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Abstract: The layout configuration of Vortex Induced Piezoelectric Energy Converters (VIPECs)
is essential to improve its overall performance. Based on the formations of migrating geese,
the configuration is characterized by two nondimensionalized layout parameters. A number of
sampled points for different configurations are simulated with the two-dimensional Computation
Fluid Dynamics (CFD) method. The influence of layout configurations on VIPECs’ lift force and
wake structure is investigated and the generated open circuit output voltage is obtained through
the derived output voltage equation. The response surface model of the output voltage of both the
leading VIPEC and the following VIPEC and their summation are established using the Kriging
surrogate model based on the obtained simulation results. Then, optimal layout parameters are found
through the Particle Swarm Optimization (PSO) algorithm, and its predicted result is compared with
that of the CFD simulation. The simulation and optimization results reveal that the output voltage
is not always consistent with the lift force on the plate. When VIPECs are placed in parallel with
a certain spacing, their overall performance increases. The summation of output voltage is predicted
to improve by approximately 63.7% compared to two single VIPECs when they are placed at the
optimal layout parameters.

Keywords: vortex shedding; piezoelectric energy converter; lift coefficient; separation angle;
open circuit output voltage; Computatinal Fluid Dynamics (CFD); Kriging surrogate model;
Particle Swarm Optimization (PSO)

1. Introduction

Due to the increase in energy consumption and the urgency of environmental protection, various
new energy resources, especially environmentally-friendly and renewable ocean energy, including
wave energy, marine current power, and osmotic power, have been contributing more and more
to global energy consumption. Meanwhile, new energy technologies have been proposed to make
renewable energy systems more efficient. The use of Vortex Induced Vibration (VIV), which can
convert fluid kinematic energy into electric power through the vibration of a vibrator, was first
introduced in 2008 by Bernitsas et al. [1,2], and different kinds of vibrators and conversion systems
were developed in subsequent work [3–5]. By combining VIV and piezoelectric material, the Vortex
Induced Piezoelectric Energy Converter (VIPEC) was proposed [6,7], which comprises a leading

Energies 2018, 11, 2069; doi:10.3390/en11082069 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://dx.doi.org/10.3390/en11082069
http://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/11/8/2069?type=check_update&version=2


Energies 2018, 11, 2069 2 of 22

cylinder bluff body, a pivoted plate, several piezoelectric patches, and a storage circuit. The VIPEC
is a device that converts fluid kinematic energy into electric power through the deformation of
piezoelectric materials which is actuated by the impingement of shedding vortices from a leading
bluff body upon the pivoted plate. This converter is free from the complicated mechanical conversion
system; thus, it is suitable for underwater mooring platforms and has a unrivaled advantage over
previous VIV harvesters in this regard.

Though diversified devices have been designed to take advantage of different types of renewable
resources, the majority of previous work has concerned the design of novel devices or the upgrade
of existing ones. In other words, most work has concentrated on improving the performance of
a single device, and not enough attention has been given to the layout configuration design of multiple
devices and their performance. The structure optimization of a single energy harvester is quite
important, but the layout configuration optimization of multiple harvesters is also fundamental to
boost performance as a whole when these devices are put into practical use.

The layout configuration design is based on a large number of experimental/simulation results
at predetermined sampled points in the design parameter space. However, due to money and/or
time costs, it is practically infeasible to experiment or numerically simulate every feasible design
point; thus, based on obtained results, different techniques to predict the outcome at a specified
point have been developed, among which, one of the most widely used types is surrogate models,
such as polynomial response surfaces [8], Kriging, gradient-enhanced Kriging (GEK) [9], radial
basis function [10], support vector machine [11] et al. With the constructed approximation models,
an optimization procedure is consequently used to find the optimal result. Optimization methods arise
from optimal objectives, and they are becoming essential in every field of research. Layout optimization
has been carried out with various algorithms on a wide range of devices, from satellite equipment
(using a genetic algorithm/particle swarm optimization) [12] to wind farms (using a multi-objective
evolutionary algorithm) [13] to autonomous underwater vehicle fleets (using a back-propagation
neural network/genetic algorithm) [14]. Evolutionary techniques are a subset of the mostly used
metaheuristic optimization algorithm. Particle Swarm Optimization (PSO) shares many similarities
with evolutionary computation techniques, such as Genetic Algorithms (GAs). The optimization
procedure is initialized with a population of random solutions and searches for the optima by updating
generations. However, it has no evolution operators such as crossover and mutation. It has been
demonstrated that PSO get optimal results in a faster, cheaper way compared with other optimization
methods. In addition, compared to metaheuristic optimization algorithms, PSO is easier to implement
since it has fewer parameters to adjust. A similar optimization procedure could also be applied to
a VIPEC farm to get its optimal overall performance.

