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Abstract—Recent accurate correlations for predicting the heat transfer coefficient in saturated flow boiling
all contain an empirical boiling number correction. The original idea behind the boiling number correction
was to allow for the enhancement of the forced convective heat transfer mechanisms arising from the
generation of vapour in the boundary layer next to the wall. However, the presence of the boiling number
term appears to prevent application to subcooled boiling, throwing doubt on the physical basis of the
correlation. This paper shows that the convective term in the correlation should have a Prandtl number
dependence. In this way an accurate predictive method covering a very wide range of parameters is
constructed with an explicit nucleate boiling term and without boiling number dependence.

INTRODUCTION

Over THE last few years a large data bank for saturated
and subcooled flow boiling in tubes and annuli has
been built at Birmingham and various attempts have
been made to fit correlations that cover all of the data.
From fairly early on the aim has been to reduce the
number of physical properties required in the cor-
relations and to extend the range of applicability, to
different types of fluid and to both saturated and
subcooled boiling. In terms of generality the most
successful correlation to date is the one previously
reported in this journal [1]. That correlation gave
the closest fit to the saturated boiling data of all the
correlations tested and also was reasonably accurate
for subcooled boiling.

Since then more data have been acquired, mainly
for cryogenic fluids. The correlation in ref. [1] has
both a nucleate boiling term and a boiling number
correction to the forced convection term. The original
idea behind the boiling number correction was to
allow for the enhancement of the forced convective
heat transfer mechanisms arising from the generation
of vapour in the boundary layer next to the wall.
However, it has become clear in the course of the
work that correlations for saturated boiling without
an explicit nucleate term, that rely only on the boiling
number correction, do not work for subcooled boiling
(e.g. ref. [1]). However, it is widely considered that
the boiling contribution in subcooled boiling is inde-
pendent of subcooling, so a saturated boiling cor-
relation at zero quality should extend easily to sub-
cooled boiling. For the pure boiling number
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correlations this does not happen, throwing some
doubt on the correctness of the use of the boiling
number (though for saturated boiling the boiling
number based correlations are simple to use and give
accurate results for water and refrigerants [2, 3]).
Consequently one aim of the present investigation was
to remove the boiling number term completely.

The new equation, fitted to the saturated, non-cryo-
genic data, is a distinct improvement. Tested against
the subcooled boiling and cryogenic data it gives bet-
ter results than any other correlation. The physical
basis of the equations has been strengthened by the use
of an explicit nucleate boiling term and no empirical
boiling number correction. In addition a Prandtl num-
ber dependence is introduced for the forced con-
vection term. With a correlation that clearly dis-
tinguishes between the effects of nucleate boiling and
of forced convection, it becomes easier to understand
the mode of action of devices for enhancing the heat
transfer coefficient.

The first general correlation for saturated flow boil-
ing with an explicit nucleate boiling term perhaps was
that of Chen [4]. He assumed that in flow boiling
heat transfer the convective and nucleate boiling heat
transfer mechanisms both play a role and they are
additive

hrp = fhy+Shpoq. (1

The first term on the right-hand side, f#,, is the forced
convective contribution where 4, is the liquid-only
heat transfer coefficient calculated from the Dittus—
Boelter equation with the liguid phase flowing in the
same channel. f is the forced convective heat transfer
enhancement factor. The value of f is always greater
than unity, because in two-phase flow, the fluid velo-
cities are much higher than those in single-phase
liquid-only flow. Chen assumed that f is strictly a
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b dimensionless constant in equation (10)

C dimensionless parameter defined by
equation (21)

d diameter [m]

dy heated equivalent diameter [m]

E lumped two-phase heat transfer

enhancement factor, equation (1)
[dimensionless]

¢r, ¢, Froude number correction factors
[dimensionless]

! forced convective heat transfer
enhancement factor used by Chen
[dimensionless]

F forced convective heat transfer

enhancement factor used in this
paper [dimensionless]
fr Froude number, G*/( pi gd)

[dimensionless}
g gravitational acceleration [m s~ ?]
G mass flux [kgm™2s7 ']
h heat transfer coefficient
Wm 2K
K, liquid thermal conductivity
Wm 'K~
M molecular weight

NOMENCLATURE
a constant, equation (9) [dimensionless] 12 reduced pressure (absolute
App. Ay dimensionless parameters defined pressure/critical pressure)
by equation (28) [dimensionless)
A, parameter defined by equation (18) Pr, liquid Prandt] number [dimensioniess}

q heat flux [W m ™3]
Re;  liquid Reynolds number, Gd/y,
{dimensionless]

s suppression factor used by Chen
[dimensionless]
S suppression factor used in this paper

[dimensionless]
T temperature [K]
quality.

