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Optimization methods are now recognized to be vital in
the design of fluid flow equipment and processes. Design
optimization based on computational fluid dynamics (CFD)
analysis has become a reliable tool for fluid flow and heat
and mass transfer applications due to the rapid increase
in computing power. However, to avoid expensive CFD
simulations for entire design process, surrogate models are
used to reduce the computational burden with a reliable
representation of CFD data. �e aim of the special issue
was to bring together contributions from engineers, mathe-
maticians, and computer scientists working on basic research
and practical applications in engineering optimization. A
substantial number of papers were submitted, and a total of
4 original research papers which covered the application of
optimization techniques to flow and heat transfer problems
are published in the special issue.

Q. Yao et al. studied an air conditioning system using
Reynolds averaged Navier-Stokes equations and performed
optimization to determine the optimal air supply directions
that would provide the most stable velocity field and tem-
perature distribution. However, the influence on cooling
rate and energy utilization coefficient was found to be
negligible. X. Fang et al. conducted parameter optimiza-
tion of induction heating of large-diameter pipes based on
the magnetic-thermal coupling in the heating process by
sequential couplingmethod.�e influence of heating process
parameters like current frequency, current density, and air
gap on the temperature of inner and outer walls of the

pipe was obtained using orthogonal arrays. �e optimal
parameters were obtained using neural network and genetic
algorithm. J. Liu et al. conducted three-dimensional numer-
ical simulations based on Eulerian-Lagrangian approach to
investigate particles distribution in a separator. �e discrete
phase method (DPM) was applied to monitor the motion
of particles. Based on the numerical analysis, the structure
of separator was optimized using Taguchi method, and the
optimal structure was evaluated based on signal-to-noise
ratio (SNR).

Finally, the review paper by M. H. Siddique et al.
presented the application of surrogate-based optimization
in the context of turbomachines. �e authors provided a
brief overview of the technique along with its historical
applications and trends in recent use. A substantial number
of research articles were cited that involve the use of surrogate
models for optimization of centrifugal pumps.
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A three-dimensional numerical simulation combining discrete phase method (DPM) and porous media based on the theory of
Euler-Lagrange has been employed to investigate particles distribution in a separator. The DPM model is applied to monitor the
movement of individual particles and calculate the contact force between them in the separator. The simulation results display the
migration feature of dust particles over time and the distribution of particles on the surface element in porous region and reveal
that the flow field influences the distribution uniformity of the particles in porous area directly. Based on the analysis, the structure
of separator is optimized by the Taguchi method. An orthogonal relation motion has been established. The optimal solution is
achieved by the calculation of the weight relationship. The calculated optimal structure is evaluated by the signal to noise (SNR).
The result reveals that the values of SNR in case are eligible. As a result, the research of the separator points out a useful and
improvable method for the parameter optimization of structure design.

1. Introduction

Coal, as the primal fossil fuel, has played an important role in
national economy, such as the areas of electricity, heating, and
transportation. Coal resource can be divided into high rank
coal and low rank coal. Among them, low rank coal is not only
characterized by the high moisture content but also the high
volatility which can cause an explosion easily [1]. Meanwhile,
high temperature gas containing dust is generated during
burning, which causes serious pollution. Therefore, parti-
cles elimination is necessary before blowdown. Separator is
important equipment in the filtration and removal process
of low rank coal. Its core component is the filter core, which
has the characteristics of a high temperature resistance and
pressure resistance, strong corrosion resistance, and high
filtration efficiency.

In this paper, multiphase flow model is chosen for sim-
ulation analysis of the model combined with computational
fluid dynamics (CFD). The commonly used mathematical
models that have been raised so far can be grouped into

two categories: one is the continuum-continuumapproach, as
represented by Euler-Euler model [2, 3], and the other is the
continuum discrete approach [4] represented by the Euler-
Lagrange model. The flow field of gas is treated as a contin-
uum phase by Navies-Stokes equations in computational cell
scale while the flow field of particles is treated as a discrete
phase based on DPM. The physical status of individual
particles, such as the trajectory in space, is obtained by the
calculation of continuum phase of the air. A two-phase model
of gas-solid flow is used to simulate the coupling of porous
media module.

Many scholars have studied the porous media model in
the different structure. Wu [5] and Boysen [6] simulated
the process of adsorption in porous. Yu Liming et al. [7]
used CFD-DEM to simulate the process of pressure variation
during filtration process. Wang et al. [8] researched the
separation efficiency of particles with different sizes in the
gas-solid flow. Zhao Tong et al. [9] researched the gas-solid
flow whose particle movement and distribution are in a
down-flow fluidized bed with CFD-DEM. M. Haim et al.
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[10] researched the particle-gas flows whose effect of the inlet
conditions is on the numerical solutions. Xi Gao et al. [11]
made a research on the evaluation of an enhanced filtered
drag model compared with other eight different drag models
in the three-dimensional simulations of gas-solid fluidized
beds.

However, minimum studies considered the more unifor-
mity of particles in porousmedia by optimizing the structural
parameters. Optimization design methods have used various
metaheuristics such as nonlinear search optimization [12],
the Taguchi method.

The Taguchi method has been proposed by Genichi
Taguchi [13, 14] and widely used in many fields. Rout [15]
applied the Taguchi method to find the optimal setting of
parameters in a manipulator and increase the positional
accuracy. T. Mothilal et al. [16] applied the Taguchi method
to optimize the operational parameters including the solid
particle diameter, inlet air velocity, and inlet air temperature
in a cyclone separator.

In summary, the paper is organized as follows: Section 2
introduces the basic theory of CFD, Euler-Lagrange Model,
and the porous medium model as well; then the result of
numerical simulation is discussed in a three-dimensional
model of separator such as the migration distribution dia-
gram of particles over time and the velocity distribution
in filter area. Section 3 evaluates the model by using the
statistics method of Taguchi to determine the weight of
different structure parameters and get an effective improved
plan.

2. The Approach of Modeling

2.1. Computational Fluid Theory. Computational fluid dy-
namics method is used in this study. Its basic approach is
dividing the continuous physics region into discrete. Based on
the Navier-Stokes equations, the fluid domain is calculated to
obtain the key physical parameters of heated air such as speed,
temperature, pressure, and flow positions.

The flow condition can be judged from the Reynolds
number. The turbulence model is selected which includes
the conversation laws of mass, momentum, and energy. The
turbulence equation should be considered. Thus k-𝜀 model is
taken as follows:𝜕 (𝜌𝑘)𝜕𝑡 + 𝜕 (𝜌𝑘𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝜎𝑘) 𝜕𝑘𝜕𝑥𝑗] + 𝐺𝑘 + 𝐺𝑏

− 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘
(1)

𝜕 (𝜌𝜀)𝜕𝑡 + 𝜕 (𝜌𝜀𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝜎𝑘) 𝜕𝑘𝜕𝑥𝑗] + 𝐺1𝜀 𝜀𝑘
⋅ (𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐺2𝜀𝜌𝜀2𝑘 + 𝑆𝜀

(2)

Here k is turbulent kinetic energy in (1) and (2). 𝜀 means
the dissipation rating. And we can know that Gk and Gb are
the turbulent kinetic energy generation introduced by mean
velocity gradient and buoyancy. YM is the contribution in the
turbulent pulsating pressure expansion. 𝐶1𝜀, 𝐶2𝜀, and 𝐶3𝜀 are

empirical constants. 𝜎𝑘 and 𝜎𝜀 are Prandtl numbers to k and𝜀 correspondingly. 𝑆𝑘 and 𝑆𝜀 are user defined options.

2.2. The Porous Medium Model. The filter area in separator
needs to be calculated with model of porous media which
is defined as laminar. A flow resistance value is introduced.
The porous medium model based on superficial velocity can
simulate pressure loss. The flow resistance of porous material
in the fluid domain is calculated by adding a feature in
momentum equation. The feature is composed of two parts,
Darcy viscous resistance terms and inertial loss terms, which
is expressed as

𝑆𝑗 = − ( 3∑
𝑗=1

𝐷𝑖𝑗𝜇V𝑗 + 3∑
𝑗=1

𝐶𝑖𝑗 12𝜌 |V| V𝑗) (3)

Here Dij and Cij is the viscous resistance and inertia
loss coefficient matrix, respectively. This negative result leads
to a pressure drop in the unit of porous medium. 𝜇 is the
fluid viscosity coefficient. The viscous resistance and inertial
resistance is calculated by the following formula (4) and (5):

1𝛼 = 150𝐷2𝑝 (1 − 𝜀)2𝜀3 (4)

𝐶2 = 3.5𝐷𝑝 (1 − 𝜀)2𝜀3 (5)

where Dp is the particle diameter, 𝜀 is the porosity, and 𝛼
is the permeability.

2.3. The Coupling of Discrete Phase and Porous Medium. The
particles trajectory is tracked using the DPM model. The
particle motion formula is on a Lagrange coordinate system.
Theparticlesmotion formula of discrete phase is shown in (6)
and the inertia force is considered.

𝑑𝑢𝑝𝑑𝑡 = 𝐹𝐷 (u − 𝑢𝑝) + 𝑔𝑥 (𝜌𝑝 − 𝜌)𝜌𝑝 + 𝐹𝑥 (6)

Here up is the velocity of particle. 𝜌 and 𝜌𝑝 are the
densities of the continuous and discrete phase, respectively.𝑔𝑥 is the acceleration of gravity in x direction; 𝑔(𝜌𝑝 − 𝜌)/𝜌𝑝
represents the joint force of gravity and buoyancy when
particle is moving; FD(u-up) is the air resistance acting on
the particle in formula (6); and FD represents the resistance
impacting on particles in unit-mass:

𝐹𝐷 = 18𝜇𝜌𝑝𝑑2𝑝 𝐶𝐷Re24 (7)

Re = 𝜌𝑑𝑝  𝑢𝑝 − 𝑢𝜇 (8)

𝐶𝐷 = 𝑎1 + 𝑎2
Re

+ 𝑎3
Re (9)

Re is the relative Reynolds number and CD is the
product ratio of fluid dynamic pressure. FD has impact
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Figure 1: Calculation domain and grid arrangement.

on the projection which is the movement direction of the
particles, namely, the drag force coefficient. dp is the particle
diameter here.The control equations of couplingmodel in the
continuous phase, discrete phase, and porous media [17, 18]
are as follows:

𝜀 (𝜌𝐶𝑝)𝑓 𝜕𝑇𝑓𝜕𝑡 + (𝜌𝐶𝑝) 𝜀V∇𝑇𝑓
= 𝜀∇ (k𝑓∇𝑇𝑓) + (1 − 𝜀) 6ℎ𝑓𝑑 (T𝑠 − T𝑓)

(10)

(𝜌𝐶𝑠) 𝜕𝑇𝑠𝜕𝑡
= ∇ (k𝑠∇𝑇𝑠) + 6ℎ𝑓𝑑 (T𝑠 − T𝑓) + 𝜌𝑠∑

𝑖

(−∇𝐻𝑖 𝜕𝑞𝑖𝜕𝑡 ) (11)

𝐶𝑝 and 𝐶𝑠 are the specific heat at constant pressure
of the continuous and discrete phase, respectively; ℎ� is
the thermal coefficient of gas and solid phase; 𝑘� is axial
heat transfer coefficient for the gas phase; ks is thermal
conductivity coefficient for solid phase, unit for; 𝑇� and Ts
are the temperature of gas and solid phase, respectively. Here
transfer rate of mass equation is used:

𝜕q𝑖𝜕𝑡 = 𝑘𝑖 (q∗𝑖 − q𝑖) (12)

Adsorption balance equations [19, 20] are as

q∗𝑖 = 𝐾𝑝𝑖1 + ∑𝑁𝑘=1 𝑏𝑘𝑃𝑘 ,
𝐾 = 𝑘𝑖 exp 𝑘2𝑇𝑓 , 𝑘3 exp 𝑘4𝑇𝑓

(13)

𝑘𝑖 is the mass transfer coefficient of the component 𝑖;
qi is the adsorption quantity for solid phase of component

i; 𝑞∗ is the maximum adsorption amount for solid phase
components.

2.4. Principle and Simulation Conditions

2.4.1. Separator Principle. The computational domain and
grid arrangements of the separator are shown in Figure 1.The
simulation domain consists of inlet, outlet, six Venturi tubes,
and inferior vena including six filter parts. The diameters of
inlet and outside are both 400 mm. The angle between the
centerlines of the inlet and the horizontal direction is 45∘.
There are six Venturi tubes in the separator. What is more, a
back pulse made by vibration wave is used to reduce particles
accumulated in filters elements.There are six filters in inferior
vena which can be seen as porous mediums. Each filter has a
diameter of 840 mm and a length of 1980 mm.

The semi-implicit method for pressure-link equation
(SIMPLE) algorithm is used as the numerical method. In
computational fluid dynamics, the SIMPLE algorithm is
widely used to solve the Navier-Stokes equations, and it has
been extensively used to solve fluid flow and heat transfer
problems [21, 22]. A no-slip condition is set to the air phase
on the walls. The simulation is started with the random
generation of particles combined with gas phase in inlet.
With the setting of gravitational force, lift force, and drag
force settling, the particles enter into the inferior vena and
pervade in the area of porous mediums. Finally, the part of
the particles will sink into bottom; others will pass filter holes
and reach the cavity Venturi tube and the export. In general
we want to keep less particles away from passing through the
porous area. Thus the filter will work for a longer time and
not be broken easily. We hopemore particles are blown down
to the bottom of separator directly.

2.4.2. Simulation Conditions. Calculation domain is meshed
by Gambit. The total number of meshes is 6,197,815; therefore,
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Table 1: The parameter settings of calculation.

Gas phase

Density(kg/m3) 1.225
Viscosity(kg/m-s) 1.7894e-05

Reference Temperature(k) 298.15
Velocity Magnitude(m/s) 20
Turbulent Intensity(%) 10
Hydraulic Diameter(m) 0.4

Particles phase

Cp(Specific Heat )(j/kg-k) 1550
Molecular Weight (kg/kg-mol) 17.237

Standard State Enthalpy(j/kg-mol) -5.601e+07
Reference Temperature(k) 298.15

Velocity (m/s) 20
Turbulent Kinetic Energy 0.8

Momentum 0.2

Porous area

Porosity 0.4
face permeability(m2) 1.19e-11
Porous permeability 0.5
Viscous Resistance 8.4e+10
Inertial Resistance 5.1e+04

the time of calculation of the meshed model needs about 48
hours on a workstation (System is Windows 8. The processor
is Xeon 1231v3. The memory is 16G). The calculation is done
in Fluent 14.0 and the result is extracted by Tecplot 360
21013R1. The type of grid is chosen as tetrahedron structure.
The grid density is increased appropriately in the six filter
parts. The Jacobian value is positive.

