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a b s t r a c t

Three-layer back propagation network (BPN) and genetic neural network (GNN) were developed in this
study to predict the flow boiling heat transfer coefficient (HTC) in conventional and small-diameter
channels. The GNN has higher precision than BPN (with root mean square errors of 17.16% and 20.50%,
respectively) and other correlations. The inputs include vapor quality x, mass flux G, heat flux q, diameter
D and physical parameter 4, and the predicted flow boiling HTC is set as the outputs. Influences of input
parameters on the flow boiling HTC are discussed based on the trained GNN: nucleate boiling promoted
by a larger saturated pressure, a larger heat flux and a smaller diameter is dominant in small channels;
convective boiling improved by a larger mass flux and a larger vapor quality is more significant in
conventional channels. The HTC increases with pressure both in conventional and small channels. The
HTC in conventional channels rises when mass flux increases but remains almost unaffected in small
channels. A larger heat flux leads to the HTC growth in small channels and an increase of HTC was
observed in conventional channels at a higher vapor quality. HTC increases inversely with diameter
before dry out.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Surface boiling is widely used due to a low superheat require-
ment. It can be divided into two categories according to the flow
behavior, namely, pool boiling and flow boiling. Flow boiling has
been the research focus of nuclear engineering. Flow boiling is an
important phenomenon both in the boiling water reactor (BWR)
and the pressurized water reactor (PWR), and it appears under
natural circulation condition as well. Flow boiling has two advan-
tages [1]: first, flow boiling has higher heat transfer coefficients
(HTC) than other types of boiling, thus an effective heat transfer
from the reactor core can be achieved; second, the system effi-
ciency is improved by a higher coolant outlet temperature before
boiling. Therefore an accurate prediction of HTC is of great
. Zhang), ghsu@xjtu.edu.cn

by Elsevier Korea LLC. This is an
importance. However, the local evaporation mechanism is complex
since the bubble growth on the heating surface is under an additive
influence along the flow direction. Besides, convective boiling and
nucleate boiling have similar intensity under some conditions in
flow boiling. Both of the two situations above increase the difficulty
of HTC study. Consequently further research on HTC of flow boiling
is necessary.

Numerous investigations on HTC of flow boiling have been done
for channels varying from conventional to micro scales by both
experimental and theoretical methods. Several existed correlations
for heat transfer coefficient have been proposed for conventional
channels. Two main mechanisms are mentioned in Chen's corre-
lation, which is applicable to the entire saturation boiling before
DNB [2]: nucleate boiling and convective boiling. Shah [3]
employed the Froude number to obtain excellent predictions on
horizontal tubes on the two mechanisms proposed by Chen. Gun-
gor and Winterton [4] established a new correlation on the foun-
dation of Chen's correlation, which can predict flow boiling heat
transfer accurately include saturated and subcooled conditions,
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Nomenclature

Cp Specific heat capacity [kJ =ðkg,KÞ]
D Diameter of the channel [mm]
E System error
G Mass flux [kg =ðm2 ,sÞ]
Tj Threshold
djðtÞ Desired output
h Flow boiling heat transfer coefficient

[kW =ðm2 ,KÞ]
k Heat conductivity coefficient [W =ðm ,KÞ]
p Saturated pressure [MPa]
q Heat flux [kW,m�2]
ojðtÞ Output at the time of t
t time [s]
x Mass quality
xiðtÞ Input at the time of t
m Dynamic viscosity [Pa,S]
tij Time delay
wij Weight
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vertical and horizontal flow, tubes and annuli. Other correlations
based on the two mechanisms was put forward as well, such as
Kandlikar's correlation [5]), Jung's correlation [6] and Wattlet's
correlation [7]. Based on the existing correlations, several new
correlations are developed, which are more reasonable under
certain conditions, such as Gui's correlation [58]. In addition to the
development of correlations, the HTC have been studied by abun-
dant experiments for various fluids and the measured data were
compared with the correlations above. Gungor-Winterton's corre-
lation fits Kuo and Wang's [8] experimental data well for HCFC-22,
while Shah's correlation substantially underestimates the data.
Kandlikar's correlation is well consistent with Kim and Shin's [9]
experiment data for R22 and R410A, while it overestimates the
experimental data of Seo and Kim [10] for R22. These correlation's
predictions agree with the experimental results for R22 and R507
only at low or medium pressures, according to Greco and Vanoli
[11]. Besides, more experiments have been carried out on various
fluids [12e14]. It can be drawn from the experiment studies that
the previouslymentioned correlations can't exactly predict the HTC
under all conditions, because these correlations were obtained
from a narrow range of experimental data and the application of
these correlations is restricted to particular conditions. What's
more, there are many researchers focusing on the CFD simulations
of flow boiling [15]. uses FLUENT to investigate the flow and heat
transfer phenomena of flowing boiling with the azimuthal heat
conduction.

