 (p=01MPa, d=6.5mm) [ 28]
Geo 107 e
GHig = |emcmmmm= X

Eq.(31)
2 . . ! .
-5 5 -4, 5 3
10 10 P 10
G2d

F1G. 11. Critical heat flux for cylinders in a cross flow.

5. MECHANISM TO APPROACH CHF
IN NUCLEATE BOILING

- Itis well known [12, 14, 297 that nucleate boiling
consists of two main regions : one is the ‘isolated bubble’
region at low heat fluxes, where a sequence of incipient
discrete bubbles is maintained, and the other is the
‘interference’ region at high heat fluxes, where vapor
structure such as illustrated in Fig. 2 appears on the
heated surface. Hence, in view of the function of
Helmholtzinstability assumed in Section 2.1, we are led
toalogical conclusion that throughout the interference
region, nucleate boiling is subject to Helmholtz

+ instability, maintaining the boiling configuration of
Fig. 2 up to the CHF point. In other words, the
interference region is nothing but the prodrome of CHF
created by Helmholtz instability. This view is quite
different from that of the existing instability model,
where Helmholtz instability is assumed to act as the
CHF point only, causing a sudden collapse of the vapor
removal. )

Besides, in the interference region mentioned above,
the massive vapor blanket obstructs the feed of liquid

‘from the bulk region. Therefore, the way the heated
surface is fed with liquid ranks with Helmbholtz
instability in the importance for CHF. In pool boiling,
the feed of liquid is performed through the periodical
departure of the blanketing vapor bubble (Taylor
instability relates to the bubble spacing only), and at
times, there are the cases where the addition of liquid
takes place due ‘to the inflow of liquid across the
periphery of the heated surface. In forced convection
boilinig, there is a steady-state flow of liquid into the
liquid Alm at the upstream end of the heated surface.

Asis wellknown, existing models of CHF are divided
broadly into two opposite groups : one laying emphasis
on the breakup of the vapor escape route due to
hydrodynamic instability, and the other laying
emphasis on the blockage of the liquid inflow due to
vapor blanketing. Now, it is interesting to note that the
new hydrodynamic model presented in this study is
successful in making a compromise between the above
two opposing groups, and moreover in overcoming
difficulties in bridging the gap between pool and forced
convection boiling. As to the mechanism with which
transition boiling is introduced naturally after CHF,
the description will be omitted here because it has been

"explained in a previous study [23] though in an

imperfect form.

6. CONCLUSIONS

(1) Helmholtzinstability originates the ‘interference’
region in nucleate boiling, leaving a stable liquid film of
a certain definite thickness on the heated surface. CHF
occurs through the total evaporation of liquid on the
heated surface being subject to the restriction of the feed
of liquid to the liquid film due to the vapor blanketing.

(2) Based on the physical structure mentioned
above, a new hydrodynamic model has been developed,
opening a sure access to CHF for various conditions of
the heated surface and the fluid flow. A few examples of
typical analyses of CHF have been shown in this paper
not only for pool boiling but also for foreed convection
boiling on submerged bodies in saturated liquids,
suggesting the broad validity of the model.

. (3) As have been described in Section 5, the feed. of
liquid to the heated surface is no less important than

80 —
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Helmbholtz instability in the problem of CHF. Besides,

in relation to the inflow of liquid, there are second scale
problems proper to individual conditions, such as the
liquid addition due to the inflow of liquid in pool
boiling (Section 3.3), the effects of forced flow on the
inflow conditions in forced convection boiling (Section
4), and others.

(4) In this paper, the heated surface is assumed to be
wettable. In the case of very poor wettability, adequate
modification must be made on the behavior of the
liquid film on the heated surface.
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UN NOUVEAU MODELE HYDRODYNAMIQUE DU FLUX THERMIQUE CRITIQUE,
APPLICABLE LARGEMENT A L’EBULLITION EN RESERVOIR ET A L’EBULLITION
FORCEE SUR DES CORPS IMMERGES DANS LES LIQUIDES SATURES

Résumé—Une instabilité d'Helmholtz est imposée sur I'interface vapeur-liquide des colonnes de vapeur
distribuées dans une couche liquide mouillant une surface chauffée. Ce systéme vapeur—liquide est collapsé
complétement par I'instabilité, mais 4 cause de la suppression de la surface solide, un film liquide mince
incluant les troncs de vapeur part de la surface avec une certaine épaisseur définite en relation avec la longueur
d’onde critique de Helmholtz. Une couverture de vapeur formée sur le film liquide restreint 'alimentation en
liquide par le coeur du film, ce qui provoque la disparition du liquide sur la surface chaude et 'apparition du
flux critique (CHF). Basé sur ce concept, un nouveau modéle hydrodynamiqueest développé et le CHF dans les
systémes d'ébullition fondamentaux sont représentés non seulement pour I'¢bullition ertréservoir mais aussi
pour Pébullition en convection forcée, ce qui suggeére la validité de 1a signification physique du modéle.
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. EIN NEUES HYDRODYNAMISCHES MODELL DER KRITISCHEN
WARMESTROMDICHTE FUR EINEN WEITEN BEREICH DES BEHALTER- UND
STROMUNGS-SIEDENS AN KORPERN IN GESATTIGTER FLUSSIGKEIT

Zusammenfassung—In diesem Aufsatz wird die Helmholtz-Instabilitit auf die Dampf-Flissigkeits-
Grenzfliche von Dampfsidulen angewandst, die in der Fliissigkeitsschicht verteilt sind, welche eine beheizte
Oberfliche benetzt. Das Dampf-Fliissigkeits-System ist durch die Instabilitdt vollstindig zusam-
mengebrochen, aber infolge der dimpfenden Wirkung der festen Oberfliche bleibt ein diinner
Fliissigkeitsfilm, der Dampfsiulen enthiilt, stabil auf der Oberfliche erhalten. Er besitzt eine bestimmte Dicke
entsprechend der kritischen Helmholtz-Wellenléinge. Eine Dampf-Decke, die sich {iber dem Flissigkeitsfilm
‘ausbreitet, verhindert die Fliissigkeitszufuhr vom Kerngebiet zum Film mit dem Ergebnis, daB die Fliissigkeit
von der beheizten Oberfliche verschwindet. Dies ist das Auftreten der kritischen Wirmestromdichte. Aufder
Grundlage des vorgenannten Konzepts wird ein neues hydrodynamisches Modell entwickelt. In analytischen
Untersuchungen wird die kritische Wirmestromdichte in fundamentalen Siedesystemen veranschaulicht, und
zwar sowohl beim Behilter- als auch beim Strémungssieden, was die Giiltigkeit der physikalischen Struktur
dieses Modells bestitigt.

HOBASl THAPOOMHAMHYECKASL MOJEJNBL KPUTUUYECKOIO TEMJIOBOI'O
ITOTOKA, NPUTOAHAS OJ11 ONAUCAHWUA KUIIEHUA KAK B BOJIbIIOM
OBBEME, TAK U ITPU BHIHY>XXAEHHOW KOHBEKUWHW B CJIYYAE TEJ,

IMOrPYXEHHAIX B HACBIIEHHYIO XUIKOCTb

Annorauns — B nacTosmeit paGote ycnoBHs ycTOi4HBAaOCTH [€bMIrONbLIA HANAraroTCA Ha rpaHHLy
pasnena a3 Nap-XHOKOCTh B CTBONAX MNapa, PaCNpENENEHHBIX B C/OE XHAKOCTH, CMaiHBAIOLIEM
HarpeTyio NOBEPXHOCTs. Pacnman Takoi NMapOXHAKOCTHOH CHCTEMbI NPOHUCXOOMT HCK/IOYHTENBLHO 32
CYeT HEYCTOHYHBOCTH, ONHAKO HA TBEPNOH MOBEPXHOCTH OCTaeTCs TOHKas MICHKA XHIKOCTH,
BKJIIOYAIOHIaA B Ce6S CTBOJIBI Napa, TOJUHHA KOTOPOi COCTAB/IAET HEKOTOPYIO BEJHYHHY, COOTBETCTBY-
1OLIYIO KPUTH4ECKO# AuHe Bosbl [ensMronsua. [laposoe nokpbieasio, 06pazosanHoe TakHM 06pa3om
Ha IUVIEHKE >XHAKOCTH, OIPAHMYMBAET MOHAYYy XHAKOCTH H3 OCHOBHOro ofhema Ha MJIEHKY, B
Pe3Y/ILTATE YEro XHAKOCTh HMCHE3AET C HArpeTOH MOBEPXHOCTH, YTO COOTBETCTBYET KPUTHYECKOMY
tennosomy nmotoxy (KTI). Ha ocHoBaHMM BHILIEM3NOKEHHOTO pa3paboTaHa HOBas FHAPO.JHHAMH-
yeckas Mogenb, a aHamus KTII WATIOCTRUPYETCA MPHMEPAMH HE TOJNBKO ATA KHNEHHA B 6oabLI0oM
ofbeMe, HO ¥ IUIA KHNEHHS C BbIHYXICHHOH KOHBEKILIMed, 4TO [O3BOMAET TOBOPUTH O NpaBHIBHOCTH
: (puU3NYECKOH CTPYKTYPSt JAHHOH MOLEIH.
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Abstract—This paper reports the results from an analytical study of the critical heat flux (CHF)ona uniformly

heated horizontal cylinder in an upward crossflow of saturated liquid. Two kinds of vapor escape flow patterns

are taken into account : oneis the bubble-like flow in the range of very low velocities and the other is the sheet-

like flow in the range of sufficiently high velocities. A new hydrodynamic instability model of CHF proposed

recently by the authors is employed in the analysis, and it is shown that the prediction of CHF is fairly good
when compared with the existing data.

NOMENCLATURE

cross-sectional area of vapor stems [m?]

area of heated surface [m?]

diameter of cylinder [m]

mass velocity of liquid, up, [kg m~2 s7 1]

acceleration due to gravity fm s~ 2]

latent heat of evaporation [J kg™ 1]

heat flux [W m~ 2]

deo critical heat flux in saturated boiling

[Wm™?]

q.o predicted by Zuber’s equation (10y

[Wm™?]

R dimensionless radius of cylinder,
@/2)/Lo/g(p;—p,)]1"?

r instantaneous radius of bubble [m]

s instantaneous height of bubble center [m]

t time [s]

u

u

<

PN
€

Qe QA

velocity of bulk liquid flow [m s~ 1]
dimensionless velocity of bulk liquid,

w/loglp—p)/p?]'*

14 instantaneous volume of bubble [m>]

v, volumetric growth rate of bubble
[m®s™']

Greek symbols

O, critical thickness of liquid film [m]

Ap most susceptible (or dangerous) Taylor
wavelength [m]

o density of liquid [kg m 3]

Dy density of vapor [kg.m ™3]

I surface tension [N m™1]

Tq hovering period of bubble [s]

1. INTRODUCTION

WHEN high heat flux nucleate boiling takes place on a
uniformly heated horizontal cylinder in an upward
cross flow of saturated liquid, vapor removal from the
cylinder takes place with two different flow patterns
according to the bulk liquid velocity. If the liquid
~ velocity is very low, a flow pattern such as illustrated in

Fig. 1 appears, where the vapor generated at the
cylinder wall accumulates in a massive vapor bubble at
approximately equal intervals, and each bubble
separates away from the cylinder when it has grown

‘sufficiently. On the other hand, if the liquid velocity is

sufficiently high, a 2-dim. ‘sheet-like’ escape flow of
vapor appears instead of the 3-dim. ‘bubble-like’ flow.
These two types of escape flow patterns were found by
Cochran and Andracchio [1] by means of high-speed
photography, and later, Lienhard and Eichhorn [2)
presented a criterion for the transition between the two
flow patterns. In addition, McKee and Bell [3] showed
by experiment that when the diameter of the cylinder is
increased beyond a certain value under the condition of
fixed bulk liquid velocity, a rapid reduction of CHF
takes place. This phenomenon may also result from the
change of vapor escape flow pattern.

In the paper by Cochran and Andracchio [1], semi-
empirical analyses of CHF were presented for the cases

Detatched bubble
Hovering bubble

Ap Ao Ao
(a)

|
Vapor bubble Vapor stem

Liquid fitm

F1G. 1. Nucleate boiling on a hozjzontal cylinder with bubble-
like escape flow of vapor at high heat fluxes.
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of the bubble-like and the sheet-like escape flows. In the
former case, the effect of forced convection heat transfer
was added to the Lienhard prediction of pool boiling
CHF, while in the latter, the Vliet-Leppert prediction
equation of CHF was employed based on the concept
that CHF is connected to the dryout of the heated
surface at the rear stagnation point of the cylinder. This
means that different models were assumed to predict
CHEF for the two types of escape flow pattern.

Recently, however, the present authors [4] have
presented a new hydrodynamic model of CHF,
predicting the CHF on a uniformly heated horizontal
cylinder, not only in ‘pool boiling’ with a bubble-like
escape flow, but also in ‘forced convection boiling’
with a sheet-like escape flow. In the present paper,
therefore, the analysis of CHF in pool boiling is
extended to the case of the forced cross flow at low
velocities accompanied by bubble-like escape flow, and
the results obtained are compared with the existing
dataincluding the transition from the bubble-like to the
sheet-like escape flow region.

2. THEORETICAL ANALYSIS

2.1. CHF with bubble-like escape flow of vapor
Figure 1 is a reproduction of a figure shown in a
previous paper [4], illustrating the flow configuration
around an infinitely long, horizontal cylinder in the
bubble-like escape flow region. In Fig. 1(a), J;
represents the most susceptible (or dangerous)
wavelength of Taylor instability, which has been given
by Lienhard and Wong[5] for a horizontal, cylindrical
vapor-liquid interface in a stationary bulk liquid as

p 1/2 26 -1/2
= (/3)2 1 L
b=(3 n[g(prpv)] [ - dzg(px—pv)] @

When the cylindrical interface is subject to a forced
cross flow of bulk liquid, equation (1) must be modified.
However, the bubble-like escape flow of vapor takes
place at very low bulk liquid velocities, to which
equation (1) may possibly apply approximately
without serious error.

Figure 1(b) illustrates the situation of a liquid film
wetting the cylinder surface surrounded by a massive
vapor bubble. This liquid film has numerous, columnar
vapor stems of the bubble in it when the film is
sufficiently thick, so the heat transferred from the
cylindrical wall is absorbed by latent heat at the part of
the vapor-liquid interface of vapor stems near the
heated surface, and the vapor thus generated flows
through the vapor stems to enter the surrounding
massive vapor bubble. When the thickness of the liquid
film reduces considerably, evaporation takes place at
the outer surface of the liquid film as well. In any case,
however, the heat flux g is related to the volumetric
growth rate vy of a surrounding vapor bubble via the
heat balance as follows:

vy = ndipg/(pyHey). @

The vapor bubble, thus nourished with vapor from
the underlying liquid film, separates from the cylinder
when it has grown sufficiently. After a bubble leaves the
cylinder, a new one- is immediately established in its
place. This periodic bubble formation can be assumed
to take place with a mean period 74. Now, if the liquid
film blanketed by a vapor bubble is fed with liquid from
the bulk region only when the bubble separates from
the cylinder (see ref. [4] for details), then it can be
postulated that CHF appears when the liquid film
evaporates out at the end of the hovering period z4, for
which the heat balance is written as

quAw = plac(Aw - Av + Awéc/d)Hfg (3)

where &, is the initial thickness of the liquid film [see
Fig. l(b)} A, the area of the heated surface, and A the
cross-sectional area of the vapor stems.