In this study, we set medium volatile coal (Coal-Mv) as
the particles of discrete phase in calculation. Compared with
highly volatile coal (Coal-Hv) and low volatile coal (Coal-
Lv), Coal-Mv is suitable for simulating most coal powders
in working conditions [23]. The physical parameters are set
according to the real property in Table 1.

The Rosin-Rammler model is used to describe the distri-
bution of particle diameters in thiswork.TheRosin-Rammler
model was first applied by Rosin-Rammler to describe a
particle size distribution. The expression function of the
Rosin-Rammler is described as

𝐹 (𝑑) = 1 − exp [− (𝑑𝑐 )𝑚] (14)

where F is the distribution function of particles with
a diameter of d. c is the characteristic diameter which is
always the average diameter of particles. The exponent m is
uniformity constant [24, 25].

Inlet and outlet of the mode are mentioned in Figure 1.
The area of filters is defined as the laminar zone porous. Other
parameters in Ansys are chosen in Table 1. In Table 1, air
is simulated as gas phase while particles phase is simulated
as discrete phase. Filters are represented as porous area
in separator. The physical parameters are set according to
the real property. As to the velocity, diameter, energy, and
momentum, average values are chosen to initialize and
calculate. Momentum is the subrelaxation factor in Ansys
14.0 to reduce appropriately between the calculation results
of the previous layer and the later one, which could avoid the

nonlinear divergence induced by excessive difference during
the iterative process.

In order to make result closer to reality, other options are
set based on the real actual working conditions.

2.5. Simulation Result and Discussion. This section discusses
the results of the simulation. The result positions of the
three cross-sectional in porous region in Figure 2. Particle
distribution in the three sections is shown in Table 2. We can
find the following: (1) The particles enter into the inferior
vena of separator, combined with continuous phase. Most
particles cannot penetrate the porous media because there
are viscous resistance and inertial resistance. (2) With the
increase of time, particles slowly goes from import to inferior
vena area. The number of particles gradually increases from
bottom to top. Meanwhile, a large number of particles
accumulated in the middle area. (3) Due to the fact that
the particle phase is loaded continuously and the pressure is
increased in the inferior vena, particles slowly enter into the
filter which is close to inlet about the time of 23.4 s. (4) The
color of the particles indicates that the particles sink slowly
to bottom of separator under the effect of gravity with time
increases.

Table 3 shows the velocity distribution images in three
cross-sectional. These sections illustrate the flow field of
continuous phase under the influence of solid phase, and
solid phase affects velocity distribution of the continu-
ous phase. Take 60 speed values in each face to calcu-
late the mean square error for each surface and it is
shown in Table 4. Yi represents the mean square error
of sample values in each cross section which is calculated
as

𝑌𝑖 = √ 1𝑁
𝑁∑
𝑖=1

(x𝑖 − 𝜇)2 (15)
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Figure 2: Three-dimensional particle distribution (t=286s).

Table 2: Particle distribution at different times.

position Simulation result
T:126s T:162s T:198s T:234s

Y=-
1100mm

Y=-
1500mm

Y=-
1900mm

N is the number of data point and xi is the value
of each point. 𝜇 is the average value of all data points.
The mean square error of each section is relatively
large.

In engineering, the replacement of filter has a high
cost and complicated operation. Therefore, we hope that
most particles will not penetrate filter. A large number of
particles accumulated in the middle area will cause filter to

be partially stressed resulting in the aging rate of the filter, so
particle should distribute uniformly in the filter to reduce the
accumulation of particles partially in the filter. The particles
are mainly affected by the continuous phase. Therefore, the
goal of the separator structure optimization is to get a more
homogeneous flow field in porous media zone. In our paper,
the uniformity of flow field is evaluated by velocity and
pressure.
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Table 3: The image of velocity distribution.

position 5045403530252015105Velocity Magnitude: (m/s)Simulation result

T:126s T:162s T:198s T:234s

Y=-
1100mm

Y=-
1500mm

Y=-
1900mm

Table 4: The results of mean square error.

Position of section 126s 162s 198s 234s
-1100mm 10.877 9.957 9.073 8.838
-1500mm 7.886 7.852 8.083 5.441
-1900mm 6.777 6.777 5.685 6.230

3. The Optimizations of
Structure for Separator

A separator model is given by an enterprise in China. Our
purpose is to improve parameters about inlet and filters based
on CFD. As to a separator, performance is always decided
by the distribution of velocity and pressure. In ideal status, a
uniform distribution of flow field means that the particle will
contact the filters equivalently; therefore, all the filters paly
the same role. Otherwise, particles will focus on some parts of
few filters which will be damaged easily. These filters may be
blocked by too much concentrated particles, while an unfair
distribution alsomeans that some area of filters does notwork
at all. For these reasons, mean square errors of velocity and
pressure are used to evaluate the result of optimization, and a
smaller value means a better performance.

As to a given separator in specific working conditions, the
mainframe cannot be changed, and the filter is already made
according to standard; therefore, their sizes always cannot be
changed. Inlet is a key part to decide the distribution of fluid
filed; thus both the position and inclination angle of inlet are
chosen to optimize. In the inner of separator, the utilization
rate of filters is decided by the installation site directly, since
it is so, it cannot be neglected that the distance between
two filters in the direction-Z in Figure 1. The distance-X is

neglected here to simplify the process since its result is similar
to distance in direction-Z.

Based on the reasons above, three parameters are selected
to optimize the model according to the mean square error
from distribution of both velocity and pressure. Taguchi
method is used to realize the target.

3.1. The Theory of Taguchi Method. The basic principle of
the Taguchi method, avoiding the blindness of traverse type
analysis, is the inspection of the effectiveness from the exper-
imental variables which is the synthesis procedure conducted
by orthogonal array with minimum number of experiments
[15, 26].This approach can obtain effectively the contribution
rate and weight relations from various elements of target. The
method can be used to realize the optimization and reduce
test times compared to exhaustion method. The main steps
of structure optimization for separator are as follows: (1)
Determining the key elements of the research object, select all
elements of the plan. (2) Design the orthogonal table for all
combination schemes according to the relationship between
elements. (3) Select the orthogonal schemes and calculate
each of them. (4) According to the results, get the order of
weight for all selected elements based on the contribution
rate.

3.2. The Design of Orthogonal Table. In the study based on
Taguchi method, to represent three parameters, we take the
angle between the inlet axis and the horizontal direction as
factor A, the distance between the inlet and bottom of filter
as factor B, and the distance of two filters in direction-Z as
factorC. Control factors and its levels are designed and shown
in Table 5.

Factor A is often between 0∘ to 45∘ in actual equipment,
thus 0∘, 45∘, and 22.5∘ are chosen. As to factor B and factor
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Table 5: The statistics of element.

Factor Level 1 Level 2 Level 3
A (degree) 45 22.5 0
B (m) 1.267 0.725 0.200
C (m) 1.220 1.020 0.820

Table 6: The proof of the orthogonal.

case A B C AB BC CA
1 + + + + + +
2 + - - - + -
3 + 0 0 0 0 0
4 - + - - - +
5 - - 0 + 0 0
6 - 0 + 0 0 -
7 0 + 0 0 0 0
8 0 - + 0 - 0
9 0 0 - 0 0 0
Total 0 0 0 0 0 0

C, the extreme values and their medium value are taken into
consideration, ranging from the highest and lowest position.
Different values are noted as different levels in Taguchi
method as shown in Table 5.

Table 6 is the orthogonal table for Taguchi analysis with
factors A, B, and C. A correct orthogonal table needs to fulfill
with following two conditions: (1) In a column, the numbers
of different values should be the same. (2) The same levels
have the same frequency in every two columns.

L9 orthogonal array is used here; it contains nine tests,
three levels, and three variables (L means Latin square and 9
means the number of cases).The orthogonal table is recorded
in Table 7 and it can be used as experiment scheme.

3.3. The Analysis of the SNR. In Taguchi method, the ratio
of signal to noise (SNR) is always used as the key value
to evaluate the performance of each experiment in Taguchi
analysis. In this study, the target is to find smallermean square
errors; thus SNR can be expressed as (16). A bigger value of
SNR is needed since it is negatively correlated with Y [27].

𝜂 = −10lg1𝑛 ( 𝑛∑
𝑖=1

𝑌2𝑖 ) (16)

𝜂 represents the SNR. n is the number of replications. Since
it is expected to be smaller that both the mean square errors
of velocity and pressure, a smaller value is what we needed.
In Taguchi method, the ratio of signal to noise (SNR) is used
instead of mean square errors as SNR can expand the range
of smaller values. In (16), 𝑌2𝑖 is used to eliminate the negative
values and an average is calculated. A logarithmic relation can
amplify the average of 𝑌2𝑖 when it is under 1; this means the
contrast ratio for smaller values is increased and it is benefit
to our optimization based on mean square errors. Then the
result is multiplied by 10 to observe easily. Finally, an opposite
number is chosen and that means that a smaller mean square

Table 7: The orthogonal table of separator.

case A B C
1 A1 B1 C1
2 A1 B2 C2
3 A1 B3 C3
4 A2 B1 C2
5 A2 B2 C3
6 A2 B3 C1
7 A3 B1 C3
8 A3 B2 C2
9 A3 B3 C1
For example, A1 stands for factor A with Level 1.

error has a bigger SNR as (16). We can find that SNR can
expand the range of smaller values with logarithmic relation
and describe the result more clearly. In another way, SNR
is more sensitive to a small value and that is what we care;
thus we take SNR instead of Y. From the explanation above, a
better result has a bigger SNR as to (16).

The SNR, a function of noise, is a good performance
measure for robustness, is a good performance measure for
robustness. Thus, it is expected that the results of statisti-
cally significant should represent the optimal combination
of kinematic parameters [28]. The 𝜂 is used to evaluate
the fluctuation of mean square error about combination
parameters in the article.

Values of 𝑌 and 𝜂 from 180 data points on three sections
of each model are calculated. 9 cases in Table 7 are calculated
and the results are recorded in Tables 8 and 9. Table 8 shows
the result with velocity while Table 9 with pressure.

Then the contribution rate is expressed as (17). It reflects
the importance of different factors to 𝜂. z is the 𝑧th control
factors, namely, the factors inTable 4. 𝜂𝑚𝑎𝑥𝑧-𝜂𝑚𝑖𝑛 𝑧 is the range
of different factors. 𝑚 is the number of levels of a factor.
Contribution rates are recorded in Tables 10 and 11.

𝐶𝑅𝑧 = 𝜂max z − 𝜂min z∑𝑚𝑧=1 (𝜂max z − 𝜂min z) × 100% (17)

From Table 10, A and B play important roles in determine
the uniformof velocity, because they both have a contribution
over 39%.The influence of C is much smaller. From Table 11,
it can be found that C, over 56%, is considered to be the
most important factor to distribution of pressure and A is less
important with 41%, while factor B has almost no impact on
pressure with 2.184%. In the work, we must select the factors
with contribution rate.

In order to obtain better parameters of the separator,
both distributions are considered. The values of 𝜂 according
to factors are shown in Figures 3 and 4. Target values of 𝜂
are bigger ones, with contribution rate; the best scheme is
A2B2C2 according to Figure 3. As to the effective of pressure,
A2B2C2 is still the best scheme. Although it comes from
different physical quantities, the result is the same.

It can be seen that there is a positive correlation between
the distribution of velocity and pressure. A better scheme
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Table 8: The results about velocity.

case A(degree) B(m) C(m) Y 𝜂
1 45 1.267 1.220 3.000 -9.542
2 45 0.725 1.020 1.052 -0.440
3 45 0.200 0.820 1.895 -5.552
4 22.5 1.267 1.020 1.338 -2.529
5 22.5 0.725 0.820 0.677 3.388
6 22.5 0.200 1.220 0.121 18.344
7 0 1.267 0.820 1.687 -4.542
8 0 0.725 1.020 0.181 14.846
9 0 0.200 1.220 0.790 2.047

Table 9: The results about pressure.

case A(degree) B(m) C(m) Y 𝜂
1 45 1.267 1.220 38.132 -31.626
2 45 0.725 1.020 16.057 -24.113
3 45 0.200 0.820 43.186 -32.707
4 22.5 1.267 1.020 3.895 -11.810
5 22.5 0.725 0.820 40.566 -32.163
6 22.5 0.200 1.220 2.042 -6.201
7 0 1.267 0.820 55.801 -34.933
8 0 0.725 1.020 3.405 -10.642
9 0 0.200 1.220 31.813 -30.052

Table 10: The contribution of factors based on velocity.

A B C

SNR
1 -5.178 -5.528 3.616
2 6.401 5.931 3.959
3 4.117 4.947 -2.235

Range 11.579 11.459 6.194
Contribution Rate 39.611% 39.200% 21.189%

Table 11: The contribution of factors based on pressure.

A B C

SNR
1 -29.482 -26.123 -22.626
2 -16.725 -22.306 -15.522
3 -25.209 -22.987 -33.267

Range -12.757 -0.681 -17.745
Contribution Rate 40.910% 2.184% 56.906%

can be obtained with Taguchi method to get a uniform
distribution of fluid filed in inner part.

3.4. Result. From the result above, A2B2C2 is considered
as the best scheme. The mean square errors of velocity and
pressure are shown in Figures 5 and 6, respectively.

The mean square error of the 10th scheme is close to
the optimal, as well as the case of 6th scheme and the case
of 8th scheme. The most obvious characteristic of the three
cases is the smaller angle between import and horizontal.
Therefore, control factor A has great influence for the flow

field uniformity in the filter sections. We can draw the
conclusion that the Taguchi method can also evaluate the
importance of a single factor.

The Taguchi methods can not only evaluate the impor-
tance of elements and also evaluate the rate of contribution
of the single factor. This method applied in structure design
can be refined and extended in a follow-up study such as
increasing the number of parameters and the degree of level
factors. A better scheme can be got to reduce the cost of
design andmanufacture through the analysis and calculation.

4. Conclusion

In this paper, a separator is simulated with CFD, and
key parameters of a separator are optimized with Taguchi
method. The results in this paper are as follows:(1) The process of movement and diffusion of particles
is obtained. The accumulation areas of particle are found,
and the causes of accumulation are analyzed through the
distribution figures. An evaluation for the structure of the
original separator is taken.(2) Taguchi method is introduced to take orthogonal
experiment. It can reduce 27 schemes to 9.Then theweights of
key parameters are determined through the contribution rate
and it can be known which parameter has a bigger influence
on separator(3) The optimal scheme, namely, A2B2C2, is determined
according to the results of a bigger SNR value. It is verified by
numerical simulation and found that mean square error of
distributions from both velocity and pressure is close to the
minimum. The optimization of the structure is realized.
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Figure 5: The mean square error of velocity in all cases.
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Figure 6: The mean square error of pressure in all cases.