The objective of layout configuration design of VIPECs is to maximize their overall output
voltage by properly choosing their layout parameters according to the predictor model. In order to
establish the output voltage’s response surface model, it is necessary to obtain a number of simulation
results in advance. Computational Fluid Dynamics (CFD) simulations can predict the hydrodynamic
performance of the VIPEC and its output voltage with high accuracy [15]. CFD simulations are
conducted at prescribed sampled points to obtain necessary information on these points. Then,
by combining collected CFD results at these sampled points with Kriging surrogate model and particle
swarm optimization (PSO), it can efficiently predict the outcome of a specified point and access its
maximal overall output voltage at the optimal layout parameter in the design space.

It is widely known that migrating geese fly in a V or I formation for long distance migrations.
The leader goose produces high speed updrafts in wake, which helps the follower geese to save energy.
Similarly, the leader VIPEC in a VIPEC farm can produce higher speed wake and low pressure side
flows. Therefore, the follower VIPEC could possibly use the velocity difference or pressure difference
to increase the lift force acting on the pivoted plate as well as the output voltage. Inspired by this,
in the current study, the layout configuration of two VIPECs is formed and an optimization procedure
is followed to obtain optimal layout parameters.
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In this paper, the layout configuration design of two VIPECs for maximizing overall output
voltage is investigated with two nondimensional design parameters. Two-dimensional computational
fluid dynamics (CFD) simulations are carried out to calculate each case’s generated lift force and
open circuit output voltage. The performance of the lift force and wake structure under different
layout configurations is studied. Then, the response surface models of open circuit output voltage
based on sampled points are established using the Kriging surrogate model. Finally, a PSO procedure
is performed to find the optimal layout configuration which has the maximum overall open circuit
voltage. The optimal result is compared with that of the CFD simulations to prove the feasibility and
accuracy of this optimization method.

2. Geometry Configuration

2.1. Single VIPEC Design

The VIPEC is intended to be used in an underwater environment, and different flow velocities
and plate lengths have a determining influence on the VIPEC’s performance. In order to maximize
the output voltage of two VIPECs, the layout configuration design was based on an optimal VIPEC
from previous work, that is, the cylinder’s diameter (D) was 35 mm and the plate’s dimensionless
length was L∗ = L

D = 2.5, where L is the plate’s length [15]. The open circuit output voltage was derived
through the piezoelectric constitutive equation and is expressed as [15,16]:

dv(t)
dt

+
hp

εT
33AeRl

v(t) =
d31hpLratio

εT
33AF

dFl(t)
dt

, (1)

where v(t) is the output voltage response; εT
33 is the permittivity electric constant of the adopted

piezoelectric material; d31 is its piezoelectric charge constant; Rl is the load resistance; hp is the
thickness of a piezo patch; Ae is the area of a patch’s electrodes; AF is the area of normal stresses acting
on patches; and Lratio is the ratio of the arm of lift force on the plate due to shedding vortices over that
of the normal stress on piezo patches.

2.2. Parameters of a VIPEC Layout Configuration

When placed in a V formation, similarly to migrating geese, the layout parameters of two VIPECs
have a longitudinal spacing (a) and a latitudinal spacing (b) (as shown in Figure 1). Both a and b
are nondimensionalized with respect to the cylinder’s diameter (D), i.e., a = xl f /D, b = yl f /D,
and xl f and yl f are the horizontal and vertical distances between the centers of leading/following
VIPEC, respectively.

x

y

b

a

O

O’

Leading VIPEC

Following VIPEC

Figure 1. The design parameters of a Vortex Induced Piezoelectric Energy Converter (VIPEC) farm,
where O is the origin of coordinate as well as the center of the leading cylinder and O′ is the center of
the following cylinder.
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CFD simulations were conducted with various groups of design parameters (a, b) with a changing
from 0 to 6 in an interval of 1 and b changing from 0 to 4.5 in an interval of 0.75. It should be mentioned
that layout parameters that induce geometry interference were not simulated.

3. CFD Method

The CFD simulation process was implemented using the commercial code ANSYS 15.0, which has
established excellent credibility in the engineering field.

3.1. Computational Domain and Boundary Conditions

For the sake of calculation accuracy, the computational domain was extended ahead 15 D from
the center of the leading VIPEC’s cylinder and extended backwards for 25 D from the center of the
following one. Each VIPEC’s center was 10 D away from its nearest side wall. Thus, the whole
computational domain had a size of (40 + a) D× (20 + b) D, which is large enough to eliminate the
influence of walls on the flow field [17].

Since the VIPEC was scheduled to work in an underwater environment, its governing equation
was the incompressible Navier–Stokes equation, and its voltage performance was evaluated with
Equation (1). Periodical vortex shedding occurred at the back of the cylinder and detached from either
side of it due to the flow separation around the cylinder. Studies on a single VIPEC including its
governing equations, boundary conditions, the influence of geometric parameters on its hydrodynamic,
and voltage performance have been elaborated in previous work [15]. Therefore, this paper puts
emphasis on the interaction of two VIPECs and tries to determine their optimal layout parameter.

