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Abstract: Based on the computational fluid dynamics (CFD) method, a quenching tank with two agitator systems and two
flow-equilibrating devices was selected to simulate flow distribution using Fluent software. A numerical example was used to testify
the validity of the quenching tank model. In order to take tank parameters (agitation speed, position of directional flow baffle and
coordinate position in quench zone) into account, an approach that combines the artificial neural network (ANN) with CFD method
was developed to study the flow distribution in the quenching tank. The flow rate of the quenching medium shows a very good
agreement between the ANN predicted results and the Fluent simulated data. Methods for the optimal design of the quenching tank

can be used as technical support for industrial production.
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1 Introduction

A357 (Al-7Si—0.6Mg) alloy is widely used in
automotive industries, aerospace applications and other
aspects because of its good corrosion resistance,
excellent castability and high specific strength in the heat
treated condition [1,2]. A357 alloy castings are used in
the T6 condition (solution heat treatment, quenching and
artificial aging). Quenching is one of the most important
heat treatment processes in many industrial fields [3]. As
for A357 alloy, the quick quenching can be helpful to
inhibit the formation of Mg—Si precipitates [4]. But the
inner stress and strain produced by quick cooling is the
basic reason of distortion of the workpieces. Residual
stresses occur for a variety of reasons, including
inhomogeneous plastic deformations and heat treatment.
It is known that residual stresses influence mechanical
properties of material such as stress corrosion and fatigue

life, and cause distortion and dimensional variation [5—7].

Many large complicated thin-wall parts are made using
the conventional cast alloys A357. The solution
treatment of A357 alloy large complicated thin-wall

workpiece is determined by quenching medium and flow
state of medium around workpiece [8]. In order to inhibit
the formation of Mg—Si precipitates of large complicated
thin-wall workpieces, the enough quenching speed of
medium in the quenching tank must be provided. Enough
quenching speed can be brought by agitation of the
quenching medium. But an increase in the quenching
speed of medium will lead to large residual stresses for
quenched parts. Therefore, it is very important to
optimize the flow uniformity of quenching medium in
the quenching zone and to predict the flow rate of
quenching medium. Good control of quenching for A357
large complicated thin-wall workpieces will obtain better
solution treatment effect and will be helpful to control
the part distortion [9].

With the rapid development of computer technology,
numerical simulation is used widely not only in
academic institution to research the scientific issues of
quenching but also in industrial production to solve the
real engineering problems of quenching. The numerical
simulation will help to reduce the cost of tests [10]. A
numerical method of computational fluid dynamics
(CFD) has been widely used for computing the flow rate
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and uniformity of quenching medium in quenching tank
[11]. CFD can be used to solve the complex problems of
fluid flow and predict the performance of fluid-thermal
process that is often too difficult to solve with
experimental or analytical techniques [12]. GARWOOD
et al [13] used the CFD computer code and the
experimental method to research the fluid flow in an
agitated quenching tank. TOTTEN et al [14,15]
reported the application of CFD modeling to illustrate
the non-uniformity of quenching tank fluid flow. BOGH
[16] used CFD method to research the effect of the
placement of submerged spray eductors at different
locations surrounding a rack of aluminum panel on
quenching non-uniformity. HALVA and VOLNY [17]
used CFD analysis to investigate the relationship
between the homogeneity of fluid flow and agitator
placement. Improvements in computational technologies
enabled the researchers to use high fidelity CFD to study
the flow distribution in a quenching tank. Every
complete CFD analysis consists of three separate stages
(modeling, CFD analysis and post-processing), and to
complete these three stages will cost a great deal of
time and effort. Optimization technique based on the
artificial neural network (ANN) is beneficial for the
researchers to reduce modeling and computation time by
developing appropriate and high-accuracy ANN model.
Recently, ANN has been widely applied to solving
the problems of convection heat and flow processes
[18-20].

In the previous studies, for a quenching tank with
agitator systems and flow-equilibrating device, the effect
of overall consideration of the two factors
(agitation speed of impeller and position of directional
flow baffle) on flow ability of quenching medium has not
yet been reported. There are many different types of
softwares, and they often use CFD method to model fluid
flow, such as Fluent, CFX, Phoenics and Star-CD. In this
study Fluent software was applied to simulating the flow
rate and uniformity of quenching medium, and then a
numerical example was used to testify the validity and
the correctness of quenching tank model. Although CFD
complex problems in
many industrial fields, it is not suitable for use in
optimal design. Therefore, the present study involves

method is able to solve

combining CFD analysis with ANN model to research
the effect of the two parameters (agitation speed of
impeller and position of directional flow baffle) on flow
rate and uniformity of quenching medium in quenching
tank. Based on the results simulated by Fluent software,
an artificial neural network model with a
back-propagation (BP) learning algorithm was developed

to predict flow rate of quenching medium. Through the

research of the effect of these two parameters
(agitation speed of impeller and position of directional
flow baffle) on flow rate and uniformity of quenching
medium, we can evaluate how they impact on the flow
uniformity. Finally, high accuracy network combined
with the Fluent simulation instead of Fluent software, is
applied to the optimization of quenching tank.