-

Greek symbols
u dynamic viscosity [Nsm 2]
p density [kg m~*].

Subscripts
b bulk
cal calculated
cxp  experimental
1 liquid ; liquid phase
L all the mass flow rate taken as liquid
pool pool boiling
s saturation
TP  two phase
v vapour
w wall.

flow parameter and is a function of the Martinelli
parameter. The second term, sh,,., is the nucleate
boiling contribution. /,,, is the pool boiling transfer
coefficient which is calculated from the Forster and
Zuber pool boiling equation. The suppression factor
s (< 1.0) reflects the fact that lower effective superheat
is available in flow boiling than that in pool boiling,
due to the thinner boundary layer. s was assumed to be
a function of the two-phase Reynolds number Rep.
Originally both f and s were presented as graphs, but
later equations were developed to fit the graphs [5].

The Chen correlation was developed on the basis
of 665 data points from six different data sources. The
overall deviation for the data was 12%. But more
recently, many comprehensive comparisons showed
that this correlation gives a rather poor fit to the data,
at least for refrigerants. The correlation is compli-
cated, and requires many physical properties.

DEVELOPMENT OF THE CORRELATION

As discussed in the introduction, the physical basis
of the Chen correlation is clearer than that of other

correlations, though it does not fit the experimental
data very well compared with the boiling number
based correlations. Therefore, Chen’s basic postulate
that both convective and nucleate boiling heat transfer
mechanisms play a role in flow boiling was used in
this paper. But whether these two mechanisms are
simply additive is questionable. The detailed com-
parison of the correlation shows in ref. [3] that the
heat transfer coefficient is considerably overpredicted
in the high quality region and underpredicted in the
low quality region. This indicates that the com-
bination of the two heat transfer mechanisms by a
simple addition method is not very suitable, since in
the high quality region, even with a relatively small
mass flow rate, the actual velocities of the phases
must be very high and a great convective heat transfer
intensity must be expected, hence the nucleate boiling
mechanism must have been more greatly suppressed
than that predicted by the Chen correlation.

The method of combining the two contributions
suggested by Kutateladze [6] is used in this paper

hie = (Fhu)? + (Shyoo) - 2

This method has the advantage over the simple
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addition method that nucleate boiling is further sup-
pressed once Fh is appreciably larger than Sh,,,.

In the above equation Fhy is the contribution of the
forced convection mechanism; F the forced con-
vection heat transfer enhancement factor, and A, is
calculated from the Dittus—Boelter equation with the
entire mass flow rate flowing as liquid in the same
channel

hy = 0.023(k,/d) Rel® Pr*. 3)

Shyot is the contribution of the nucleate boiling mech-
anism ; A, is calculated from Cooper’s pool boiling
correlation [7]

Moot = 55p;"'2q** (—l0g1o 1) "> M~ (4)

in which the wall roughness has been arbitrarily set
to 1 x 1075 m; Sis the suppression factor.

Chen, by applying the Reynolds analogy to both
the single phase liquid flow and the two-phase flow,
was able to show that the effect of the two-phase
flow is to increase the heat transfer compared to equa-
tion (3) by a factor

_ (dp/dz)rp |44
F ’[(dp/dz)L] ' )

Many accurate equations have been recommended for
calculating the two-phase multiplier [8, 9], but these
more accurate equations are usually very complex and
involve the Martinelli parameter which introduces the
vapour viscosity. Therefore, in order to obtain a sim-
ple presentation of the present correlation, the homo-
geneous model was used to estimate the two-phase
multiplier, which gives

@ofdde . [p
(@pJaz). ”"[ ; l]' ©

The above expressions contain no Prandtl number.
However, more recently Bennett and Chen detected a
Prandtl number effect on the forced convection
enhancement factor [10]. They corrected this effect by
multiplying F directly with a Prandtl number cor-
rection factor

.296 (dp/dZ)TP o444
F=prit [W] O

or

_ P"L+1 0.444 (dp/dz)'rp 0.444
e I A

This was at least partly verified by the recent work of
Ross et al. for pure fluid data [11].

