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Abstract: Based on the superposition principle of the nucleate
boiling and convective heat transfer terms, a new correlation is
developed for flow boiling heat transfer characteristics in
helically coiled tubes. The effects of the geometric and system
parameters on heat transfer characteristics in helically coiled
tubes are investigated by collecting
experimental data and analyzing the heat transfer mechanisms.
The existing correlations are divided into two categories, and
they are calculated with the experimental data. The D, factor
is introduced to take into account the effect of a complex
geometrical structure on flow boiling heat transfer. A new
correlation is developed for predicting the flow boiling heat
transfer coefficients in the helically coiled tubes, which is
validated by the experimental data of R134a flow boiling heat
transfer in them; and the average relative error and root mean
square error of the new correlation are calculated. The results
show that the new correlation agrees with the
experimental data, indicating that the new correlation can be
used for predicting flow boiling heat transfer characteristics in
the helically coiled tubes.
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large amounts of

well

elical-coiled tubes are extensively used in the nucle-
H ar, petrochemical, refrigeration and heat pump sys-
tems, and many others, due to high efficiency in heat
transfer and compactness in volume. Many researchers in-
vestigated flow boiling heat transfer characteristics in the
helically coiled tubes by experiments, numerical simula-
tions, theoretical exploration and mechanism analysis,
obtained a variety of data of engineering applications, and
developed a series of correlations for flow boiling heat
transfer coefficients. Those correlations can be mainly
classified into two categories. One is the empirical heat
transfer coefficient correlations including the boiling num-
ber based on the experimental results. They do not have
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universal significance, and may only be applied to operat-
ing states with the same conditions' ™. The other catego-
ry is based on the mechanism of flow boiling heat trans-
fer, which consists of an explicit convection item and
boiling item. They are generally not dependent on the
boiling number and have clear physical meaning and wide
applicable ranges”™ . Apparently, a certain progress has
been achieved in the study of flow boiling heat transfer in
the helically coiled tubes. However, the fundamental ba-
sis of the phenomena is very incomplete and the correla-
tions of engineering applications are still lacking due to
the complexity of flow boiling phenomena and the limita-
tion in the current research expertise.

Accordingly, it is important to develop new correla-
tions for heat transfer coefficients of flow boiling heat
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transfer in the helically coiled tubes. Chen
based on the mechanism of nucleate and convective heat
transfer is widely used to correlate flow boiling heat trans-
fer coefficients in straight tubes. However, it cannot pre-
dict the flow boiling heat transfer characteristics in the
helically coiled tubes and other complex geometrical
tubes. Therefore, the main objective of this study is to
develop a new heat transfer coefficient correlation for
flow boiling in the helically coiled tubes based on the
Chen’s superposition principle of nucleate and convective
heat transfer. The D, factor is introduced to take into ac-
count the geometrical parameter effect of complex tubes
on flow boiling heat transfer in the helically coiled tubes,
and the regression method is used to obtain the index of
the D,. The prediction accuracy of the developed correla-
tion is further evaluated by the experimental data of flow
boiling heat transfer.

1 Assessment of Existing Correlations

A bank of experimental data was collected for flow
boiling heat transfer in tubes, including 1 152 data points
from different sources and nine different fluids'™ *"'.
The predictive capability of those correlations is deter-
mined as illustrated in Fig. 1 by testing the correlations in
Refs. [1 — 4] against the data available in Refs. [ 11 —
13]. In Fig. 1, h, is the flow boiling heat transfer coeffi-
cient, and h, is the liquid phase heat transfer coefficient.
As shown in Fig. 1, the prediction values of correlation in
Ref. [1] are slightly higher than the experimental ones,
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while the prediction ones of correlation in Ref. [4] are
lower than the experimental data. The differences are par-
tially attributed to the experimental conditions, which
mainly include the test section geometry parameters, sys-
tem parameters and test fluids. Correlation in Ref. [4] is
obtained by fitting the experimental data in the circular
tubes. The heat transfer coefficients in the circular tubes
are lower than those in the helically coiled tubes.

20 " Experimental data '.. .
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Fig.1 Comparison of correlations in Refs. [1 —4]

Using the experimental data in Refs. [1 —2, 9], the
comparison of prediction accuracy of correlations in Refs.
[5 —8] is shown in Fig.2. The predicting values of cor-
relation in Ref. [6] are close to the experimental values
while the ones of correlation in Ref. [5] deviate from the
experimental data, which is primarily attributed to the
effect of geometric parameters of the helically coiled tubes
on the heat transfer characteristics. The secondary flow
generated by the centrifugal forces in the helically coiled
tubes enhances the heat transfer in comparison with that in
straight tubes. Therefore, the correlation based on the
straight tubes needs to be modified for applying to the
prediction of flow boiling heat transfer in the helically
coiled tubes.

20 ® Experimental data

Fig.2 Comparison of correlations in Refs. [5 — 8]

It is evident from the above discussion that the existing
correlations cannot well predict the boiling heat transfer
characteristics for the helically coiled tubes. Therefore, a
new correlation is developed for flow boiling heat transfer
characteristics in the helically coiled tubes using Chen’s"”
methodology for correlating flow boiling heat transfer.