The flow boiling in small-diameter channels has a larger ca-
pacity of heat transfer than conventional channels and substantial
studies have been conducted on its HTC. The correlations for con-
ventional channels can't properly predict the HTC of flow boiling in
small diameter channels due to the different heat transfer mecha-
nisms between the channels of large and small size. Some re-
searchers [16e20] concluded that nucleation is dominant in small
diameter channels, which is much weaker in conventional chan-
nels. Laminar flow was also observed by reseachers in small
channels [21,22]. Several correlations were put forward especially
for the flow boiling HTC in small diameter channels [23]. gave a
modified correlation for small channels. Zhang et al. [22] revised
Chen's correlation to predict the HTC in mini channels. Jacobi and
Thome [57] proposed a newmodel that thin liquid film evaporation
surrounding elongated bubbles dominate. More work on the flow
boiling heat transfer coefficient in small channels was summarized
in review literature [24e26]. However, the correlations for small
channels are only applicable to a narrow range of conditions and
even contrary trends are obtained. The researches on the flow
boiling in small channels are still primary, needing further study.

The correlations for conventional and small channels were
derived from a small experiment range, which can only be devel-
oped to the specific conditions. Therefore new methods should
been employed to expand the application. Mikielewicz [27] built a
model for both conventional and small-diameter channels. The
artificial neural network (ANN) has been used to correlate heat
transfer coefficients [28e32]. It's an effective way to describe the
complicated phenomenon of flow boiling and gain better results
due to its abilities of associative memory, nonlinear mapping and
knowledge processing. However, the existing investigations of flow
boiling HTCs with ANN either aim at the special problems based on
their own measured data or employ experimental data just for
conventional channels. Therefore, more investigations are neces-
sary to find out the flow boiling mechanism in both conventional
and small-diameter channels. In recent years, genetic algorithm
(GA) has been adopted to optimize the ANN [33e36]. The genetic
neural network (GNN) has a shorter search time and higher
convergence speed taking advantages of parallelism and global
searching. Furthermore, GNN has a higher accuracy than ANN ac-
cording to existing literature [37]. To make clear the flow boiling
mechanism both in conventional and small-diameter channels and
improve the accuracy of flow boiling HTC prediction, GNN is
adopted to predict the measured data. The mechanism in-
vestigations of flow boiling heat transfer for both conventional and
small-diameter channels are conducted on the foundation of GNN
predictions.
2. Mathematical model

2.1. Basic neural network

Artificial neural network (ANN) abstracts the neural network of
human brain on information processing and forms different net-
works according to different connection modes [38]. ANN is an
operational model consisting of a large number of nodes (or neu-
rons) connected to each other. The framework of ANN with one
hidden layer is illustrated in Fig. 1.

The mathematical model for a neutron is shown as follows:
Fig. 1. Construction of neural network.
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ojðtÞ ¼ f
��Xn

i¼1

wijxi
�
t � tij

��� Tj
�

(1)

where xi is the input at the time of t, ojðtÞ is the output at the time of
t, tij is the time delay between the input and the output, Tj is the
threshold of the j neuron, wij is the connection coefficient from
neuron i to neuron j, namely the weight, and f is the transfer
function.