The reason for a Prandtl number dependence,
though not necessarily in the precise form of equation
(7) or (8), may be understood as follows. Considering
first the simpler case of turbulent single phase flow, a
simple model of the heat transfer [12], in which
initially it is assumed that the velocity and temperature
profiles in the flow are similar (i.e. Pr = 1), gives a
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Nusselt number independent of Prandtl number, With
Pr>1 the diffusivity of momentum near the wall
is greater than that of heat and the velocity profile
becomes flatter than the temperature one. An exten-
sion of the model predicts that the steeper temperature
gradient (relative to the velocity gradient) will give
an increased Nusselt number. So the Pr®* term in
equation (3) is a result of the steeper temperature
gradient near the wall.

In a two-phase convective flow the temperature and
velocity profiles are very different to their single phase
counterparts. For saturated boiling the bulk of the
flow is at, or very close to, saturation temperature.
Temperature differences are confined to a small region
close to the wall. Velocity differences, on the other
hand, still extend right across the flow. So relative to
the single phase case the temperature gradient near
the wall has become even more important and it is
reasonable to expect an enhancement of the Prandt!
number effect. So we write, following the form of
equation (6)

F = (14ax Pri™(p/p,— 1))" &)

where a, m, and m, are constants to be determined
from the experimental data.

Note that this mathematical form gives the correct
trends for F as x tends to zero or p, tends to p, (unlike
equations (7) and (8)).

The suppression factor S in equation (2) is always
less than unity, which takes account of the fact that
the boundary layer of superheated liquid in which the
vapour bubbles grow is thinner in forced flow boiling
than that in pool boiling. The extent of this sup-
pression is controlled by the intensity of the forced
convection heat transfer mechanism. The exact behav-
iour of the suppression factor is difficult to predict,
but it should approach unity at zero flow rate (pure
pool boiling conditions) and zero at infinite flow rate
(nucleate boiling fully suppressed conditions). There-
fore, it is postulated that in all ranges of flow .S can
be represented as a function of the convective heat
transfer enhancement factor F and the liquid Rey-
nolds number Re;. The function for § was chosen
to be in the form of

1

S = 1FoF rep

(10
which would automatically satisfy the required behav-
iour at both low and high flow rate. b, ny and », are
constants to be determined from the experimental
data, as will now be explained.

As has been observed in ref. [6], the dominant term
in equation (2) is the forced convection term Fh,,
under most conditions. So even an approximate esti-
mate of the suppression factor S might give acceptable
results in calculating F from the experimental data

NGNS
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Accordingly, at the very beginning a constant value of
S was used to calculate F from equation (11) where
hexp 15 the experimental heat transfer coefficient ; then
using these values of F, the first approximate values
of the constants g, m, and m, were obtained by the
least square method. These constants were used to
estimate S from

S = \/ (P@PT_ [F’_”J>
hpuol ’ zpm»l

This time F was calculated from equation (9). These
values of § were then used to find the constants b, #,
and 5y, in equation (10). After the first approximate
values of b, n, and n, were obtained, they were used
to calculate values of F and hence the second approxi-
mate values of the constants a4, m, and m,. This pro-
cedure was repeated until no significant improvement
could be observed in the fit to the experimental data.

As the present correlation stands, it has con-
siderable empirical input. Therefore, the data used 1o
determine these constants should be as extensive as
possible so that the correlation obtained can be used
over a wide range of the parameters involved.

The data used in developing the present correlation
are the same as those described in ref. [3]. All the
saturated boiling data in the data bank were used.
The data bank contains 4202 data points for saturated
boiling and 991 data points for subcooled boiling.
These data were collected from 30 different literature
sources involving nine different fluids. The detailed
information on the data bank and the calculations of
the physical properties of the fluids were described in
refs. [1, 3]. The ranges of the important parameters
are as follows:

(12)

mass flux 12.4-81793 kgm ~ s
heat flux 348.9-2.62x 10 Wm™*
quality 0.0-94.8%

superheat 0.2-62.3 K

subcooling 6.1-173.7 K

diameter 2.95-32.0 mm

Froude number 2.66 % 10 %-2240

reduced pressure 0.0023-0.895
Reynolds number Re, 568.9-8.75 x 10°
liquid Prandtl number 0.83-9.1.