In this paper a theoretical foundation and effective means
has been provided and help in extending the knowledge on
the research of optimization design in separator.
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The parameters of induction heating of large-diameter pipes have a direct effect on the final processing quality of the elbow, and the
complexity of multifield coupling of magnetothermal force in induction heating can make it impossible to quantitatively optimize
the design parameters of the induction heating device. In this paper, X80 pipeline steel induction heating is taken as the research
object, and a corresponding numerical model is established. The influence of induction heating process parameters on the heating
temperature of pipeline steel under the skin effect is determined. First, the influence of process parameters on the heating effect of
pipeline steel is quantified by orthogonal test.Then, taking the optimum temperaturedifference between the inner and outer wall of
X80 pipeline steel during the induction heating process as a target, the optimal process parameter set of the pipe induction heating
is determined by using neural network genetic algorithm. Finally, comparing the relevant test criteria of the regression equation,
the optimummathematical predictionmodel of the outer wall temperatureof the pipe induction heating process is obtained, which
provides a theoretical basis for optimization of the process parameters of the pipe-based induction heating device.

1. Introduction

The induction heating of pipe is one of the common tech-
niques for production of elbows thanks to its rapid heating,
easy cooling, small thinning rate of wall thickness, and
easy adjustment of the bending radius of elbow. In the
actual project of oil and gas transmission engineering,
the bending of large-diameter pipes in oil and gas
transportation pipe network is mostly processed by
hydraulic push-type induction heating pipe bending
machine. The system diagram is shown in Figure 1 [1],
and the specific induction heating diagram is shown in
Figure 2 [2]. It is required to realize continuous operation
of propulsion→heating→bending→cooling→forming
while the induction heating device fulfills the local heating
of the pipe when the pipe bending machine is working
[3]. At present, many researchers have conducted a lot
of studies on the bending process of different materials,
the mechanical properties, and the microstructure of
the bent pipe [4–7]. However, the influence of various
parameters on the heating effect of the induction heating

forming process for large-diameter pipe is not yet clear. The
detailed theoretical guidance and basis for the selection and
optimization of design parameters on the induction heating
device are not yet available. Thus, it is impossible to ensure
a reasonable matching between the heating time of the pipe
and the pushing speed of the hydraulic cylinder, resulting
in the fact that the reliability of the pipe quality cannot be
guaranteed [8]. Therefore, the induction heating device of
the pipe has become one of the important factors affecting
the final processing quality of the elbow. In this paper, the
optimization of the process parameters of pipe induction
heating is investigated bymeans of numerical simulation and
mathematical methods.

2. Analysis on Induction Heating
Parameters of Pipes

The basic principle of induction heating is shown in Figure 3:
the coil is connected to the heating power source, and an
alternating magnetic field is generated in the pipe when
the alternating current in the heating power source flows
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Figure 1: Structure of the bend of induction heating pipe bending machine.

Figure 2: Specific induction heating.
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Figure 3: Schematic diagram of pipe induction heating.

through the coil. Under the action of the alternating magnetic
field, vortex current is generated inside the pipe, and the
vortex current and alternating current in the induction coil
have opposite directions with the same frequency. When the
vortex current passes through the pipe, the pipe generates a
large amount of Joule heat under the action of the material

resistance, so that the pipe temperature rises rapidly to
achieve the purpose of heating [9].

It can be seen that electromagnetic induction is used to
generate vortex current heating in the conductor to realize the
heating of the work piece. Therefore, by the electromagnetic
induction law (1), the Joule-Electric law (2), and technical
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requirements of the large-diameter pipe induction heating
forming device, we can obtain the main influential factors on
the heating effect of the pipe, such as the induction frequency,
current density, and air gap [10].

𝑒 = −𝑁𝑑Φ
𝑑𝑡 (1)

𝑄 = 0.24𝑖2𝑅𝑡 (2)

where 𝑁 is the number of turns of the induction coil; Q
is Joule heat (unit is J); i is the effective value of induction
current (unit isA); R is conductor resistance (unit isΩ); and 𝑡
is the time of the current flowing through the conductor (unit
is s).

Taking the elbow forming of X80 pipeline steel [11]
with diameter Φ1219mm and wall thickness 𝛿 27mm as an
example, the numerical modeling of induction heating is
carried out.

2.1.Mathematical Model of Induction Heating Electromagnetic
Field. In the numerical calculation of finite element, the
mathematical model of the induction heating vortex current
field for the heated workpiece area can be obtained by
the control equation (Maxwell equations) and the magnetic
vector-scalar potential (→𝐴-Φ) theory of the induction heating
electromagnetic field [12–14]:

∇ × 1
𝜇∇ × →𝐴 − ∇1𝜇 (∇ ⋅ →𝐴) + 𝜎𝜕

→𝐴
𝜕𝑡 + 𝜎∇Φ = 0 (3)

∇2Φ + 𝜕
𝜕𝑡 (∇ ⋅ →𝐴) = 0 (4)

→𝐽𝑒 = −𝜎𝜕
→𝐴
𝜕𝑡 − 𝜎∇Φ (5)

where ∇ is Hamilton operator; 𝜇 is magnetic conductivity
(H/m); 𝜎 is material conductivity (S/m); 𝜀 is capacitivity
(F/m); →𝐴 is magnetic vector potential; Φ is scalar potential;
and →𝐽𝑒 is induction vortex current density vector (A/𝑚2).

In order to ensure the continuity condition of the field
quantity at the interface of different media, consider the
boundary condition as a ferromagnetic boundary with sur-
face current density →𝐽 . The expression is shown as

→𝑛 × ( 1𝜇∇ × →𝐴) = −→𝐽 (6)

2.2. Mathematical Model of Induction Heating Temperature
Field. It is assumed that the Joule heat generated by the
vortex current in the alternating magnetic field is completely
converted into its own heat; that is, the induced current
Joule heat obtained by the electromagnetic field is used as an
internal heat source to heat the workpiece, and the heating
process is an unsteady heat conduction process [15, 16]. Based
on Fourier’s law and the first law of thermodynamics [17], the

differential form of the transient temperature field governing
equation in induction heating can be derived:

𝜌𝑐𝜕𝑇𝜕𝑡 − 𝜕
𝜕𝑥 (𝜆𝑥 𝜕𝑇𝜕𝑥) − 𝜕

𝜕𝑦 (𝜆𝑦 𝜕𝑇𝜕𝑦 ) − 𝜕
𝜕𝑧 (𝜆𝑧

𝜕𝑇
𝜕𝑧 )

− 𝑞V = 0
(7)

where𝜆 is thermal conductivity (W/(m⋅∘C));T is temperature
field distribution function; 𝑞V is intensity of the heat source of
induction vortex current in the pipeline (W/m3);𝜌 ismaterial
density (Kg/𝑚3); c is the specific heat capacity of material
(J/(Kg⋅ K)).

Use the Newton convection boundary as a temperature
boundary condition:

−𝜆𝜕𝑇𝜕𝑛 = ℎ (𝑇 − 𝑇0) (8)

where 𝑛 refers to the normal direction on the boundary; 𝜆 is
thermal conductivity (W/m⋅∘C); h is convective heat transfer
coefficient (W/m2⋅K); T is work surface temperature (K); and
𝑇0 indicates ambient temperature (K).

2.3. Coupling of Induction Heating Electromagnetic Field-
Temperature Field. The induction heating is involved in the
interaction of two physical fields of electromagnetic field
and temperature field. The complexity of solving the magne-
tothermal coupling problemmakes it difficult to obtain accu-
rate solutions for many engineering issues [18]. Hopefully,
the large-scale finite element numerical simulation software
can be used for engineers to solve complex problems on
the basis of theoretical analysis. This paper is aimed at the
characteristics of induction heating magneto-thermal cou-
pling of large-diameter pipes. We adopt ABAQUS software
to solve the magneto-thermal coupling issue by sequential
coupling [19]. First, the vortex current is obtained in the
electromagnetic field; then the Joule heat of the workpiece
under the action of vortex current field is got. Eventually, the
Joule heat is used as the temperature field input condition
to obtain the temperature distribution on the workpiece.
The analysis process of magnetothermal coupling during the
induction heating is shown in Figure 4.

2.4. Building of Numerical Model. The geometric model of
pipe induction heating consists of three parts: X80 pipe,
induction coil, and air. Since the pipe is only involved in
the solution of temperature field, it is assumed that, in the
solution of the electromagnetic field, the physical properties
of thematerial corresponding to the induction coil and air are
not affected by the temperature change. Since the X80 pipe,
induction coil and air together constitute the electromagnetic
path in the induction heating process, the thermal property
parameters of the relative magnetoconductivity, resistivity,
specific heat capacity, thermal conductivity, density, etc.
corresponding to the three parts should be considered in
solving the electromagnetic field (as shown in Table 1). The
material of induction coil is T3 copper, its resistivity is 1.75 ×
10−8Ω∙m, and the relative magneto-conductivity is 1. As air is
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Table 1: The thermal properties of X80.

Temperature
(∘C)

Relative
Permeability 𝜇

Resistivity 𝜌
(10−6Ω⋅m)

Specific Heat 𝐶𝑝
(J/Kg⋅∘C)

Thermal Conductivity
𝐾 (W/m⋅∘C)

Density
𝜌(Kg/m3)

Emissivity
𝐶𝑠(J/m2sK4)

0 200 0.195 450 47.4 7896 1
25 198 0.202 450 46.2 7896 0.998
100 194 0.251 479 43.7 7870 0.996
200 186 0.336 520 40.3 7849 0.992
300 179 0.434 564 38 7824 0.987
400 167 0.539 612 35.9 7796 0.983
500 156 0.659 668 33.8 7769 0.978
600 139 0.792 785 31.7 7744 0.978
700 93 0.947 936 28.4 7716 0.879
800 1 1.073 848 25.9 7691 0/648
900 1 1.164 655 23.5 7665 0.594
1000 1 1.199 620 23.9 7639 0.535

Start

Establish Model

Establish
electromagnetic field

analysis options

Establish temperature
field analysis options

Compute
electromagnetic field

Compute temperature
field

End

Enter electromagnetic
field analysis options

Clear electromagnetic
field analysis options,

enter temperature field
analysis options

Read electromagnetic
field analysis options

Read temperature field

Figure 4: Analysis process of magnetothermal coupling during the
induction heating.

not affected by the current, the relative magnetoconductivity
should be set as 1 when performing numerical simulation.

It is one of the important influential factors on the quality
of the pipe to reasonably match the heating time of the pipe
and the pushing speed of the hydraulic cylinder during the
bending process of the large-diameter pipe (see Figure 1).
Thus, in order to further study the problem of matching the
induction heating time with the pushing speed, the finite
element model is built in Cartesian coordinate system. At
the same time, considering that the large-diameter pipe and
its applied load are axisymmetric, 1/4 of the pipe is used to
build a finite element model. The working loads are applied
to the model according to the characteristics of each physical
field; the corresponding analysis steps, solution variables,
and boundary conditions are setup; different grid types are
selected to mesh the model (the unit type of EMC3D8 is
selected in the electromagnetic field and the unit type of
DC3D8 is selected in the temperature field). In order to
ensure the accuracy and convergence of the calculation, the
pipe mesh is refined, as shown in Figure 5.

3. Results Analysis

3.1. Analysis of Numerical Simulation Results. In order to
visually display the dynamic changes of the electromagnetic
field and temperature field inside the pipe during the heating
process, the main parameters such as current frequency
(�=1000Hz), current density (J=6 × 107A/m2), and air gap
(d=30mm) are determined according to the engineering
practice, and the distribution clouds of the Joule heat and
temperature of the pipe under induction heating are obtained
through simulation (see Figures 6 and 7), and the curves of
temperature for the inner and outer wall of the pipe with
the times are shown in Figure 8. It can be seen that the
distribution of Joule heat and temperature on the pipe is that
the outer wall’s is much greater than that of the inner wall due
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Figure 5: Numerical model of induction heating for thin-walled pipe. (a) Geometric model. (b) Finite element model. (c) Finite element
model of the pipe.
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Figure 6: Distribution cloud of Joule heat in pipe (Unit: J).
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Figure 7: Distribution cloud of temperature in pipe (Unit:∘C).

to the effects of skin effect, proximity effect, and ring effect
in the induction heating process [20], which ultimately leads
to the greater temperatures difference of the inner and outer
walls of the pipe, causing a great inconvenience to the pushing
speed of the elbow,which in turn affects the quality of the pipe
bending.
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Figure 8: Temperature curves of the inner and outer wall of pipe
with the times.

It can be seen from Figure 8 that although there is
unevenness in the temperature rise of the inner and outer
walls in the pipe, the difference in temperatures between
the inner and outer walls tends to be stable as the increase
of heating time. Therefore, by parameter optimization, the
difference in temperature gradient between the inner and
outer walls of the pipe is reduced as much as possible.

In order to further explore the relationship between the
current frequency, current density, air gap, and pipe heating
effect, the control variable method is used to change the three
process parameters for simulation calculation. The results are
shown in Figure 9.

Figure 9 shows the effect of the current frequency, current
density, and the air gap between coil and pipe on the
temperature rise of the inner and outer wall of the pipe,
respectively. It can be seen from the figure although that
relationship between the variation of parameters and the
temperature of the inner and outer wall of the pipe is basically
linear; the influence of three parameters on the heating effect
of pipe cannot be quantified. Moreover, the temperature
difference between the inner and outer wall of the pipe is the
key quantity; thus it is necessary to analyze the variation rule
of the temperature difference between the inner and outer
wall of the pipe to find the optimal parameter group.

3.2. Parameter Optimization Based on Orthogonal Test Design

3.2.1. Orthogonal Test Design for Induction Heating of Pipe.
The three process parameters of the current frequency,
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Figure 9: Relationship between three parameters and the inner and outer wall temperatureof pipe. (a) Current frequency. (b) Current density.
(c) Air gap between pipe and induction coil.

Table 2: Test parameters and levels.

Level
Factor

Current Frequency
𝑓(Hz)

Current Density
𝐽(A/m2)

Air Gap
𝑑(mm)

1 600 5×107 10
2 800 5.5×107 20
3 1000 6×107 30
4 1200 6.5×107 40
5 1500 7×107 50

current density, and air gap are the factors of the orthogonal
test [21], and each factor is set at 5 levels, as shown in Table 2.