The ANN is trained to reduce the system error E by changing the
weights. The system error is as follows:

E ¼
Xn
j¼1

�
djðtÞ � ojðtÞ

�2 (2)

where djðtÞis the expected output at the time of t.

2.2. Back propagation network

Back propagation network (BPN) is employed in this study,
which is a feedback network. There are at least one sigmoid hidden
layer and a linear output layer in the BPN. The hidden layer uses
Sigmoid function as the transfer function, and the output layer uses
linear transfer function. The BPN learning process includes the
process of signal forward propagation and the process of error
backward propagation. In the process of signal forward propaga-
tion, inputs are transmitted from the input layer to the output layer
through the hidden layer. Then the error is propagated back if the
actual output is different from the desired output. The neurons
shared the output error, which is transferred backwards layer by
layer. Thus all the weights are adjusted with the change of the error
signal. The two processes are periodic until the error meets the
accuracy requirements or the number of learning is reached [39].

M. Balcilar et al. [40] considered that the BPN has a higher
precision than other neural networks. BPN does well in predicting
flow boiling heat transfer coefficient. However, BPN has the
following shortcomings [41]: it is difficult to choose the training
parameter of BPN, such as the activation function, the number of
neurons and hidden layers, the learning speed and the momentum
term; the convergence speed is slow and the computational effi-
ciency is low; it takes too much time to train a BPN with an
acceptable accuracy; BPN may encounter the problem of local
minima and the training may stop when reaching a local minima
error instead of an universal minima error. Therefore the BPN is
need to be optimized by genetic algorithm (GA) in this study to
overcome the shortcomings above.
Fig. 2. Flowchart of GNN
2.3. Genetic neural network

Genetic algorithm (GA) is a metaheuristic inspired by the pro-
cess of natural selection. Genetic algorithm has the advantages of
self-organization, self-programming, essential parallelism and
robustness. The operation of GA includes encoding and decoding,
initial population generation, fitness evaluation, selection, cross-
over and mutation [42].

Simple Genetic Algorithm (SGA) used here is a kind of simple
genetic algorithm, adopting only the basic genetic operators of
mutation, crossover, and selection.

SGA is shown as follows:

SGA ¼ ðC; E; P0;M;F;G;J;ΤÞ (3)

where C is the individual coding, E is the individual fitness evalu-
ation function, P0, M is the initial population size and population
size, F;G;J are the selection, crossover and mutation operations
and T is the termination conditions.

Based on the advantages of genetic algorithm, the weights and
thresholds of ANN are optimized by GA in this study. Input signals
should be converted into genetic gene in the form of chromosome.
Then chromosome randomly generates to form an initial popula-
tion. Individual number, crossover rate, selection rate and mutation
rate can be determined. Fitness function is the reciprocal of
quadratic sum of the deviation between predicted values and
desired values. The new individual is selected with the method of
roulette wheel selection. Two chromosomes are exchanged to
produce new individual by crossover operation. Mutation algo-
rithm is adopted in order to avoid premature convergence. There-
fore, appropriate weight and threshold are acquired by GA.

The GA based on GNN is able to decrease the training time and
enhance the accuracy. GNN obtains weights and thresholds by the
genetic operation of coding, analyzing sufficiency functions, se-
lection, crossover and mutation. The flowchart of GNN is shown in
Fig. 2.

3. Result and discussion

3.1. Training neural network

The training data for neural network are collected from the
literature [8,11,13,43]; [44,45]; [21,46e55] covering both conven-
tional and small-diameter channels. Table 1 shows the range of
these data.

The HTC of flow boiling was predicted by BP-ANN and GNN in
this study. One hidden layer is enough to deal with the problem
according to Zhang [56]. The input parameters include the vapor
quality x, mass flux G, heat flux q, internal diameter D and physical

parameter 4 (f ¼
 

Cpf
mf

!0:4

kf
0:6), and the output is the predicted

HTC.
At first, the input parameters need to be normalized before

training, which can improve the training speed and precision. Then
Sigmoid Function was chosen as transfer function for the hidden
layer and Linear Function was chosen as transfer function for the
output layer because a sigmoid function is monotonic and is con-
strained by a pair of horizontal asymptotes asx/±∞, so the input
parameters can take any value and the outputs, which are the in-
puts for the output layer, always converge and a linear function
make the output can take any value. After that, the neural network
was established and training workwas started after setting training
times and convergence error.