THE FINAL EQUATIONS

Using all of the saturated boiling data available at
that time, the expressions for Fand Sare

~ \Jo-3s
F e ILH_X Pr, (P-?~~1ﬂ
o)

S = (14+0.055F%" Ref'") 1.

(13)

(14)

Therefore, the heat transfer coeflicient in saturated
flow boiling may be calculated using these two equa-
tions together with equations (2)~(4). All properties
are calculated at the saturation temperature for satu-
rated flow boiling.
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If the tube is horizontal and the Froude number is
less than 0.05, then Fh and Sh,, should be multiplied
by

£ = Fr(ﬂ. 1 287y

{15

and

o= Fr (16)

respectively. These Froude number correction factors
were first used in ref. [1}.

If the heat flux is known then the present correlation
can be used directly to calculate the heat transfer
coefficient and hence the wall temperature. If the wall
temperature rather than heat flux is known then multi-
plying equation (2) by AT, = T, — T, squared and
substituting equation (4) into it, gives

¢’ = (Fh AT + {4,507 ¢** (17
where
A, = 55p7 2 (~logyo p,) M P (18)
defining
¢ = Fin ATy (19
2 a
e e P G
and
C = (4,S/Fh ) ¢l 2D
then equation (17) can be rearranged as
43~Cqi—1=0 i22)

which is a standard cubic equation which can be
solved for ¢* directly. The equation has a single (real)
root which is always greater than unity. The value of
hyp can be calculated from

fyp = FkL‘]i:' 23)

For flow boiling in annuli, the heated equivalent diam-
eter is used

4 x flow area

% = heated perimeter 9

Subcooled boiling

In subcooled boiling, the driving temperature
differences for nucleate boiling and for forced con-
vection are different, therefore equation (2) is replaced
by

g = JUFR AT + (ShpouAT5)7)

where AT, = T,~T, and AT =T,—Ts. All the
other equations remain the same as for saturated boil-
ing but the quality x is set to zero and hence F = 1.0
(equation (14) is still used for §,ie. § < I}

If the temperature difference is known then Ay can
be computed from equations {18) to {23) with ¢,
defined by

(25)

G = Fh AT, (26)



A general correlation for saturated and subcooled flow boiling in tubes and annuli

and the term A, S/Fh, , which appears in equation (21),
replaced by A,SATg/Fhy ATs.

Except those related to the liquid Prandtl number
and the liquid Reynolds number which are calculated
at the bulk temperature T;, all the other thermo-
physical properties are determined at the saturation
temperature 7.

If the temperature difference is unknown, then
rearranging equation (25) gives

Ts—T,
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The results of the comparisons are shown in Table 1.

Figure 1 shows the comparisons of the proposed
correlation with the data. For the purpose of drawing
this figure, only every twentieth point for water, all
the data points for R12, every tenth point for the other
refrigerants and ethylene glycol and every fifth point
for ethanol were used.

The Chen correlation gives the poorest fit to the
data with a mean deviation of 37.2%. It works even
worse for refrigerants (53.1% for 1682 data points)

AT, = 1—+AT[1+\/(] +(1+42)(4%,-1)] (27) and organics (47.5% for 289 data points). This is
bp partly because some of the data are for horizontal
where tubes, and the Chen correlation was developed orig-
Fh inally only using vertical tube data.
4 L _ q 3 ‘
bp = gﬁ; s Agp = m (28) Both the Gungor—Winterton correlation (1986) and

and the two-phase heat transfer coefficient Ay is

that of Shah give a similar result (23% for the Shah
and 24% for the Gungor-Winterton correlation

q

AT, 29)

h =
" 106 . . . ;

COMPARISON AGAINST THE DATA

Wm-2K-1

In addition to the correlation proposed in this
paper, several other more recent and successful gen-
eral correlations were tested against the data. These
include the Shah [2], the Gungor—Winterton (1987)
[3], the Chen [4] and the Gungor-Winterton (1986)
[1] correlations. All the comparisons made in this
paper were based on the assumption that the exper-
imental heat flux is correct.

Comparisons for saturated boiling data, non-cryogenic
Sfluids

This part of the data is exactly the same as used in W
ref. [3] and in developing the present correlation.
There are 19 data points with a quality bigger than
95% and these points are predicted with a very large
error by all the correlations. This may be because
dryout might have occurred at such a high quality, so
these data points were excluded in the comparisons.