2 Computational fluid dynamics simulation

2.1 Governing equations of fluid flow

The basic
momentum and energy for incompressible flow problems
can be expressed as [10]

conservation equations of mass,

Mass equation: Z—’f +div(pv) =0 )
0
Momentum equation: pﬂ =pF + Py +&+ P; 2)
dr ox oy Oz

Energy equation:

o(pT

ae?) , div(pvT) = div (i grad TJ +S 3)

ot ¢,

where p is the fluid density; ¢ stands for time; v is the
fluid velocity vector; (p., P,, P.) are Cartesian
components of the stress tensor p; F is the body force
vector per unit volume of a fluid particle; 7 is the
thermodynamic temperature; c, is the specific heat
capacity; k is the heat transfer coefficient of the fluid; S
is a source of energy per unit volume per unit time.

2.2 Quenching tank

The quenching tank consists of two agitators, two
impellers, two draft tubes, two overflow baffles and two
directional flow baffles, as shown in Fig. 1(a). The
quenching tank is rectangular with 2.5 mx2.5 mx3 m.
The quenching zone is rectangular with 1 mx1 mx1 m.
As can be seen in Fig. 1(a), the quenching tank has a
vertical symmetry plane. The quenching tank has two
vertical marine propellers that rotate in the same
direction. Figure 1(b) shows three-dimensional model of
A357 alloy large complicated thin-wall workpiece and
it’s dimensions. In this work, an appropriate simplified
model was created, which can reduce the difficulty of the
mesh generation and save the computing time. The
simplified model is shown in Fig. 2. Typically, impellers
can be used as powerful agitation tools and the
structural characteristics of impeller are diameter of 450
mm, number of blades 3 and pitch setting of 65 mm.
Figure 3 shows the schematic of draft tube and flow
baffle with dimensions.
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Fig. 1 Model of water quenching tank (a) and A357 alloy large complicated thin-wall workpiece (b)
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Fig. 2 Computational model of water quenching tank: (a) Front
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d450

220
2 | 325
—
\
[ Xriso

845

Fig. 3 Schematic of draft tube and flow baffle with dimensions
(Unit: mm)

2.3 Numerical simulation method

The Fluent software is used to simulate liquid flow
distribution in quenching tank. The Gambit software is
an important tool to create the computational fluid
dynamics (CFD) models. Tet/Hybrid elements, Tgrid
type and interval size of 0.05 were selected for the
quenching tank, which can get a good grid quality and
the total nodes are 67926, and the total elements are
365666. Compared with quenching tank, the structure of
draft tube is a complex and small part, so its mesh grid
parameters were Tet/Hybrid
elements, Tgrid type and interval size of 0.04 (total
nodes 3573, total elements 16136). Figure 4 shows the
mesh grid of simulation model.

Water was selected as the quenching medium. The
physical properties of water at 25 °C are as follows:
density (p=997.04 kg/m®) and viscosity (1=8.904x10"*
Pas). The continuum hypothesis and the nonslip
condition at the walls are applicable. In numerical
simulation, the forward propulsion force of impeller
agitation is only considered and the rotational force is

selected as follows:

ignored. The coordinate system is shown in Fig. 4.
x-velocity (v,) and z-velocity (v,) of inlet are all zero.
y-velocity (v,) of inlet can be calculated using the
impeller parameters, including impeller diameter (d450),
number of blades (N=3), pitch setting (p=65 mm)
and rotational speed (n). Table 1 lists v, values at
different impeller parameters. At the outlet, the pressure
is set as one standard atmospheric pressure. Viscosity
coefficient and density of water are set as constant.

In this case, the flow is turbulent. The intense
turbulence in the quenching tank can cause great loss
of energy [21]. Turbulence model selection depends
on many factors, such as quenching tank structure,
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Fig. 4 Mesh diagram of quenching tank: (a) Total model; (b)
Draft tube

Table 1 v, value at different impeller parameters

n/(rmin”") v}/(m-sfl)

300 —0.975
450 —1.463
600 -1.95
750 —2.438
900 —2.925
1050 -3.413
1200 -39

accumulation of practical experience, the required
accuracy and the availability of computational resources
[22]. In the present work, standard k-epsilon turbulence
model based on the Fluent software was selected for
CFD simulation. It is a semi-empirical model based on
the turbulent kinetic energy equation and the dissipation
rate equation, which has been successfully used in many
cases [23-25].