A steady and uniform velocity inlet boundary was adopted in the left wall of the domain, and the
inlet flow velocity was set to be 2.6 m/s. A pressure outlet boundary was chosen for the right wall of
the domain and smooth wall conditions were imposed at two side walls of the domain. Due to the
narrow gap between the cylinder and the internal revolute joint inside it, the plate was solely stuck
with piezo patches rather than the cylinder. As a result, the plate’s vibration amplitude was bounded
and it was possible to approximate the output voltage with a stationary VIPEC with high precision
through a two-dimensional simulation, as explained in previous work [15]. Hence, stationary wall
conditions were implemented on all sides of the VIPEC including the cylinder and the plate, i.e., both
the zero normal and tangential velocity conditions were imposed on those walls. The output voltage
was predicted at the plate’s average position like a single VIPEC to evaluate its performance [15].

3.2. Mesh Generation and Independence Validation

The clustering of mesh elements in the zone of interest is a common practice as it reduces the
computational cost while properly resolving the important features of the flow. Since shedding vortices
march downwards behind the VIPEC, a local zone was refined with higher resolution grids (as shown
in Figure 2). A boundary layer is added around the VIPEC to capture the complex boundary flow
and flow separation. In order to obtain more accurate results with as few cells as possible, a grid
independence validation was conducted with three different cell numbers. The cell number was mainly
controlled by the maximum face size in the refined zone. The validation results are listed in Table 1.

Table 1. Mesh resolution verification, where Clc is RMS (Root Mean Square) of the lift coefficient on the
cylinder, Clp is RMS of the lift coefficient on the plate

Mesh Resolution Node Number Clc Clp

Coarse 63589 0.003311 0.013717
Medium 71626 0.004206 0.018075

Fine 113989 0.004382 0.018806
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As can be found in Table 1, mesh resolution changes from “coarse” to “medium”, hydrodynamic
si mulation results, Clc for the lift coefficient on the cylinder and Clp for that on the plate, are
markedly raised (by 27.0% for Clc and 31.8% for Clp) with a relatively small increase in node number
(12.6%). However, when mesh resolution varies from “medium” to “fine”, the node number increases
dramatically (by 59.1%), while the simulation results don’t vary too much (by 4.1% for Clc and 4.0%
for Clp). Hence, medium mesh resolution is chosen in subsequent CFD simulation.
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Figure 2. Computational zone and boundary conditions.

3.3. Timestep Setup

Choosing an appropriate time step (δt) is essential to gather accurate simulation results in the
shortest possible time. A time step verification with four different time step sizes was conducted to
choose the most appropriate time step. The variations of instantaneous Clp and its RMS (Root Mean
Square) and frequency at four different time steps are drawn separately in Figure 3a,b.
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Figure 3. Variations of (a) instantaneous Clp (b) its RMS and frequency at four different time steps.

It can be noted from Figure 3a that the hydrodynamic simulation result, exemplified by Clp,
is affected by the time step size (δt). By marking δt = 0.0005 s as a benchmark, as exposed in Figure 3b,
the RMS of Clp and its frequency decrease by 0.21% and 1.75%, respectively, when it gets doubled,
and by 1.64% and 1.75% when it gets quadrupled. However, when it increases to 0.005 s, they reduce
dramatically by 16.21% and 5.96%. When the time consumption as well as the simulation accuracy is
taken into consideration, δt = 0.002 s is chosen as the default time step in succedent studies.
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4. Optimal Design Method

4.1. Kriging Surrogate Model

The Kriging surrogate model is an unbiased estimated model with the minimum variance.
Generally, the predicted response is expressed (Y(X)) as [18]

Y(X) = fT(X)β + z(X) (2)

with f(X) = [ f1(X), . . . , fp(X)]T and β = [β1, . . . , βp]T , where p denotes the number of the basis
function of the regression model. Y(X) is the estimated response at sampled points, fT(X)β indicates
the linear regression part, and X is an n-dimensional vector representing n design variables (in this
paper, n = 2 for two layout parameters: the longitudinal spacing a and latitudinal spacing b). β is
the regression coefficient vector, and z(X) is the local deviation representing a Gaussian stationary
stochastic process with the following statistical properties:

E(z(X)) = 0

Var(z(X)) = σ2

E[z(Xi)z(Xj)] = σ2R(Xi, Xj), i, j = 1, . . . m,

(3)

where m denotes the number of experiments (sampled points), σ2 is the variance of the stationary
stochastic process, and R(θ, Xi, Xj) is the stochastic-process correlation between two known points for
which the Gaussian correlation function is usually adopted and can be written as

R(θ, Xi, Xj) = −exp[
n

∑
k=1

θk(X
k
i − Xk

j )
2], (4)

where θk is the k-th element of the correlation vector parameter Xk
i , and Xk

j is the kth element of points Xi
and Xj. It can be used to expand to a correlation matrix between m sampled points: R = {R(θ, Xi, Xj)}.

The resulting output from the function to be modeled based on m sampled points is written as

Y = [y1(X), . . . , ym(X)]T . (5)

The correlation between an untried prediction point (X) and the m known sampled points is
defined as follows:

r(X) =

 R (θ, X, X1)
...