It can be seen from Table 2 that there is a total of 125
experimental parameter combinations, and the orthogonal
test is mainly used to analyze the primary and secondary
relationship of the influence of various process parameters on
the heating effect. Therefore, according to the orthogonality
and the engineering practice, some parameter groups with
the characteristics of “uniform dispersion, neatness, and
comparability” are selected as the representative ones for the
experiment.

In the orthogonal experimental analysis, the Taguchi
design method is used to neglect the interaction between
different process parameters, the L25 (56) orthogonal table
is selected, and the empty column is adopted as the error
column. According to the 25 sets of parameters selected in
Table 3, the numerical simulation analysis of the induction
heating of X80 pipe (Φ1219mm, wall thickness 27mm) is
carried out to obtain the temperatures of the inner and outer
walls of the pipe. The orthogonal experimental scheme is
designed with the temperatures of the inner and outer walls
of the pipe as the test indexes (see Table 3).

3.2.2. Analysis of the Orthogonal Test Results of Induction
Heating of Pipe. The variance method is used to determine
the significant degree and contribution rate of the influence of
various process parameters on the heating effect of medium-
frequency induction heating of large-diameter pipes, and

the primary and secondary relationship of the influence of
various process parameters on the heating effect is obtained.
Then we use the range analysis to verify the primary and
secondary relationships again to provide a guidance for
engineering process design.

(1) Variance Analysis. The analysis results of the influence of
each parameter on temperatures of the inner and outer walls
of the pipe are shown in Tables 4 and 5.

(2) Range Analysis. First, the comprehensive mean and
range of each factor are obtained, and then the primary
and secondary relationships of the influence of the process
parameters on the heating effect are got by comparing the
extremes [22]. The range analysis of the inner and outer
wall temperatures of the pipe under different levels in the
orthogonal test is shown in Table 6:

According to the analysis results of Tables 4 and 5, when
the temperature of the inner and outer walls of the pipe is
taken as an index, the influence of the current frequency and
current density on the index is significant, and the influence
of the air gap on the index is extremely significant. And in the
medium-frequency induction heating of the pipe, the influ-
ential degree of each process parameter on the heating effect
of the pipe is air gap>current density>current frequency.
From the range R corresponding to each process parameter
in Table 6, it can be concluded that the influential degree
of the process parameters on the heating effect of the pipe
is consistent with the variance analysis result, which further
verifies the accuracy of the obtained results. Compared with
the range analysis, the contribution rate of each process
parameter to the survey indicators is defined more clearly by
the variance analysis.

It can be known from the engineering that when the
induction heating temperatures of the outer wall of the pipe
are 900∼1000∘C [23] and the difference between the inner and
outer wall temperature is small, the final processing quality
of the elbow is better. Combined with the above analysis, a
better process parameter group can be initially determined
as current frequency 1500Hz, current density 5.5 × 107 A/m2 ,
and air gap 10mm.
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Table 3: Orthogonal test design scheme and numerical calculation results.

Test No.

Factor Test Index

Current
Frequency (Hz)

Current Density
(A/m2)

Interval
(mm)

Outer Wall
Temperature

(∘C)

Inner Wall
Temperature

(∘C)
1 1(600) 1(5×107) 1(10) 649 127
2 1(600) 2(5.5×107) 2(20) 618 125
3 1(600) 3(6×107) 3(30) 574 119
4 1(600) 4(6.5×107) 4(40) 528 114
5 1(600) 5(7×107) 5(50) 474 105
6 2(800) 1(5×107) 2(20) 587 121
7 2(800) 2(5.5×107) 3(30) 569 120
8 2(800) 3(6×107) 4(40) 546 117
9 2(800) 4(6.5×107) 5(50) 508 113
10 2(800) 5(7×107) 1(10) 1526 215
11 3(1000) 1(5×107) 3(30) 532 114
12 3(1000) 2(5.5×107) 4(40) 528 115
13 3(1000) 3(6×107) 5(50) 508 113
14 3(1000) 4(6.5×107) 1(10) 1420 208
15 3(1000) 5(7×107) 2(20) 1349 205
16 4(1200) 1(5×107) 4(40) 509 112
17 4(1200) 2(5.5×107) 5(50) 508 114
18 4(1200) 3(6×107) 1(10) 1319 201
19 4(1200) 4(6.5×107) 2(20) 1297 202
20 4(1200) 5(7×107) 3(30) 1248 200
21 5(1500) 1(5×107) 5(50) 510 115
22 5(1500) 2(5.5×107) 1(10) 989 173
23 5(1500) 3(6×107) 2(20) 1255 200
24 5(1500) 4(6.5×107) 3(30) 1253 202
25 5(1500) 5(7×107) 4(40) 1239 204

Table 4: Variance analysis results of the orthogonal test of temperatures for pipe’s outer wall.

Sources of
Variance

Degree of
Freedom

Sum of
Squares Mean Square F Contribution

Rate (%) Significance

Current
Frequency 4 0.996 0.25 31.63 21.28 ∗
Current
Density 4 1.49 0.372 47.32 31.84 ∗
Air Gap 4 2.1 0.525 66.68 44.86 ∗∗
Error 12 0.095 0.008 – 2.02
Total 24 4.671 1.155 – 100
Note: ∗ indicates that the difference is significant; ∗∗ indicates that the difference is extremely significant.

3.3. Process Parameter Optimization Based on Neural Net-
work and Genetic Algorithm. Theorthogonal experiment can
determine the influence degree of the process parameters on
the temperature of the inner and outer walls of the pipe and
judge the better parameter group from the existing process
parameter group. However, it is difficult to obtain the global
optimal process parameters for the multiparameter group
problems which affect the actual engineering. We use BP

neural network method to establish the mapping relationship
between the induction heating process parameters and the
temperatures of the inner and outer walls of the pipe [24, 25].
The data is trained to predict the heating effect of all combi-
nations of process parameters within the variation range, and
the process parameters are optimized by genetic algorithm
[26, 27]. Thus, the global optimal process parameter group
is obtained.
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Table 5: Variance analysis results of orthogonal test of temperatures for pipe’s inner wall.

Sources of
Variance

Degree of
Freedom

Sum of
Squares Mean Square F Contribution

Rate (%) Significance

Current
Frequency 4 0.478 0.12 37.77 25.78 ∗
Current
Density 4 0.589 0.147 46.47 31.72 ∗
Air Gap 4 0.751 0.188 59.26 40.45 ∗∗
Error 12 0.038 0.003 – 2.05
Total 24 1.856 0.458 – 100
Note: ∗ indicates that the difference is significant; ∗∗ indicates that the difference is extremely significant.

Table 6: Range analysis results of orthogonal test for pipe’s outer wall temperature.

Outer Wall Temperature (∘C) Inner Wall Temperature (∘C)
Current

Frequency
Current
Density Air Gap Current

Frequency
Current
Density Air Gap

K1 568.6 557.4 1180.6 118 117.6 184.8
K2 747.2 642.4 1021.2 137.2 129.4 170.6
K3 867.4 840.4 835.2 151 150 151
K4 976.2 1001.2 670 165.8 167.8 132.4
K5 1049.2 1167.2 501.6 178.8 185.8 112
R 480.6 609.8 679 60.8 68 72.8
Note: K1∼K5 represent the average temperature of each factor at each level, and R is range.
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Figure 10: Structure of pipe induction heating BP neural network.

3.3.1. Prediction Model Based on BP Neural Network. The
current frequency, current density, and air gap are selected
as the network model input, and the outer and inner wall
temperatures 𝑇1 and 𝑇2 of the pipe are taken as output to
build a three-layer BP neural network model. The network
structure is shown in Figure 10.

The data (see Table 3) obtained by numerical simulation
is used as a training sample, and the sample is trained by
running a BP neural network program. The training target is
selected as 0.000001 and the learning rate is 0.1. The training
of the network model is shown in Figure 11. When the

iteration is 274 times, the training is finished with the system
error of 9.75× 10−7; thus its error is within the expected range,
and the network output is more accurate.

In order to verify the accuracy of the training prediction
results, the five new sets of process parameters are rese-
lected as test samples for training prediction and numerical
simulation. The training prediction results and numerical
simulation results are shown in Table 7.

According to the above results in Table 7, the error
between the prediction data and the simulation data is within
3%, which indicates that the prediction accuracy of the BP
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Table 7: Error between numerical simulation and BP neural network training.

Current Frequency
𝑓(Hz)

Current Density
𝐽(A/m2)

Air Gap
𝑑(mm)

OuterWall Temperature𝑇1(∘C) Inner Wall Temperature𝑇2(∘C)
Simulation Prediction Error Simulation Prediction Error

1200 6×107 30 883 862.5 2.3% 164 163.29 0.43%
1500 6×107 30 1043 1036.5 0.62% 183 185.35 1.3%
1000 5.5×107 30 640 638.2 0.28% 132 130.67 1%
1000 6.5×107 30 900 894.5 0.61% 167 163.40 2.1%
1000 7×107 30 1070 1079.3 0.87% 184 180.71 1.8%
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Figure 11: BP neural network training error curve.

neural network for the heating effect is higher, and the
prediction result is close to the actual situation.

3.3.2. Optimization of Induction Heating Parameters Based
on Genetic Algorithm. The population with a size of 50 is
selected and the binary code is adopted.The crossover proba-
bility and mutation probability are 0.75 and 0.01, respectively.
The BP neural network prediction result is used as the fitness
function to control the temperature of the inner and outer
walls of the pipe [28, 29].The genetic algorithmwith 100 times
of iteration is designed to optimize the process parameters
of pipe induction heating. The software is used to iteratively
calculate the BP neural network and genetic algorithm joint
optimization program. After 100 iterations, the target fitness
is shown in Figure 12.

It can be seen from the Figure 12 that, after 30 iterations,
the fitness value of the temperature difference between the
inner and outer wall under the processable condition is
maintained at 751; meanwhile the temperature 𝑇1 of the
outer wall and the temperature 𝑇2 of the inner wall is 923∘C
and 172∘C, respectively. The process parameter group that
is superior to the orthogonal test in the induction heating
process of the pipe is obtained with the current frequency,
current density, and air gap which are 1460Hz, 5.65 ×
107A/m2, and 15mm, respectively.

Fitness curve
840

830

820

810

800

790

780

770

760

750
0 10 20 30 40 50 60 70 80 90 100

Evolutionary algebra

Ad
ap

ta
bi

lit
y

Figure 12: Genetic algorithm optimization process.

3.4. Pipeline Induction Heating Prediction Model Based on
Regression Analysis. Through the aforementioned analysis
and calculation, the selection of optimal parameter group
for the induction heating parameter design can be realized,
but In order to further guide the engineering practice, a
prediction model of pipe induction heating is necessary.
In this paper, the regression analysis of the data obtained
from numerical simulation is carried out to determine a
reasonable mathematical model for the prediction of the
outer wall temperature, which provides a certain theoretical
guidance for the actual processing. The data obtained from
the numerical simulation of medium-frequency induction
heating of large-diameter pipe are taken as samples, and
the process parameters that influence the induction heating
effect of pipe materials, such as current frequency � (Hz),
current density J (A/m2), and air gap d (mm), are seen as
independent variables, while the outer wall temperature of
the pipe is seen as the dependent variable. Subsequently,
two regression models are established for prediction of the
pipe outer wall temperature 𝑇 on the basis of combining
the feature of sample data. It can be seen from Figure 9
that the process parameters and the temperature of the
inner and outer walls show a linear change law; thereby a
regression Model I is established. However, considering the
magnitude difference of the selected values of each parameter,
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Table 8: Results of regression analysis.

Model I: 𝑇 = 𝑏0𝑓 + 𝑏1𝐽 + 𝑏2𝑑 + 𝐶 Model II: 𝑇 = 𝐶𝑓𝑏0𝐽𝑏1𝑑𝑏2
Regression Coefficients (0.525, 3.092×10−5, -17.184, -1049.604) (-33.103, 0.642, 2.061, -0.481)
Sum of Residuals 181575.2825 0.295
Return Square Sum 3712511.687 4.915
Correlation Coefficient
r2 0.953 0.943

F-test Value 129.515 120.585
P 1.029×10−20 2.23×10−19
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Figure 13: Regression standardized residual histogram.

the logarithmic conversion of the sample data is performed to
build a regression Model II [30].

Regression Model I: 𝑇 = 𝑏0� + 𝑏1𝐽 + 𝑏2𝑑 + 𝐶
Regression Model II: 𝑇 = 𝐶�𝑏0𝐽𝑏1𝑑𝑏2

Assume that the above two regression models meet the
following conditions:

(1) 𝜀𝑖 ∼ 𝑁(0, 𝜎2), 𝐶𝑜V(𝜀𝑖, 𝜀𝑗) = 0, 𝑖 ̸= 𝑗
(2) The selected variables are not random and have no

multiple linear relationship with each other
(3) There is a linear relationship between the dependent

variable 𝑇 and the transformed independent variable in the
regression model II

The two regression models are analyzed and solved by a
multiple regression calculation program, and the results are
shown in Table 8.

The regression equations obtained by stepwise regression
calculation are as follows:

Equation of Model I: 𝑇 = 0.525𝑓 + 3.092 ×
10−5𝐽-17.184𝑑-1049.604
Equation of Model II: 𝑇 = 𝑒−33.103�0.642𝐽2.061𝑑−0.481

It can be seen from Figure 13 that although the normalized
residuals of Model I and Model II are basically normal distri-
bution, comprehensive analysis of the calculation results of
Table 8, including the correlation coefficient, sum of squared
residuals, and F-test value. It can been seen that Model I has
an optimal fitting degree; thus the regression equation (1) is
chosen as the mathematical model for predicting the outer
wall temperature of large-diameter pipe during the medium-
frequency induction heating. In order to verify the accuracy
of the regression models, five sets of process parameters
are taken as test samples for the numerical simulation and
regressionmodel prediction.The results are shown in Table 9.

It can be seen from Table 9 that errors between the simu-
lated data and predicted data are within 5%. The error value
needs to be determined according to industry standards.
However, it is worth noting that the mathematical model of
the outer wall temperature prediction can accurately reflect
the mapping relationship between the process parameters of
the induction heating and the outer wall temperatures of the
pipe. The mathematical model of the outer wall temperature
prediction for large-diameter pipe in the induction heating
process has certain significance for guiding engineering
practice.
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Table 9: Errors between the numerical simulation and regression model prediction.