3 Neural network model

In this work, an artificial neural network (ANN)
with a back-propagation (BP) learning algorithm was
established to predict y-velocity of water flow in the
quenching zone, a three-layered ANN architecture was
developed and the number of neurons in the hidden layer
was three. The agitation speed of impeller, the position of
directional flow baffle and the coordinate position in
quenching zone were used as the input variables, while
y-velocity of coordinate position was taken as the output.
Here the coordinate values were selected in such a way
that =0, z=0 and x=0—0.5 m. So, the x value was
regarded as coordinate position in quenching zone and it
is one of three input parameters. The datasets of ANN
model obtained from Fluent simulation were divided into

two sub-sets: a training set and a testing set. 75% of
original datasets were selected as the training set; the
remaining datasets were left for testing set. The inputs
and outputs were normalized between 0.1 and 0.9 to
ensure that all variables lie in the same range. In the
output layer of the BP model, a linear function (purelin)
was taken as the transfer function. The transfer functions
in the hidden layers were sigmoid functions.

It is very important for ANN to decide how to train
the network. Batch training was used in current work. In
batch training, the weights and biases are only updated
after all the inputs and targets are presented to the
network. The use of mean square error (MSE) between
Fluent simulation data and predicted values from the
ANN is an excellent criterion for evaluating the
performance of the network. The function of MSE can be
expressed as

MSE :iie(i)2 =i§:(d(i) —a(i))’ )
N3 N3

where d(i) is the Fluent simulation value, a(i) is the
predicted value from the ANN, and N is the number of
data set.

The network training process was repeated many
times by adjusting the parameters of network. Network
with these characteristics provided good predictive
performances: momentum rate of 0.6, learning rate of 0.1,
MSE of 10 and the epochs of 10000. In addition, 8
neurons were used in hidden layer. The schematic
diagram of BP network is shown in Fig. 5.

Agitation speed
d value y-velocity

x value

Input layer Hidden layer Output layer
3 0x 8 x 1

Fig. 5 Schematic diagram of BP artificial neural network
4 Results and discussion

4.1 Computational fluid dynamics results

Using the computational fluid dynamics (CFD)
simulation method, the flow rate distributions in the
quenching tank at 300, 600, 900 and 1200 r/min are
obtained. Figure 6 illustrates the contours of velocities of
water flow in the z=0 plane at different agitation speeds.
It can be seen that, vortex phenomena were generated
during mechanical agitation by impellers. As shown in
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Fig. 6(a), there are two vortexes (marked as region 2 and
region 3) formed in the bottom of overflow baffle, other
two vortexes (marked as region 1 and region 4) formed
in the top of overflow baffle. Region 5 is the quenching
zone of parts (Fig. 6(a)). The flow rate in quenching zone
increases with agitation speed increasing. In Fig. 6, at the
lowest agitation speed the vortex region is small
(Figs. 6(a) and (b)), but becomes large with increasing
impeller speed (Figs. 6(c) and (d)). Increasing the size
of vortex region has adverse effects on the flow rate
distribution in the quenching zone. Therefore, increasing
the agitation speed can bring a large flow velocity in
quenching zone, but it also increases the irregularity of
water.

Figure 7 shows the y-velocity of water at the
coordinate x of 0—0.5 m (=0, z=0) in the quenching zone
at different d values, where d is the position of
directional flow baffle. It can be seen that the fluctuation
of y-velocity of water increases as the agitation speed
increases. The changing trends of velocity-position
curves are dependent heavily on the position of
directional flow baffle. Figure 7 indicates that the
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increase in d value has a little effect on the y-velocity of
water flow in the quenching zone at low agitation speeds
(<450 r/min); when the agitation speed is above 450
r/min, the y-velocity values are found to be dependent
heavily on agitation speed and d value. As shown in Figs.
7(b)—(d), with d value increasing, the flow uniformity of
water in the quenching zone is significantly improved.
But as shown in Figs. 7(d)—(f), with d value increasing,
the flow uniformity of water in the quenching zone is
worse.

4.2 Numerical

dynamics

In this study, a numerical example [26] was used to
testify the validity and correctness of the quenching tank
model. Structure of the quenching tank [26] was
reproduced in Fig. 8. CHEN et al [26] used Ansys
software to simulate flow distribution in quenching tank,
while in the present study, Fluent software was carried
out for numerical simulation. The present simulation
results of a three-dimensional (3D) quenching tank

example of computational fluid

model are compared with literature data, which are
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Fig. 6 Pathlines of flow velocities at different agitation speeds (z=0, =300 mm): (a) »=300 r/min; (b) n=600 r/min; (c) »=900 r/min;

(d) n=1200 r/min
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Fig. 7 y-velocity of water in quenching zone(y=0, z=0, x=0—0.5 m): (a) =300 mm; (b) =400 mm; (c) d=425 mm; (d) d=450 mm; (e)

d=475 mm; (f) d=550 mm

shown in Figs. 9 and 10. Compared with the simulation
data in literature, the present simulation results show a
higher accuracy in predicting the flow velocity of water
in the quenching zone. In addition, the trends of flow
velocity curves from the present simulation also coincide
with the experimental in literature. After
qualitative and quantitative analysis of the flow velocity
curves, it can be concluded that the performance of

curves

the model of water quenching tank should be satisfactory
and the simulation results are credible.

