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Abstract—Among the four characteristic 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
Whalley 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 ap,/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

Cobr specific heat of liquid at constant pressure
kg 'K™'];

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

Ceo C for hydrodynamic equilibrium
[kgm™3];

d tube diameter [m];

D, deposition rate of droplets [kgm~2s7!];

E, entrainment rate of droplets
[kgm2s~'];

f friction factor;

g, acceleration due to gravity [ms~2];

G, mass velocity W/(nd?/4) [kgm~2s~];

G liquid film mass velocity W /(nd?/4)
[kgm™?s7'];

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

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

kg, deposition mass transfer coefficient
[ms™'];

k,, thermal conductivity of liquid
[Wm™'K™'];

L heated tube length [m];

m, liquid film thickness [m];

p, absolute pressure [bar];

q heat flux [Wm™?];

Ger critical heat flux [W m™2];

oo q. at AH; = 0;

Re, Reynolds number;

w, total mass flow rate [kgs™'];

W e mass flow rate of liquid film [kgs™'];

z, distance along tube [m].

Greek symbols

a,
l‘l’
/'lv’

void fraction of gas core;
viscosity of liquid [Pas];
viscosity of vapor [Pas];

o density of liquid [kg m™*];

P density of vapor [kg m™?*];

a, surface tension [Nm™'];

T, interfacial shear stress [N m~2];

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

% quality;

Lexs exit quality at CHF condition.

1. INTRODUCTION

Criticat 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 ¢, is assumed under fixed conditions of p,/p,,
l/d and AH /H;,:

dc
GH,,

=f (Ecur)

where &qyp is the modeling parameter defined as Y(1)

i apy \ (GA\®S [, \O3
o = (G20 ) (2] (2]

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, I/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:

4 <Pv [ AH, G!’x)

GHy, '\p 'd Hy G

)
where op,/G*| is a special dimensionless group, that is
defined with the tube length [ instead of the tube
diameter d 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./GH;,, p, {reduced pressure in
place of p,/p), I/d and AH/H,, together with the
following dimensionless parameter:

y — (M)( ?2 )0.4 (fi>0.6 (3)

. Ky pigd My

AN / N

Though comparatively recent studies are involved,
there remain wide differences between equations
{(13-(3). Therefore, it is necessary to discover whether
there is any underlying or internal relation between
them. Fortunately, Whalley ez 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 er 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 ¢, (critical heat flux for AH; = 0)
obtained for various kinds of fluids are correlated. Asis
seen in Fig. 1, the author’s generalized correlation
classifies CHF data into four characteristic regimes
called L, H, N and HP. L, H and N regimes correspond
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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 ¢_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. 1 are formulated as
follows:
L regime.

o 1 )
=025 —), 4
(a) GH,, (!,/ 4 4)

deo 'gp‘ 0043 1
:C _— P —
) g (GZJ ko

where C = 0.25for l/d < 50, C = 0.34 for l/d > 150,
and C = 0.25 + 0.0009[(I/d) — 50] for l/d = 50-150.
H and N regimes.

4 0.133 1:3 1
(© —=—o10(2 (”—‘;‘ e
GH,, n)  \G) T+000310/a)

(6)
g 0.133 G433
@ e _ 0008 (&) 2)
GH,, ) G*l
e
1 + 0.0031(/d)’
HP regime.
.60 0.173
(€) —== — 00384 ("i) (@)
GHfg & G t
1
(8)

1 5 0280(0p,/G2 0 233(1/d)"

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

by
op, _ (0IT\2°
0 Gzl—<t/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-
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FiG. 1. Generalized correlation of g,, data [lines (c) and (d)
represent equations (6} and (7) with p /p, = 0.048].
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F1c. 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
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FiG. 3. Hewitt-Roberts map for flow pattern of vertical two-
phase flow.
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drawn in the following manner. Substituting ap,/G*l of
equation (9) into the RHS of equation (7), and taking
into account the heat balance equation for AH; = 0,

44,
X =4

(/dy, (1)

yields immediately the following results:

$G* (Y UL
P 0.169 <d>(ﬂ|> [1 + 0.0031(//d))*
(11

and

Y Par 0.133
=G 0 ("—) [1 — 0.288 <5C)
1 d P

(l/d)(),lOl 2 ' 70
*q +0.0031(l,/d)] (ay-=. (12)

If fluid substance, pressure and d are specified, then
equations (11) and (12) are related through (I/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 26.5
and 134 bar respectively (I/d varies from 20 to 500 in 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
Gr), Whalley et al. [13, 14] assume the following mass
balance equation:

dG’F=i D—E - o
dz d H,

{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 g,,/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 Cis
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;
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= 0, the local vapor quality y at z is given via the heat

balance as
(Y, <z
*=\6H, )\a)