Current Frequency
𝑓(Hz)

Current Density
𝐽(A/m2) Air Gap 𝑑(mm) Outer Wall Temperature T (∘C)

Simulation Return Error
1200 6×107 30 883 920.1 4.2%
1500 6×107 30 1043 1077.6 3.2%
1000 5.5×107 30 640 660.5 3.1%
800 6×107 30 683 710.1 4.0%
1000 6×107 40 626 643.2 2.7%

4. Conclusions

(1) Based on the basic theory of induction heating and
analysis of induction heating forming process for large-
diameter X80 pipe, the magnetic-thermal coupling issue
in the heating process is simulated by sequential coupling
method.The influential law of each group’s induction heating
process parameters (current frequency, current density, and
air gap) on the temperature of the inner and outer walls of
the pipe has been obtained.

(2) Taking the induction heating process parameters as
the test factors, we carry out the orthogonal test design
of the process parameters with the difference of the inner
and outer wall temperature of the pipe as the evaluation
index, the influential degree of each process parameter on
the heating effect is determined as air gap>current density>
current frequency, and the optimized process parameter sets
for the heating bending of the pipe have been obtained
using the neural network genetic algorithm, with the current
frequency, current density, and air gap which are 1460Hz,
5.65 × 107A/m2, and 15mm, respectively.

(3) The linear regression models of two types of pipe
temperature have been built based on the simulation results
of different heating parameters. By comparing and analyzing
the relevant test standards of each regression equation, we
have obtained the mathematical model of the outer wall
temperature prediction during the induction heating process
of the pipe.

(4) From the bend forming practice of X80 pipe, the
numerical simulation process parameters sets are somewhat
limited. Hopefully, our mathematical analysis method is of a
referential significance for practical engineering.
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Optimization of an air conditioning system is critical in terms of the transient and steady state behavior of the air distribution along
the room and the temperature of the equipment themselves. In this paper, three computational techniques, namely, the standard𝑘 − 𝜀, RNG 𝑘 − 𝜀, and the 𝑘 − 𝜔model, are used to numerically simulate and determine the air distribution in an air-conditioned
room.The simulation results for all threemethods are verified via a comparisonwith an experiment involving a room that contains a
computer server which generates up to 6 kW of heat. In doing so and by additionally performing an error analysis, it is determined
that the 𝑘 − 𝜔 model produces the most accurate results. The results also indicated that the direction of air supply from the air
conditioners has a strong impact on the velocity field and temperature distribution along the room and on the computer server.
Hence, many candidate directions of air supply options were selected for study and by conducting a performance evaluation in
terms of air temperature around the server, the optimal solution was obtained.

1. Introduction

Thedesign of air-conditioning (AC) system is strongly depen-
dent on the dynamics of the air flow in a room. Traditional
measurement methods such as trial and error experiments
is often time-consuming and expensive [1]. This is because
modifying an existing AC system is generally a difficult and
labor-intensive task and it is generally preferred that the
optimal design be initially obtained in simulation. Therefore,
computational fluid dynamics (CFD) are frequently adopted
to design AC systems where the key benefits include reduced
time and cost while retaining accurate and valuable results
[2, 3]. Moreover, CFD methods also have the advantages
of enabling interactive visualization and repeatability [4].
Hence, CFD techniques are currently widely used in air
distribution research and subsequently the design of AC
systems [5–7].

With reference to other cases, literature studies show
that the CFD simulations could be conveniently applied to
analyze and predict the indoor air distribution [4, 8, 9],
to optimize the heating and cooling performances of the
AC system [10, 11], to evaluate the indoor thermal comfort

[12] or to take into account ammonia concentration for
livestock [13]. In [14], air conditioning in a museum was
studied with a coupled numerical approach of energy and
fluid-dynamic analysis. Fariborz H and Chérif MA [15]
comprehensively analyzed the validation of two models:
COMIS and CONTAM. Furthermore, Li Y and Nielsen
PV [16] discussed the major challenges of CFD and finally
suggested that CFD technology has not become a replace-
ment for experiment and theoretical analysis in ventilation
research and rather it has become an increasingly important
partner.

Indeed, because indoor airflow typically involves tur-
bulent dynamics, a turbulence model will be required in
the associated CFD simulation. A comparison of various
types of 𝑘 − 𝜀 models including standard, renormalization
group (RNG), low Reynolds number, and other types was
conducted in [17] for analyzing natural and forced con-
vection of indoor air flows. It was concluded that none
of the models could accurately simulate anisotropic turbu-
lence or secondary recirculation air dynamics. Alternatively,
[18, 19] performed a literature survey on various existing
turbulence models (including the various 𝑘 − 𝜀 models
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aforementioned) and concluded that there is no model
that is universally optimal for any scenario and that the
appropriatemodel is often application specific.More recently,
[20] conducted another research on comparing 11 different
turbulence models including Reynolds averaged numerical
simulation (RANS) models for the wind tunnel application
with comparisons to experimental results. They showed that
the S-A model and the RNG 𝑘 − 𝜀 were the most suitable
candidates for predicting surface pressure distributions but
emphasized that they were unable to evaluate the most
appropriate model for predicting turbulence length scales.

Indeed, CFD techniques and turbulence model are well
established for simulation air flow distributions in various
applications. However, although a comparison of adopting
different turbulence models for analyzing natural and forced
convective air flow or flow through test samples in wind
tunnels currently exists in literature, this is not the case
for an air-conditioned room that has a large heat source, a
scenario that is commonly encountered in a computer server
room. Therefore, this paper analyzes the air distribution
of an air-conditioned room that specifically contains an
operating computer server that generates up to 6kW of heat.
The temperature of air leaving the air conditioner is set
to a reference value and the resulting air temperature and
pressure dynamics are calculated via the CFD simulation.
Three different turbulence models, the standard 𝑘 − 𝜀, RNG𝑘−𝜀, and the 𝑘−𝜔model, are used to analyze the scenario and
their accuracy is determined by an experiment involving a
real computer server room with temperature measurements.
Moreover, the effects of the different air supply directions on
air distribution were analyzed in this work and the optimal
configuration was determined based on evaluating the AC
system's cooling rate and energy efficiency.

2. Method and Governing Equations

Several methods are available for studying the indoor air
distribution, such as the traditional measurement and the
method of numerical simulation based on the computational
dynamics fluid (CFD). In this paper, we adopted the Fluent
as the research tool and chose UDF to impose the boundary
conditions. The standard wall function was adopted in this
work to simulate the flow in the near-wall region, and the
SIMPLE algorithm is used to couple the pressure and velocity.
To simplify the problem, assumptions are made as follows
[4, 21]:

(i) The air is steady turbulent flow;

(ii) Indoor air is incompressible and conforms to Boussi-
nesq hypotheses; namely, changes of fluid density
have an influence on buoyancy lift only;

(iii) Considering the room simulated is with good air
tightness, so air leakage effect is out of consideration;

(iv) Indoor air is the Newton fluid, and its viscosity is
isotropic;

(v) Ignore the energy dissipation caused by the viscous
effect in the energy equation;

(vi) Due to the adjacent houses, all equipped with air
conditioning, interior wall and floor can be regarded
as adiabatic boundary condition without temperature
difference.

Reynolds time-averaged control equations with Boussinesq
approximation are adopted in this work. By the assumptions
above, the governing equations are as follows:

𝜕u𝑖𝜕x𝑖 = 0

𝜌𝜕𝑢𝑖𝜕𝑡 + 𝜌𝑢𝑗 𝜕𝑢𝑖𝜕𝑥𝑗 = − 𝜕𝑝𝜕𝑥𝑖 + 𝜇 𝜕2𝑢𝑖𝜕𝑥𝑗𝜕𝑥𝑗 − 𝜌𝜕𝑢𝑖𝑢𝑗𝜕𝑥𝑗 + 𝜌𝑓𝑖,
(1)

where 𝑢𝑖 is Reynolds mean velocity in 𝑖 direction; 𝑢 is
fluctuation velocity; −𝜌𝜕𝑢𝑖𝑢𝑗 is Reynolds stress; 𝜌 is fluid
density; 𝜇 is kinematic viscosity; 𝑝 is pressure; and 𝑓𝑖 is unit
mass force.

To compare and find a suitable simulation to this model,
the numerical results of standard 𝜅 − 𝜀, RNG 𝜅 − 𝜀 and 𝜅 −𝜔 turbulence models are compared in this work, where for
standard 𝜅 − 𝜀, the 𝜅 equation, and 𝜀 equation are

𝜕 (𝜌𝑘)𝜕𝑡 + 𝜕 (𝜌𝑘𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝑡𝜎𝑘) 𝜕𝑘𝜕𝑥𝑗] + 𝐺𝑘 + 𝐺𝑏
− 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘

𝜕 (𝜌𝜀)𝜕𝑡 + 𝜕 (𝜌𝜀𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝑡𝜎𝜀) 𝜕𝜀𝜕𝑥𝑗 ]
+ 𝐶1 𝜀𝑘 (𝐺𝑘 + 𝐶3𝐺𝑏) − 𝐶2𝜌𝜀2𝑘
+ 𝑆𝜀,

(2)

where 𝜀 is defined as

𝜀 = 𝜇𝜌( 𝜕𝑢𝑖𝜕𝑥𝑘)(𝜕𝑢𝑖𝜕𝑥𝑘) (3)

and the turbulent viscosity is expressed as

𝜇𝑡 = 𝜌𝐶𝜇 𝑘2𝜀 , (4)

where𝐺𝑘 is turbulent kinetic energy product; 𝐺𝑏 is turbulent
kinetic energy caused by buoyancy; 𝑌𝑀 is influence of
fluctuating expansion of compressible turbulence on total
dissipation rate; 𝑆𝑘 and 𝑆𝜀 are source terms depending on the
conditions; 𝐶𝑖 (𝑖 = 1, 2, 3) is an empirical constant.
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For the RNG 𝜅 − 𝜀, the 𝜅 equation and 𝜀 equation are𝜕 (𝜌𝑘)𝜕𝑡 + 𝜕 (𝜌𝑘𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝛼𝑘𝜇𝑒𝑓𝑓) 𝜕𝑘𝜕𝑥𝑗] + 𝐺𝑘 + 𝐺𝑏
− 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘

𝜕 (𝜌𝜀)𝜕𝑡 + 𝜕 (𝜌𝜀𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝛼𝜀𝜇𝑒𝑓𝑓) 𝜕𝜀𝜕𝑥𝑗 ]
+ 𝐶1 𝜀𝑘 (𝐺𝑘 + 𝐶3𝐺𝑏) − 𝐶2𝜌𝜀2𝑘− 𝑅 + 𝑆𝜀,

(5)

where 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 (6)

and 𝜇𝑡 is the same as in (4). 1/𝛼𝑘 is effective Prandtl number
of turbulent kinetic energy; 𝐶𝜇 is effective Prandtl number
of dissipation rate; for the high Reynolds number problem𝐶𝜇 = 0.00845.

For the 𝜅 − 𝜔 turbulence model, the 𝜅 equation and 𝜔
equation are

𝜕𝜕𝑡 (𝜌𝑘) + 𝜕𝜕𝑥𝑖 (𝜌𝑘𝑢𝑖) = 𝜕𝜕𝑥𝑖 (Γ𝑘 𝜕𝑘𝜕𝑥𝑗) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘
𝜕𝜕𝑡 (𝜌𝜔) + 𝜕𝜕𝑥𝑖 (𝜌𝜔𝑢𝑖)
= 𝜕𝜕𝑥𝑗 (Γ𝜔 𝜕𝜔𝜕𝑥𝑗) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔,

(7)

where 𝐺𝜔 is the kinetic energy produced by 𝜔 equation; Γ𝑘
and Γ𝜔 are the diffusion rates of C and D, respectively; 𝑌𝑘 and𝑌𝜔 are the effect of turbulence caused by diffusion; 𝑆𝑘 and 𝑆𝜔
are the source terms depending on the conditions and select
the 𝜅 − 𝜔model when setting up the boundary conditions.

3. Modeling and Experimental Setup

An air-conditioned room involving a small computer center
in the Sun Yat-sen University is selected as the research
subject for this paper. The airflow parameter distributions
throughout this room will be analyzed. The computer room
consists of three tables, a locker, a computer server, and its
uninterruptable power supply (UPS). In this room, the air
conditioning system consists of two separate air conditioners
with 30∘ placed at the back of the room, as shown in Figure 1.
The dimension of the model are as follows:

(i) Door dimensions: 2.1 m × 0.9 m;
(ii) Locker dimensions: 1.8 m × 0.45 m × 1.8 m;
(iii) Table dimensions: 3 x 1.5 m × 0.75 m × 0.85 m;
(iv) The computer server and its two associated equip-

ment: 0.6 m × 0.96 m × 1.98 m; 0.94 m × 0.78 m ×
1.2 m; 0.25 m × 0.51 m × 0.57 m;

(v) Room dimensions: 7.20 m × 6.70 m × 2.75 m;
(vi) Air conditioner: 0.60 m × 0.35 m × 1.86 m;

3.1. The Model andMesh Generation. The software of ANSYS
ICEM CFD is adopted in this study to generate the model
and its grid. In order to improve grid quality, local mesh
refinement for special boundaries and smoothing are per-
formed. Different mesh sizes have been used to check the
grid in dependency. And after considering both accuracy
and economics, the computational domain was meshed into
around 9,090,502 cells as illustrated in Figure 2.

And in this paper, the treatment of the nearwall boundary
is to make y+∼1, where y+ is the dimensionless distance to
the wall. For the turbulent flow in the fully developed area
of the solid wall, it can be divided into the near wall area
and the turbulent core area. In this research we pay more
attention to the flow in the near wall area. And the near wall
area can be further divided into an adhesive bottom layer, a
transition layer, and a logarithmic layer, and these layers are
the relationship between the dimensionless velocity u+ and
y+. Generally, y+ of the viscous underlayer should approach
1.

3.2. Boundary Condition Settings. Before the numerical cal-
culation, we classified the boundaries and measured the
necessary parameters as follows:

(a) Inlet Air Temperature. To get the temperature variation
curve, nine temperature sensors are uniformly distributed in
the air inlet of air conditioner (see Figure 3).The functions of
the average temperature curves are as follows:

Right Air-Conditioning

𝑓1 (𝑡) = 𝐴0 + 5∑
𝑖=1

𝐴 𝑖 cos (𝑖𝜔𝑡) + 5∑
𝑖=1

𝐵𝑖 sin (𝑖𝜔𝑡) , (8)

where 𝑓1(𝑡) is air temperature supplied from right air condi-
tioner; 𝑡 is time; 𝜔 is angular frequency, A0=296.4, A1=1.101,
A2=-1.019, A3=0.9897, A4=0.3855, A5=0.1527, B1=0.5416, B2=-
0.6437, B3=-0.741, B4=-0.3257, B5=-0.1593, and 𝜔=0.07797.
Left Air-Conditioning

𝑓2 (𝑡) = 𝐴0 + 6∑
𝑖=1

𝐴 𝑖 cos (𝑖𝜔𝑡) + 6∑
𝑖=1

𝐵𝑖 sin (𝑖𝜔𝑡) , (9)

where 𝑓2(𝑡) is air temperature supplied from left air
conditioner; 𝑡 is time; 𝜔 is angular frequency, A0=300.1,
A1=6.145, A2=-1.242, A3=-3.669, A4=-1.542, A5=0.3772,
A6=0.3574, B1=-5.895, B2=-6.146, B3=-1.3, B4 =2.122,
B5=1.671, B6=0.3795, and 𝜔= 0.06637.