The three unknowns &, A4,/A4,, and 1, included in
equation (3) are evaluated as follows. First, the initial
thickness of the liquid film &, which is the critical
thickness of aliquid film capable of stabilizingitselfon a
solid wall, has been determined in the authors’ previous
paper [4] on the basis of the Helmholtzinstability of the
vapor-liquid interface of vapor stems as

AN?* [ p,H \?
6c=ﬁo_pl+pv <_1)<pv fg) (4)
2 ppe \A, q
where A4,/A,, is given as a very weak function of p,/p, by
A,/A,, = 0.0584(p,/p))"%. &)

Finally, the hovering period of the bubble 7, is
determined through the following theoretical analysis
of the bubble behavior by means of such an idealized
model as illustrated in Fig. 2 [6], where a spherical
bubble, being nourished with vapor from a fixed point
P, is moving upward due to the buoyant force. For this
bubble, the equation of motion is written as

d|/11 d .
o [( n+ >V<£ —“):l =(—p)Vg (6

where 11/16 is the theoretical volumetric ratio of the
accompanying liquid to a moving spherical bubble [6],
V the bubble volume at the time ¢ after the
commencement of bubble growth, s the height of the
bubble center O measured from the fixed point P,and u
the vertical upward velocity of bulk liquid. (Note that

Liquid

Vapor bubble

OI\r

F1G. 2. A model 6f vapor bubble growing through the feed of
vapor as well as rising due to the buoyancy.
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ds/dt —u is the relative velocity of the bubble center to
the bulk liquid.)
In equation (6), V is evaluated by

V=ut )

where v, is the volumetric growth rate of the bubble
given by equation (2).Itis noted in Fig. 2 that although
the bubble center O rises continuously after ¢ = 0, the
state of s < r {where r = [3 V/(4m)]*3} can hold for a
certain period due to the increase of the bubble volume
V, which determines the hovering period of the bubble
74 Thus, solving equation (6) together with equation
(7)for (1), and taking into account the initial condition
s=0 at t =0 as well as the departure condition
s=r=[3V/4n)]* at t = 1, yields

. < 3 )”5 [4(£m+pv')]3’5
“\4n) | gi—p)
BT [1 N 4<fpl+pv)u]3/5 ®

Tag(pr—p,)

where € = 11/16.

Now, ignoring A,/A,, as compared with unity in
equation (3), since A4,/4, < 00584 as is noted in
equation (5), and solving equations (1)~(5) and (8) for
the critical heat flux g, and finally writing the g as ¢,
results in

Qoo \/3‘ 1/16 - 1 T2
deoz \R 2Ry

0.4 5/16
Py 1 !
X 1+0.156<—) <1+—>—,——-—:|
l: P 1) R (4e0/de0.2)

11
u_ p
16 p

0.4
() (+2)
14 gl
<q o )3 1/16
dc0,z ,
2, \0% o 1 1 u ©)
1+0.156<—"> <1+—">~,——2
4} 21/ R (Qc0/9c0,2) -

where

x | 14168

X

R’ =(d/2)/[o/9(0,—p.)]1"?,
u' = u/fog(p,—p,)/pZ]"*,

and g, z is the critical heat flux in pool boiling on an
infinite, upward-facing, horizontal flat plate [4], which
can be derived from the foregoing analysis with three
necessary modifications for an infinite plate:d — oo in
equations (1) and (3), v; = (A’D)Zq/(vafg) in place of
equation (2), and u =0 in equation (8). When the
numerical value of ¢, ; in equation (9) is required, it is
calculated by the following Zuber equation. (See
Section 2.3 in ref. {4] for details.)

_ 1/4
ch,Z /[o-g(pl pv):l = 0.131,

poHzg p?

(10)

Table 1. Values of g.o/q. 7 predicted by equation (9)

R
w p/pn 01 02 05 1.0 S50 10
0.0001 1360 1246 1.120 1.049 0936 0.896
0001 1373 1253 1123 1.051 0937 0.896
0 0.01 1402 1270 1.131 1.055 0938 0.897
0.1 1472 1313 1.153 1.067 0940 0.898
1 1699 1470 1243 1.123 0956 0.906
0.0001 1433 1301 1.158 1.079 0956 0913
0001 1406 1277 1.140 1.064 0945 0903
001 0.01 1416 1280 1.138 1.060 0941 0.900
0.1 1477 1317 1156 1.069 0942 0.899
1 1.701 1472 1244 1.124 0956 0.907
0.0001" 1.642 1478 1301 1.203 1.051 0998
0001 1553 1.397 1231 1.139 0999 0951
01 001 1.502 1347 1187 1.099 0968 0.922
0.1 1.521 1350 1.178 1.087 0954 0910
1 1723 1488 1255 1.132 0962 0912
00001 1.951 1.755 1.543 1424 1239 1.174
1 0001 1.829 1.642 1441 1.329 1.157 1.096
0.01 1734 1549 1354 1.247 1084 1.028
0.1 1.694 1496 1.295 1.187 1.029 0976
1 1.845 1585 1328 1.193 1.006 0951

The root g./q.0,2 of equation (9) can be solved by
computer as a function of R’, p,/p, and «'. Some of the
results thus obtained are listed in Table 1, where the
values of g0/, 2 in the case of u' = Qare found to agree
with those obtained in the previous paper [4] for
saturated pool boiling on a horizontal cylinder. In Fig,
3, the prediction of equation (9) in the case of u’ = 0 is
compared satisfactorily with the range of about 900
experimental data points of CHF in pool boiling
collected by Sun and Lienhard [7].

2.2. CHF with sheet-like escape flow of vapor

Figure 4 illustrates the flow structures at high bulk
liquid velocities accompanied by a sheet-like escape
flow of vapor. In this case, if the bulk liquid velocity is
sufficiently high, g, is hardly affected by gravity, and
the analysis of g, presented in the present authors’
previous paper [4] is summarized as follows. A liquid
film flowing over a cylinder wall receives saturated
liquid constantly at the front stagnation point with 8, in

t:j Range of about 300 data

R/Fi=0.1
£/91=00001
Equation{9) for u’=0

Fic. 3. Critical heat flux in, saturated pool boiling for

horizontal cylinders.
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F1G. 4. Nucleate boiling on a cylinder in a cross flow with a
sheet-like escape flow of vapor at high heat fluxes.

film thickness from the bulk flow of velocity u, which
causes CHF when theliquid film flow drys up atthe rear
stagnation point, and the heat balance is written as

qnd/2 = pid uH, T 1y

Solving equations (4), (5) and (11) for the critical heat
flux ¢, and writing the g as g, results in’

0.467 13 1/3
ch pv pv O'P]
=0.151{—= 1+ — 12
GH,, (,,) (J“pl) (sz) 12

where G = up,, that is, the mass velocity of the butk
liquid flow. Except for the case of p,/p,> 0.1,
(1+p./p)*® on the RHS of equation (12) may
be approximated as unity.

3. COMPARISON WITH EXPERIMENTAL DATA

3.1. Change of CHF with bulk liquid velocity

Figure 5 shows a comparison of g, predicted by
equations (9) and (12) with the experimental data
obtained by Cochran and Andracchio [1]for saturated
" water at atmospheric pressure (p,/p; = 0.000624).
Bubble and sheet regions indicated by directed lines in
Fig. 5 are the results observed in ref. {17 by means of
high-speed photography.

Figure 6 shows a similar comparison for saturated
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FI1G. 5. Variation of g, with u for water at atmospheric
pressure (p,/p, = 0.000624).
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FI1G. 6. Variation of g,, with u for water at atmospheric
pressure (p,/p, = 0.000624).

water at atmospheric pressure (p,/p, = 0.000624),
though the diameter of the cylinder is somewhat greater
than that in Fig. 5. Experimental data are those
obtained by the extrapolation of the subcooling
temperature Az, — 0 in Fig. 4 of Vliet and Leppert’s
paper [8].

Figure 7 shows a comparison for saturated R-113 at
near atmospheric pressure (p,/p, = 0.00645), and
experimental data are those obtained by Cochran and
Andracchio [1]. According to ref. [1], the vapor
removal processes in the present case resemble a
bubble-like phenomenon for all the data points in Fig.
7, with no evidence of a long sheet of vapor being torn
away from the vapor cavity behind the cylinder.

Figure 8 refers to the data obtained by Yilmaz and

. Westwater [9] for pool boiling as well as for forced

convection boiling of saturated R-113 at near
atmospheric pressure (p,/p; = 0.00489) on a cylinder of
considerably large diameter.

Figure 9 refers to the data of R-12 at 7.85 bar
(po/p1 = 0.035) measured by Cumo et al. [10] with
very low velocities and a large cylinder diameter.
Although the data points plotted in Fig. 9 are somewhat
special ones obtained by heating the central tube alone
in a horizontal tube bundle of staggered arrangement,
the liquid velocity crossing the tube bundle is so low
that the condition of the CHF on a single cylinder may
be approximated.
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FiG. 7. Variation of g, with u for R-113 at 1.34 bar
(p./p, = 0.00645).
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-d=I6.5mm .
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Equation {9}
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o

F1G. 8. Variation of g,, with u for R-113 at near atmospheric
pressure (p,/p, = 0.00489).

Finally, Fig. 10 shows a comparison of the
predictions of equations (9) and (12) with the CHF data
of isopropanol at near atmospheric pressure (p,/p,
= 0.00299) measured by Hasan et al. [11].

3.2. Change of CHF with diameter of cylinder

Figure 11 shows the change of critical heat flux g,
with the diameter of the cylinder under fixed condition
of bulk liquid velocity for saturated water at
atmospheric pressure (p,/p; = 0.000624). In Fig. 11,
circular symbols refer to the data obtained by McKee
and Bell [3], while triangular symbols refer to the data
of Vliet and Leppert [12].

4. DISCUSSION

(1) Although comparisons between the prediction
and the data are rather limited in number, the results of
Figs. 5-11 show that the prediction of equation (9) for
the CHF in the bubble-like escape flow region is fairly
successful except for Fig. 10, where the data for d = 0.50
and 0.81 mm appear too high as compared with the
data for d = 1.50 mm.

(2) Asforthe prediction ofequation (12)for the CHF
in the sheet-like escape flow region, it has been shown in
the present authors’ previous paper [4] that there are a
few secondary problems to be solved if much better
agreement with the experimental data is required.
However, asfar as the rough trend in the change of CHF
is concerned, the prediction of equation (12) seems to
agree with the data within the range of conditions dealt
with in this paper.

Postulating ‘mechanical energy stability criterion’,
Lienhard and Eichhorn [2] formerly presented a semi-
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F1G. 10. Variation of g, with u for isopropanol at near
atmospheric pressure (p,/p; = 0.00299).

" theoretical generalized correlation for the CHF in the

sheet-like escape flow region, which was composed of a
prediction of ¢, in the low-velocity region,

Tqc0 — 1/3 4 173
0 144 —) .
vafgu Py d

a prediction of ¢, in the high-velocity region,

nq. 1 [ \3/4 1 1/2 o 1/3
deo _ _° (P NI ] — (14)
pHu 169\ p, 19.2\ p, putd
and a prediction of g in the transition region between
the foregoing two regions,

1/2
= 0275 (‘ﬂ) F1.

13)

o

—_ 15
vafgu ( )

Py
This correlation suffers from a rather strange trend in
the range of p,/p, > 0.00108, where g, predicted by
equation (13)is always higher than that ofequation (14).
Recently, taking into account such the data as
plotted in the sufficiently high velocity regions of Figs.
6,8 and 10, Hasan et al. [11] modified equation (14) as
follows :

1 1 2/3 13
Moo _ 1 (p), __(& L2> (14a)
pHeu 1090\ p, 66.6 \ p, pau’d
Ly ()
to predict only the CHF unaffected by gravity. If G is

employed instead of u, equation (14a) can be rewritten

S

&

t
=
=
S &
=2 QUay;
= {10’7/72)
3 2
T
e Equation( g
£ 101 0 u=104m/s °0°o0
3 au=105m/s
2 s i L . L .
=) 2 5 19 2 5
s}

DIAMETER d {mm)

FiG. 11. Variation of ¢, with-d for water at atmospheric
pressure (p,/p; = 0.000624).
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as

4co
GH,

()"
= 0.000292 +0.00478 [ —— (14b)
fa G%d
When both p./p, and 6p/G?*d are moderate in
magnitude, g,,’s predicted by equations (12) and (14b)
are close to each other, but when either p,/p, is
extremely high or when ¢p,/G?d is extremely low, the
predictions of the two equations depart from each
other.

(3) For the transition from the bubble-like flow
region toward the sheet-like flow region, Lienhard and
Eichhorn [2] gave the following tentative criterion:

pudjc = 4(p/p,)R’ (16)

while Yilmaz and Westwater [9] referred to another
criterion of Lienhard and Eichhorn,

p*d/o = 0.1(p,/p)(R')*: 17

When compared with the results of Figs. 5-10,equation
(16) appears to be unsuitable, while equation (17) is
regarded as tolerable, but the latter equation still seems
tounderpredict the critical velocity and overpredict the
critical diameter. According to the analysis developed
in the present study, equation (17) may probably be
improved by taking into account not only p,u?d/s, p,/p,
and R’ but also «'.

Recently Hasan et al. [11] presented a critical value,

uw/pJe)'’? = 10, (18

above which gravity is assumed to exert no influence on
4.0, corresponding to the applicable range of equation
(14a). It seems likely that equation (18) is different in
character from the criterion of equation (17), being
unable to explain, for example, the phenomenon of the
critical diameter shown in Fig. 11,

5. CONCLUSIONS

(1) CHF onahorizontal cylinder in an upward cross
flow has been analyzed on the basis of a new
hydrodynamic instability model proposed in the
present authors’ previous paper [4]. The predictions
thus obtained are compared satisfactorily with the
existing experimental data, mainly for the CHF in the
bubble-like flow region and for the trend of the
transition from the bubble-like to the sheet-like escape
flow region. '

(2) Experiments of the CHF on a horizontal cylinder
inan upward cross flow at comparatively low velocities
are extremely limited in the extent of the experimental
conditions as well as in the number of data.
Accordingly, further experimental studies are needed to
establish a more reliable and comprehensive know-
ledge of this phenomenon.
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CHF on a uniformly heated horizontal cylinder

FLUX THERMIQUE CRITIQUE POUR UN CYLINDRE HORIZONTAL UNIFORMEMENT
CHAUFFE DANS UN ECOULEMENT TRANSVERSAL ASCENDANT DE LIQUIDE
SATURE

Résumé—On rapporte les résultats d’une étude analytique du flux thermique critique (CHF) sur un cylindre
horizontal chauffé uniformément dans un écoulement transversal ascendant de liquide saturant. Deux sortes
d*écoulement de sortie de vapeur sont considérées : 'une est 'écoulerent de bulles dans le domaine des trés
faibles viiesses et I'autre est I'écoulement comme feuilleté dans le domaine des vitesses suffisamment élevées. Un
nouveau modele d’instabilité hydrodynamique de CHF proposé récemment par les auteurs est employé dans
cette analyse et on montre que la prédiction de CHF est bonne, comparée aux données existantes.