R (θ, X, Xm) .

 (6)

Thus, for an untried design point, the best linear unbiased prediction of the response is

ŷ(X) = fT(X)β + rT(X) · α̂ (7)

The final Kriging predictor, ŷ(X), is obtained ith [19]:

ŷ(X) = fT(X)β̂ + rT(X)R−1(Y− Fβ̂), (8)

where F is a vector including the value of f(X) evaluated at each of the sampled points, and Y
is a m-dimensional vector composed of estimated response values at m sample points. β̂ is the
least-squares estimated of β and can be estimated as

β̂ = (FTR−1F)−1FTR−1Y. (9)
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The corresponding response surface model based on Kriging surrogate model was built as an
optimization function using Matlab.

4.2. Particle Swarm Optimization

Particle swarm optimization (PSO) is a meta-heuristic algorithm that was developed in 1995 by
Kennedy and Eberhart [20] and was first designed for simulating bird predatory behavior. It has
been widely studied and applied in many fields since it was proposed [21–23]. A massless particle is
designed to simulate a bird and the particle has two properties: velocity and position, which represent
the speed and direction of movement respectively. The estimated value calculated from the established
surrogate model is called the fitness value. Each particle searches for its optimal solution individually
according the fitness value and records it as its personal best solution (pBest) and shares it to the entire
group. The current group best solution is marked as gBest. All the particles adjust their speeds and
positions according to gBest.

The steps of PSO are as follows:

(1) Initialize N particles in the design space.
(2) Calculate the fitness value (which represents the estimated values of the objective function at an

desired point) for each particle according to a certain known model ( f ) which was derived from
Kriging surrogate model in this paper.

(3) Find each particle’s best fitness value in history and set its relevant position as the particle’s
personal best solution (pBest).

(4) Compare the fitness values of all particles’ best solutions (pBests) and choose the overall best
solution from all particles as their current global best solution (gBest).

(5) Update each particle’s velocity and position according to present information as

vi = ωvi + C1 × random(0, 1)(pBesti − Xi) + C2 × random(0, 1)(gBesti − Xi)

Xi = Xi + vi × t,
(10)

where v and X are the particle velocity and position, the subscript i denotes the i-th component
of the corresponding vector, t is the time, ω is the inertia factor, and C1, C2 are acceleration
coefficients which represent the mean stiffness of the springs pulling a particle and are located
between 0 and 4. In practice, the values of C1 = C2 = 2.0, ω = 0.8 are almost ubiquitously
adopted in PSO research [24].

(6) The optimization process stops when the maximum number of iterations or minimum error
criteria is achieved.

The general procedure of PSO is shown in Figure 4.
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Figure 4. The generalized procedure of particle swarm optimization (PSO).

5. Results and Discussion

5.1. Sampled Points Distribution

The layout configuration of two VIPECs can be divided into four parts according to the relative
position of the leading/following VIPEC (i.e., a and b): the interference region, the tandem region,
the parallel region, and the staggered region. Each region has its own characteristics due to the interaction
of the leading/following VIPEC’s flow field. The distribution of sampled points is depicted in Figure 5.

O x
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Interference zone Tandem zone

T
an

d
em

 z
o

n
e

Staggered zone

Figure 5. Distributions of sampled points in the layout parameter design space used for the Computational
Fluid Dynamics (CFD) simulation ( � denotes a sampled point located in the interference region).
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The layout parameter design space was bounded to a× b: [0 D, 6 D] × [0 D, 4.5 D] according
to the wake structure of a single VIPEC. Then, sample points were distributed by a varying from 0
to 6 in an interval of 1, and b varying from 0 to 4.5 in an interval of 0.75. It should be mentioned
that five sampled points located in the interference region were not simulated due to the geometric
interference of two VIPECs. Hence, a total number of 44 CFD simulation cases was conducted at these
sampled points.

5.2. Instantaneous Hydrodynamic Performance of VIPECs in Four Different Regions

5.2.1. Nondimensionalized Lift Ratio

In order to investigate the influence of different layout configurations on the hydrodynamic
performance of two VIPECs, i.e., the lift coefficients of two VIPECs’ plates, Cll and Cl f , both of these lift
coefficients were expressed as a nondimensional lift ratio by dividing Cl0 of a single VIPEC (0.018075
in Table 1):

rl =
Cll
Cl0

, r f =
Cl f

Cl0
, rs = rl + r f . (11)

5.2.2. Interference Region

In the interference region, the layout configuration was unrealistic owing to the leading VIPEC
interferring with the following one. Therefore, no CFD simulation was performed in this region.