(b) Inlet Air Velocity. The average air velocity of right air
conditioner is 3.37 m/s and that of left air conditioner is 3.88
m/s.

(c) Inlet Air Temperature of Server. The exhaust air temper-
ature from server varies over time, but it fluctuates little.
Therefore, we take an average temperature of 303.85 K.
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Figure 1: Schematic of the server room to be air conditioned.
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Figure 2: Surface mesh generation.

Figure 3: The distribution of sensors in the inlet.

(d) Inlet/Outlet Air Speed of Server. It is assumed that the
speed of the cooling air entering the server equals the average
velocity of air supplied from the server, which is 1.31 m/s.

(e) Initial Indoor Air Temperature: 303.65 K. The simulation
is based on the preset operation conditions. And these
conditions are set according to the measurement data. As is
shown in Figure 1, the air supply outlets of air conditioners
and server are set as the speed inlets. The return air inlets
are set as the opening-outlet boundaries with the temperature
of 298 K. And the front plane of the server is set as the
speed outlet. The other boundaries are set to nonslip wall,

wall insulation. Table 1 shows detail values of boundary
conditions.

In order to study the influence of different air supply
direction on indoor airflow, we consider nine different com-
binations of air flow supply directions from the two separated
air conditioners and, for the sake of brevity, these shall be
called air supply combinations. The configuration of each
combination is shown in Table 2. In this table, 0 degreemeans
parallel with respect to the ground. Also, positive values are
facing upwards towards the ceiling and negative values are
facing downwards towards the ground.The other parameters
such as the supply air wind velocity are unchanged.
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Table 1: The preset operation conditions for simulation.

Parameters Value Unit
Inlet air velocity of right AC 3.37 m/s
Inlet air velocity of left AC 3.88 m/s
Inlet air velocity of Server 1.31 m/s
Inlet air temperature of right AC 𝑓1 K
Inlet air temperature of left AC 𝑓2 K
Outlet air temperature of right AC 298 K
Outlet air temperature of left AC 298 K
Air temperature of server outlet 303.85 K
Air temperature of server outlet 1.31 m/s

Table 2: Combinations of air supply direction.

Operating conditions Right air conditioning Left air conditioning
1 +35∘ +35∘

2 +35∘ 0
3 +35∘ -35∘

4 0 +35∘

5 0 0
6 0 -35∘

7 -35∘ +35∘

8 -35∘ 0
9 -35∘ -35∘

Table 3: Error analysis of the three turbulence models.

Turbulence model 𝐸 U𝑘 − 𝜀 0.887 0.736
RNG 𝑘 − 𝜀 0.890 0.864𝑘 − 𝜔 0.680 0.681

4. Result and Discussion

4.1. IndoorAir TemperatureMeasurement. In order to analyze
the accuracy of the results calculated by three turbulence
models, we measured the temperature in the room. In this
case study, the main way of the server cooling is that
controlling the air temperature of the environment around
the server. Therefore, after fully considering the influence of
the air conditioning and the location of the main working
zone (the server area), two rows of measuring sensors were
set up at different height (172 cm and 70 cm) between the air
conditioning and the server in the back of the room as shown
in Figure 4(a). The area, in which the measuring sensors
are located, is part of the working zone and close to the air
conditioning with complicated airflow, and it has a certain
representativeness. Figure 4(b) shows the detail distribution
of the measuring points: the upper (172 cm) and lower (70
cm) rows each contains five sensors.

4.2. Validation and Error Analysis. In this part, we presented
the simulation results calculated by different turbulence
models and discussed their accuracy by comparing the mea-
surement data. This investigation used absolute calculation

error and uniformity of errors to evaluate the accuracy with
different turbulence models [1, 14].

The absolute calculation error is the difference between
the simulation values with the turbulence models and the
actual values, i.e.,

𝐸𝑇𝑖 = V𝑛𝑖 − V𝑚𝑖
 , 𝑖 = 1, ⋅ ⋅ ⋅ , 10, (10)

where 𝐸𝑇𝑖 represents the absolute error between the simula-
tion temperature value and the actual value at sensor 𝑖;V𝑛𝑖 is
the numerical simulation temperature value; V𝑚𝑖 is the actual
value.

The uniformity of errors evaluates whether or not differ-
ent turbulence models would lead to an uneven simulation
error distribution

𝑈 = √ 1𝑁 − 1
𝑁∑
𝑖=1

(𝐸𝑛𝑖 − 𝐸)2, (11)

where U is the uniformity of errors for air temperature; N is
the number of sensors, 𝐸𝑛𝑖 indicates the simulation error of
the air temperature at point 𝑖; and𝐸 is the averaged simulation
error of the air temperature.

Table 3 lists the average simulation errors and the unifor-
mity of errors for the flow domain, the working zone, calcu-
lated by (10) and (11), respectively. For the three turbulence
models, with the same computational conditions, the 𝐾 − 𝜔
model yielded a smaller average calculated error and higher
uniformity than the others [1, 14]. For the 𝑘−𝜀, RNG 𝑘−𝜀, and𝐾 − 𝜔models the maximum relative calculated errors of the
air temperature were 0.98%, 1.39%, and 0.96%, respectively.
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Figure 4: Measuring sensors distribution (a) and test scenario (b).

The errors of the three models are all in reasonable limits and
the𝐾 − 𝜔model performed best.

As shown in Figure 5, the errors between simulated values
and measured values are different at different points. At the
points 1, 2, 4, 5, 6, 8, and 10, the simulated values of all
the three turbulence models are well in agreement with the
measured ones, whereas at the points 3, 4, and 9, the errors
are bigger. It might result from the certain error between
simulation results by the turbulence models and the real
physical air distributions or the experimental instrument is
not that precise. Generally, the simulation result of the𝐾−𝜔
model shows good agreement with the experimental findings
with the error range from 0.006K to 0.910K. And the RNG𝑘 − 𝜀 and standard 𝑘 − 𝜀 models have similar performance.
It should be noted that the biggest error appears at the point
3 and the calculation errors of the lower row measurement
points (70cm) were smaller. This difference arose because
the airflow in the upper area (172cm) is more complex and
chaotic, so that it is more difficult to numerically calculate
this area accurately.

In summary, it can be concluded that the 𝑘−𝜔 turbulence
model has the better reliability than that of the others in this
study, and the simulation result can predict the real physic
process. It must be pointed out that because of the grid
generation, simplification of the physical model, computa-
tional method, and other factors, the deviation between the
simulated values and the measurement data is large (> 1.0 K)
at some measuring points. But on the whole, the numerically
calculated results are reasonable and reliable.

4.3. Analysis of the Air Supply Direction. Based on the con-
clusion of last section, the 𝑘 − 𝜔model was used to simulate
the air distribution for analyzing the influence of air supply
direction. In this case study, the server heat dissipation is
controlled by ambient temperature; that is, the environmental
temperature affects the server cooling directly. Therefore, the
streamline pictures and temperature field cloud pictures of
typical cross section near the cooling windward side of server
(at X=3.6) were analyzed.

The parallel air supply direction of both air condi-
tioners (condition 5 in Table 2) is applying now in this
air-conditioned room. Therefore, in the following discussion

we chose it as a reference. Figures 6 and 7 show the pictures of
streamlines and temperature fields cloud from condition 1 to
condition 9, respectively. It could be observed that, different
combinations of different air supply directions of two air
conditioners have a significant influence on the fluid field and
temperature distribution.

Due to the existence of a single the heat source (server)
the original symmetrical the AC system is no longer symmet-
rical in the aspect of layout.That is why the obvious difference
arose between the conditions, for instance, condition2 and
condition 4. As is shown in Figure 7, there are different
situations of local higher temperature areas distribution
and temperature stratification in the corner regions (mainly
upper left) under all combination conditions. The main
reason of this phenomenon is that, the high temperature
air supplied from the server lifting and accumulating at the
ceiling, and the exhausted air cannot be discharged in time.
These partial hot spots could induce indoor heat island effect,
which have adverse effects on indoor air organization and
cooling efficiency [22, 23]. In Figures 7(f) and 7(h), the
local high temperature areas under condition 6 and 8 are
evidently larger than that under other conditions, and these
areas even extend directly to the main working zone where
the server located, namely, the area we concerned in this
study (red circle in the figure). Meanwhile the phenomena
of temperature stratification are more obvious under these
conditions. Comparatively speaking, the temperature distri-
bution of the main working zone is more uniform and there
are fewer partial hot spots under the conditions 1, 4, and 7
[24, 25].

In order to optimize the air supply direction, we further
analyzed the streamlines of conditions 1, 4, and 7. As repre-
sented in Figure 6(a), there was no wide range recirculation
and the air velocity distribution is also relatively uniform
in the main working zone under the condition 1. But there
were two small vortices near the server, whichwould increase
the velocity gradient between the upper and lower regions.
In Figure 6(d), it was found that the whole area is divided
into different parts by the vortices, the streamlines were
very messy, and there was a recirculation containing two
vortices controlled the air organization near the server. And
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Figure 5: The comparison of simulation results and measurement.
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Figure 6: Streamlines, (a)-(i) corresponding the condition 1 to condition 9.

in Figure 6(g), air motion of the whole area was controlled
by two large recirculation (upper and lower) containing
two and four vortices, respectively. The recirculation moves
along the surface of the enclosure structure and almost
the entire working area is controlled by the bottom swing
vortex. The velocity distribution, gradient, and the stream-
lines of the condition 7 perform better than that of the
others.

Table 4 illustrates the different average cooling rates of the
all conditions. The difference between all cooling rates is very
small. We found that the maximum appearing in condition
4 is 0.032 K/s, the minimum is 0.022 K/s for the condition 9,
and the cooling rate of condition 5 is 0.030 K/s.

In order to analyze the energy efficiency in the main
working zone under different conditions, the energy

utilization coefficient (EUC) that was adopted in [26, 27] is
adopted here and is presented in

𝜂 = 𝑇𝑝 − 𝑇𝑜𝑇 − 𝑇𝑜 (12)

where 𝜂 is the energy utilization coefficient, 𝑇𝑜 is the temper-
ature of air supplied from the air conditioning, 𝑇𝑝 represents
the temperature of the air returns to the air conditioners, and𝑇 is the average temperature of the air in working zone.

As regards this analysis, all the supply combinations have
good performance on the energy utilization coefficient (>1)
[21, 26, 27] except for the condition 9 (see Table 5). The best
performance rose in the case of combination 2 (1.243) and the
coefficient of condition 5 is 1.231. Furthermore, the difference
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Figure 7: Temperature contour, (a)-(b) corresponding condition 1 to condition 9.

Table 4: Cooling rates of nine conditions.

1 2 3 4 5 6 7 8 9
Cooling rate (K/s) 0.031 0.028 0.025 0.032 0.030 0.029 0.029 0.028 0.022

Table 5: Energy utilization coefficient of different conditions.

1 2 3 4 5 6 7 8 9𝜂 1.165 1.243 1.042 1.222 1.231 1.0629 1.152 1.178 0.998

among all conditions is quite small; namely, the air supply
directions have a little influence on the energy utilization.

To sum up, in terms of the cooling rate, energy utilization
coefficient, and the distributions of velocity and temperature,
we discussed the influence of different combinations of air
supply direction. The result shows that the AC system has
defects. After a comprehensive analysis, we found that com-
bination 7 has the best performance, so it is recommended
that the air supply direction should be adjusted to the
combination 7 (-35∘ and +35∘) without changing the other
settings.

5. Conclusion

In this paper, three turbulence models, namely, the standard−𝜀, RNG 𝑘 − 𝜀, and the 𝑘 − 𝜔 model, were used to
simulate air distributions for a conditioning room containing
a high-powered computer server in CFD simulations. Several
configurations of the air supply directions were studied and
the results were all compared with that of a real experiment.

After performing a detailed evaluation of the obtained results,
the following conclusions are obtained:(1) By comparing the three studied turbulence models
with that of the experimental results, it is found that the𝑘 − 𝜔method produced the most accurate results. While the
results of the standard 𝑘 − 𝜀 and RNG 𝑘 − 𝜀 were found to
be similar, they were also found to have a larger relative error
with respect to the experiment than that of the 𝑘 − 𝜔method
where the relative errors are calculated to, be respectively,
0.983%, 1.393%, and 0.96%.(2) By studying different air supply directions configu-
rations, it is found that there is indeed a unique air supply
directions combination that would provide the most stable
velocity field and temperature distribution. In the scenario
of this paper, it is found that combinations 7 and 8 (of
Table 2) involved less vortices and turbulent flows, while in
combinations 3 and 4 there are more chaotic and complex
airflows. With regards to temperature distribution, combina-
tions 4 and 7were found to havemuch smoother temperature
gradients than that of conditions 8 and 9. Overall, it can be
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concluded that there is certainly a unique combination of
the air supply directions that provides the optimal velocity
and temperature field distributions and this is found to be
condition 7 (Table 2) for the scenario studied in this paper.(3) In addition, the analysis in this paper also indicated
that the air supply directions have little influence on the
cooling rate and energy utilization coefficient. Themaximum
cooling rate is found to be 0.032 K/s for combination 4 and
the minimum one is 0.022 K/s for the combination 9. In
the meantime, the energy utilization coefficients ranged from
0.998 (for combination 9) to 1.243 (for combination 2).
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Low fidelity model assisted design optimization of turbomachines has reduced the total computational and experimental costs.
These models are called surrogate models which mimic the actual experiments or simulations. The surrogate models can generate
thousands of approximate results from a few samples, making it easy to locate the optimal solution. Ample articles reported
surrogate assisted design optimization of centrifugal pumps. In this article, the authors try to give a brief overview of the surrogate
based optimization technique along with its historical applications and trend of the recent use. The various key design parameters
which affect the performance of the centrifugal pumphave also beendiscussed.The effectiveness of the surrogate based optimization
technique and corresponding performance metrics have been discussed.