KRITISCHE WARMESTROMDICHTE AN EINEM GLEICHFORMIG BEHEIZTEN
HORIZONTALEN ZYLINDER IN DER AUFWARTSGERICHTETEN QUERSTROMUNG
EINER GESATTIGTEN FLUSSIGKEIT -

Zusammenfassung—Diese Arbeit berichtet iiber die Ergebnisse. einer analytischen Untersuchung der
kritischen Wirmestromdichte (CHF) an einem gleichférmig beheizten horizontalen Zylinder in einer
aufwiirtsgerichteten Querstrémung einer gesittigten Fliissigkeit. Es werden zwei Strémungsformen des
entweichenden Dampfes betrachtet: blasendhnliche Strémung im Bereich sehr kleiner Geschwindigkeiten
und streifenférmige Strdmung im Bereich geniigend hoher Geschwindigkeiten. Ein neues hydrodynamisches
Instabilitdtsmodell fiir die kritische Wirmestromdichte, das kiirzlich von den Autoren vorgeschlagen wurde,
wird heier verwendet. Es zeigt sich, daB die Vorhersage der kritischen Wirmestromdichte recht gut mit den
bestehenden Daten iibereinstimmt.

KPUTHUYECKHUY TEILUIOBOHN IMOTOK HA PABHOMEPHO HAI'PETOM
T'OPU3OHTAJIbHOM LHW/JIMHAPE ITPU IIOMNEPEYHOM OBTEKAHMU BOCXOAAIIUM
TEYEHUEM HACBIIEHHOW XWUJAKOCTHU

Annoramma—IIpecTaBNeHB! pe3yAbTaThl 2HAJMTHYECKOTO MCCIENOBAHMS KPHTHYECKOTO TEIIOBOIO
notoxa (KTII) na paBHOMEPHO HAIDETOM [OPH3OHTAJLHOM NAIHHAPE NpPH MONEPEYHOM OGTEKaHHH
BOCXOASILIMM TEYEHHEM XHUIKOCTH, HAXOAAWIEHCA HAa JIMHHA HACBLINEHUS. YUTEHbl JBA THOA TEYEHHS
o6pasylowierocs napa: OfHO B BHAE IY3HIPHKOB B JHMANA30HE OYEHb MAJBIX CKOPOCTEH H BTOpOE—
CIIOUCTOE B JHAna3soHe HOCTATOYHO BBICOKMX cKopocTedl. [Jlis aHanM3a HCIONB3YETCS HEJABHO
[IpE/UIOXKEHHAs aBTOPAMHU HOBas MOJENs ruapoAnHaMuyeckol Heycrouneoctn npu KTII. ITokaszano,
470 paccyuranupie 3HaueHus KTII [oBOMBHO XOpOLIO COMIACYIOTCH C MMEIOIMHMUCH IKCIIEPHMEH-
TaJbHbIMH JAHHBIMM.



JOURNAL OF THE FACULTY OF ENGINEERING, THE UNIVERSITY OF TOKYO (B)
Vol. XXXVII, No. 1 (1983)

Critical Heat Flux for Uniformly Heated Vertical
- Channels with Low Ratios of Heated Length to
Heated Equivalent Diameter

by
Yoshiro KATTO* and Akira SANADA*
(Received July 27, 1982)

When the ratio of heated length / to heated equivalent diameter d,, is reduced
excessively for a uniformly heated channel, critical heat flux (CHF) may possibly change
its character from that of a channel flow toward that of a heated surface in a parallel
flow. The aim of this study is to clarify phenomenological outlines of this problem. In
order to observe CHF under intermediate conditions between the channel and the
parallel flow, experiments are made for flow boiling of R-113 in internally heated annuli
of low I/d,, ratios with comparatively high mass velocities. Then, the data obtained are
analyzed together with the existing data of CHF for low //d,, ratios in the case of high
mass velocities, from which tentative criterions are derived for the occurrence of channel
flow CHF and parallel flow CHF. Finally, the existing data obtained for low //d,, ratios
in the case of low mass velocities are also analyzed clarifying a special character of CHF
under these conditions.

Nomenclature

b = width of rectangular cross section (=width of heated side wall);
d = LD. of heated tube;
d,, = heated equivalent diameter = (4 x flow area)/(heated perimeter);
d;, = LD. of annulus;
d, = O.D. of annulus;
e = height of rectangular cross section (=width of unheated side wall),
G = mass velocity;
H,, = latent heat of evaporation;
AH; = inlet subcooling enthalpy;
! = axial length of heated section;
p = absolute pressure;
q. = critical heat flux;
4., = Dbasic critical heat flux (g, for AH;=0);
[9..)c = predicted g, for channel flow CHF;
[9..]p = predicted g, for parallel flow CHF;
U; min = minimum inlet velocity.
Greek symbols
p; = density of liquid;
p, = density of vapor;

* Department of Marine Engineering.
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g
Hex

surface tension;
exit quality at CHF.

1. Introduction

So far many experimental studies have been made on critical heat flux (CHF) of forced
convection boiling in uniformly heated tubes, annuli and rectangular channels to clarify the
fundamental natures of CHF primarily in connection with their application in nuclear reactors
and steam generators. Most studies, therefore, have generally been made for channels with
comparatively high ratios of axial length / to either diameter 4 or heated equivalent diameter
dy,, but there are some experimental data taken with considerably low //d or //d,, ratios. Table
1 lists typical examples of experimental studies to give such data, where Sakurai [1], Andrews
et al. [2], JSME [3], and Tolubinskiy et al. [4-6] are concerned with water, acetone and toluene
boiling in internally heated annuli; Bergles [7], Sterman et al. [8], and Giarratano et al. [9] with
water, benzene and helium-I boiling in round tubes; and Goto [10], Yiicel and Kakag [11], and
Isshiki et al. [12] with water boiling in rectangular channels.

For the experiment of CHF of flow boiling in a channel under subcooled inlet conditions,
if the //d,, ratio of the channel is reduced excessively, there is a possibility for CHF to change
its character from that of a channel flow to that of boiling on a heated flat surface in a parallel
flow. However, CHF is a phenomenon closely related to two-phase flow pattern, therefore the
change of the character of CHF mentioned above may possibly be affected not only by the //d,,
ratio but also by some other factors. . _

In this paper, therefore, an inquiry into conditions to provoke the change of the character
of CHF is made, including experimental studies on CHF of R-113 boiling in internally heated
annuli of low //d,, ratios. For the sake of simplicity, the CHF of flow boiling in a channel of a
sufficiently high //d,, ratio will be called ‘channel flow CHF’, while the CHF of boiling on a
heated flat surface in a parallel flow will be called ‘parallel flow CHF in this paper.

In order to forward the present study, it is necessary to have adequate measures for making
a judgement of experimental data between the two types of CHF. Recently, one of the authors
proposed generalized correlations for CHF of flow boiling in uniformly heated vertical tubes
{13, 14], annuli [15, 16], and rectangular channels {17] under subcooled inlet conditions. It
seems likely that these generalized correlations predict the trend of CHF fairly well over a wide
range of conditions, therefore they will be used as the measures to identify channel flow CHF.
In the above correlations, channel flow CHF is classified into four characteristic regimes of L,
H, N and HP, where L-regime is concerned with CHF on dryout side with low mass velocities,
N-regime is concerned with CHF on DNB side with high mass velocities, H-regime is the
intermediate regime between L- and N-regime, and HP-regime is a special regime replacing N:
regime when pressure is very high. In addition. L-, H- and HP-regime are characterized by
having a linear relationship between critical heat flux ¢, and inlet subcooling enthalpy 4H,,
whereas N-regime shows a nonlinear g—A4H, relationship. Meanwhile, a generalized cor-

1

relation equation for CHF of boiling on a uniformly heated flat surface in a parallel flow of
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Y. KatT0 and A. SANADA

saturated liquid was presented by Katto and Kurata [18], and this correlation equation will be
used as the measure to identify parallel flow CHF.

In Table 1, the column for the type of CHF shows the preliminary results obtained from
comparisons of CHF data with the above-mentioned generalized correlations, where
‘~Channel’ denotes the CHF on the channel flow CHF side, while ‘ ~ Parallel’ denotes the
CHF on the parallel flow CHF side; suggesting that CHF changes from channel flow CHF to
parallel flow CHF with reducing //d,, or //d.

2. Experimental Apparatus

Experimental apparatus employed in this study is shown schematically in Fig. 1. A storage
tank with a cooling tube and an electric heater in it keeps the temperature of liquid R-113 at a
prescribed value by employing the assistance of a temperature regulator. A part of the quﬁid
flowing out of a circulating pump returns directly to the storage tank through by-pass I, while
the remaining liquid flows toward the test section. A fine control of flow rate to the test section
can be made by turning up or down valves in passages of by-pass Il and orifice plates, where
the orifice plates are in two sizes, and either of the two is used according to the magnitude of
flow rate. The vapor and liquid mixture leaving the test section flows into a separator, and the
vapor separated is condensed in a water-cooled éondense_r before returning to the storage tank.

Test section is a vertical annulus composed of a heat-resisting glass shroud tube and a core
rod made from stainless steel tubing with a wall thickness of 0.5 mm. The rod tube is welded at
each end to a copper rod of the same outer diameter, and is heated by direct passage of a low-
voltage alternating current of 50 Hz. F igure 2 shows the details of passage structure near and
upstream tﬁe starting section of annulus, and the passage near the exit end of annulus is
approximately the same as above. Heat conduction loss from the core tube end to the copper
rod is very small due to the thin wall thickness of 0.5 mm, and accordingly, no serious errors

Water ] vapor/l iquid
cx(ljed = separator
C enser .
~] l
By_passI 11 :
A.C.Power
supply
Storage Test |
== tank saction

—— I

y {

Cooler E By-pass L :
!

!

o 7
W || X X o
o Ol ees

Circulating pump Fig. 1. Experimental apparatus.
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Fig. 2. Details near and upstream the starting section of annuli.

are given to the measurement of CHF. The occurrence of CHF is detected by thermocouples
spot-welded to the outer surface of the heated core rod near the exit end, when the input of

power is shut down by a preventive device against the excessive progress of CHF.

3. Experimental Results and Analysis

Figure 3 shows critical heat flux ¢, against inlet subcooling enthalpy 4 H; measured in the
present study for p=1.17 bar (p,/p,=0.00563), /=150mm, d;=10.0mm and d;=16.0mm
(//d,,=9.60). Now, the basic critical heat flux g,,, that is determined by extrapolating the trend
of each family of data as 4H;—0 in Fig. 3, will be compared with the predictions of ¢, for
channel flow CHF and parallel flow CHF in Fig. 4. In this case, g, for channel flow CHF in

internally heated annuli is predicted by the following generalized correlation equations [3, 4]:

H-regime:
0.133 1/3 1
o _0.12 (33) <ﬁ) . (1)
GH,, o Gl 1+0.0081 i/d,,
H- and N-regime:
Qeo —om <&>0.133 <£EL)O.433 (Z/dhe)0.17l (2)
H, \p/  \GU 1+0.0081 I/d,,

Equation (2) is related to both H- and N-regime, and the boundary between the two regimes is
given by
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R /R =0.00563
2/dre=9.60
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30
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Fig. 3. Experimental results of CHF. /=150mm, d,=10.0mm and d,=16.0mm.
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Fig. 4. Comparison of experimental ¢,, with prediction of q., for channel flow CHF and parallel
flow CHF. /=150 mm, ¢,=10.0mm and d,=16.0mm.
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Meanwhile, g, for parallel flow CHF is predicted by the following generalized correlation
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equation [6):

) 0.599 o 0.264
o _0.186 (5’-‘—) (#) 4)
GH,, I Gl

It is noticed in Fig. 4 that the data points of g, denoted by open circles lie between the

channel flow CHF predicted by egs. (1) and (2) and the parallel flow CHF predicted by eq. (4).

- If the data points located between the mark B and D in Fig. 4 were on the prediction lines of
egs. (1) and (2) for H-regime, then the data of CHF for G =260-2200kg/m?s in Fig. 3 would
exhibit linear gq—4 H, relationships. Actually, however, the data for G =260-2200kg/m?s have
nonlinear g—~AH, relationships, manifesting that these data are apart from conditions of
channel flow CHF. '

The circumstances mentioned above are also in accord with the results from observations
of two-phase flow pattern. Figure 5 shows still photographs of the flow pattern in the annulus
taken just before the onset of CHF, corresponding to the data points A, B, C and D in Fig. 4
respectively. According to the previous study [19], in which the relation of characteristic
regimes of CHF with flow patterns near the eXit end of heated tube was investigated, channel
flow CHF in H-regime takes place accompanying spray annular flow pattern. In the case of
Fig. 5, however, the flow pattern near the exit end of heated section is not the annular flow type
but a kind of bubbly flow accompanied by numerous small-scale vapor patches, showing a

certain degree of similarity to the two-phase flow pattern in the case of parallel flow CHF [18].

Next, Fig. 6 shows the experimental results obtained for p=1.36 bar (p,/p,=0.00654), /=

-

— —"

Heated Section

pu—

f—

A B Cc D
Fig. 5. Flow patterns in annulus corresponding to the data points A, B, C and D in Fig. 4 (e
represents O.D. of glass shroud tube). ‘ ~
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Fig. 6. Comparison of experimental g, with prediction of ¢, for channel flow CHF and parallel
flow CHF. /=100 mm, 4;=10.1 mm and d,=20.1 mm.

Heated Section

A B - C D

Fig. 7. Flow patterns in annulus corresponding to the data points A, B, C and D in Fig. 6 (+»
represents O.D: of glass shroud tube).

100 mm, d;,=10.0mm, and d,=20.1 mm (//d,,=3.29). In this case, the variation of g, with 4H,
was not measured, and the ¢, data obtained for AH;=0 are plotted without any corrections in
Fig. 6, accordingly there may be a possibility for the true values of g,, to be slightly lower than
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the data points denoted by open circles in Fig. 6. Anyhow, for the data points in the range of
op,/G*! corresponding to N-regime of channel flow CHF at least, it is noted that they are
nearer the parallel flow CHF predicted by eq.(4) in Fig. 6 for //d,,=3.29 than in Fig. 4 for
l/dy,=9.60. Figure 7 shows still photographs of flow pattern taken just before the onset of
CHEF at the data points A, B, C and D in Fig. 6, suggesting that the two-phase flow observed is
similar to that of parailel flow CHF.