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

(14)

d(Gdl;/G) —o 1
where (15)
_ kap/G (E_ Ceq)
4e/GHeg \py  p1 )’
(m/d) =
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homogeneous mixed condition of the gas core, C is
given theoretically as

/ 7 NP
= mipam [t Ya ()]
mip /m)f, [ N—eTe ) (‘kp] / '
(17)

Finally, empirical values of C., given by Whalley et al.
[14], are correlated in the present paper as follows:

C.[kgm™*] = 1.01 x 10*{(t;m)/5]**°
for (1;m)/o < 0.0366
C.[kgm ] = 1.03 x 10*[(r;m)/c]'*!
for 0.0366 < (t;m)/o < 0.247
C.[kgm 3] = 10049 +19%mo)
for 0.247 < (t;m)/o

(18)

where 1; is the shear stress acting on the interface
between the gas core and the liquid film, and m the
thickness of liquid film.

The dimensionless group (t;m)/c used in equation
(18) can be rewritten as

o @)

where two dimensionless groups (t;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*:
m GIF( N4 )1 :
d G \tp/G*)

/

(19)

(20)

with f{ = 16/Refor Re < 2000, andf, = 0.079/Re'“ for
Re > 2000, where Re = (Gd/u)(G,,./G), and

(l’v/ﬂ])(fipl/Gz)/lgo 1

o

G G
C(I_J X(l—&>+&'(l—£> 360
G . P M G/

® 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 :

ky[ms™'] = 0.405°°"?
for ¢ < 0.0383[Nm™']
kg[ms™!] =948 x 10*¢*7°

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

(16)

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

- 1. (21

with f,. = 0.079/Re.”,
[1 — (G1¢/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 G,./G = 0. Thus, if z/d
determined from y at G,/G = 0 through equation (14)
agrees with //d, then the preceding value of ¢,..,/(GHy,) is
regarded as the solution. Thus, the solution of equa-

where Re,, = (Gdju/p,)

tions (14)-(21) has the following functional
relationship:
4o Py op Gd oy a
l/d) = s = — —, 0,0, G
) f<GHfg i G?d [ & )
(22)

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

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 et 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 Gg/G satisfying the condition of C = C,, at the
starting point of y = 0.01 is employed as the initial
value of G¢/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 d 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-
121is located 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 I/d > 100 exhibits a fairly
good agreement for L and H regimes.

4. DISCUSSION ON DIMENSIONLESS GROUPS

If the nongeneralized quantities o, 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,/(G?1), (Gd)/u, and u,/u, com-
posing the modeling parameter ¢y in equation (1)
are the quantities governing the local value of C, of
equation (18), that is, op,/(G*d) exerts its effect on C,
through equation (19), while (Gd)/u, and p,/u, exert
effects through the friction factors f; in equation (20)
and f,. in equation (21). In this case, however, u /i, is
included in £, as (u,/,)° *%, and accordingly the effect
of u,/u, is regarded as comparatively small*. The effect
of (Gd)/u, is also comparatively small except under the
condition of very low G/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 o, p, and G in equation (22) are
mainly related to the term (kyp,)/G, which governs
directly the magnitude of @. Since k,, the deposition
coefficient, is invariant, the term (kyp,)/G is kept
constant through the tube. This has a direct influence
on the evaluation of the distance up to the position of
G¢/G = 0. Presumably, therefore, there is a possibility
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that the quantities g, p, and G may cooperate with the
tube length ! in constructing a dimensionless group
(6p,)/(G?1), 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
(ep)/(G*l) 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

Y. Katio

not so remarkable, and in this sense, the availability of
(ap)/(G2) in correlating CHF data can be said to be
supported by the analysis based on the annular flow
model of Whalley et al.

Finally, the dimensionless groups (Gc,d)ik, 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
bar and 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 (6p,)/(G2l) increased
successively by about 10 times, and they are divided
into two groups as follows. First, when (ap,)/(G%]) is
comparatively high (that is L regime), Gz/G takes a
value 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,)/(G2]) 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 caseis 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
(0p,)/(G?1) region, corresponding to the L regime [see
equations (4) and (10)].

On the other hand, when (ap,)/(G?]) is compara-
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Table 1. Exit quality x.,

Ijd = 100 I/d = 1000
ap/G*l Xex ap/G?l Xex
1.64 x 1072 1.00 1.64 x 10°* 1.00
1.85 x 1074 0.88 181 x 1073 095
1.64 x 1073 041 1.64 x 10°° 0.73
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 (¢p,)/(G2l) region, ® has the
trend of being greatly negative in the vicinity of the
tube inlet, and taking values near unity all 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 (@ <
0in the first part and @ > 0in 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 y., is obtainable with tolerable accuracies
from the results for AH, = 0.