The number of neurons in hidden layer has a significant influ-
ence on the neural network quality. The average error changes over
the number of neurons in hidden layer, as illustrated in Fig. 3. The
neural network was trained five times to avoid over-fitting and the



Fig. 3. Errors for various hidden layer neuron numbers.

Fig. 4. Comparison of ANN predictions and experimental data.

Fig. 5. Comparison of GNN predictions and experimental data.
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errors were averaged after removing the maximum and the mini-
mum with neutron number from 5 to 30 in the hidden layer. The
averaged error decreases with the increase of neurons in hidden
layer and the trend becomes gentler as the number increases.
Moreover, this trend is negligible when there are 22 neurons in
hidden layer. Too many neurons in hidden layer may lead to over-
fitting as well as longer training time, hence one hidden layer
with 22 neurons may be the most suitable structure for the neural
network in this study.

The results shown in Figs. 4 and 5 indicate that both ANN and
GNN can accurately predict the HTC. The ANN's predictions stand
between the lines with the error of plus and minus 30%, and the
error of the GNN predictions lay between plus or minus 25%. The
Table 1
Range of training data.

Test Fluid P/MPa x

R11 0.294e0.47 0.00037e0.643
R123 0.35e0.5 0.00814e0.678
R134A 0.3e0.92 0.00093e0.995413
R22 0.29e0.9 0.00498e0.950163
R407 0.4e1 0.0689e0.575
R410A 0.48e1.25838 0.0053e0.874623
R417A 0.39e0.97 0.0168421e0.8147368
R507 0.399e1.22 0.159524e0.980952
errors and the confidence interval are shown in Tables 2 and 3. The
mean relative error and root mean square error of GNN are smaller
than those of ANN. Consequently, GNN has a higher precision than
ANN on the prediction of GNN and the optimization of neural
network with GA could improve the precision of ANN. The errors of
GNN were compared with previous correlations in Table 4, for
R410A, R22 and R134A, where GNN shows a higher precision than
existing correlations.

3.2. Influence of various parameters on flow boiling heat transfer
coefficient

The predicted HTC with GNN fits the measured data best, thus
the GNN predictions were adapted in this study to analyse the in-
fluence of parameters on flow boiling heat transfer coefficient.

The influence of the pressure P, the vapor quality x, themass flux
G, the heat flux q and the inner diameter D on the flow boiling heat
transfer coefficient were investigated by GNN predictions.

3.2.1. Influence of pressure on HTC
The influence of saturated pressures on the flow boiling HTC is

shown in Fig. 6. It can be seen that the HTC increases with pressure
both in conventional and small channels. A rise of HTC with pres-
sure was observed for conventional channels, as shown in Fig. 6(a)
and in Fig. 6(b). HTC increases with pressure at a lower vapor
quality while the trend slows down at a higher vapor quality
(Fig. 6(a)). Similarly, the growth of HTC is relatively slower at higher
vapor qualities in Fig. 6(b). The dependence of HTC on pressures is
more obvious in small-diameter channels (Fig. 6(c) and (d)).

Nucleate boiling is enhanced by the increase of saturated pres-
sures. One of the reasons could be that pressure rising causes larger
surface tension, thus more nucleation sites emerge and the bubble
departure velocity is larger. The other reason could be that the
G/kgm�2,s�1 q/kW$m�2 D/mm

167e560 52e125 1.95
167e452 39e125 1.95
100e1073 5e30 0.84e9.52
100e700 36e57.5 1.5e13.84
400e507 11.1e17 3e6.5
70e1079 5e57.5 1.5e13.84
495e506 10.7e21.3 6
286 11.2e15.3 6



Table 2
Errors of ANN and GNN.

Error Mean error kW,m�2,K�1 Relative error Root mean square error

ANN 0.6123 14% 20.5%
GNN 0.4946 11.34% 17.16%

Table 3
Confidence of ANN and GNN.