4. Criterions for Occurrence of Channel Flow CHF and Parallel Flow CHF

In the preceding section, intermediate states between channel flow CHF and parallel flow
CHF were found in Figs. 4 and 6. As the next step, therefore, the sarﬁe analysis will be
attempted for the data of ¢, obtained from the experiments listed in Table 1 except the case of
rectangular channel with many horizontal systems. The results obtained for internally heated
vertical annuli and thoseé obtained for vertical tubes are shown in Figs. 8 and 9 respectively,
where g, of channel flow CHF is predicted by egs. (1) to (3) in Fig. 8, and by the following

generalized correlation equations [1, 2] in Fig. 9:

2 -2
10 10 [
#/%=0.000868 £/f=0.103 =
2/dr=0.06 2/dre=9.5
-3
10
ea-
" Water [4]
10 ] |
10 10
£/f=0.00291 %/§=0.160
2/dwe=1 2/dnre=12
-3 I (R
10 L= 10
~ a8 o
W1 Acetone [2] i Water(5] [6]
10 ! - 10 3 I5 lt 3
13 10 10 ) 10 10
£/f=0.0405 w 0B /GQ
2/dre =10 G
=
LA
\01 3
S [~ _ | |
€ ’ Fig. 8. Comparison of experimental ¢, with
prediction of g, for channel flow CHF and
& | lwa‘e' (3l parallel flow CHF.
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10° 100 =
£ /8 =0.00124 R/f=0.5 ga. - -

2/d =5

Hetium-I [ 9]

£ /R =0.00675
2/d =10

S
T

4 Benzene [8] 16‘ l 1 l-:elium-l [91
! ! !
0 BT 16° 10 16’
R /6
Fig. 9. Comparison of experimental g, with prediction of ¢,, for channel flow CHF and parallel
flow CHF.
H-regime:
: 0.133 /. \1/3 1
9o _0.10 <ﬁ> <%> — OF
GH,, o Gl 1+0.0031 l/d
H- and N-regime:
0.133 0.433  (1/71)0-27
deo 0,098 <f’i> ("—p’) _Ware ©)
GH,, o G2l 1+0.0031 l/d
Boundary between H- and N-regime:
op, (0.77)2'70 )
G2 \ljd

One can notice in Fig. 8 that the solid lines to predict channel flow CHF are higher than
the broken lines to predict parallel flow CHF in the upper two diagrams, the solid and the
broken lines are nearly the same in height in the middle diagram, and the solid lines are lower
than the broken lines in the lower two diagrams. Meanwhile, the data points of g,, denoted by '

.solid circles in Fig. 8 are located very near the broken lines in the upper two diagrams where
//d,, <1, whereas the data points are very near the solid lines in the other three diagrams where
I/d,, = 10. ' ,

As for the results of Fig. 9, it is noticed that the solid line is higher than the broken line in

the top diagram, the solid and the broken lines are nearly the same in height in the second

diagram, and the solid lines are lower than the broken lines in the lower two diagrams. The
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data points of g, may be judged to be near the solid lines throughout these four diagrams of
Fig. 9.

The data shown in Figs. 4, 6, 8 and 9 are considerably limited in number, but nevertheless,
they cover five kinds of fluids and the ranges of p,/p,=0.000868—0.211 and of ¢p,/G*/=
107~ 1073. Accordingly, one may derive tentatively the following two criterions, which
certainly hold for the occurrence of channel flow CHF and parallel flow CHF throughout the
results given in Figs. 4, 6, 8§ and 9: '

(i) If the pressure p or the vapor-to-liquid density ratio p,/p, is sufficiently high to give the
state that [g..]p 2[9..]c, Where [g.,], denotes the g, of parallel flow CHF predicted by
eq. (4), and [g,,] denotes the g, of channel flow CHF predicted by egs. (1), (2), (5) and
(7), then CHF appears always on the side of channel flow CHF. o

(i) Ifp or p,/p,is low enough to give the state that [9.0)p <[q.0lc, then CHF appears on the
channel flow CHF side when //d,, is high, but CHF changes from channel flow CHF to
parallel flow CHF when //d,, becomes very low. The magnitude of //d,, or //d at which
CHF departs from channel flow CHF is not yet decided, but it seems to take a value
between | and 10 approximately, depending on the factors such as p,/p,, 6p,/G*! and

... the geometrical figure of channel cross section. '

As has been described, the experimental data, from which the above-mentioned criterions
are derived, are in the range of op,/G*/ <1073, In other words, the above criterions apply to
CHF in the range of high mass velocities, where channel flow CHF and parallel flow CHF are
' liable to have relations with each other. In addition, it may be of use to note here that the above

criterions hold approximately for CHF in horizontal rectangular channels as well (see Fig. 5 of

[17D.

5. Case of Low Mass Velocities

In the case of low mass velocities (say op,/G*!>1072), channel flow CHF is usually in L-
regime or in the part of H-regime near L-regime, where CHF is assumed to originate in dryout
of a very thin liquid film on the heated wall. Therefore, even if //d,, is very low, a fundamental
difference of two-phase flow pattern may exist between channel flow CHF and parallel flow
CHF, deteriorating the applicability of the criterions (i) and (ii) mentioned in the preceding
section.

The early paper [20] presented by one of the authors on the generalized correlation of
CHF in vertical tubes describes a special state of CHF called VL-regime (a regime of very low
mass velocities for short tubes), where the data of g, deviates from the g, predicted by thé

following correlation equation for the channel flow CHF in L-regime [13]:

0.043 1
G _c (gﬂ ) 1 ®)
GH,, \G% I/d

where C=0.25 for l/d<50, C=0.34 for //d>150, and C=0.25+9x107* [(//d)—50] for
50 <//d < 150. In [20], experimental data of Lewis et al. [21] for liquid hydrogen, and those of

—100—
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Table 2. Experimental conditions for CHF at compafatively low mass velocities.

Source Fluid ! 4 lid B 102 Yi.cain Remark
(cm)  (cm) o (m/s)
Lewis et al. 21} "H, 11.2-40.6 1.40  8.00-29.0 6.35-7.25 0.081 /: boiling length*
Hewitt et al. [22] Water  22.9-183  0.930 24.6-197  0.0909 0.097
Barnard et al. 23] R-113 142-982 1.74  8.25-57.0 0.511 0.032  /: boiling length*
Pokhvalov et al. [24] Benzene 8.00 0.500 16.0. 0.503-23.6  0.075
* See [25] for the relation between boiling length / and basic CHF g,
~1 ‘ =]
10 10
%/8 = 0.0685 £/ =0.0686
L/d =8.4 Eq(8) 8/d =25
16° 1 el _
AM) — Eq. (8)
e
Pty
ea®
) para-Hydrogen (21] 3 para-Hydrogen [21]
10 ; ! ] 10" L L ]
4 10 10 10 10
10
£/h=0.0114 "\8/@
2/d =14 |
L2 ) /’A
X q_\B\ = .
' { 10° - € Fig. 10. Comparison of experimental g,, with
°§ prediction of -g,, for channel flow CHF at
- comparatively low mass velocities.
ta
- . para—Hydrogen [21]
10 L !

Hewitt et al. [22] flow water were referred to VL-regime (see Table 2 for details of the
experimental conditions of these two studies). As for the former data, however, if they are
compared with the prediction of CHF in the same manner as in Fig. 9, the result of Fig. 10 is
obtained, leading to the conclusion that although the data certainly deviate from the prediction
of eq.(8) as //d is decreased from 25 to 8.4, they show an agreement with the prediction of
eq. (5) for CHF in H-regime. This means that the data of Lewis et al. [21] have no connection
with VL-regime, and it is presumed that the misjudgement in [20] was made because of the
ambiguities remaining of the classification of CHF regimes for very low //d ratios in the early
. stage of study. _ '

Meanwhile, the data of Hewitt et al. [22] give the results of the top diagram in Fig. 11,
showing that the data for //d>49 agree fairly well with the prediction of eq. (8), whereas the
data for //d=25 and 33 deviate considerably from the prediction of eq.(8). In addition,
according to Fig. 2.7 of the paper of Hewitt et al. [22], the data for low //d ratios exhibit
anomalous relations between g, and 4H,. Therefore, in the case of the top diagram in Fig. 11,

—101— -
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Fig. 11. Comparison of experimental g, with prediction of g, for channel flow CHF at
comparatively low mass velocities.

CHF for //d as low as 25 and 33 is considered to be certainly in a special state (VL-regime).
Next, the middle diagram of Fig. 11 shows the data of Barnard et al. [23] obtained for R-
113, where the data for //d= 17 agrees f‘airly well with the prediction, while the data for //d=8.5
show a deviation from the prediction of eq. (5). Finally, the bottom diagram of Fig. 11 shows
the data of Pokhvalov et al. [24] obtained for benzene boiling in a tube of //d= 16, for which
Pokhvalov et al. reported that when the mass velocity G was low, the data showed the
character close to the prediction of Kutateladze-Zuber correlation for CHF in pool boiling.
Therefore, .judging from this, the deviation of data points from the predictions of egs. (5)
and (8) in Fig. 11 may p0551bly be ascribed to the effect . of buoyancy. ’
Generally speaking, the effect of buoyancy ought to decrease as increasing p,/p, under
conditions of fixing other factors. In connection with this nature, it may be of interest to note in
Figs. 10 and 11 that the data of water with p,/p,=0.000909 in Fig. 11 show deviations from the
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prediction of channel flow CHF for //d=25-33, and the data of R-1 13 with 0,/p,=0.00511 in
Fig. 11 show deviations for //d=8.5, whereas the data of para-hydrogen with p /p,=0.0685 in
the top diagram of Fig. 10 do not show deviations even for //d=8.4. In comparison with these
data, the data of benzene for //d=16 in the bottom diagram of Fig. 11 may be regarded as
having excessive deviations from the predictions of egs. (5) and (8). However, Pokhvalov et al.
[24] reported that a kind of instability was observed in the indication of pressure gauge in their
experiments. Therefore, the foregoing deviations of benzene data can be ascribed to the design
of the loop employed in their experiment.
Finally, the prediction of eq. (4) for paralle! flow CHF is appended by broken lines in Figs.
10 and 11. However, as has been mentioned at the begining of this section, it seems unlikely
that the experimental data have appreciable relations with [g,,], within the experimental ranges
of //d and p,/p,. Besides, it must be noted that eq. (4) for parallel flow CHF is not yet verified
for the range of op,/G*>3x 1073 (see [6).
Now, since such circumstances as mentioned-so far are observed in the case of low mass
velocities, it seems preferable to supplement the criterion (ii) with the following subsidiary rule:
(ii.s) In the case of low mass velocities (say ap,/G*I>1072),if p or p,/p, is low enough to give
the state that [g.,]» <[q.0)c- CHF enters a special state (VL-regime) when the //d,, or //d
ratio is sufficiently low. It seems likely that the critical value of //d,, or //d depends on

p./p; at least.

6. Conclusions

For forced convection boiling in uhiformly heated vertical éhannelé of very low l/d,, or l/d
ratios, CHF has been studied laying stress on the transition from channel flow CHF to paral-
lel flow CHF. In the case of high mass velocities (say op,/G?! < 10~3), two criterions (i) and (ii)
described in Section 4 are presented tentatively for the occurrence of the two types of CHF.
Meanwhile, in the case of low mass velocities (say ap,/G*/>10~2), channel flow CHF enters a
special state when //d is very low, for which a subsidiary criterion (ii.s) described in Section 5 is

presented. Of course, further studies are needed on this complicated problem.
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Troy a2 AL A |0 | S0 s |~ B0 gaseisg | LEXIT o |
Gambill-Bundy 1o |k | A P08, o 0109 265 10830 M 1 Les~ds SO I R
Tippets 14 k| A | 4.0 | 0.635] 533 | 1,00 | 74.0 | 48 s | 3 | o
Tippets 19 KoL A 840 | 127 | 5.3 | 1.00 | 37.0 | 4.8 L0 es | 2 | o
Tippets 1o A | B | 9.0 | 250 | 533 | 100 | 18.5 | 4.84 1.41x10°5 1| o.25
Tong 515 RU3| B | 63.5 | 1.27 | 6.08 | ~1.0 | B0 | 0.587-0.719 b s | 3 | o
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geo . p')} 4 0.188 ; 0"05 0,438

=0.26 L3

O ¢m, <m) &)
(l/dhe)0.17l

X 1H0.007 7 Iy, 7T (5)

2T R (4), (5) BT po/pr BEERT

57, RS OBERO, @13k (4), (5) Tpv/p=
0.048 L L7cdDTHB.

ST Ehil, BEO®, ODEROERT — &
RIEBRD RN LB, $#-T, ZhLEFH
WEHEDT — 2225 oo OBERSY EHB = LILH
BThs. M3 CTERE, @rFLBR (2), (3)
%, AECOBEOBREXY L0 (R LERI
DRI D T INBIELERE de 2 5) —FCE S
b DTHD. qeo DL\ EREITIE—ZKL, 2
DR (3) DEFC WL, HEDBE LR I/dw
PUNEWE & C=0.25, I/dh Ak EWEE C=0.34

‘ 10 . ;
2/dne =20

-6 -5 ~4

10 10 16 1 16°

10
05/Gh

LAEBERNED L5 RALSD.
W3 mAhDZEL, BEERT — % OXBHIL
EROOEHRREF LTS, FLTEBOYEX S
R4, ChBOERF— 2 1E5 X 5RED
(XRPDR 4 OFEL LB) 0T HDH. EBF—
AEBLT, ZoREYUTRE S ¥R 0
1/dhe=25 iRt x HIiz Tong B9 p& % 3 R113
DF -2 ThB. FED, —EEOORELT VY
DF— L2 IFKD T L YT ED H BEE L
bhieti, 7% Tong & O LB LA © 2B (551
D) LRy, HEBEMB TR, KESOEREM
B L% b0 T RBEMEREE» DD LB ST RED
EATYS. EH3 0 /=110, 125 TRT a B
1% 2-1 8 3B X7z Gambill-Bundyd® 5 — %,
D248 [ER] CETRENFECRD DAk
DTH%H. BZORRIBEMK TRRD LT,
B TF — & R EDIC D OREETH L2, [
BOBEOH [ (3) ODR6] » Yl T5 K3
D AHIOF -2 FELTED X5 B bhs. N30
1/d.=200 wiR¥ 2 o @ Flik, DeBortori 5000

2/d,,=500

Q
()
- :o 34
10* ] © | 1 L

10 10° 10 1¢* 16° 16° «

05/GY

®:RX (2, B: R @), @:R () T pu/m=0.048, @: % (6) T pu/01=0.048
B3 geo DEBF—2 (Oa®: kK, x:RI113) ok TR

—112—



i B

i BB

RET 8B EHoF—2x (FE12RB) drgdihs 0T
BHHEDN, 24 RRE 2L, ABHFT 7 —-1=
VENEDEBOmMTHEERLRL TS,

HECRS T OFERO EFBRF -5 X3 LA L
WIZE LY. f- TEHOR 525X (5) HEW
th DT, ZEBEOBHEOBREROHEEET LoD
K3 o I/d=20, 55, 125 /X% EK Eoid 0T
5. ~

2.3 CHF OBMAERBICET3ER MAE®PD
B4, CHF 13 L, H N, HP 04 8K K9 3h
f. CCRLERIERREIMEC L ¥, NERIVE
EREIBVEEFCET AL 0T, HERIF-ED
PRI TAH . Ti HP FE, EhME WL 28
BEHREOX X R TNER oL b R ¥ 5 R
ThHDH STEHFOHE, LERLHEROER L K
STERQLOOXREL LTABTRkDbRS. L
LN OEKBRT — 2 22 LA FHE Lisvicd, H
R ENFROBEREE 2 2R RDOhI. ok
X3 D I/d.=500 TR NT, HOLEBMEDT —&
BERONLEHF~PEIRE- TS0 bIS.
ThHOT — X L KRB 0,/00=0.136 L2/ h
KEL, 22 l/de DEDIXKTHD, -THP
BRA-TWAdOLEEILS (AE0HEE50 HP
FIR AR EEOR s HP Sl A% £4% +
BB LTWB).