102 o Q°\° p

Calculated Heat Transfer Coefficient

106
Wm-2K-1

1
102
Experimental Heat Transfer Coefficient

FiG. 1. Comparison between the calculated heat transfer
coefficients using the present equations and the experimental
values in the data bank.

Table 1. Comparison of the correlations with the non-cryogenic fluids (saturated)t

Correlation Gungor—Winterton Gungor-Winterton Number
(1987) (1986) Shah Chen Present of
Deviation Mean Average Mean Average Mean Average Mean Average Mean Average data
Fluid points
Water 18.8 0.5 24.0 53 214 02 238 —14.0 18.1 09 2212
RIi2 293 —189 311 —16.1 34.1 —24.1 36.5 —159 300 —13.9 526
R22 15.0 -6.9 28.9 12.9 14.4 —-54 272 19.6 18.3 49 32
R11 15.6 —-7.8 16.8 —4.8 14.4 58 817 72.3 19.9 -31 751
R113 18.6 —14.1 19.6 —160 232 —-21.3 208 3.1 20.3 —152 250
R114 27.4 25 20.0 45 258 -95 217 —182 238 2.9 123
Ethylene 23.4 2.0 31.1 62 214 —-74 392 —-375 219 12.1 101
glycol
n-Bntanol 37.8 —37.8 42.5 —42.5 43.5 —-43.5 55.6 —55.6 21.9 —21.5 127
Ethanol 50.0 —50.0 424 —408 533 —533 444 —444 231 —22.8 61
Total 20.9 —6.2 24.3 -2.1 23.1 —5.8 372 0.2 20.5 —-2.3 4183

Mean deviation = 1/N Z[_ | [{hey — Hexp] /Frenp] X 100%.
Average deviation = 1/N ZX_ | [h, = Fexp) [ Prep X 100%.
1 All comparisons are based on the assumption that the experimental heat flux is correct.
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(1986)). The Gungor-Winterton correlation (1987)
and the present correlation give the best fit to the data
bank (20.9% for the Gungor-Winterton correlation
(1987) and 20.5% for the present correlation). But
except for the present correlation, all the others
work rather unevenly for the different fluids. For
example, the best of them, the Gungor-Winterton
correlation (1987) gives a deviation of 19% for water,
21% for refrigerants and 36% for organics. The pre-
sent correlation works much more evenly with all the
fluids involved than the other correlations. This can
be seen clearly from Table 1.

More detailed comparisons were also made by
dividing the data into small ranges according to
different dimensionless numbers (i.e. Re;, Fr, Pr;, X).
Unlike the other correlations, there does not exist any
range of dimensionless parameters over which the
correlation proposed in this paper works particularly
well or badly. The present correlation works more
evenly over all the dimensionless parameters than the
other correlations do. Over the different ranges of x
and Fr, the present correlation gives similar results to
the Gungor-Winterton (1987) correlation but much
better than any other correlation. For the large Rey-
nolds number region (Re_ > 5.0 x 10%), all the cor-
relations apart from the present one give a very bad
fit to the data (the mean deviation being greater than
40%) ; for small Prandtl numbers (Pr, < 1.0) all the
correlations give an acceptable result (around 23%)
but the present correlation works a little bit better
(18%) ; for large Prandtl numbers (Pr, > 6.0) only the
present correlation gives an acceptable result (22%),
all the others are poor (greater than 42% error).

Cryogenic fluid data

The present correlation was developed without
using the data for cryogenic fluids. There are 1366
data points in the data bank for argon and nitrogen.
They were collected from three different literature
sources [13-15]. In preparing this part of the data,
some of the data obtained from the literature had a
very small heat flux and hence a very small tempera-
ture difference (for some of these the temperature
difference is less than 0.3 K). We thought these data
might involve large errors. Therefore, these very small
heat-flux data were not put into the data bank.

The thermophysical properties of argon and nitro-

Table 2. Comparison of the correlations with cryogenic fluid datat

Z. Liu and R. H. S. WINTERTON

gen were taken from a variety of sources [16-20]. Since
for these fluids the property data were less established
than for ordinary fluids, whenever possible, the most
recent values were used.

The results of this comparison are shown in Table
2. Although the present correlation does not give a
particularly good fit to the data, it does give the best
result among the correlations compared.

Besides the original Shah correlation, his slightly-
changed correlation for cryogenic fluids {21] was also
programmed. But it gives a very similar result to that
of his original correlation. The results of the Shah
correlation in Table 2 are for his original correlation.