Relative error Confidence

<10% <20% <30% <50%

ANN 51.76% 77.08% 88.80% 96.68%
GNN 60.29% 84.05% 93.03% 98.05%

Table 4
Precision comparison of GNN with existing correlations.

Models Relative error (%) for
R410A

Relative error (%)
for R22

Relative error (%) for
R134A

GNN 11.80 9.33 13.97
Gunger-

Winterton
31.07 33.20 24.10

Shah 33.39 37.20 24.00
Kandikar 38.59 25.50 26.20
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density difference decreases as pressure increases, leading to a
larger film thickness and a higher wall superheat. Hence more
nucleation sites generate. However, the density slightly increases
for a larger pressure, which decreases the flow velocity at a certain
mass flux. A smaller flow velocity results in a weaker convective
boiling. Convective boiling is slightly suppressed by a higher
pressure.

Saturated pressures play an important role in promoting rather
than restraining the flow boiling heat transfer, according to the
mechanism of nucleate boiling and convective boiling on HTC.
Therefore the HTC increases with pressure both in conventional
and small channels. Nucleate boiling and convective boiling coexist
in conventional channels. Nucleate boiling is prominent at low
qualities and the effect of convective boiling suppressed by a larger
pressure dominates at higher qualities. Hence HTC has a slower rise
for a smaller quality in conventional channels (Fig. 6(a)). Nucleate
boiling is the main mechanism in small channels, and a substantial
increase with pressure was observed in small channels (Fig. 6(b)).
3.2.2. Influence of mass flux on HTC
The flow boiling HTC increases with mass flux from conven-

tional to small channels, as exhibited in Fig. 7. HTC growswithmass
flux in conventional channels on a large scale (Fig. 7(a) and (b)). The
higher the vapor quality, the steeper the trend is (Fig. 7(a)). A small
drop of the HTC followed by a rise was found on the conditions of a
lowmass flux and a low quality (x¼ 0.2, 0.3) in Fig. 7(b). The HTC in
small channels has a much gentler increase with mass flux, as
displayed in Fig. 7(c).

A higher mass flux causes the rise of the interfacial shear stress,
which reduces the size of the bubbles departing from the wall. As a
result, nucleate boiling is slightly restrained. A larger mass flux
means a larger flow velocity, and the convective boiling is pro-
moted by the flow velocity.

Convective boiling dominates in conventional channels, espe-
cially for a higher vapor quality, and HTC rises with the mass flux
(Fig. 7(a)). Convective boiling is weaker and nucleate boiling is
stronger at lower vapor quality. A much slower increase and even a
decrease were observed in Fig. 7(b). The mass flux has a negligible



Fig. 7. Influence of mass flux on HTC.

Fig. 8. Influence of heat flux on HTC.
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effect on HTC in small channels because nucleate boiling is prom-
inent in small channels. A relatively larger impact of mass flux
emerges at higher qualities for the enhancement of convective
boiling (Fig. 7(c)).
3.2.3. Influence of heat flux on HTC
The dependence of flow boiling heat transfer coefficient on heat

flux is displayed in Fig. 8. The HTC slightly increases with heat flux
and then starts to go down for higher heat flux in Fig. 8(a). Unlike in
conventional channels, HTC rises greatly with heat transfer in
small-diameter channels (Fig. 8(b) and (c)).

The bubble departure speed and nucleation sites increase with
heat flux, reinforcing the nucleate boiling. Heat flux has hardly any
effect on convective boiling.