HMT 25:9 - G

heat flux g, against the exit quality y,, for waterat p =
69 bar,d = Smmand G = 2000kgm~2s~! where a
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 //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]
also). In the range of I/d > 600, experimental data
exhibit the trend that g, — 0 and y,, — 1 with
increasing I/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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FiG. 9. Relation between g, and ., (water, p = 69 bar, d
=8mm, G =2000kgm 257 ").
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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
so as to pass along the whole data points of Wirtz. 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 G,./G = 0 apply correctly.

6. CONCLUSIONS

Numerical analysis of CHF based on the annular
flow model of Whalley et 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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CHF of flow boiling in vertical tubes

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 précédente
sur la formulation générale du flux thermique critique (CHF) deux régimes appelés L et H correspondent a
un écoulement annulaire a la sortie du tube. A partir du modéle d’écoulement annulaire 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 roles des
groupes adimensionnels. On constate que les groupes adoptés dans le modéle de Ahmad s’accordent avec le
modele annulaire de Whalley et al., qu” un groupe adimensionnel spécial (op,/G*1) 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 Veroffentlichung des Autors iiber die allgemeine Berechnung der
kritischen Warmestromdichte (CHF) wurden vier charakteristische Gebiete klassifiziert. Zweien dieser
Gebiete (L- und H-Gebiet benannt) wird am Rohraustritt Ringstromungsform zugeschrieben. Unter
Verwendung des Ringstromungs-Modells von Whalley et al. wird fiir gleichformig beheizte, mit gesattigtem
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
mafigeblichen 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 op,/G*l mit einer
physikalischen Bedeutung bei der Berechnung von CHF-Werten verwendet werden kann und daB der
Tropfchen-Massentransport zwischen dem Fliissigkeitsfilm und der Dampf-Kernstrémung verschiedene
Erscheinungsformen zwischen dem L- und H-Gebiet annimmt.

AHAJTUTUYECKOE UCCAEAOBAHHUE KPUTUUECKOI'O TEILJIOBOI'O TTOTOKA
[PU KUIMEHUU IBUXYIIENCA XHWJIKOCTU B PABHOMEPHO HATPEBAEMbIX
BEPTUKAJIbHBIX TPYBAX. YTOYHEHUE OCHOBHbLIX BE3PA3MEPHbBIX
KPUTEPHUEB

AHHOTAWMA—Y CTAHOBJIEHO, YTO CpPelH 4YeThIPEX XAPAKTEPHbIX PEXMMOB, KJIACCHOMKAUUA KOTOPBIX
6blTa JaHa B ONHOH M3 npelblAyluux paGoT aBTOpa, B KOTOpOH ObUIO NMPEATOKEHO COOTHOLIEHHE
IUIA pacyeTa KPUTHYECKOTO TEIUIOBOTO MOTOKA, ABa pexuma, a WMenHo L u H, xapaxrepusyrorcs
KONbUEBOH KOH(HUrypauueil noToka Ha Bbixofde W3 TpyObl. HMcnosbiys mMonens KOAbLEBOrO TEYECHHH
Yonnu u dp., NpoBeieH TEOPETHYECKMH aHAIM3 JUIS DaBHOMEPHO HarpepaeMbix Tpyb, B KOTOpHiE
NOJAETCA HachillleHHas Boaa, ¢peoH-12 u xuaxuil a3or. [1poBeneHO CpaBHEHHE MOJYYEHHBIX pe3yJibTa-
TOB C pe3y/bTaTaAMM PAacyeToB MO NPEATOKEHHOR AaBTOPOM 3aBUCHMOCTH H BBISCHEHA POJib OCHOBHBIX
Oe3pa3MepHbIX KPHTEPHEB. YCTAHOBJIEHO clenylollee: Oe3pa3MepHble KPUTEPHHM, MCHOIbL3YEMBIE B
3akoHE MONEJHPOBAHMA AXMana, COLNACYIOTCA C MOAEJIbIO KOJbLEBOTO TE4eHHUs Younu u dp.,
6e3pa3MepHBIfi kpHTEpHt Gp,/G2! MOXHO H3HYECKM OBOCHOBAHHO HCMOMB3OBATH JUIR ONHCAHMA
JAHHBIX MO0 KPHUTHYECKOMY TEIUIOBOMY TOTOKY, Mex iy pexnmaMu L u H xanenbHelil Macconepenoc
MEXIY XHIAKOCTHOM MUIEHKOH W BHYTPEHHUM ODBEMOM ra3a XapakTEPHU3YEeTCH PAJOM OTJIHYHUTEIIbHBIX
0CODEHHOCTEI.
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