24 KOF—9OERTEE ER1Eois -
2 WOERTIKELS, W20 X 5 it ¢ JH: B
Bfka T, Z OEBERIH LKEVEIT 5.

de=qeo 1 +K(AH;/Hsy)}

Tk, KRANY 72 —n=viEAY 4H, OFS
Y EKRTD) T, TOERRK2 OFERO Z SHE S
LAHTRDONSG. —F, ZEOERDRHALMLE
LEkZEL, S LBRRIOEAY 4H:=0 F\w

ARV T 7 — VWL T 5 LRETIE, e ©
BT ABER (2)~(5) D{EALBLERERAGT
BEDEYBERIGCEL 2 bR TETCROEERE 2
5.
A (2) b
K=1 teererminininiiiinniiineineeenineneens (7)
R (3) b
_ 1.043
4C(UPL/G21)O.048
& (4) b
_5_ 0.0308+d/l
9 (po/p1) ¥ (op1/GH)' 2
A (5) &b
(0. 037 14+dh./1) (dpe/1)% 1"
(pv/pl)O.llSS(a.pt/GZI)OJSB

........................ (8)

K

© K=0.252

TT22HTRNIL O, RIREDRT— 28
o CHF 5 — 213K, BERX (4) edET53
DTHBH. TR (4) CRIETBERNLRDI
KDEELZ, X (9) RXA5TFEMEE HBLCak
ERANK4L ThH. Rikihid, KOoEIE R
(9) R E—2$%. Lo L4 RTF—2
wBIT AR Y, MEHMKKOEMEIR (9) kv
RPEE 80K BE) LB iiiabhb.
BEDLZ A, TORRBAHATHS. ikl T2
BEo e HIOERT— 211, K3 D I/d.=200 © @ I
LRTEROLIDTHS.

[(BEE] N30 UYd.=110, 125 i+ a Qo5
=&, & (6), (9) (LR (9) DED80Y%
DEZER) 2V, ¢ OEBRT —& b BEM
DI goo DEERTLOTHS.

3. ldi BIEFICIEVIBEEOBRRIATER

WEZMET 5B D CHF OFEET — 7 DER
TRBOHROR 35\ C, I/dw, D
: fEA1 ~5BEDOKZ X CEAT

5 — . .

3,
I
0

K" omr o)

3-
T

&, K3 OROBRENLDEFY
RETLLERAVEERTLS.
WT Fig - FES, EEO—
BRI AR O RS EAT I RN S
EED CHF o\ T, KBIV
" RIS 0FEBRu BT\, ERT—
2 LR OERTEER,

0.9559
JM—:Ql%!W)

GHy, Vor

X(‘(T;_/:ll>°'m ............ (11)
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—REIN B D B I 1 0 BB B o TR SR SRR o Mk TR

wE i, R QD) 1k Yde DEHD TN
BIMBTEED goo OF—2 (TR, br=v,
E)AVTREAMET 2=, K) KH—HKTHZL
- RIR L. ARRESERSFBIE OB AT I SART
BEhs DT TFORAEY Bt ote.

TibbE2 3, K1 LARELOTHEH, Tk
Udhe DIEBRPDECEFIBREBLCHL g0 252D
F—2FE, TOERFUHRELERTIOTHS. &
REOERITTRTIK]L OBETHS. + L T—f
BADD 4 DFKERE (TEERENEY, Yicel-Kakag
a9 o orxEE 1 FRAKTRE (TEEMEDO L O,
BICLERNEOLD), F2TRBERK LR
P, EIBEECY O L 0T OREREE  (REEEN
#) OHROERTHS. itk Kakag®Or LiiFx
Br(19) DEBR T 35\~ T [=127 mm, w=5, 84mm (5.50
mm Ti3iel) TH5.

XCHES 1L, LRROERT -2 EHRTHH0T,
AR ESHRERD g0 DEERX 4), (6) BIUR
MEHAT I EEMBE O g0 DBER (11) 2R LT
Wh. R LES OERF - F TN TRKEDKD
L0THD. TR @), (5), (A1) o FKREeH
T2 b p./0=0.000624 CKKRE®D fafnk &%, g
KOE) Tk oTn5.

Ko IAUETO X 5 A EEIhS. ¥F
1/dr.=6.0 TIL, goo OEPE (—BSDF—x) 12
FREROOEHBCHR LT\ 5. KT I/d.=3.0,
4.5 747 — &} Yicel-Kakag i) % 3 ©TH
. HE LR, KPRE CTEEmMNE, LEEmInE
WX 5T qeo DEAEDETL, Yicel-Kakag Hix
FNEENOERRIBZLOEEELTCWS. LrL
Wi, FEEOHEEOMEND BT I/d.=3.0, 4.5
DR % B 51T, o OEAEIERO, @ LR
(11) FEWC EREbRE. i, ThbDF—%
BE2EARBHTEL, MBE 0 F 8 2 EE v
(§=0.178 mm) B L HDT, BE LD go HME

10 T T T T
2/dne =0.5 ©
Horizontal (Top Heated)
16° | 2/w=0.67 ©
/w =100 +
10°
16"
10'1 T T T T
2/dpe =3.0
Vertical Upflow
102 U/w =217
16°
&N
g
2 16"
8 -
m 10 T 3 1 I
2/dpe =45
® (Bottom Heated)
Horizontal .
192 - Qw=217 0 (Top Heated) N
16°
16*
10“ T T T T
2/dh.=6.0 ‘
Horizontal (Bottom Heated)
16° |- 2/w=20.0
3
10 EQ'“‘\
16* il ! ] i

-6 5 -4

R )
16 10 10 10 )

10
o%/cy |
5 Ude DEBCHICED go ODERT —

FOBATHEE (FCRIEDOK)

R (4), (8), (11) T p,/p:=0.000624

F 2 Ude BFFCHSVBECHLTEDI g 07 — 2 —EH

x | it | % | tom|sem | bem| wp |Wdne | Goutod /G |F- 2] § mm
. x102 | 8.37x10-3
—@pae Ak | B | 300 | 220 | 170 | 0.882| 6.02 | 0.0624 BaT X0 | 5 | e ®
Yiicel-Kakagt® 20 | sk | B | 127 | 1.27 | 0.652| 0.8% | 4.47 | 0.0624 L0 e | 4 | 0178
Yicel- Kakact® 0 | % | B | 127 | 127 | 0.952| 0.613| 3.07 | 0.0624 L 2 | oams
4 1.01x1074 .
wEeD Ak | B | 1.00 | 0.600| 1.80 | 0.833 | 0.694| 0.0624 Lo s | 10 | o =
- v 1.33x 1074
s Kk | B | 1.50 | 1.00 | 1.80 | 0.833 | 0.625| 0.0624 LEBXWEa | 9 |«
: —4
LY Ak | B | 100 | 100 | 1.80 | 0.833| 0.417 | 0.0624 2B s | 10 | o

* IR IR IER
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I BB

SHEBFREMEA VR L s baEhisv. B h e
L5 T I/dhe=0.5 OF— % (HEOLD) 1IEE
RSB TE LR o ThS. T, Ude #
ZhEpELed &, RBEOADLOHED T4
74 BRBIGEL BFESh, HEor)=vF—vav
SMESLEOMEN. CHF Lk B8y 52
I D TRV EBEIND. R, Ude B
ELD UM ERFABRE TIL, o 138 (A1) E
WHEE X2 BERRLTIVTHES Y. ok Ud B
EhDUNEL B L, I/d X CHF RBLALE
ByRlelcsn, M5 R It Yw (i
WORILIBEOE) NBEWEE go 25 (11)
CERE T AEAYE - T\b. HBEC 0EBRF—x
CRATAR D, F2 BT LEREELISNOF -2 %
PEDT, BENH KA E1hB.

eo —o. 186/&\)0.559(0—[%)0.264

"GH,, \ o Gl
x{1+0. 53(;1’_)”8} ........................... (12)

AR ERDOCRBREAHBEL, [/d.=0.417~1.39,
1/w=0.667~1.33, w/b=0.833 TH 5.

L B B

(1) E1 Rt &) i mo—EmadsE Mg
A OB HTmEIHE O CHF i L, BREOERT — &
EOH L, ERRABIE g0 KA LTINS 1O
BERX (2)~(5), ¥ Ay 77 —-A=v D
FPEREKCH L TRRLBIOR (7)~00) O
WRER. Tk Ude DIEFID IV BE - O
THEE L, 5 OFRTER, X (12) 0iSReE
fo.

(2) RAMHRBEN OBWHKEE OBE, FESE
BR7—2 0B iel, EREBRELBR LR, 50
BLALKDF—2ThHB (FKl, 288). #-T
CHF DEEXRTEEOEBOL-DITIE, XHEBHID
FERPHASNELB bR, LaL, AE0EKT

BT, AES ET0 BACUCERELZRL T
5. o TXDBENLELZD L, BEVNDE VLE
THRVWERITIE, FEROBRTL, WHWHDEHET
o CHF oFflci LER EELORS.

(3) AEMBE_HERNO CHF O4HOOwL,
LBEHROD goo &R L, TOFERDOERT — 2 OREH
B, & (3) €C=0.25 L30T PE RN
Erle. U LEBOBREYARB L, HEVDRAL

R, BEAMRBORED U/de OXPR LT

& (3) OC DOEH 0.25~0.34 DREICELT SO
DESTHD. hxbEHELTCETOLERTY
FRICRAC S B EELBRS. -

ARG 20 HFIPE (B0 55 £ No.
505012) BIFEMEIS 2 ZH L RO—BEiRTHO
T, TR LTHELETS.
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(1) Macbeth, R.V.,, UKAEA, AEEW-R 267 (1963).

(2) WPE, #im, 44-387 (9g 53), 3865.

(3) HIEE, B3, 45-394, B (8% 54), 859.

(4) FEE, ik, 45-400, B (8 54), 1892,

(5) HiE, ##k, 46-409, B (| 55), 1721,
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(1) EHECIB—EOBREOWRLRLY, &
X CHMBEOESCOWTER LThbhs. M
RCEEOREC LD LE R’ ok, (1) %
A REL S i AR E T INBEED BB 7
Vo (D) Fox 0602 EP LAFLE LTS,
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]

(ifi) INENEE DRIRIC O\ T3 B e #E R OB
b1 5 EFREIFL ShTE LT, 1ok ofs
T3 INBAEE LB DEMED T Bk EhT U s
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& BEZ . )

(2) XRA) CIsHEYERCKTSsOL D

’

—115—



—HMBORFHAKEHOBHRBBRORA MM KOBRTEE

HPAREN ECERDIKRECT -2V E2H IR
DB TEENTH LD L B2 D. EEZOR
8% BRI Lz,

[EZE] (1) ERHEBEORI®DD22HT,
Hewitt. 505 — (§=0.9mm o CHF 71 §=2.0
mm DX H#5 %EN) CEL BERED F—- & FHE
PELTW5. &b Hih Collier pEHHD D260
— U DEEOTE S Y, Aladyev b (I8
5=0.4~2.0mm OFTEELL, A FIVADF—X
(M%) 13 k88 Hewitt 5 X R 1T, Tippets (KF
W48 Tt 6=0.25—0.15mm = X » CHF ¥ 25%
BT ENTWS., FBEOEL T, B L, H,
N, HP ofifER, WELER0k, &k, CHF
fEOXN BEOERBHRS LTI VEL HRELHE
BT 5 B0, MO TRE, »hVEE
IHETL L 621.0mm, § X B{EENHOE
Hiris5—2 DELOERC AB L 5 I Wit 0=
0.5mm BE e HIE, § OO L MERRD
FLEIWTHH LB LTS, L ATHE, =
FECIER 02 0.5mm LIFiie by (R He
PORAERER OB O/NEREE £ K13 25, KW
HORTEBEL R AV B 0 0.1~0.2mm
B Kk He o BRIMEHTE T1X 0.025 mm O]
X2H D) OEEEHE N HHEH IhPT». AT

fF 1) Coliier, J.C., Convective Boiling and Cond ensation,
(1972), McGraw-Hill,

SEDWTALELLAERLEBERIC IS S.

(2) sOREIREDELLZD OHRADD
5. (i) s ofpxiflE : CHF £ o3t oti s LR
55, A CECHEBELE-> T3 H’?L I T,
FOREHEREF 147 7 MUREDBE 2 s=1mm
BEZIEALEL Bbhs GREET p/00 2
KoL E). BFROSWT, x, 4, e DT —X
IR 2228, x Hliz s=12.7mm (p,/0 BRI
MEBF) EKREL, oo H s=1.5mm OF —
ZTEDOS Y 2 @icd e, (i) 1 L OFERE:
ldw XHEBRADPDHOETCOL—- A5V A (i
BEE EoRBIR—E L2 cBEET R X,
Vdie 25E8 /b RO 3EpHY) TR EREE
5. ZORRTFE s 2vk (/s AVN) w5 ol EE
{7g\. (i) A, BRORSEK :: s 3% 3 & ik
HOMTEAETLI5RLS, LHLLER (BE
W) 5 WIENER (K5 7o Tk s kERR
cingvE B CHF RiTiEAvn b My 35 X514
2%, LT LPHOHBRTY s OB thiz L
KTIHWEBEELHD. 1B die TF — & BEENRT
x5rT5L, FOERCIHE (1) HoE 2 b
D, TIUTAESRE, MEEOBY KA D SR T
»5 (LU EOERIL, AR CHEOMMEYS
LWBAIE 5).
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536. 423.1 :: 532. 542

{

BABRESHTE(BR
48 ¥ 428 £ (W3 57-4)

—HRMAEZEEMEA ORI AE BB OER# R
(RI12 L& 3 HP $EHORBHRAZE)

WA & BB B g

Sadao YOKOYA, Yoshiro KATTO

Key Words: Phase Change, Multiphase Flow, Critical Heat Flux, Burnout, Forced Convection Boiling

. ®

—REINBEE M P ORI B BhE B L, Peskov
H®, Becker 5@, % 1t¥ Campolunghi &®nE
EToO#ER EREAREISR) wk\wT, BF
TOKDRABIER (CHF) ofiraiish, ik
Peskov®, Lee®, Becker® o CHF REAZEHE A
ThZhBEnrhi. —F, EEo—A, BES~® 11
B, —RMAEEMNED CHF oMKkt opse
BTV, LR HEERY HP HKE /43T
KFIL, ZoORESFETOWTHE L OEREAE .
ThbbE1 (T p: BEEE, 0 KEBE,
L mBER, d: IEENE) olgosMo&BH
TEATE o0/G (ZzZw o EEEH, G: %R
DEERE) OENRROMEL b X VR T HP
#Higo CHF 2 &%, 1 C BH, HRERts

RERBELTE T it h o HED Chojnowski-
Wilson®, Watson 5®, Doroschuk 599 #¢-j1
Levitan-Lantzman® ok CHF HSEERF— & i
WilZzo—F2 HP BT 5 L% RL, &
#r{ Thompson-Macbeth®® (#nzk 11~14) DI
LT —zodicd HP HRicB345 o3+
EEITRTWBZ LR L. HEoBERIRLR
RTZEL, Peskov B, Becker LA FLRATL,
I/d BEHBHIAE L, po/or B REBTHT febh
TWw5.