5.2.3. Tandem Region

The tandem region means that the leading VIPEC and the following VIPEC are placed in tandem.
The contours of pressure coefficient Cp and velocity around two VIPECs at four different sampled
points in the tandem region are presented in Figure 6. In this region, when the following VIPEC
is located relatively close to the leading one, it will be surrounded by its leader’s wake. Thus,
the follower’s high pressure region, which usually occurs at its front, is disturbed by its leader’s wake
field. The disturbance can last for a rather long distance since the wake field exists for a long distance.
This is, in fact, equivalent to the follower’s “inlet” flow no longer being a steady uniform free stream
as a result of the leading VIPEC.

It can be found from Figure 6 that at a = 4, b = 0.00, the stagnation point slipped along the cylinder
obviously. This contributed to the low pressure area at one side of the leading plate not being able
to conquer the high pressure existing at the front of the following VIPEC. Thus, it moved across the
centerline and the stagnation point moved in the opposite direction. As the longitudinal spacing (a)
increased, the influence of the following VIPEC’s high pressure zone on the leading plate’s end was
impaired. At a = 5, b = 0.00, the low pressure was able to conquer the high pressure area and passed by
the follower’s head laterally. However, owing to the VIPEC’s outer contour, the low pressure area wa
mixed in this case, making the leader and follower a streamlined structure (as “a = 5, b = 0.00” shown
in Figure 6). Thus, the lift forces on both plates were consequently severely inhibited.
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0 0.5 1 1.5 2 2.5 3 3.5 4

(b) Velocity [m/s]
-1.1 -0.6 -0.1 0.4 0.9 1

(a) Pressure coefficient

a = 4, b = 0.00 a = 4, b = 0.00

a = 5, b = 0.00 a = 5, b = 0.00

a = 6, b = 0.00 a = 6, b = 0.00

Figure 6. Snapshots of contours of (a) the Cp pressure coefficient and (b) the velocity around two Vortex
Induced Piezoelectric Energy Converters (VIPECs) at three different tandem region sampled points.

At a = 6, b = 0.00, the impairment was further aggravated, and the follower’s high pressure
area expanded and was forced to slip around the cylinder again (as shown in Figure 7). The flow
separation points also experienced a shift forward due to the shift of the stagnation point which
brought about a great decrease of r f . On the contrary, the shift of the follower’s high pressure area
somewhat recovered the pressure field around the leader’s ipsilateral end (as the dashed area shown
in Figure 6a “a = 6, b = 0.00”), and as a result, rl was slightly augmented.
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Figure 7. The variation in the stagnation and separation angles for a = 6, b = 0.00 during a single period.

5.2.4. Parallel Region

The parallel region is located at a = 0. In this region, the flow between the leading and following
VIPEC behaves like a pipe flow, and the contours of nondimensional vorticity and velocity around the
two parallel VIPECs are shown in Figure 8.

Figure 8 reveals that at a = 0, b = 1.50, an alternating lift force was not produced due to the mutual
interference of the pressure field in the narrow spacing between two plates. With an increase in the
latitudinal spacing (b), the flow between two VIPECs was apparently accelerated and it induced an
extensive low pressure area with an enlarged amplitude around the inner side of VIPECs (Figure 8
“a = 0, b = 2.25”). This can be explained by Bernoulli’s theorem—the high velocity corresponds to
a small pressure. When fluid flows through the intermediate zone between VIPECs, the flow is
accelerated and corresponding pressure decreases. Thus, a smaller b produces a broader low pressure
area with a greater negative amplitude. When b is large enough, the interaction of the relative high
pressure disappears (as shown in Figure 8a “a = 0, b = 4.50”). What is more, it’s worth mentioning that
the wake structure of two VIPECs remained in the 2S pattern (a single vortex shed from each side of
the cylinder in half a period) which is similar to that of a single VIPEC.

The variations of rl and r f for a = 0, b = 2.25 are illustrated in Figure 9. Their phase difference
remained at 90◦ due to the similar level of low pressure between the two VIPECs’ intermediate
gap; however, on the plates’ opposite sides, the amplitude was also approximately equal due to the
symmetry of the flow. The velocity profile on the outlet of the virtual pipe between two VIPECs,
i.e., the connecting line of two plates’ tips (the black dashed line shown in Figure 8b “a = 0, b = 2.25”)
depicted in Figure 10, had the typical characteristics of pipe flow. That is, the velocity profile was
symmetrical, and the velocity was lowest at both ends and increased along the radial direction.
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a = 0, b = 4.50 a = 0, b = 4.50

Figure 8. Snapshots of contours of (a) nondimensional vorticity and (b) velocity at three different
sampled points in the parallel region.
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Figure 10. Transient velocity profiles of the virtual pipe’s outlet (the inner connecting line of two
VIPECs’ tips) during a period.