2 Correlation Development

ss[5]

Following Chen superposition method of nucleate

boiling and convective heat transfer, the flow boiling heat
transfer coefficient correlation for flow boiling heat trans-
fer coefficients in the helically coiled tubes can be ex-
pressed as

hip = (Fh)" + (Sh,,,)" (1)

where (Fh,)" is the forced convective contribution; F' is
the forced convective heat transfer enhancement factor;
(Sh,,,)" is the nucleate boiling contribution.

The value of F is always greater than 1 because the flu-
id velocities in two-phase flows are much higher than
those in single-phase liquid-only flows. According to the
forced convection heat transfer mechanism, superheated
liquid vapor layers in flow boiling are thinner than those
in pool boiling. Therefore, the suppression factor § is al-
ways less than 1. S is assumed to be a function of the
two-phase flow mixture Reynolds number Re . The fol-

)

lowing formula proposed by Liu et al. ' is used to calcu-

late F and S:

0.35

F=[1+xPr1(&—1)] (2)

S=(1+0.55F""Re}"*) " (3)

where Pr is the Prandtl Number; x is the vapor quality; p,
is the liquid density, kg/m’; p, is the vapor density,
kg/m’; Re, is the Reynolds number.

There are many available methods to calculate A, in
the literature. The following correlation with high preci-
sion is used to calculate the average heat transfer coeffi-
cient in the helically coiled tubes:

0.1

d
h, =0. 023Re" ¥ Pr** == (4)
1 1 D

where d, is the inner diameter, mm; D is the helical di-
ameter, mm. The flow boiling heat transfer phenomenon
in the helically coiled tubes is more complex than that in
straight tubes due to the secondary flow resulting from the
centrifugal force'"'. Therefore, the D, factor is intro-
duced to take into account the comprehensive influence of
the geometric parameters of the helically coiled tube on
flow boiling heat transfer, which include the tube diame-

ter, helical tube diameter, and helical pitch.
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d
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where v is the two-phase mixture velocity; w, is the vis-
cosity; G is the mass flux.

The correlation for pool boiling is an appropriate choice
for h,, since it is verified that the correlation provides
good prediction for experimental heat transfer coefficients
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in a variety of channels'”. Introducing the two-phase

Dean number D, into the correlation, the pool boiling
heat transfer coefficient used for correlating flow boiling
heat transfer coefficients in the helically coiled tubes is as
follows:

Mo =55Prq"( ~ log,,Pr) _O'SSM_O'SD‘“:‘ (7)

pool

where g is the heat flux, kW/ m’; M is the molecular
mass of the fluid, kg/kmol; ¢,, ¢, and c, are the con-
stants determined by experiments. Through the multivari-
ate nonlinear regression analysis on the experimental da-
ta, the values of ¢,, c, and c, are obtained, being 0. 125,
0. 723, and 0. 078, respectively.

The index n is equal to 2 in Eq. (1). Therefore, the
flow boiling heat transfer coefficient can be calculated
using Eq. (1) together with Eqgs. (2) to (7). The correla-
tion is verified by experimental data in Refs. [ 15 — 16,
18]. The predictive capability of the new correlation is il-
lustrated in Fig. 3. It can be seen that the prediction val-
ues of the new correlation are in good agreement with the
experimental data.
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Fig.3 Comparison of prediction values and experimental data

As shown in Fig. 4, the statistical results indicate that
the maximum deviation is 23. 6% , with 93.2% of the
experimental data distributing in +20% error range of the
new correlation.
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Fig.4 Prediction errors of new correlation

The developed correlation for flow boiling heat transfer
coefficients in the helically coiled tubes can be summa-

rized as follows:

heyp =[(Fh)* +(Sh)*1"?

F:[l +xPrl(%—l)]

S=(1+0.55F""'Re%) "'
0.1
D
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Parameter ranges in the correlation are as follows: 500
mm < L <7 070 mm; 3.0 mm <d, <15.0 mm; 100 mm
<D <400 mm; 35 mm < P, <120 mm; 100 kg/( m> -
s) <G <400 kg/(m’® - s); 5 kW/m’ < g <20 kW/m’;
0.1<x<0.9; 0.8 <Pr<10; 500 <Re,, <2 x10°; 0.2
MPa <P <1.2 MPa. Here, L is the heating length; P, is
the pitch; P is the system pressure.

In order to quantitatively determine the predictive accu-
racy of the new correlation, their mean relative error
(MRE) and root mean square error (RMSE) are calcu-
lated, respectively.

d
h, =0. 023Re°'85Pr0'4(—')

h cal h exp

h

exp

] N
MRE =ﬁ2

i=1

(8)

1 N
RMSE = JNZ (hey = hey)’ (9)

The results demonstrate that good predictive accuracy is
achieved by the developed correlation, with the MRE and
RMSE being 8.23% and 0. 532, respectively.

3 Conclusion

Based on large amounts of experimental data available
in the literature, a new heat transfer coefficient correlation
is developed for flow boiling in horizontal helically coiled
tubes by superposing the nucleate boiling contribution and
the convective heat transfer one. The D, factor is intro-
duced to take into account the effect of geometrical pa-
rameters on flow boiling heat transfer in helically coiled
tubes, and the regression method is used to obtain the in-
dex of the D,. The experimental data verifies that the de-
veloped correlation has good prediction accuracy.
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