—7, Waters 509, Matzner B Merilo®®,
% X 0" Merilo-Ahmad®® oB|BEMEHO K % 41T
RI2 o%EBux, M1 o HP FRREETEGHO BER
BAE» DBEHEC L2 48T Gl18E0)
DTHDHH, EEEEGO FFEI BV HE T ERBRE
h, R 1AHROERRT G oK L, L CHF

£ 1 BIALLBEAYAO CHF ERoFEL&HE

IR * ) k| lem | dem i/d ov/01 G kg/m?s &
Peskov & 1969 Kk [89.0~210| 0.80 |111~263| 0.144~0.366 | 1110~5000 |, {0/ MEHE LR
Becker 5 1072 A | 200~500| 1.0 {200~500] 0.140~0.347 | 1000~7000 |\ CHF*
Campolunghi & 1974 Kk | ~1100 | 1.2 ~937 | 0.0902~0.176 | 1100~2600
HP | Chojnowski-Wilson 1974 | % | 762 3.2 28 | 0.243 682~1462
Watson b 1974 & | 549 3.78 | 5 | 0.1 407~203¢ | Ly CHF
Doroschuk b 1975 & | 150 0.80 | 188 | 0.201~0.271 | 1500~3000
Levitan.Lantzman 1975 | s |150 0.80 | 188 | 0.201~0.271 | 1500~3000
Thompson-Macbeth 1964 | 7 | 69.6 0.191 | 365 | 0.171~0.285 | 1940~3780 | ®1l~Ushd7—
Waters b 1964 k| 366 11z | s 0.0493~0.0853 6690~9320 L GHF (C26650
: - - - £y CHF (G=6900
e | Matmer b 1965 K| 244~488 | 1.02 | 240~480 | 0.0484 13a0~o450 | LJ CHF (G =
Merilo 1977 RI12 | 244~488 | 1.26 | 194~387 | 0.0484 os0~6500 | L BHF (C=5500
Merilo-Ahmad 1979 R12|103~305 | 0.53 | 104~575 | 0.0487~0.0768 1600~8100 T CHEF(G=8100
H©LUN | Groeneveld 1973, 1974 | R12 | 138 078 | 177 0.0698 | 1330~g100 £ CHE™ B0
Hp FH R12 | 100 0.30~0.50 200~333 | 0.109~0.305 | 1100~9000

* WEND AH; PINE VA

¥ G>4050 kg/m2s OZHESA &M

* W6 AETA 14 B FSKHAIT 30 AFESHESCHCROCHERE LTHEN, FUSSH BMSs6 418 23 B.

¥ EE, HAEKETELN (8113 HIHICmR AR 7-3-1).
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(upstream CHF), 37 HMEEH 0 & » _EifL
C Bt s CHF REREGBA BRI S h T35, i,

Groeneveld”~UDy | RI12 oFEBY B kL, G> -

4050kg/m? T L CHF 0 RENZDRS & &%

HELTWDA, HoEBEY: GE1ER) X HP{
HWodotind, »oHEAA 04 (mixed inlet
condition) D k F BRI X R B A C LT OER
FIIAHELTCHS., Fh Groeneveld(!P® 13, G
Bk ¥, BNEROLR LR BERIRA AT S
5% CHF (slow CHF) #%bh b &% l<T\\ 5
75, BiRd Peskov LV REET, Ap¥7 27—
EAE L& CHF BE ERANX s o L vl
LT3,

STARPRE TR, ERDSHCIHREATRELTLY
ToTiel, POKORBRER LARESh O sy
HP ko CHF &xtL, %7 72— ApLlET o
R12 oE#FEr E8hr sz t\, HP 4HiRo CHF
545 PHOBATERER (KOF—20bldbh
) BIUERGHEORLUMOBN YIRS, F
R, BEEE GOBWFEIRKS L, kit CHF ®
{EE CHF io X OB BRIRROBHN 225 0T,
RIRTERERFRTERBEECOERELWET 5.

2. B KB

EREBEOEEY N2 R~T. BERVY I HS
R12 %77 —nAED5 %, LO—HIREHEZRED.
BERATES (BE 6kVA) T ADWKE % R,
BEEABRTCEA, To ks bHRET 5 KA
TERREEE (HR 200mm, B & 650mm F5) A
5. —F, BRAVIEHDL RI2Y 727 -1 EoOk

T ITIIII

o
or o
5:_
0.01 1 Lo L] L e Leag
10 5 100 < 5 10°
2/d
® 1 HP \foRELE, SIUCEFHORRSE

%

DIk, BHAE (AIMP_ETRBRBE CKEH) &
BlDb, TOREHET 4 2B TEREV S
ZREL, BROIXENRERCA SV -RTHAL,
BB b OERZ L BHEE T 50 fFbhs. 20O
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DEFEDO SO TS, CHF R4 OBR R EN BE
RPN B ERIEREIRE. D EORR
1%, Peskov LD L T BRIUCEL CILisu by
EHER IR B.

K51k, 4o CHF BEERMCE - THESh
BRATHEOEIET —4p (xnﬂsmum-z,
HR) 2BEZLRTIOCHS.
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1000 mm oMBE R LTk, K1DEHDOENE
#: (p=34.3bar) I\ TR EBRER » K6
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VW, K6 LiEFEEORREER/ VLA, RBREY
WHROEIET —dp 2B kEV0OT, ok
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B10ix, ®6 (R10EAKHIE) © ZEEH D
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() OFHE L DB ERT. & ZER{E L F18E
Al h I B, TOREEK S, 90 p=34.3,
29. 4 bar O%ﬁ&[ﬁl%’é‘%é*s.
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The Calculation of Critical Heat Flux in Annular Frow Regime Taking
into Account the Critical Liquid Film Thickness Concept

by Yoshiro KATTO

In the particular region of annular flow that is encountered with short tubes and accordingly with
high values of critical heat flux (CHF), the prediction of CHF based on the annular flow
hydrodynamic model exhibits a character quite different from that of experimental data. If the
concept of the critical liquid film thickness, which has recently been proposed as the governing factor
of CHF in external flow-type boiling, is introduced to the foregoing conventional model, CHF can be
predicted very naturally through the wholw range of annular flow. This fact is shown quantitatively
in this paper by employing the Levy hydrodynamic model. The calculation of CHF has been made
under very wide conditions of tube diameter, tube length, and mass velocity for water at 6.9, 2.95,
and 0.84 MPa. Only the results obtained for 6.9 MPa are presented in the paper because of the

similarity of results for the three different pressures.

Key Words: Annular Flow, Burnout, Critical Heat Flux, Forced Convection Boiling, Multiphase

Flow, Phase Change
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AL BRI ) o Lt bR~ & 4 IR ICEIE GRERH 2200,/ o
S bovict LIRIEANY 9 44328000, v bv) ThHAHzw, SBREANEETEIANI T LD
RREE BEALHAEF, TOMRELT, REROMAEONE dENSRED
Bl otie FLTARETRIMAZ L LTAR d=1mm, WE 0.25mmD ATV V2R -
WEAACBCEE Lo CORETERDRONS OB, 00/ o OEDSEEIEOSR
ST OERTH M0, BAUEECASOALHESNS (IERAED 4. 2HEM),
wic, MARKEOREES 135 RRBEENBEOEFHITR D, ARDPSET
L ME AT 20 ENH B, £ L THRRER, BEZICLAERTRA L « F+v /"AIKE
XD, FDTAL o F o YNEBBRIEN) T Lo 754325 » FPHOBEHBARE~Y T 4
c P APIIED BERAE E LR BEBLEH o1 ST, COEBB—EMITOND
L, RRBELODAB LD, BETHELVS T EE, EbHTAE RFREFNEE
THL LB, T, MMAERASBRAALTYDRA B LY OHET, RRHM
HED | /4 DEED E 50, 100, 200 DMK 55 EEERIEE L7, L
@L%K¥%®ﬁﬁﬁﬁﬁw,Kﬂ%®§%&?%$@@%%@tbﬁdkﬂ#ﬂ5@%
EDF R N ARAR (i 4.2 BB £ k0T, FEOREIC S bbb 5 FHAT
KBMOUGEE BB, 20, DL ES/,/d=25 50, 100, 200 DHEERICE A
5NBbDE Uiz, '

2.2 FHEERSKEOER(CEKS/N—THAEME
AR OEREB I, 2. 1 G REH B LUOERBEZEL—20MV - TH
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BN U LHEBTAERE LD, OREHEKERIOBIKICEE Lict 1 v L XEM
BICk > THA BB TH o100 ZLT, COBDEMMEP SN Y 4 « HRABEIRYT S
AR D H 3 FRBEHEERET 5720, EHEOBRKICI Y-V 229 FAREL
fo (RELGHAD & BB 1 77 5 sREHRE FROBK TERTEIh -7,
LELORE R, BEEREFHHREE L THERCBOTEAOMEOELEh T,
Lo LIRO TN Y 9 Alc X BEBIRICHE - 788, BObF A RREEERE L,
THbb, HEOEEMLE LIS TELRRV - THLTHELTLESCLT,
NRABFEDO~Y ¥ LhicEE M RBGADL — 7R OBERE CERET 310 %
Zohtz, TOEEOKREDLYD, 7V —v 2=y bOEERLEEEY, OANADRAL
ABTHO, £ OBMEEFNEDLG TEN LIBRIITK - 1o BB ZOE, —20HR
BELT, ") UL HR KDL OFREN) T A « HRELESL OM, V-7
RNEBTCERRED, V—TARABEP 7 ) —v 2=y VREZEHETIIEDRAATAHL
DRENCTH 5120 £ LTHER, A4 VUV REHBEERT 3B, BiitOBEEIRET
RO EERBE B EEBETM -1,
DR, FRRICEZRBAGERSRADEES528ERY, 2hickET 3
HRELT, ~NYYa AR KD OBHEIICRBRIICHE S h B FRET~Y O 4 -
KR ERERAAE LTERT B2 EE L, hoRBRELRET A v ARTOEEA
HABTEHRICEE Lo COBE, ERICHERAY D AERBAERELE, L
LSS, BEIBIIEA ) v A OEKRICHA S & MBI BK, MI0%EE b
DTH->T, BAEPHAONEERARNTH ~7c LD T LMK B,

2.3 WFBMEBEMEH ORIE

EREBICOVTH, THEROKE, 5555 —oOERBIESEH SN, T4
bHAEPBELHE L TOE5S, BEAREEN VYL BENV I L2 54425
Y NAKEZ T ) ORBEASCHNT 5ICED, ORER, BE~Y YA 75
44259 RO DETEHBENOEZEDHILIC LS 5D EHEEI NI, H¥], TOM
EOTRAEIC DDA R VT & &, I FEOBMGED S, LROUMEEROHEZE
BEDFET & OIS E ORBEAEK LT e L L, BERFEOSRICEEL
DT, BEHAREL, KBECHLTEEER YT (B—45 1 « # ¥ 7 LEghRE V7%
Bt L J & 0 CEBERZE 1410- Pa) ic & » U MBEROBS A B 5 C 2 e L, Th
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I & »C FEROBEAMRRT 5 C &R

2.4 EEREBOEN

2.2, 2.3ENCB~IERERIOLRRIICHTE LEREECHEL, zoflEz
X 20DERIK, $20Vv—7HXNER 3ILRT, M3ICBNT, ATHON)TL <4
2 e Ry OENRES, KRHEELTCHNE~NY UL« HRE, 2hLE, KET
RNV = TIWRORAIOFRICHE NS, TLTETREELR I 544 X5 » PRTTFAHS
N, ROTT A VI ERETBREN) DL « 754 F X5 v PICRA, £ THRILEINTH
57 R MF ¢ v (NEOFMARE 2.5 HBR) KAB, 7R bF v Y YATREMG
HOBEN B BbNIE, CAbSKIHT E~Y v AGEATHE, 0%, BE~Y
VLI TAFRE 9 FBLUHBER Y 71425 5 FDZTNTNORIICH 2HER
HZBMIFICBOT, AR« R/ NDODOFHIBANY D L« FREBH LR, BHIKIL
L, BRBICENFIEFAEAZTRRIRKE ENE, 1B, TON— TR > RBADEM
KOO TRETREDTEL TH B, .
DAY T4 AR KV NERE0.04Tm?, FIHAL ZFES 14.7TMPa DK v ~3 &%
WHHESE, £~V T L« TROMER 9.9%THb, OFENFARE : _BRAFEHAE
2T, ZIREIESE0 ~ 098MPa & THRHEMETH 5, OB mEXNKE T, 8.33
X107°~ 8.33x105kg s, DORBEI IV —AD 3B TH b, QRBREEEISA4
R5 b YD L HRRHAORKERAR A 2 BAONEREA 0.017Tm T, T0
o ENM & OMRELEWBEND, OWBEKANY T4+ 7 T44R5 v b 2 BHADKAE
ANV Y LEFEZ A OBERIERK0.030m* TH D, 20T O ICEHEMBELLD, &5
B ARAER (COBSOERE R 0.034m® ) 25 T &, BERICHE & O % B2
BLTO 5, 23HIELEE S, COHENMEOEERTEIAYT 10°~10-Pa &
AT L0 Lo ®F A MF v VNEFRERENG: T F VERXBEENE (0~
0.39MPa, BER 7V X 75—nvdD 0.15%) T —VEEEZ 5, 158, ZOFEFO~NY v
L DRSEDEHICBERARTER 7 + V5 v RERHC L > THIE LT 3, OEHEIE
PP EABR - P T TRAREHROBEEH OBEICHC 5, OBMLR: E
BRRTH’R, W-TAREETZHRE~NY v LORULIck >~ TECBIEN LA EMIET S
FBDICEG 1 b DTH Bo
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2.5 TRPMFr/ROHM

M3DBEN)TL + 774425 9 PADRENY VDT —VRIZEDITF AT
v Y NEARSIMm, EX450mmOMET, TORNEIIEI0°~10"Pa BEOEZEILT
PR & BZEWBE BT >TOB, COTR MF ¢ Y SONEOEMER 4 IKRT . KW
RETRG L DT R b F » YT OHATBEENY U 41, TASTRERRER,
mEE GRS KA DBRAKROEREB TN - 1ctk, Lk SHT 5, HHEM
DEMEITROTEL TH B,

OF#E : HBRMREOWN 2K 1 7ONB IR~ v 7=/ (B 0.3mm)%EH
WebDTH B, @7 v =y LIEGIEES : Lake Shore #%(GR-200B-1000) ©
REFO O TMEE GEBRE) ADORKREZRAET 5. OBIAIR : THAEO<
YH = VEmE, BLUOMAE GBI OEBEEENAD I HOEBIANREREImm
HE) T, BREELMBRL OOBEREZHET 5, K4, 5iItRT L, TNHOEBRA
RO DBk 5T MABEORS ! 20 L 625, 50, 100, 200mm DPUBREICZEZ
SNBESICLTVS, EHTNSOANMMARE, TNEELTETSMERIC LS H
BAZH CTcd, TREF v PO EH LR, WokkABEANY Y LKRY, D
%, AEICEC & 5& LT3, @7 axne28 (Au-0.07 atomic percent Fe) #
B ¢ MAEORE L RRMED 7 ORMEH TEE 0.2mm T 5o HICH R BATKE
@&&Kﬁwt@@ M5icRdTCl (MBAEHOLS 5mm EFRAE) OREXNTH 5,
BETC2~ TC4K;5@E£@%H%C%CmoT$D,ﬁt@ﬁ®MEﬁ@%£?v&
W%E%(ﬁﬁﬁﬁém@ﬁ@&m%ﬂmié¢®#—%w-YVﬁ:va:vAﬁﬁ
BEABLT7 020« SRBEWDO) — FEEY—< v « T UVHIBEET %, TOH—
e T U, I4K65C&<¢”%T EFHET R b - F 4 2 o5SHCH LB