Comparisons for subcooled boiling

There are 991 subcooled boiling data points for five
different fluids from nine different literature sources.
The details of the data were given in ref. [3]. For the
comparison with the subcooled data, the Moles—Shaw
correlation [22] which was specially developed for
subcooled boiling (and was proved to be the best of
those specially developed for subcooled boiling [1])
was programmed in addition. The original Shah cor-
relation is not applicable for subcooled boiling, hence
his subcooled boiling correlation [23] was computed.
The Gungor-Winterton (1987) correlation is not
applicable to subcooled boiling and is not included in
this comparison.

The results of the comparison are shown in Table
3. Note this comparison is again based on the assump-
tion that the experimental heat flux is correct. Except
for the correlation proposed in this paper and that of
Moles and Shaw, all the other correlations need a
degree of iteration. For the Chen correlation some of
the data did not converge ; oscillating values appeared.
For these data points the maximum and minimum
values were averaged ; the deviations for these uncon-
verged data were similar to those of the converged
data. The Moles-Shaw correlation was modified
slightly to improve the prediction. The equation for
calculating A, which was originally the ESDU-rec-
ommended equation [24] was replaced by the Dittus—
Boelter equation, and the temperature used to evalu-
ate the liquid Prandtl number changed from the film
temperature to the bulk temperature. The original
Moles--Shaw correlation gives slightly worse results
than those in Table 3.

Fluid Argon Nitrogen Total
Deviation Mean  Average Mean Average Mean  Average
Correlation
Gungor-Winterton (1987) 314 10.5 344 —21.1 33.5 —10.9
Gungor-Winterton (1986) 49.0 353 35.7 —-8.2 40.0 5.8
Shah 28.5 1.6 41.0 —28.6 36.9 —18.8
Chen 76.2 72.5 394 32 51.2 25.5
Present 253 9.4 31.7 —4.1 29.6 0.3

T A total of 1349 data points were used for the comparison. Seventeen points with quality

greater than 0.95 were excluded.
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Table 3. Comparison of the correlation with the subcooled boiling data
Gungor-Winterton Number
Correlation ~ Moles-Shaw Shaht (1986) Chen Present of
Deviation Mean Average Mean Average Mean Average Mean Average Mean Average data
Fluid points
Water 17.4 —9.6 19.3 15.7 214 6.4 14.2 —~11.8 129 6.4 546
RI2 274 15.1 29.5 22.1 19.6 -59 144 —-58 144 —12 6
R11 38.5 21.6 15.5 -0.1 26.1 —24.8 234 -22.9 16.7 —-15.0 68
R113 27.1 -27.1 6.6 0.5 400 391 447 447 7.1 -1.0 44
Ethanol 16.1 —4.8 214 -203 209 175 161 ~144 118 -—108 327
Total 18.9 -6.5 19.1 21 224 —~190 169 148 126 —1.4 991

+The original Shah correlation is not applicable for subcooled boiling, the results shown are those of his modified

correlation [23].

Though all the correlations compared seem to give
a reasonable fit to the data, the present correlation
gives the best results. Since the present correlation
was developed without using the subcooled data, this
proves it has a wide applicable range and a great
reliability.

CONCLUSIONS

A flow boiling correlation for vertical and hori-
zontal flow in tubes and annuli has been successfully
developed. It is based on an explicit nucleate boiling
term rather than an empirical boiling number depen-
dence. Compared with the saturated boiling data used
in developing the equations the new correlation is
more reliable than any of the other correlations tested.

Tested against data for saturated cryogenic fluids
and against data for subcooled boiling, none of which
was used in developing the equations, the new cor-
relation is again more accurate than the others.