5.2.5. Staggered Region

The staggered region is located where a as well as b 6= 0. The influence of different layout
configurations on the plates’ lift force is marked in Figure 11. In this region, the effect of various layout
configurations on rl , r f and rs can be divided into six types: (1) rl , r f , rs both enhanced, (as “a = 5,
b = 0.75” shown in Figure 12); (2) rl , rs enhanced, r f inhibited, (as “a = 2, b = 1.50” shown in Figure 12);
(3) r f , rs enhanced, rl inhibited, (as “a = 3, b = 3.75” shown in Figure 12); (4) rl , r f , rs both inhibited,
(do not exist in the staggered region; however, they do exist in the tandem region, as “a = 5, b = 0”
shown in Figure 6); (5) rl , rs inhibited, r f enhanced, (as “a = 6, b = 4.50” and “a = 2, b = 3.00” shown
in Figure 13); (6) r f , rs inhibited, rl enhanced, (as “a = 1, b = 0.75” shown in Figure 13). It can be
observed from Figure 11 that rl was enhanced when the follower VIPEC was close to the leading one
and inhibited when their spacing increased, while the change of r f was the opposite.
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Figure 11. The marked enhancement/inhibition of rs, rl , and r f at various sampled points in the
staggered region.

It can be noted from Figure 11 that rs was pervasively enhanced in the simulated staggered
zone. However, the enhancement resulted from various reasons. The contours of nondimensionalized
vorticity and velocity around two VIPECs with an enhanced rs for three different layout configurations
are shown in Figure 12.
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a = 5, b = 0.75 a = 5, b = 0.75

a = 2, b = 1.50 a = 2, b = 1.50

a = 3, b = 3.75 a = 3, b = 3.75

Figure 12. Snapshots of contours of (a) nondimensional vorticity and (b) velocity around two VIPECs
at three different enhanced sampled points in the staggered region.

For the sampled points where rl was enhanced (such as a = 5, b = 0.75 and a = 2, b = 1.50 in
Figure 12, the following VIPEC was located in the neighborhood of the leader’s plate, and then the
front high pressure area was able to act on the leader’s plate directly; thus, a greater amount of pressure
was produced over its two sides. However, its wake structure was strongly destroyed since it was
difficult to conquer the increased adverse pressure gradient in the leading cylinder’s lower side. Hence,
the lift coefficient became larger while quasi-stable. The pervasive enhancement of r f (such as a = 2,
b = 1.50 and a = 3, b = 3.75 in Figure 12) contributed to the leader’s lateral high velocity. With a higher
inlet velocity and less disturbance from its wake, r f had different degrees of increase according to
the relative spacings. What is more, when the two VIPECs were close enough (say, a = 2, b = 1.50 in
Figure 12), both VIPECs’ wakes were destroyed due to their interaction. Periodical vortex shedding no
longer existed and both the lift force and the wake field tended to be stable.

Figure 11 shows that sampled points with inhibited rs were generally located at the boundaries of
the simulated staggered zone. The contours of nondimensionalized vorticity and velocity around two
VIPECs with an inhibited rs for three different layout configurations are shown Figure 13.
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a = 6, b = 4.50 a = 6, b = 4.50

a = 2, b = 3.00 a = 2, b = 3.00

a = 1, b = 0.75 a = 1, b = 0.75

Figure 13. Snapshots of contours of (a) nondimensional vorticity and (b) velocity around two VIPECs
at two different inhibited sampled points in the staggered region.

With the increase in the longitudinal and latitudinal spacings, the mutual interference between
two VIPECs tended to be slender; thus, rs was almost unaffected, though showed a slight decrease
(a = 6, b = 4.50 in Figure 13). Generally, the enhancement/inhibition of rs was determined by whether
the increase of r f could compensate for the decrease of rl . For the sampled point a = 2, b = 3.00
in Figure 13, rl decreased by 89.51%, while r f increased by 52.00%, and then a inhibition of rs was
produced. However, an increase of rl and a decrease of r f occurred at a = 1, b = 0.75, as shown in
Figure 13 due to the very close spacing between two VIPECs. Meanwhile, the lift force tended to be
quasi-stable and the flow tended to be steady which is similar to that of a = 2, b = 0.75 in Figure 12.

5.3. Output Voltage Performance

The open circuit output voltage was also nondimensionalized by dividing the Vl0 (1.2880 mV
calculated from a single VIPEC) of a single VIPEC:

rvl =
Vl
Vl0

, rv f =
Vf

Vl0
, rvs = rvl + rv f . (12)
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It is worth mentioning that the output voltage was not consistently proportional to the amplitude
of the generated lift force. In several specified configurations, the lift force remained at a relative high
level since the pressure difference over the plate remaiend high and unchanged, such as “a = 5, b = 0.00”
in Figure 6, a = 0, b = 1.50 in Figure 8, a = 2, b = 1.50 in Figure 12 and a = 1, b = 0.75 in Figure 13. These
layout configurations were concentrated at locations where the following VIPEC was located at the
very vicinity of the leading one. This was because the flow tended to be steady after passing through
the narrow gap. Meanwhile, the inner side of the leading plate was always in a high pressure area due
to the compensation of the following VIPEC which resulted in a quite constant big force. However,
alternative force rather than constant force induces output voltage. Negligible voltage was generated
in these cases as a consequence.

6. Kriging Surrogate Model and PSO Optimization

The CFD simulation results for various VIPEC layout configurations are listed in Table 2. Based
on these results, the response surface model was established with the Kriging surrogate model in the
simulated parameter space.