H%ﬁ%«uvA%m%mﬁLfma ZLlTlohkicky, LiLOEBRE -
M58 U TR O MEETBAT 2 BARIN L TARABO TV, ®F VI3
Yo B Lmm OKE RIBHIT, LA DR Y — KRBT 53K 3 HE 8
%&W,#—vw-Tyw«%Téﬁﬁ%%o§®f&éo®ﬁﬁ%=$mm%ﬁ(ﬁ%
) OXHEERBBTELODEDTH 5o
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3. EBRBIUERER

31 EBF&E

FTTERIHOEBE LT, ROEMPBETH S, Tibb OBREERI 74F R
77F,%iﬁﬁ%“UﬁA'754ﬁ17vb@%ﬂ%ﬂ@ﬁ?%ﬁ%%%ﬁ?ﬁyf
THSL, 10°~10" PaiREDHEZIL LTHBL . OBENY T L+ 774 4X8y bA
DBHFRIA~ ) v 22K 2 BBAOFHOIW, ¢ IHEEREFEL TS O
—TEBERETNTCAY UL« FRATHICERL T,

ROCTEBRYE, OFAFHELLBENY YL« 7 74425 5 FNOBKERENST
ICHEHH L, 20 EICEIELBERE, NV UL« HREDBRICE > THRL (RED
@D 7 utZADEE, BEEZIPBRELLDT 0% D), OREERI 71425
9 N DR, BECHEN) DA« 7 54325 » b DOEBTMC TN ENRAEEETE
FB, ORBOBENY UL FaT PO IF VRT 5 o F 2T EAOTHEENY
T h I FAXRE Y FANGEABRANY U LEFET 5. OB, RIENY v AKE
MEE A — K VERREEIC X > THIEL, FTEDEI L TREN) Y LERHET 5,

PEOREERTH, BRICADH, OB, OF X M7+ ¥ LREAFORTEN
(ChZES->TMAEAOEADP & LTEXARW) &, B3 IKRTENRBELLUES
B TREBICEST 3, OBREEGE, N3 ICRT RN TRETE 505, M8k
BHEZOES, BECL>THELAEERERLTO S, OAOY T —nv eIV
E4H: 3, ROFBICE->TEETHEBHEKE, TEOL, 7AMF v+ YSKHEAL
TRBEENY Y LOES, BE, RESOBEREL, ThoERER FABSLOM
BEOMAERI LD TOET B EBUM T, T T, T FRBOMANEDRAE,
FANF v YNROF VT =Y MEREEHOEEDL SED LNIRHEN) YLD VS
WEH, i3, PEABOMBAERILHI-BIER, FRAROADKBY 2B E~N) VLD T
YINWEH, EABTIEBHKD, T LTIOK, FRBICMAIMBRERIAIW,,
EROEREEG, EWERAOBGOTAREOT Y4 VERH, + W,/ (GA) TH %,
ZLTCHEMABADICEF BT vy VEERBLTEXIR O, #-T, REARE
Hictih T 20EEA~NY 9 A0 vy VEEHs TN, MBAEOAOV 77—
T VALY AH; REBIC 4H; = H,— {H,+ W, (GA)} T5A5Nh5, W, DiEEAE L
THEMH; < 0DEE (CHESBADSRHE) bUEETH 5,
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3.2 EEROZRITERMEHEH

AMEOHFEEEL UTEREBOEMICEL, H2FEL,S, FTHREAERZHL
TEREE OB A5G, FNICGREEROBABTROMEEB L -7, THEL
R (1 EELBEBR) ORBORABKEDHTH B, MEF—5 3, | ZIhA
TR TREOFAICZIIANT 5REREEL B0 4. 4HE5H), CNEEEREED
BRI LU GO ZARERT D EFZ 5 T LRI, v

ROTHERIENY Y A K BRBREIRICHE - 7008, T T22M, 238K LALHE
BEICEE L/, €L T, ChoOMEERRBRL 2R, IEDERFGEZRRET S
DORME, 125 PIHEELEDT 2 L 20T, KIUEFOBRENY ¥ Ak & BER
BUEHRDOFHEREZB -, THE, TOHML SV ST, RENBEGETOERT
72, ®-T, LB ONLERT — s HEOHICHRESDIEL, HEKRREE LTHE
H4BLEETERY, LOLIEKS, EUHBEEFEEVIEREHOEULE, BIEA
U¢A®ﬁﬁ@%é,%b%%iéﬁ,ﬁﬁﬁﬁﬁﬁbm$%$m&@ﬁmé&%fmﬁ
WEEZ, ABRBTHREREBILE-72bDTH 5,

ZLTOhEOE, KFROFE 2EEOKRD » S5 3EELRICO I » TRIEN T EER %
%ﬁtto%%EﬁtLTm,Llﬁmﬁ&tﬁ%m%@pr=Qw9MRMCCTﬁ
REBELE 00/ 00=0409) IGBAT, TUAESDTEROEHME TIEOTEL TH B,

E 1 p =0199MPa (o, p, = 0.409)

E MW & 4 =1mm

ER-E® W/ /d=25 50, 100, 200

Z B #® E G =11~108kg /m?s

A4 T —wex vy 4Hi = -3.5~+7.0k] kg
LD 00/ 0B LTI/ dDEBE, N1DLICHEZE ®,®,0, 0D 4RKENEEHD
Thbo '

3.3 HMmEEER

KRT -5 IOV TRTHNG, ARRTHRE SN/ RFRFROFRIC OVTENTE
KHBEVEEZ LN B,

OBER _FF Ok & FRASRERE DR : [E/7p = 0,199 MPaD ik~ Y 7 &1,
FHEN (p=0229MPa) DiEicdH3-DdbdH->T, BHEBENH,,= 11.3k] kg I
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CFE, B - TRABMERESTAE LTS, BEOREOBED X 5 WARITEE b
5 (temperature excursion) BRONEh o7, L LEMS, FRABFRIIREDRIE
<, MAE~OEIAICKT BEEO L REHIEL, »oRRBFKE D SEL%
DEHEIC AEBHBELN, ThD Ik > TRABIHIRED REEHRT 5 L EBTE T

ORI G RN & R RBR DHASZAL : EEEG bt AEELLEAS <5 L,
PRARBGR RS QBEE FROVNS <150, BREBRBKET -5 1O N - T
BT, ZHB E OB BRI B ARREB MDD 1o CO D ICCOBMEtI
BRR BT ORI, RIS BB, 11 HEROBET 7 LA YR120
ERBRCD THRESNAER, $8h5GHALSEBICAET S LHRBABREORIAL LI
Bk 5 b D LTS NG, FEAEROES, K5 ICFTHELTC 1 OM, TC2,
TC3, TC4it & 3 BEM RS 1> TOBH, GOMALEIICTNTOREL
TIRABHRRESRINTE BB o700 Lo L ERBRAFHRE b & b & EEOHAA
FR & DI SDTHY, B> TN Y ¥ 2D & BEORR BT B AKE
CBOEE, FRBRREESEES NP s 0> THRUTRERETHEOEEL
5h3,

®//d=255D55DENEBHORE : ZOFRRNILETE TRV, [ /d=250
BEDER T, BREEGEZRIC LSS (G=82~90kg m?s DEXE), V-TEE
AW - D LIEAES (BR20~30s) AL, THITERO GO d REERICEE L
oo 1L, BH), RBREEADECRE T ICEREEGEFERE NS €, 20K,
FEAZFERES p=0.199 MPa § TRRAZ L LR SHTAI LTS, ENEFORVERE
EBTE BBONH -7 C LAMELTH o HBARTHES SEAMAHO 7 — 5 i3
ENEHD LR T DS TR 51 bDTH 5o

3.4 EBRF—¥

PEDEHICUTHEENY Y LD THONIRABGROER T -5 =& 1ITRL,
FrX6~9KRLI, & 1K, EBREH (ESp, ERNE =D, ER-ERXL/ 4
=L,/D, BEFEG, AOV 77 —neexrvs4H;), BEE BRAKE ., B
HMOZA YT 4 2, ) O, pd, I /d, GHEEREN—EORHTIC 4 H 2ELs
FeF =SB LR D BB/ RER L > TEE S qe0 EKOERERSRLTV S,
Z LTH6~ 95|07/, TDqeo EKOEBREERAOCTRA) D S5KDq — 4H;
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BtRTH %,
BEE1IDOF -2} TNTEHp=0.199 MPa (BIFNEE T, = 5.02K) Db DTEDH S
NTHH, O, AN Y LOYMEBERRO T EL TH BT EEMNILT 50
| o1 = 99.65kg/m’, 0o/ o1 = 0.4094,
o =1.810%x10"°N,/m, Hye = 11.30k]. kg

4. KRBT —9 DO

4.1 BRFHBRE 4 DO

X6~9DEXiIcE T, HEEEGCORSEDT — 5 O &k F S TRBAIER &R
LT3, £LTZNiE, 3. 3HIOEICHRNIERICEEL TED, ThH5DGOEXD
REBGicat U TR BABRREFOBER FRIVNS <80, WRERAMKKT -5
NS 15 %o | |

kic, LRROSEREEGHRMER &, FHHORRERANICE T, RABGNEq.
BAOY T 27— ez vy 4H K UEICEGBREE LTV AT EBRONB A
BRO6~9ICRTERT— 53—, 4H< 0 (CHEAAORE) OLDLEATV S,
D EHRERAANTHE, 4H >0, 4H<0 IKk-> THHEOEIBELTOEBOLLRT
XWX HTH 5B,

4.2 HBRRENE Ao OEBRMEEFUBEDLE:
#F 1R ERBRABRR .o OERME (ZHEK6~9 DN 4H: =0 KBVTE
' B Qe @ﬁic{ﬂzf&em\)% N(2)~(), 6) D52 5 FHME & ik U 1RSI0~ 13TH
50 [ /d BRZOES, EBRF -5 IFFHICTFREL PR ELRVERT 00, K
10~ 13% 2RHIC A CRUME S FREOMERI DT VRBOE A S T EMHEE D,
CNSDEBT -5 BT, BICERT~ESERFHI, [ /d=258LU0054,
oo/ G DINS B TERR T — 4 W) TR L ROOHF AR L TVWEHL LTH %
HEE X2 1 BB L i, FRECTREN /d =25 DEBREFHE L TH1h -
feds, BIILCRY 1 /d=50 DF—4 DB TR EFLOFROHERICLT L &1+ THODT,
!1/d=25 @%%%%ﬁﬁbfétbﬁ’caﬁéo bbAA, TNTHELERT —IHD
T EREALOM, D¢ E BRI, 11DF -5 BT 3R, XE)OFICAKTSE0
S LRBHAERDTL L I icEbN B,
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REARETE, 2.5FHEHOCEL, FHOLDSmm EifAE OBEL TRA B
HREEHBRHENTO S, - THANBER L LTE, KROER/! ORVIC/*=/-5
HEBRETREOPECHEEN DL, LT, COREXSLDOD ET0I, /=25,
50, 100, 200mm @I T/ =25mm DIEEBHROREVETH %, T T/ =25mm DLy
Bixtl, [ ofhic FERAY, EREETFAEIK SO TRIEFEUCERKR 28CE -7
@ﬁﬂmf%éﬁ,mn&mmw%w%mﬁ%®§ﬁ¢UTwé&@éimmfﬁéﬁo

4.3 § &

RIETICE SN R, thOBEREELFELUCBREN) VLALBOTS, 0./ BE
{, POHEBEEGHEV LEAGEBEERT EVIERENEREZE . LrBRED
BENY O LDERF — 5 TREESN TV /d= 50DRT, TOFEEPRINT
WB, BE-TLIECERLAAkBLY 7 Lt YR12, R22, RIS L THRIEANY U A
HRALSHSBTVETEENIL LKL D, Z2LT, COEMSERAE, L1HOKRYITE
Lt Zon k() (b)D55, FHFARELL B0 EERSNE,

LHALEHRS, CCTENTRELEY, ) 2EENERNSS. £ LTEORE
6 ~X 9 el L IiC, GHKILIE 5 LRABRT q. 35300, EH Eq ORIELAHE
KB ETHD, T LTZORD, M0, 11IEBWToo /G OENS > E/MSOIR
RFEOF—sBBONRWT ERIE 5, WMETIUL, B~ Y L205E, NO)OTRME
CEHBTIERT I BELETE DD, Fhbid, oo /G DTSR ONFHEETL
MAEENT, 2 TRELRQDOTEEEORMICE L OHEEEZE LY, £LT, TO
EhSEAE, BEORENY Y LOERF - hoBEFESRHE NG 7T L b,
FNROOEHIBS > EEVBIDUT, -TIORAMPLRAE, 1 1EHOKRYICE
LB om0l b, 4L 100 3—& v PEEEDNEDEFEVHBITVE
BESATO B, '

ffi&igic, MRESRAARRKE LR S EREEEGIC LREY & 2 MBICRELT,
ROBHRIE DRI —ICEE L TBL LEWD S, TROLERARSEHTHERDOKE
) o LDRARREDORREIEEI=1~2mm BEOFEICHOETELEZHONTL S,
RBEEEL 00/ 0 BPBVOT, CNERVEBECLBLALITEZSNSLHDD, £1T
bPRD, L, bo bt KEHERODABEDEAIEINIpDOMBERE-TVb, bo
EHNHOOPRICE N, 7 LA Y RI2ZIKK L o/ o= 0.306 DIEA, d=3mm BX
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P d=5tmm CL->THEREGO LIREICERIHTORO I EELRLTET 9,

4.4 f R (BHREROEBRT—FICD0T)

BEZL TR, FRROFHERTEONLRBERDBRAREq. OERT -5 %
151C7R T THURET p=0.220 MPa DA T, KEEERE 0./ 0 = 0.0122& 5730
B, -oTAHETHEEL LEBEFE L 3E > EROBOEETOF -4 ThH 5,
WE-oTEF, K6~9DBEA/ITHRTHREY KEWHEREE G=328kg m?s KHBWVTH
FRABRR DG, FEHELHRIECTORL, BBRIGOKZF— 9B LETNTIE
5N 5 EPRABIE q .. DEBEZ, 2)~Q), B)DOFRIEE LKL ERHRKIETH 5,
TROLERER, XD >Tqo BFRMSNBZLERICHD, LOFRIEO—BEIFE
BILBHTHAT EBbhb,

5. #

APFRORRES LB 2L TROTE S TH B,

(1) AFETE, 5750 ECTIREEL 0,/ pr = 0409 DEATFOMRAE~) v AOME
MIRREGR . OERELCZL, WE d=1 mm, B - B&L/ /d=25 50, 100,
200 DIFAITK L, AOY T 7 —nve vy e 4Hi /Hyp=-0.31~+0.62 OFEHHATHR
BN ER T — 5 5K, 7 LCEREEGHb B EM EIC 5 & BREFHRT R
WRICEEC L, —F, TN TFTOERBEEGCTRE < & bAPEOMERART g.&
AH; DBEBBRICIE S &S EREE ],

(2) I /d=25BXU0KBVT, BEEEGHREVIBADOER T -7 HR4) NER)
TR F6) (HP ) O FRIED LAY BRREBI, TLT, COTER, Kk,
7 LA ¥ R12, R22, RIS IZBALTT TICHMSN TS0 LE UEEREL, KiE~Y ¥
ABTRY T LI 5T, B> CRARKHICE L TlRA~ Y U 2 2 BBKRE B3 <&
TRV ELHSEHRPELNS,

B L Lasss, FREil~k &S ic, HREBRAKFRECH L CEERE
B GIC ERMEATELET BRIEAS 0, BICH~Y) v 4TE, ZO@MES T, HEE)
TICR X/ HP RBAF L R ER 75 3, BHETHIICEFELETSd00D, TRELHN
T GEREET U d, L & NERIBUSE & OMBAAS VTN S 50 #-T,
LRI O BE ORIENY T LOERT — 5 5, BENY 9 IR EEREHSE L6
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REINBLEDH-1ELTH, BTLORBHLAZTANOKRRUCHEEEX 50
@) KR Lo HP fRBRAERRE R, BEOBKEAN) v LOKBRT —5 15, [ /d< 50
DR TEERRERS BN EAER LTRSS N bDTH B, LipL, R0
ﬁ%u,7u¢yRm,Rm,Rn5momf;El@%&%ﬁﬁﬁ%ﬁ&ét&&?fu
FRLTOABEGTEL, AREOKR, BiE~N) 7L LTsd, M1 ORERRICIE
AIBRIENH B C EBHBA LI TH S, #->T, K1 ORERECOOTE, RAN
BT BLETH B

(B) 131X 00/ o1 > 0.1 BEOSEFRIZMOBERICL~Z &, RARFRHRICEL TRE
+HBRENTOROERTH S E 02 %, T LT LEMRBGAK, b5V IRFAEE
RO - REBELHER L E2 S EATRPTREMEI K -TV 5, L LARED,
COBEHEBOBHHIC OO T, BPBREINTOBICERESME I U THELSBE
%5z, FRICEEN) Y LOBRBFERICOVT, RENLERFT -9 251 2HRiC
25T 3B,

E &

BiEA~NY v ADORRAFHRO ERIEE ORI URICE L, MEFHRMNPER - AHX
FOKBAEER @IXFRE), HAEXE (R AUDHEDIEDH 4, £ HIH
e « BEMEFRORFEAERD L BEERHREESE, NEEREKBEORB S JUWEK
BLTR, BREBLOMRENLECHAETEC, T, BAEERXERORITILHID,
HEIRF LM, BEE, EARGEE, BoU0KRFERFE, KARBUEDP SEROE
BEB, ChoZ B L TECHBEERRTARETH 5,

& & X B

{1} Y.Katto, Int. J. Heat Mass Transfer 23, 493—504 (1980).