4.3 Artificial neural network model results

In the above two parts, curves of y-velocity of fluid
with the x different
agitation speeds were obtained via CFD using Fluent
software, the validity and correctness of the quenching

flow changes value at
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Fig. 9 Comparison of present simulation results and published literature data without directional flow baffles: (a) y=0.25 m, z=0.3 m;
(b) y=0.25 m, z=0.6 m
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Fig. 10 Comparison of present simulation results and published literature data with directional flow baffles: (a) y=0.25 m, z=0.3 m; (b)
y=0.25m, z=0.6 m

tank model were testified by a numerical example. Here, The ANN model with the smallest predicted error is
the approach of Fluent simulation combined with ANN the result wanted. In the current studies, the correlation
method was used to research the flow uniformity of coefficient (R), average absolute relative error (e,,), and

water in the quenching zone. average absolute error (e,) were used to assess
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performance of the training and testing network, and the
equations of R, e,,; and e,, can be described as follows:
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where A is the actual value obtained from Fluent
simulation; P is the predicted value from ANN model;
A and P are the mean values of 4 and P values,
respectively; N is the total number of desired data.

Figure 11 shows the comparison of ANN results
with Fluent simulation data. As can be seen from Fig. 11,
y-velocity shows good agreement between ANN results
and Fluent results. Errors between y-velocity of Fluent
software and ANN model are listed in Table 2. It can be
seen from Table 2 that the y-velocity error between
Fluent simulation and ANN model is very small.
Therefore, the performance of the BP network is
satisfactory.
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Fig. 11 y-velocity obtained from Fluent simulation and ANN model (y=0, z=0, x=0—0.5 m): (a) d=300 mm; (b) =400 mm; (c) d=425

mm; (d) d=450 mm; (¢) d=475 mm; (f) d=550 mm
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Table 2 Error of ANN model for training and testing prediction

Dataset Catr/ Yo eab/(m-sfl)
Training 0.89 0.002
Testing 4.24 0.012

The correlation coefficient (R) was used to evaluate
the closeness of fit of network architecture. Figure 12
indicates the closeness between predicted y-velocity
from neural network and simulation data from Fluent. As
can be seen from Fig. 12, the correlation coefficient is
found to be 0.99986 and 0.99549 for training and testing
data, respectively. The results show that the correlation
coefficient is positive and close to 1, indicating that there
is a strong positive linear relationship between ANN
predicted data and Fluent simulation data. Therefore, the
BP model can be employed effectively to model and
predict the y-velocity of water in the quenching zone.
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Fig. 12 Correlation between predicted data from neural

network and Fluent simulation data: (a) Training results; (b)

Testing results

To summon up, the approach of ANN model
co-design with CFD method is a very effective way to
design the structure of the quenching tank, including the
agitation speed, the position of directional flow baffle
and the position of effective quenching zone.

5 Conclusions

1) Fluent CFD software was used to research the
flow distribution of water in quenching tank. The results
show that the agitation speed and the position of
directional flow baffle have important impacts on the
flow distribution and flow rate of water in quenching
tank. Increasing the agitation speed can bring a large
flow rate of water in quenching zone, but it also
increases the irregularity of water, namely, the
fluctuation of water flow velocity will increase.

2) The changing trends of velocity-position curves
are dependent heavily on the position of directional flow
baffle. By a numerical example, it is found that the
simulation results from the present model are better than
the simulation results in literature due to the fact that the
present simulation results are more close to
the experimental data.

3) Fluent simulation combined with ANN method
enables solving the course of flow calculation to simplify
greatly. The results show that the mean relative error
between the predicted y-velocity of the ANN model and
the experimental data is 4.24%, which demonstrates that
the predicted ANN model has much higher precision and
less error and the predicted values accord with the
experiment data basically.

4) Flow rate and uniformity of quenching medium
in quenching tank can be controlled using the approach
of Fluent simulation combined with ANN method.
Solution treatment and distortion of A357 aluminum
alloy large complicated thin-wall workpieces can be
adjusted by this approach. The highly successful
combination of the Fluent simulation with ANN
prediction model has been established which can not
only provide an optimum design model for quenching
system but also can be acceptable by usual engineering
applications.
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