Table 2. Simulation results for different layout configurations.

a b rvl rvf rvs

0 0.00 0.0000 0.0000 0.0000
0 0.75 0.0000 0.0000 0.0000
0 1.50 0.0711 0.0454 0.1164
0 2.25 1.5977 1.5119 3.1097
0 3.00 1.2869 1.2528 2.5397
0 3.75 1.2954 1.2080 2.5034
0 4.50 0.9380 1.0157 1.9537
1 0.00 0.0000 0.0000 0.0000
1 0.75 0.0001 0.0003 0.0004
1 1.50 0.1507 1.6444 1.7951
1 2.25 0.1655 1.6766 1.8421
1 3.00 0.0433 2.2843 2.3275
1 3.75 0.6867 1.4276 2.1143
1 4.50 0.6486 1.2577 1.9063
2 0.00 0.0000 0.0000 0.0000
2 0.75 0.0000 0.0000 0.0000
2 1.50 0.0874 0.3855 0.4729
2 2.25 0.0983 1.8281 1.9264
2 3.00 0.1300 1.3099 1.4398
2 3.75 0.0752 1.7155 1.7907
2 4.50 0.3756 1.3065 1.6822
3 0.00 0.0000 0.0000 0.0000
3 0.75 1.0429 0.8976 1.9405
3 1.50 0.1420 1.0350 1.1770
3 2.25 0.1469 1.2505 1.3975
3 3.00 0.1584 1.7130 1.8714
3 3.75 0.2005 1.7643 1.9648
3 4.50 0.1607 1.5169 1.6777
4 0.00 2.0437 0.8482 2.8919
4 0.75 0.7427 1.5696 2.3124
4 1.50 0.2728 2.0125 2.2853
4 2.25 0.4648 1.7881 2.2529
4 3.00 0.4441 1.2095 1.6536
4 3.75 0.4962 1.1389 1.6351
4 4.50 0.4924 0.9765 1.4689
5 0.00 0.0009 0.0007 0.0016
5 0.75 1.5858 1.1547 2.7405
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Table 2. Cont.

a b rvl rvf rvs

5 1.50 1.9010 0.7518 2.6528
5 2.25 0.6502 2.6054 3.2556
5 3.00 0.5931 2.0073 2.6004
5 3.75 0.7331 2.2424 2.9754
5 4.50 0.6117 1.0897 1.7014
6 0.00 1.0731 0.6310 1.7041
6 0.75 0.9352 0.3975 1.3326
6 1.50 0.7766 0.4576 1.2341
6 2.25 0.5195 0.7189 1.2384
6 3.00 0.9202 0.9345 1.8547
6 3.75 0.4307 1.1072 1.5380
6 4.50 0.3599 0.8298 1.1897

6.1. Response Surface Model for the Output Voltage

6.1.1. Response Surface Model for the Leading VIPEC’s Output Voltage

The influence of different layout configurations on the leading VIPEC’s voltage performance
was revealed by the response surface model of rvl , established through the Kriging surrogate model,
which is illustrated in Figure 14.
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Figure 14. Kriging response surface model for rvl .

It can be deduced from Figure 14 that the enhanced zone on rvl was mainly concentrated in two
locations. The first one was in the parallel region around a = 0, b = 1.5–3, and this was mainly caused
by the flow velocity incrementation as it passed between the plates (as shown in Figure 6). The second
one was around a = 5, b = 1.50. In this area, the follower’s cylinder lagged behind the leader’s plate,
which resulted in the high pressure at its front acting on the leader’s plate directly (Figure 12). Then, rl
was reinforced and a larger rvl was generated. However, outside the enhanced zone, rl was pervasively
inhibited below 1 and this was essentially caused by the destruction of the leader’s wake field due to
the presence of the follower (for example, “a = 2, b = 1.50” in Figure 12). Meanwhile, this indicates
that when the following VIPEC was located far from the leading one, the pressure on one side of
the leading plate only received slight compensation from the following VIPEC’s front-located high
pressure region, which was exemplified by the variation in rl as a = 5, b = 0.75 shown in Figure 12.
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6.1.2. Response Surface Model for the Following VIPEC’s Output Voltage

The influence of the layout configuration on rv f was also investigated with the surrogate model.
The response surface model established through the Kriging surrogate model is illustrated in Figure 15.
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Figure 15. Kriging response surface model for rv f .

Figure 15 reveals that the layout’s influence zone of rv f tended to be opposite to that of rvl .
The inhibited zone of rv f was the dominating neighborhood of the following VIPEC as a × b:
[0, 2.7] × [0, 1.5]. This was also due to the following VIPEC being located in the very neighborhood of
the leading plate, causing the flow between their gap to be steady, and thus large but stable rl , r f were
generated (Figure 12). Another extremely inhibited zone was locates where two VIPECs are in the
tandem region, especially when the following VIPEC located in the leading one’s wake and formed
a streamline shape as a = 5, b = 0.00, shown in Figure 6. The lift force on the follower’s plate was close to
0 in this case. Beyond the inhibited zone, rv f was pervasively enhanced, even doubled, which resulted
from the accelerated flow between two VIPECs contributing to an increase in the pressure difference
on both sides of the follower’s plate.