1. Introduction

A centrifugal pump is a type of rotodynamic pump, which
has two basic components, i.e., impeller, a rotary part, and
a volute casing, which is a stationary part (Figure 1). The
impeller adds kinetic energy to pumping fluid and the volute
casing converts kinetic energy into pressure energy. The
complexity of the internal flow in the pump is due to the
sudden entrainment of fluid at the eye of the impeller, flow
separation, reverse flow, and cavitation formation. Some-
times, strong swirl and adverse pressure gradient at the
suction and pressure side of the impeller blade causes inlet
recirculation and flow separation in the flow passage. This
phenomenon is severe at off-design working condition of a
centrifugal pump [1–7]. The flow physics inside the blade
passage can be analyzed by simulating the complex pump
domain either experimentally or computationally which help
to understand the performance of the impeller at both design
and off-design conditions [8–16].

The optimization of the centrifugal pump has been
carried out since 1940s with the help of experimental tech-
niques [17, 18]. Advancement in computational facilities has

further improved the optimization techniques. Now, in recent
decade, the use of surrogate base optimization techniques has
emerged as a new technique with has capability of handling
large design parameters for the optimization (Table 1). The
centrifugal pump design optimization with objectives to
improve head and efficiency is influenced by several design
parameters such as the number of the blades, inlet and exit
blade angles, wrap angles, blade profile curves, which has
been discussed later in this paper. So, a proper understanding
of design parameter and handling a larger number of design
parameters can give better optimized designs.

In this paper, a review is made to understand surrogate
assisted optimization techniques for centrifugal pump. The
robustness and ease of using surrogatemodels with computa-
tional simulations are discussed alone with the major design
parameters which affect the pump performance.

2. A Brief of Surrogate Models

The surrogate models such as response surface approxima-
tion (RSA), radial basis neural network (RBNN), kriging
(KRG), and support vector machine (SVM) are low fidelity
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Figure 1: Basic components of centrifugal pump.

regression models constructed using data drawn from high-
fidelity models. It provides fast approximations of objectives
and constraints at newdesign pointsmaking the optimization
studies easy and feasible. This technique has already been
used in the area of aerospace systems, medical science,
business management, and transportations but using it in the
area of engineering design has recently been adopted [19–27].
The various types of surrogate models are described below.

2.1. Response Surface Using RSAModel. The response surface
approximation method (RSA) is a statistical method to
explore the relationship between variables and objectives.
This method was invented by Box and Wilson [28], later
a procedure for tracing polynomial function for discrete
responses given by Myers and Montgomery [29]. This poly-
nomial function represents the relationship of the objective
function with the design variables. Suppose an objective
function (𝑦) which can be expressed as

𝑦 = 𝐹 (𝑥1, 𝑥2) + 𝑒 (1)

If we need to express the response surface in terms
of linear equation using statistical method i.e., first-order
model, then (1) can be written as

𝑦 = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑒 (2)

And if there is a curvature in the response surface, then
the second-order model of higher order polynomial can be
used such as

𝑦 = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎11𝑥211 + 𝑎22𝑥222 + 𝑎12𝑥1𝑥2 + 𝑒 (3)

This can also be represented as second-order polynomial, i.e.,
as the response function,

𝑦 = 𝑎0 +
𝑛∑
𝑗=1

𝑎𝑗𝑥𝑗 +
𝑛∑
𝑗=1

𝑎𝑗𝑗𝑥2𝑗 +∑
𝑛∑
𝑖 ̸=1

𝑎𝑖𝑗𝑥𝑖𝑦𝑗 + 𝑒 (4)

where 𝑛 is the number of design variables and 𝑥 and 𝑎
are the regression coefficients which can be calculated as
(n+1)×(n+2)/2.
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Figure 2: Pareto optimal front (Siddique et al. 2017).

The RSA was used by Wahba and Tourlidakis [30] to
design the design of blade profiles for centrifugal pump.
Kim et al. [31] optimized the centrifugal pump impeller
by generating response surface using design of experiment
(DOE), i.e., to improve the total efficiency at design flowrate
by changing incidence angle and exit blade angles. Table 2
shows their results i.e., comparison of optimized design with
the base design.

2.2. Kriging Model (KRG). The KRGmodel [32] is one of the
surrogate models which are being frequently used to apply
in optimization problems either for single or multiobjective
optimizations. The kriging (KRG) model in a geostatistics
based approximation function which works on the weighted
superposition of basic functions (Gaussian function). The
KRG can be expressed as an unknown function 𝐹(x) given
by

𝐹 (x) = 𝑦 (x) + 𝑚 (x) (5)

where 𝐹(x) is an unknown to be estimated and 𝑦(x) is known
a global function usually a polynomial representing the trend
over the design space and 𝑚(x) represents a local deviation
from the global model. The details can be found in Martin
and Simpson [32].

The kriging model base optimization performed by Sid-
dique et al. [33] shows improvement in total head rise by
varying inlet blade angles, exit blade angles, and controlling
the shape of a centrifugal pump impeller. Figure 2 is showing
the Pareto optimal front obtained fromKRG surrogatemodel
with cluster points, andTable 3 showsCFDvalidation of those
cluster points.

2.3. Radial Basis Neural Network (RBNN). The RBNN is
a two-layered network (Chen et al. 1991) consisting of a
hidden layer of radial basis neurons and an output layer
of linear neurons. Such a network is characterized by a set
of inputs and a set of outputs. The radial basis functions
act as processing units between the input and output. The
hidden layer performs a nonlinear transformation of the
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Table 1: The optimization techniques and design parameters for centrifugal pump optimization presented by previous researchers.

Paper Year Optimization technique Design parameters
Fischer K 1946 Experimental Exit blade angles
Acosta and Bowerman 1956 Experimental Exit and inlet blade angles
Varley F.A 1961 Experimental Number of blades, exit blade and inlet blade angles of the impeller
Khlopenkov 1982 Experimental Splitter blades, outlet blade angles of the impeller
Wahba and Tourlidakis 2001 Genetic algorithm assisted CFD Bezier curves used to control impeller blade flow passage
Goto et al. 2002 Numerical and experimental meridional shape of the impeller
Golcu et al. 2006 Experimental Splitter length, number of blade
Luo et al. 2008 Numerical computation Inlet blade angles
Ardizzon and Pavesi 2005 Numerical computation Inlet blade angles, number of blades of the impeller
Kim et al. 2009 Surrogate assisted CFD Sweep angle of hub, sweep angle of shroud, inlet and exit blade angles.
Savar et al. 2009 Experimental Impeller trimming
Bonaiuti and Zangeneh 2009 Surrogate assisted CFD Sweep angle, blade profile shape and axial length of the impeller
Liu et al. 2010 Numerical and experimental Number of blades of the impeller
Westra et al. 2010 Experimental and CFD Shape of inlet blade profile

Safikhani et al. 2011 Surrogate assisted CFD Leading edge angle, trailing edge angle and stagger angle of the
impeller

Li, W.G 2011 Numerical computation Exit blade angle of the impeller

Kim and Kim 2012 Surrogate assisted CFD
vane length ratio, diffusion area ratio, angle at the diffuser van tip, and

distance ratio between the impeller blade trailing edge and the
diffuser vane leading edge

Shojaeefard et al. 2012 Numerical computation Exit blade anlge and width of the impeller
Zhou et al. 2012 Experimental and CFD Different shapes of the diffuser
Sanda and Daniela 2012 Numerical computation Number of blades, inlet and outlet blade angles of the impeller

Derakhshan et al. 2013 Surrogate and artificial bee
colony algorithm assisted CFD

Hub diameter, suction diameter, impeller diameter, impeller width,
inlet and outlet blade angles

Tan et al. 2014 Numerical computation Wrap angle of the impeller

Zhang et al. 2014 Surrogate assisted CFD and
experimental Blade profile shape of the impeller

Yang et al. 2014 Numerical computation Gap between impeller tip and volute tongue
Cavazzini et al. 2014 Numerical and experimental splitter blade length
Zhang et al. 2015 Surrogate assisted CFD Blade profile shape of the impeller

Pei et al. 2016 Surrogate assisted CFD Shroud arc radius, hub arc radius, shroud angle and hub angles of the
impeller

Wang et al. 2016 Surrogate assisted CFD Inlet, wrap and exit blade angles of the impeller
Siddique et al. 2016 Surrogate assisted CFD Inlet blade angles and blade passage profile

Xu et al. 2016 Surrogate assisted CFD Blade wrap angle, blade angles at impeller inlet and outlet, blade
leading edge position, and blade trailing edge lean

Bellary and Samad 2017 Surrogate assisted CFD Inlet and exit blade angles of the impeller

Wang et al. 2015 Surrogate assisted CFD Diffuser inlet diameter, inlet blade width, diffuser inlet angle and
wrap angle

Guleren 2018 Genetic algorithm assisted CFD Relative diffuser vane angle, number of diffuser vanes, number of
impeller blades, and the impeller wrap angle
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Table 2: Comparison of optimized design results with base design
[31].

𝛽1h 𝛽1s 𝛽2 Efficiency
Optimization model(CFD) 11 4.5 29 97.98
RSA estimated value 11 4.5 29 98.07
Base design model (CFD) 3 3 22 97.72
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Figure 3: A radial basis neural network.

input space to an intermediate space using a set of radial
basis units, the output layer, and then implements a linear
combiner to produce the desired targets. Figure 3 shows
a radial basis neural network design. Mathematically, the
function approximation using radial basis neurons can be
expressed as

ℎ (𝑥) = 𝑁∑
𝑗=1

𝑤𝑗𝜑𝑗 (6)

where ℎ(𝑥) is the target function,𝜑 is basis function, and𝑁 is
the number of radial basis neurons. Generally, a bias term “𝑏”
is added to the weights in the linear layer. The basis function
𝜑 can be expressed as

𝜑 = exp(−(𝑥 − 𝑐)2𝑟2 ) (7)

where 𝑐 is the center of the radial basis neuron and 𝑟 is some
parameter of the Gaussian function. The value predicted
in the network is stored in the weights, obtained through
training patterns.The network training is performed by using
some suitable error estimation procedure. For example, the
MATLAB function newrb depends on two parameters to
design a RBNN network, the spread constant (Sc), and error
goal (EG).Thenetwork training is performed by adjusting the
cross-validation error by changing the spread constant (Sc).
Usually, the error goal (EG) is set to default value (equal to 0).
The main advantage of using the radial basis approach is the
ability to reduce the computational cost owing to the linear
nature of radial basis functions.
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Figure 4: Convergence of surrogate model (RBNN) compared with
CFD (Derakhshan et al. 2015).

The fast converging of surrogate based approximation
depends on evenly distributed samples in the entire design
space. Figure 4 shows the convergence of an approximate
design solution predicted by surrogatemodel RBNNwith the
CFD results.

2.4. Support Vector Machine (SVM). The SVM surrogate
model is a supervised machine learning algorithm used for
both classification as well regression. It was first introduced
by Vapnik [38] and further extended by several researchers
[39–42]. The SVM is primarily an informal method that
performs classification tasks by constructing hyperplanes in
a multidimensional space separated by different classes. This
makes the SVM robust while handling sparse and noisy data.

2.5. Weighted-Average Surrogate (WAS). A large number of
design variables need a large number of sample designs,
which increases the total optimization time. So, a surrogate
base technique has been adopted by several researchers to
mimic the high-fidelitymodel and give a reliable approximate
optimum solution in a short period time [44–46]. Further,
the reliability and robustness can be improved by using
multiple surrogates as surrogates are problems dependent.
Goel et al. [46] introduced a multiple surrogate techniques
for handling problem from a different discipline which has
improved the robustness and reliability of the surrogate
approximation. Averaging the surrogate models can generate
a new type of approximation model called weighted-average
surrogate (WAS) model, which can reduce the effect caused
due to bad surrogate predictions.There are different methods
to findweights (𝑤) for a surrogate [46]. One of the commonly
used weights method is based on global data selection by
considering the magnitude of the errors. This weighting
scheme can be expressed as

𝑤𝑖 = ∑
𝑚
𝑗=1,𝑗 ̸=𝑖 𝑒𝑗

(𝑁 − 1)∑𝑚𝑗=1 𝑒𝑗 (8)

where 𝑒𝑗 is the global database error measured at the jth
surrogate model. The best fitted surrogate models among the
mth models will give least error, i.e., 𝑒 close to zero give weight
to that surrogate close to 1.

3. Optimization Procedure

Design optimization is a method to solve design problems
to obtain a superior design. The decision making for an
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Table 3: Validation of surrogate predicted points (Siddique et al. 2017).

Model C.P 𝜂surr 𝐻surr 𝜂CFD HCFD 𝜂CFD-𝜂POD HCFD-HPOD RMSE

KRG

A 64.83 5.74 64.81 5.75 -0.02 0.01 0.01
B 64.76 5.76 64.84 5.74 0.08 -0.02 0.06
C 64.72 5.76 64.93 5.74 0.21 -0.02 0.15
D 64.71 5.77 64.40 5.64 -0.31 -0.13 0.24
E 64.55 5.78 64.43 5.64 -0.12 -0.15 0.13

Problem definition

CAD modeling and meshing

Numerical simulation and its experimental
validation

Design of Experiments
(DOE)

Numerical simulation at sample
points and data base building

Data regression using Surrogates

Generating POF through NSGA-II,
creating cluster points

Validation of Cluster points
using CFD

Optimal
POF

Is RMS
error

minimized?

Yes

No

Figure 5: Flowchart of multiobjective optimization.

alternative design is based on engineering and economic
feasibility. The procedure followed during surrogate based
design optimization is shown through a flowchart in Figure 5.
The first step is to define the problem statement which
includes formulations of the problem, deciding the number
of design variables, objective functions, and constraints if any.
The design variables and their design space are created in
design of experiment (DOE) step through literature survey
and performing simulation at extreme design points. Later,
sampling of designs and simulations to build data base
are followed by CAD modeling, meshing, and numerical
simulation validation. The database built from the responses
of the sample design is used to train surrogates and a region
of feasible solutions is obtained.These feasible solutions form
a Pareto optimal front (POF), again validated at clustered

points. If the approximate POF points converge with the CFD
results, then we get the final optimal POF or else, DOE step
is repeated.

3.1. Design of Experiment (DOE). The design of experiments
(DOE) is the most important step in a surrogate based
optimization method. The DOE helps to create a system-
atic method of determining the relationship between the
objectives and variables. Sample designs are created within
a design space to find responses of design variable to build
response surface. Further, the response surface plots are used
to obtain the optimum design point. There are different
sampling techniques available in DOE such as random
sampling, full factorial sampling, Latin hypercube sampling,
and orthogonal sampling. Table 4 is showing design space and
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Table 4: Design space and range selection for design variables [43].