Since the correlation accurately predicts plain sur-
face behaviour, and distinguishes clearly between
nucleate boiling and forced convection effects, it can
be used as a starting point in understanding the
performance of surfaces designed to enhance heat
transfer.
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UNE FORMULE GENERALE POUR L’EBULLITION SATUREE OU SOUSREFROIDIE
D’UN ECOULEMENT DANS DES TUBES ET DES ESPACES ANNULAIRES, BASEE
SUR UNE EQUATION D’EBULLITION NUCLEEE EN RESERVOIR

Résumé— Des formules précises récentes pour prédire le coefficient de transfert thermique dans "ébullition
saturée d'un écoulement contiennent toutes une correction empirique de nombre d’¢bullition. L'idée
derriére cette correction de nombre d’ébullition est de tenir compte de I'accroissement des mecanismes de
convection thermique forcée provenant de la création de vapeur dans la couche limite prés de la paroi.
Néanmoins, la présence du terme de nombre d'é¢bullition parait interdire I"application a I’ébullition sous-
refroidie, ce qui jette un doute sur la base physique de la formule. On montre que le terme convectif dans
la formule doit avoir une dépendance vis-a-vis du nombre de Prandtl. Dans cette voie. une méthode
prédictive précise est construite pour couvrir un trés large domaine de parametres avec un lerme explicite
d’ébullition nucléée et sans dépendance vis-d-vis du nombre d’ébullition.

EINE ALLGEMEINGULTIGE KORRELATION FUR GESATTIGTES UND
UNTERKUHLTES STROMUNGSSIEDEN IN ROHREN UND RINGSPALTEN, AUFBAUEND
AUF EINER BEZIEHUNG FUR DAS BEHALTERSIEDEN

Zusammenfassung—Die iiblichen genauen Korrelationen fiir die Berechnung des Wirmetibergangs-
koeffizienten fiir das gesdttigte Stromungssieden enthalten stets eine empirische Korrektur fiir die Sicde-
kennzahl. Der Korrektur liegt die Absicht zagrunde, eine Verbesserung des konvektiven Wirmetiber-
gangs infolge der Dampferzeugung innerhalb der wandanliegenden Grenzschicht zu beriicksichtigen.
Allerdings scheint das Vorhandenseins des Korrekturterms die Anwendung solcher Korrelationen auf das
unterkiihite Sieden zu verhindern, was Zweifel an der physikalisch korrekten Basis der Korrelation auf-
kommen liBt. In der vorliegenden Arbeit wird gezeigt, daf§ der konvektive Therm in der Korrelation
von der Prandtl-Zahl abhéngig sein sollte. Darauf aufbauend wird cin genaues Berechnungsverfahren
entwickelt, das einen groflen Parameterbereich abdeckt und einen expliziten Term fir das Blasensieden
ohne Abhingigkeit von der Siedezahl enthilt.

OBOBIEHHOE COOTHOMIEHUE [JIs1 KUITEHUA TTPM TEYEHWH HACBIHIEHHOM
HEJOTPETOM XXKUAKOCTHU B TPYBEAX U KOJIBLIEBBIX KAHAJIAX, OCHOBAHHOE HA
VPABHEHUH [J151 ITV3BIPBKOBOI'O KUITEHWA B BOJIBIIOM OBBEME

Annorauss—HeaBHO MOJy4EHHBIE TOYHbIE COOTHOLUEHHA LIS pacyeTa KOIQPHUHCHTa TeIionepeHoca
B YCJIOBHAX KMNEHHA PM TEYCHHH HACHLILCHHON XHIKOCTH CONEPXAT IMMMPHYecKyto monpabky. Mnes
BBOLA ITOH MONPABKH 3aK/IIOMANacCh B y4eT€ YCHJCHHS BBIHYXICHHOKOHBEKTHBHOTIO TEILIONEPEHOCA,
BBI3BAHHOTO Napoo6Gpa3oBaHKEM B MPUIETAIOLIEM K CTEHKE NOrpaHHYHOM cioe. OHAaKO HANIMYHE 3TOrO
CIAragMoro MpEnsTCTBYET NPHUMEHEHHIO YIIOMAHYTHIX COOTHOIICHHH K KMIICHHIO NPH HELOTpEBE, T.K. B
JITOM Cilydae MCKaxaeTcs MX (H3M4ecKHH CMbICI. B HacToslneM HCCIeIOBaHMH MOKA3aHO, YTO KOHBEK-
THBHbIH YJeH, BXOASIUME B TaKoe COOTHOLIEHME IOJDKeH 3aBuceTh OT uncna [lpaunrns. Taxum
06pa3oM, pa3paboTaH METOA TOYHOTO OMpeJIEIeHHA KO3PpMNIHEHTA TEMIONEPEHOCA B IIIMPOKOM AKana-
30HE TAPAMETPOB, KOTOPBIN COAEPXHUT CJIaraeMoe, ONHChIBAIOLIEE My3LIPEKOBOE KHIICHHE,