The occurrence of dry out leads to the heat transfer deteriora-
tion and the flow boiling HTC decreases at a high vapor quality.
Since nucleate boiling does not take a main effect on heat transfer
in conventional channels, HTC rises slowlywith heat flux (Fig. 8(a)).
What's more, the growth trend is smoother and an earlier
appearance of dry out arises for a larger mass flux due to the
enhancement of convective flow. HTC increases with heat flux since
nucleate boiling dominates in small channels, as is shown in
Fig. 8(b) and (c).
3.2.4. Influence of vapor quality on HTC
The influence of vapor quality on HTC described in Fig. 9 (a)

indicates that HTC rises with vapor quality in conventional chan-
nels. Vapor quality has little effect on the flow boiling HTC in small-
diameter channels at lower qualities and then HTC decreases at
higher qualities when dry out happens in Fig. 9 (b).
These findings are understandable because there's a substantial
decrease in fluid density with a growth of vapor quality and flow
velocity is improved under a certain mass flux. Thus convective
boiling is promoted. The impact of more bubbles against the
boundary layer also strengthens convective boiling. On the con-
trary, the film thickness become thinner as vapor quality rises with
a lower wall superheat and nucleate boiling is retrained.

HTC increases with vapor quality in conventional channels
where convective boiling is predominate. The dry-out doesn't occur
in Fig. 9(a), hence HTC doesn't drop suddenly.

Vapor quality has a negligible effect on HTC and a drop of HTC
appears when vapor quality arrives at certain value in the small
channel in Fig. 9(b). The reason is as follows: nucleate boiling is the
main heat transfer mechanism in the small channel; dry out in
small channels appears earlier than that in the conventional
channels because of the smaller diameter. We can also infer from
Fig. 9(b) that HTC slightly increases with vapor quality at lower heat
flux when the nucleate boiling is less significant and this trend
disappears as heat flux increases. The drop of HTC occurs at lower
vapor quality value when heat flux is higher, which implies that the
dry out appears earlier with a larger wall superheat.
3.2.5. Influence of inner diameter on HTC
The relationship between inner diameter and HTC is illustrated

in Fig. 10. HTC increases as internal diameter decreases in the
conventional channel (Fig. 10(a)). The reason may be the
enhancement of heating surface per unit volume, posing a positive
effect on nucleate boiling. The impact turns out to be small because
nucleate boiling doesn't occupy an absolute superiority in con-
ventional channels.



Fig. 9. Influence of vapor quality on HTC.

Fig. 10. Influence of inner diameter on HTC.
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HTC increases faster for a larger inner diameter before dry out,
but the heat transfer deterioration is more serious for a smaller
diameter in the small channel, as shown in Fig. 10(b). Nucleate
boiling becomes more significant with a smaller diameter by a
larger contact surface area and the annular flow appears at lower
qualities in smaller channels.

4. Conclusion

The flow boiling heat transfer coefficients in conventional and
small channels have been predicted by trained BPN and GNN with
22 hidden layer neurons in this study. The influence of parameters
on the flow boiling heat transfer coefficient has been discussed
based on the GNN predictions. Hence the flow boiling mechanisms
have been obtained and analyzed by applying GNN. The following
conclusions can be drawn:

1. The RMS error of the GNN is 17.16%, which is smaller than that of
BPN, as 20.5%.

2. Nucleate boiling is dominant in small channels, while convec-
tive boiling is more significant in conventional channels.

3. The heat transfer coefficient increases with pressure both in
conventional channels and small channels and this trend is
more apparent in small-diameter channels. A higher saturated
pressure promotes nucleate boiling and slightly suppresses
convective boiling.

4. The flow boiling heat transfer coefficient increases with mass
flux for conventional channels while the HTC is nearly inde-
pendent of mass flux in small channels. Larger mass flux im-
proves convective boiling. The inhibit mechanization of mass
flux on nucleate boiling can be ignored.

5. The HTC of flow boiling rises with heat flux in both conventional
and small-diameter channels. Heat flux has a stronger effect on
the HTC in small channels than conventional channels. Heat flux
improves nucleate boiling.

6. HTC increases when vapor quality increases in conventional
channels. The HTC in small channel is almost unaffected by
vapor quality. Moreover, dry out appears earlier for a larger heat
flux at high quality. Convective boiling becomesmore significant
at a higher vapor quality, and the effect of vapor quality on
nucleate boiling is tiny.

7. HTC increases with the decrease of channel diameters for both
conventional and small-diameter channels, while the heat
transfer deterioration of dry out is more serious in channels
with smaller diameters. A smaller diameter enhances nucleate
boiling.
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