(2) Y.Katto, Int. J. Heat Mass Transfer 23, 1573—1580 (1980).

(3) H.Ogata and S. Sato, Cryogenics 13, 610—611 (1973).

(4) P.J. Giarratano et al., Adv. Cryogenic Engng 19, 404—416 (1974).
(5)  V.E. Keilin et al., Cryogenics 15, 141—145 (1975). -

(6) Y.Katto and S. Yokoya. Int. J. Multiphase Flow 8, 165181 (1982).

(7) Y.Katto and S, Ashida, Proc. 7th Int.Heat Transfer Conference, Vol. 4, pp.
291—296 (1982).

(8) K.Nishikawa et al., Proc. Tth Int.Heat Transfer Conference, Vol. 4,pp. 321—326
(1982).

—243—



F1 BEANY T LARABFROER T — 4

EXPT P D L/D G - AHy Qe Xex Qco K
ND
MPa mm kg/m2s  kJ/kg ki /m2 kW/m2
1 0.199 1.0 25 10.47 5.3740 1.1610 0.50570 0.7748 1.0740
2 0.199 1.0 25 10.47 3.5280 1.0230 0.55240
I 0.199 1.0 25 10.47  1.7770 0.9279  0.62700
4 0.199 1.0 25  10.47 -0.0683 0.7982 0.48070
5 0.199 1.0 25 10.47 -1.8920 0.6062 0.67980
6 0.199 1,0 25 17.46 5.3740 1.2600 0.16300 0.8418 1.0940
7 0.199 1.0 25 17.46 3.5400 1.1630 0.27610
B 0.199 1.0 25 17.46 1.7170 0.9688 0.I3900
9 0.199 1.0 25 17.46 -0.1061 0.8399 0.43500
10 0.199 1.0 25 17.46 -1.9190 0.6785 0.51370
11 0.199 1.0 25 24.48 5.5360 1.4260 0.02558 0.9642 0.9962
12 0.199 1.0 25 24,48 2.9220 1.2140 0.18020
13 0.199 1.0 25 24.48 0.3I317 1.0160 0.33790
14 0.199 1.0 25 24,48 -2.2490 0.7568 0.47260
15 0.199 1.0 25 35.02 5.5360 1.6620 -0.06992 1.0910 1.0970
16 0.199 1.0 25 3I5.02 3I.7170 1.4820 0.04556
17 0.199 1.0 25 35.02 1.8880 1.3180 0.16590
18 0.199 1.0 25 35.02 0.0780 1.1130  0.27430
19 0.199 1.0 25 35.02 -1.7390 0.6835  0.37710
20 0.199 1.0 25  52.97 S5.5900 - 2,0340 -0.1548B0 1.2740 1.2290
21 0.199 1.0 25 52.97 4.3880 1.9030 -0.07038
22 0.199 1.0 25 52.97 3.1520 1.7140 0,00742
23 0.199 1.0 25 S2.97 1.9600 1.5380 0.08349
24 0.199 1.0 25 52,97 0.72I8 1.3650 0.16460
25 0.199 1.0 25 S52.97 =0.4781 1.2130  0.24490
26 ©0.199 1.0 25 S52.97 ~-1.5040 1.0640 0.31080
27 0.199 1.0 25 70.B4 5.5360 2.5960 -0.16560 1.6840 1.1220
28 0.199 1.0 25 70.8B4 4.46750 2.448B0 -0.10790
29 0.199 1.0 25 70.84 3.5740 2.3060 ~0.02821"
I0 0.199 1.0 25 70.B4 2.0930 2.0980 0.076B6
31 0,199 1.0 25 70.84 1.1890 1.8400  0.12440
32 0.199 1.0 25  70.84 0.3076 1.7130  0.18670
IZ 0.199 1.0 25 70.84 =-0.6051 1.5950 0.25280
34 0.199 1.0 25 70.84 -1.5530 1.4210 0.31490
35 0.199 1,0 25 B82.01 £.0000 3.1550 =~0.19050 2.1510 0.8973
I6 0.199. 1.0 25  82.01 4.4400 2.9150 -0.07836
37 0.199 1.0 25 B2.01 2.8770 2.6770  0.03426
IB 0.199 1.0 25  82.01 1.3360 2.3I790  0.13840
39 0.199 1.0 25 B82.01, -0.2109 2.0970  0.24490
40 0.199 1.0 25 B9.51 S.3I740 3I.3210 -0.14720 ——=-m=  ———ee-
41 0.199 1.0 25 B9.51 4.6600 3I.2430 ~-0.09176
42 0,199 1.0 25 89.51 I.9490 3I.3230 -0.02093
43 0.199 1.0 25  89.51 3.2440 3.4980 0.05875
44 0,199 1.0 25 B89.51 1.1120 3.33I00 0.23080
45 0.199 1.0

25 89.51 -0.5049 3I.0720 0.34830
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%1 kA~ v ABRBFROEBRT -5 (DDE)

EXPT p D L/D €] AH4 (=] Xex Sco K
NO
MPa mm kg/m2s  kJ/kg kW/m2 kW/m2
46 0.199 1.0 50 10.52 2.3%900 0.8545 0.88960 ~ 0.5348 1.1040
47 0.199 1.0 50 10,52 -0.6638 0.5133 0.92230
48 0.199 1.0 50 10.52 =-2.6390 0,.3888 0.88740
49 0.199 1.0 S50 17.58 5.0300 0.9419 0.50310  0.6450 1.0330
50 0.199 1.0 S0 17.58 1.38B00 0.7307 0.61350
51 0.199 1.0 50 17.58 =-0.4120 0.6192 0.65980
52 0.199 1.0 S0 17.58 -2.2590 0.5128 0.71610
53 0.199 1.0 S0 24.49 5.84B0 1.1310 0.29980 0.7310 1.0510
54 0.199 1.0 50 24.49 I.1960 0.9436  0.39910
55 0.199 1.0 50 24.49 0.5800 0.7718  0.50640
S6 0.199 1.0 S0  24.49 -1.6%900. 0.6167  0.%9520
57 0.199 1.0 S0 35.25 5.8480  1.2320 0.10100 0.7838 1.0850
58 0.199 1.0 50 35.25 4.0220 1.0800 0.18630
59 0.199 1.0 50 3I5.25 2.2180 0.9425  0.27690
60 0.199 1.0 50 3IZ.25 0.3901 0.8120 0.3I7310
61 0.199 1.0 S0 3I5.25 -1.3670 0.6915  0.46B10
62 0.199 1.0 50 3I5.25 -3.1140 0.54482  0.54980
63 0,199 1.0 S0 53,11  S.4280 1.67B0  0.07884  1.0410 1.3060
64 0.199 1.0 50 S53.11  4.2050  1.5610  0.14800
&5 0.199 1.0 50 S53F.11  J.0160 1.3910 0.19660
66" 0.199 1.0 50 53.11- 1.B080 1.2820 0.26720
&7 ©0.199 1.0 S50 53.11  0.5855 1.1310  0,32500
68 0.199 1.0 50 S53.11 -0.5499. 0.9478  0.36450
69 0.199 1.0 S0 71.10 5.4280 2.3410 0.10230 1.3990 1.4300
70 0.199 1.0 S0 71.10  3.6090 2.0590  0.19310
71 0.199 1.0 S0- 71,10 1.B130 1.7360 = 0.27170
72 ©0.199 1.0 S50  71.10 - 0.948B8 1.5620  0.30480
73 0.199 1.0 S0 71.10 0.0226 1.3850  0.34370
74 0.199 1.0 S0 B89.30 4.5600 2.6270 0.11710 1.8930 1.B380
75 0.199 1.0 S0 B9.30 3.1060 2.1930 0.15970
76 0.199 1.0 50 B89.30 1.6750 1.9270  Q.233&0
77 0.199 1.0 . SO0 107.60 5.84B0 3.5220 0.06181  —————m ———e—c
78 0.199 1.0 S0 107.40 5.2470 3.4390 0.10130
79 0.199 1.0 SO 107.60  4.6580 F.3500  0.13B880
80 0.199 1.0 SO0 107.60 4.0620 3.2680 0.17800
81 0.199 1.0 SO 107.60 3.4690 3.1810  0.21620
82 0.199 1.0 S0 107.60 2.8670 3.1010 0.25630
83 0.199 1.0 S0 107.60 2.2960 3I.1030  0.30720

—245—



1 BENY Y LBRABFEROERT -5 (03F)

EXPT P D L/D G AHy Ac Xex dco K
ND
MPa mm kg/m2g  kJ/kg kW/m2 kW/m2
B4 0.199 1.0 100 10.%6 S.4280 0.4100 0.89400 0.2663 1.1110
B5 0.199 1.0 100 10.56 2.4230 0.3258 0.87760
86 0.199 1.0 100 10.56 =0.6465 0.2526 0.90390
87 0.199 1.0 100 10.56 -3.6450 0.1700 0.89240
B8 0,199 1.0 100 17.64 6.9500 . 0.5347 0.45790 0.3079 1.1850
89 '0.199 1.0 100 17.64 I.2940 0.4094 0.53000
90 0.199 1.0 100 17.64 -0.3000 0.3007 0.462990
91 0.199 1.0 100 24,75 6£.2490 0.6399 0.36210 0.3906 1.1590
92 0.199 1.0 100 24.75 I.6410 0.5349 . 0.44280
93 0.199 1.0 100 24,75 1.0630 0.4398 0.53490
94 0.199 1.0 100 24.75 -1.5070 0.3264 0.60010
95 0.199 1.0 100 35.44 5.8480 0.9225 0.40380 0.4978 1.6820
96 0.199 1.0 100 3I5.44 4.0300 0.7955 0.43790
97 0.199 1.0 100 3I5.44 2.2310 0.6778 0.47950
98 0.199 1.0 100 .35.44 0.4195 0.5340 0.49820
99 0.199 1.0 100 35.44 =-1.4090 0.3810 0,50520
100 0.199 1.0 100 S53.51 S5.8480 1.1550 0.24650 0.6727 1.3020
101 0.199 1.0 100 S3.51 4.6540 1.0150  0.25950
102 0.199 1.0 100 53.51 3.4580 0.9216 0.30340
103 0.199 1.0 100 S3.51 2.2350 0.8347 0.35570
104 0.199 1.0 100 S3.51 1.0410 0.7554  0.40750
105 0.199 1.0 100 53.51 .~0.1185 0.6786 0.45930
i
106 0.199 1.0 100 71.21  4.5600 1.4450 0.32660 0.8433 1.7900
107 0.199 1.0 100 71.21 3.6550 1.3070 0.32620
108 0.199 1.0 100 71.21 2.7600 1.2080 0.35620
109" 0.199 1.0 100 71.21 1.8600 1.1080 0.38610
110 0.199 1.0 100 71.2%1 0.9487 0.9662 0.39630
111 "0.199 1.0 100 89.38 S.8480 2.0770 0.30500 ———m—— ————ee
112 0.199 1.0 100 89.38 5.1290 2.0170 0.34490
113 0.199 1.0 100 B%9.38 4.0760 2.0110 0.43570
114 0.199 1.0 100 89.38 3.7030 1.9450 0.44240
115 0.199 1.0 100 B89.38 2.9770 2.0780 0.55950
116 0.199 1.0 100 B89.3I8 2.2960 2.0120 0.59360
117 0.199 1.0 100 B89.38 1.5900 2.0140 0.65690
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EXPT
NO

118
119
120
121

122
123
124

125
126
127
128

129
130
131
132
133

134
135
136
137
138

MFPa

0.199
0.19%
0.199
0.199

0.199
0.199
0.199

0.199
0.199
0.199
0.199

0.199
0.199
0.199
0.199
0.199

0.199
0,199
0.199
0.199
0.199

x 1.

-
« * 2 3 o]
(oM oReNo] 3

-
T . =

L/D

200
200
200
200

200
200
200
200

200
200

200

200
200
200
200

200
200
200
200
200

G
kg/m3s

10.54
10.54
10.54
10.54

17.59
17.59
17.59

24.59
24.59
24.59
24,59

35.31
35.31
35.31
35.31
35.31

S2.64
S2.64
52.64
S92.64
S2.64

aHj
kJ/kg

5.8480
2.7750
-0.271%
-3.2450

S5.8480
2.1850
-1.4400

5. 4280
2.6080
0.1416
~2.3820

5.B8480
4.0180
2.2100
0.4088
-1.4350

6.2490
9.0280
3.8120
2.6100
1.3670
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Ac
KW/ m2

0.1959
0.1574
Q0.1067
0.0783

0.3131 -

0.2398
0.1386

0.396%F
0.3132
0.2411
0.1405

0.5226
0.4571
Q.3967
0. 3399
0.2627

0.7875
0.7045
0. 6664
0.7448
0.7848

Xex

0.79830
0.81160
0.74070
0.81310

0.74260
0.77170
0.683520

0. 66060
0.67090
0.46B160
0.61530

0.53020
0.356090
0.59980
0.64520
0. 65370

0.50610
0.50250
0.55890
0.77070
0.93450

BARNY 9 LRABIRROERR T -5 (D0F)

Qco
kW/m2

0.1176

0.1779

0.2259

0.3183

1.2790

1.5210

1.6190

1.2440
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