Design variable From(o) To(o) Selected values for modeling
𝛾 110 190 110, 130, 150, 170, 190
𝛽1h 60 89 60, 74.5, 89
𝛽1s 46 75 46, 60.5, 75
𝛽2 59 72 59, 65.5, 72

Table 5: Samples created using LHS [44].

S.No 𝛽2𝑜 Δ𝛽o 𝛾𝑜
1 20.0 9.0 146
2 20.2 5.8 126
3 20.5 7.9 150
4 20.8 6.3 128
5 21.1 5.5 120
6 21.3 6.6 132
7 21.6 5.2 134
8 21.8 5.0 144
9 22.1 6.8 136
10 22.4 7.1 142
11 22.6 8.7 124
12 22.9 8.4 130
13 23.2 7.6 138
14 23.4 7.4 140
15 23.7 6.1 148

design levels for four different variables such as thewrap angle
(𝛾), Inlet blade angle at hub (𝛽1h) at shroud (𝛽1s) and at exit
(𝛽2). Further improvement inDOE is creating sample designs
using Latin hypercube sampling method (LHS) which is
a statistical method for generating random sample design
frommultidimensional distribution.The initial sampling size
affects the distribution on surrogate construction using LHS
sampling method [47, 48]. Table 5 shows random distributed
sample designs for three variables such as exit blade angle
(𝛽2), average inlet blade angle (Δ𝛽), and wrap angle (𝛾).
3.2. Multiobjective Optimization. The multiobjective opti-
mization (MOO) problems deal with more than one objec-
tive function of which all may be simultaneously either
minimized or maximized or one minimized and the other
maximized. These types of problems often conflict with each
other because improving one can degrade another.Therefore,
for this type of problem, no single optimal solution can be the
best for other objectives [30, 43]. For solving these types of
problemswheremany solutions exist within the design space,
a set of nondominated solutions known as Pareto optimal
solutions is generated and the curve joining these solutions
is known as Pareto optimal front (POF) [49].

The nondominated genetic algorithm (NSGA) was first
used by Srinivas and Deb [50] for an MOO to search the
feasible solution. The NSGA is an evolutionary search algo-
rithm inspired by the biological evolution such as inheritance,
mutation, selection, and crossover. The NSGA differs from

simple GA by the ways of selection operator works; the
other operators such as crossover andmutation remain same.
The limitations of using NSGA were its high computational
complexity of nondominated sorting, lack of elitism, and the
need for specifying the sharing parameter which increases
further complexity. Later, the upgraded version NSGA-II
is proposed by Deb et al. [51] which improves in finding
the diverse set of solutions and converges quickly. NSGA-
II replaces sharing function approach with a crowded com-
parison approach that eliminates the limitations of NSGA.
The crowded comparison operator is defined after defining
the density-estimation metric which is calculated by an
average distance of two points on either side of the objective
functions. The crowded comparison operator assists the
selection process in every stage of the algorithm toward a
uniformly spread out POF. NAGA-II also works better for
the constrained based multiobjective optimization in view of
solving practical problems.

4. Application of Surrogate in Centrifugal
Pump Optimization

A set of papers contributed to design optimization of cen-
trifugal pump to enhance their performances via surrogate
models. Centrifugal pump impeller shape optimization by
modifying inlet blade, exit blade, and wrap angles has shown
improvement in the performance of pump.The performance
improvement can be observed by both extending the blade
leading edge and applying much larger blades angle. The
larger inlet blade angle also improves the cavitation per-
formance of the pump as shown in Figure 6 [34]. An
investigation done by Bellary and Samad [52] shows that
exit blade angle together with surface roughness influences
the head, shaft power, and efficiency of the impeller while
pumping different liquids. The wrap angle is also a sensitive
parameter toward an objective function to maximize head
when splitter blade is introduced in the flow passage [53].
By manipulating blade camber line using cubic Bezier curve
changes blade loading coefficient and a smooth camber
line guarantees improvement in the hydraulic performance
of pump as shown in Figure 7 [35]. An investigation by
Zhou et al. [54] shows the effects of different splitter blades
on velocity distributions and pressure distributions along
the flow channels and hydraulic performance of centrifugal
pumps. Their result shows that a properly placed splitter
blades by choosing suitable design factors can improve the
flow in the pump and enhance its hydraulic performance.

Surrogate models used to optimize the shape of diffuser
of a centrifugal pump were presented by [55–57]. Kim et al.
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Figure 6: (a) Meridional configuration of test impellers; (b) and (c) cavitation performance for the test pump [34].
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Figure 7: (a) Pressure (b) loading coefficient on blade surface of the original and redesigned impellers in mid-span [35].

[55] selected vane plane development as design parameters to
improve the performance of pump using CFD and response
surface methods. Kim and Kim [58] analyzed and optimized
vaned diffuser in a mixed flow pump. The optimization
process was based on radial basis neural network to enhance
the performance of pump at high flow regions. The radial
diffusers can improve the flowuniformity in pumps and affect
the performance of centrifugal pump directly [57].

The pump performance is greatly affected by viscosity
of the fluid pumped. In recent decades, the effect of surface
roughness on the performance of centrifugal pump has been
studied experimentally as well as numerically by several
authors [5, 59–62]. Bellary and Samad [61] study on pumping
crude oil using centrifugal pump shows that combined effect
of an increase in exit blade angles and surface roughness
can increase head with negligible increase in efficiency. The
correlations developed using a polynomial regression (PR)
model by Mrinal et al. [63] helped to predict the head
and efficiency of centrifugal pump while pumping non-
Newtonian slurries.

The surrogate based optimization has greatly improved
the performance of low specific speed pumps such as axial,

centrifugal pumps for pumping blood [64–67]. A CFD and
surrogate models based blood damage models for shear
induced hemolysis where generated describing thrombosis
potential and also helped design improvement [64]. Frazier
et al. [66] study shows that the optimization using response
surface has changed the pressure gradient at pump flowrates
and improves normal flow imbalances between the pul-
monary and systemic circulations. There is a great potential
to improve the pump design used in cardiovascular systems
using flow simulations assisted with surrogate models.

The several types of surrogate models used by previous
authors have been summarized in Table 6. A series of
researcheswas carried out using single andmultiple surrogate
models to improve the performance of the centrifugal pump.

5. Key Design Parameters

Previous researches show that there are several design param-
eters which can be used to optimize the performance of
the centrifugal pump (Table 1). These parameters are either
dependent or independent of each other and affect the
pump performance. Also, there are few parameters which are



8 Mathematical Problems in Engineering

Table 6: Previous papers on application of surrogate for optimization of centrifugal pump.

Paper Year Contributions

Kim et al. 2009 Optimization of centrifugal pump impeller using response surface method and improved pump
performance.

Safikhani et
al. 2011 Optimized centrifugal pump using polynomial neural networks, multi-objective genetic algorithms.

Kim and Kim 2012 Optimized vaned diffuser design of a pump using radial basis neural network model.
Derakhshan
et al. 2013 Optimizated design of a centrifugal pump using artificial neural network and artificial bee colony

algorithm.

Zhang et al. 2014 Optimization of a centrifugal pump vibration by integrating Kriging surrogate model, FSI
simulation and experimental tests.

Pei et al. 2016 Optimized at three different flowrates using response surface function to improve performance of a
centrifugal pump impeller.

Siddique et
al. 2016 Optimized centrifugal pump using Kriging assisted computer based optimization to improve head

and efficiency of a centrifugal pump.
Wang et al. 2016 Compared different surrogate models to optimize the centrifugal pump.

Bellary et al. 2016 Optimized two centrifugal pumps with different specifications with the help of multiple surrogate
models.

Zhang et al. 2017 Optimization design of multiphase pump impeller based on combined gentic algorithm and
boundary vortex flux diagnosis.

Wang et al. 2017 Optimization of the diffuser in a centrifugal pump by combining response surface method with
multi-island genetic algorithm.

Shim et al. 2018 Kriging based approximation for optimizing three objective function to improve the performance of
a centrifugal pump.

Mrinal et al. 2018 Polynomial regression model developed to predict head and efficiency of a centrifugal pump while
pumping slurry.

highly sensitive to the objective function, while some are less
sensitive. Shape optimization of impeller results in optimized
shape with the highest efficiency without compromising
the head or total pressure rise [68–71]. The various shape
optimization parameters along with the objective functions
are shown in Figure 8.

The inlet blade angles are one of the sensitive parameters
which influence the performance of a pump Beveridge and
Morelli [72].The experimental investigation of the centrifugal
pump using hydrodynamic and photographic technique was
conducted by them to show the effect of inlet blade angles
on the performance of the pump. The performance drop due
to recirculation and shock losses at the eye of the impeller
was studied byAcosta (1952). Later optimization by fixing exit
blade angles and varying inlet blade angles was carried by
Acosta and Bowerman [18] through experiments. They also
presented performance drop due to the sudden entrance of
fluid which causes recirculation. Ardizzon and Pavesi [73]
presented an optimum incidence angle in centrifugal pumps
using the theoretical method. The action of the counter-
rotating vortex and of the blade camber was analyzed using
an algorithm to evaluate an optimum incidence angle. The
influence of Reynolds number is mild on the velocity profile
due to inlet blade shape [33, 74].

The exit blade angle is an important design parameter
which increases the peripheral velocity [17]. The work pre-
sented by ShojaeeFard and Boyaghchi [36] on the influence
of outlet blade angle handling viscous fluids shows that the
increase in exit blade angle improves performance centrifugal

pump handling viscous fluids (Figure 9). The impeller flow
passage with large exit blade angle shows low separation
near the blade which improves the performance of pumping
viscous fluids [5, 36, 75].

The wrap angle affects the performance of pump in a
similar way as the exit blade angle does. Modifying the shape
of impellers by varying the wrap angle shows improvement of
head and efficiency at higher wrap angles [15, 76].

The flow streamlines become uniform when a number
of blades increase [77]. An increase in a number of the
blades has both positive and negative effect [78, 79]. As the
number of the blades increases, solidity increases, reducing
efficiency due to the skin friction losses [80]. It also increases
clogging at the inlet of the pump causing head and efficiency
reduction [81]. Liu [79] study shows that, with the increase of
blade number, the head of the model pumps increases. The
cavitation characteristics are complicated and an optimum
value of blade was shown for different cases. Jafarzadeh et al.
[82] research shows that large number of blades improves the
total head of the pump.

The impeller blade shape optimization using Bezier curve
control point is a recently developed technique [83–89].
Bezier curve is parametric curve used to model smooth
curves by controlling point between the start and the end
of the curve. The angle of blade profile can be varied in
any random way but for smooth variation, Bezier curve
technique has been used which improved the performance
of centrifugal pump [85].
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Figure 9: Influence of exit blade angles on performance of centrifugal pump handling (a) oil (] = 43 × 10−6 m2/s) and (b) oil (] = 62 × 10−6
m2/s) [36].

Miyamoto et al. [90] studied the effect of splitter blade
on the flow and characteristics in the centrifugal impeller.
In their study, both shrouded and unshrouded impeller was
used to measure the flow properties using pressure probes.
They observed that impeller with splitter blades has smaller
blade loading and the absolute circumferential velocities and
total pressures increased. Zangeneh et al. [91] presented a
method for 3D inverse design of compressor impeller with
splitters blades similar to the main blade at the mid-pitch

location. They observed that by controlling the circulation
distribution on the splitter blades as well as the full blades
allows a designer to optimize the geometry easily. Gölcü et
al. [37] studied pump characteristics experimentally using
a different number of blades with and without splitters on
a deep well centrifugal pump. Their results show that the
splitter blades cause negative effects on pump performance
in impellers with 6 and 7 number of main blades whereas
in the impeller having 5 main blades, the efficiency increases
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Figure 10: (a) Head versus flowrate, (b) energy consumption versus flowrate, and (c) efficiency versus flowrate of (z=5) [37].

with the increase of the splitter blade length to 50% of the
main blade length (Figure 10). A similar study was done
by Kergourlay et al. [92] to analyze the unsteady effect on
the flow when adding splitter blades to the impeller. They
observed that the impeller periphery velocities and pressures
become more homogeneous. Adding splitters has a positive
effect on the pressure fluctuations which decrease at the canal
duct [93].

The other design parameters like redial gap between
the impeller and the volute casing, diffuser inlet, and wrap
angle have huge influences on the performance of the pump
which has been investigated by several authors [89, 94–98].
Increasing the number of the diffuser vanes can significantly
decrease the impeller blade pressure fluctuations [94].

6. Conclusions and Future Challenges

In this paper, design optimization of a centrifugal pump
via surrogate models has been discussed. The surrogate
assisted design optimization technique has reduced the total
optimization time and cost which is evident from the research
work by previous authors. The validation of low fidelity
models through experiments and numerical simulations has
increased surrogate prediction accuracy and robustness.

The turbomachines geometries like a centrifugal pump is
a complex fluid domain where some design parameters are

sensitive, whereas others are insensitive toward a particular
objective function. The extensive study on various design
parameters which influences the performance of centrifugal
pump has also been discussed. The blade profile shape of
impeller, interaction of impeller, and casing geometry and
the profile of vanned diffuser have a huge effect on the
performance of pump. The combined effect of the above
design parameters has not been studied yet.The use of splitter
blades in the centrifugal pump for pumping viscous fluid has
been rarely studied.

There are still challenges to improve the surrogate assisted
design optimization technique and huge efforts are required.
Individual surrogate models can be made effective with
appropriate selection of design variable and design space.
Handling large design parameters are still under research; the
weighted-average surrogate use can improve the capability of
this technique. Further improvement in CFD as well as in the
surrogate models can improve the accuracy of searching the
optimum design.

Nomenclature

Notations

a: Linear constant
e: Error
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n: Number of design variables
p: Pressure
r: Radial distance
w: Width
x: Design variable
y: Objective function.

Greek Symbols

𝛼: Regression coefficient𝛽: Blade angles𝛾: Wrap angle𝜓: Head coefficient𝜎: Thoma’s cavitation number𝜏: Power coefficient.

Subscripts

𝑖, 𝑗: 1,2. . .𝑠: Shroud of impellerℎ: Hub of impeller.
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pump efficiency by impeller trimming,” Desalination, vol. 249,
no. 2, pp. 654–659, 2009.

[11] R. Spence and J. Amaral-Teixeira, “A CFD parametric study
of geometrical variations on the pressure pulsations and per-
formance characteristics of a centrifugal pump,” Computers &
Fluids, vol. 38, no. 6, pp. 1243–1257, 2009.
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