6.1.3. Response Surface Model for Two VIPECs

The summation of two VIPECs’ output voltages is the most important variable to obtain a better
overall performance. Hence, the Kriging response surface model of the total output voltage (rvs) was
established. Then, PSO optimization was conducted over the obtained model to search for the optimal
layout parameters. The established response surface model is shown in Figure 16.
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Figure 16. Kriging response surface model for rvs.
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Figure 16 reveals that the enhanced zone of rvs was also mainly divided into two parts. The first
one was located in the parallel region around a = 0, b = 1.5–3, which is in accordance with that of rvl
and can be explained with the same reasoning. However, the parallel layout optimization is often
infeasible in practical applications due to its instability. The second part covered a broader zone around
a× b: [4.3, 5.5] × [0.5, 5.2]. This extension, compared to that of rvl , mainly contributed to a larger rv f
in this zone.

6.2. Comparisons of the Optimal Layout between CFD and PSO

The optimal layout parameters found through PSO on the response surface model of rvs were
a = 4.9377, b = 2.2483, as shown in Table 3. The optimization result was verified through the comparison
of the predicted results and the CFD simulation. It can be found from Table 3 that the relative
error between the predicted rvs and that obtained from CFD simulation was 3.8% which proves
that the combined Kriging surrogate model and PSO can give a good prediction of the VIPECs’
overall performance.

Table 3. The comparison of the predicted and CFD simulation rvs (the summation of two VIPECs’
output voltage ratios) results with the optimal layout parameters.

a b Simulated rvs Predicated rvs Relative Error

4.9377 2.2483 3.1556 3.2740 3.8%

The time-varying lift force, output voltage, and a snapshot of contours of the transient pressure
coefficient at different moments during a period are presented in Figure 17.
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Figure 17. (a) Time-varying lift force and output voltage and (b) snapshots of velocity contours during
a period with optimal layout parameters.

The optimal layout configuration reached a balance between two VIPECs. Though the amplitude
of the leading VIPEC’s lift force was slightly impaired, that of the following one was firmly enhanced.
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Then, an enhancement to the summation of both lift forces (rs) was produced. Besides, it can be
inferred from Figure 17 that with this layout, the variation in rl and rs was more sensitive, which is
beneficial for the alternative output voltage. Under these combined actions, the open circuit output
voltage (rvs) increased. The predicted result agreed with that of CFD simulation, as shown in Table 3,
which indicates that the Kriging surrogate model combined with the Particle Swarm Optimization
method can be used for the layout optimization of two VIPECs.

7. Conclusions

The layout configuration of two VIPECs is characterized by two dimensionless parameters: the
nondimensionalized longitudinal spacing (a) and the nondimensionalized latitudinal spacing (b),
which are invoked as design parameters. A computational fluid dynamics simulation for various
layout parameters was carried out. The lift force was obtained from the CFD simulation results. Then,
a generated open circuit voltage is computed using the established equation. The influence of the
layout parameters on the plate’s lift force and wake structure was elaborated. Response surface models
for the leading/following VIPEC’s open circuit output voltage and their summation were established
using the Kriging surrogate model. Optimal design parameters were acquired through Particle Swarm
Optimization, and the predicted result agreed well with the CFD simulation. The main conclusions of
this study are as follows:

1. When placed in tandem, the follower’s lift force is greatly inhibited, since its inlet flow is disturbed
by the leading VIPEC which is reflected directly through the periodic shifts of the stagnation
and separation angles, while it is enhanced by the extensive low pressure area inside the two
VIPECs, which is induced by the velocity acceleration of the pipe-like flow between the leader
and follower’s plates.

2. The CFD results showed that the lift force on the leading/following VIPEC is determined by
the layout parameters when they are staggered. The area of influence on the leader’s lift force
is mainly situated where the follower is located in the vicinity of the leader’s plate. However,
the follower’s lift force is pervasively enhanced except when it is located in the very neighborhood
of the leader’s plate, and this mainly contributes to the leader’s high lateral velocity which serves
as its income velocity.

3. The influence of layout parameters on the open circuit output voltage is not consistent with that
of the lift force, since the output voltage is induced by alternative force. When the following
VIPEC is located too close to the leading one, their wake fields are destroyed, and their lift forces
tend to be large but quasi-stable, and the output voltage is consequently negligible.

4. The optimal layout parameters for the summation of the output voltage are a = 4.9377, b = 2.2483,
and the total output voltage is predicted to increase by 63.7% compared to that of two single
VIPECs. The predicted result agrees well with that gathered by the CFD simulation.
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Nomenclature

D Cylinder’s diameter
xl f Two VIPECs’ longitudinal distances
yl f Two VIPECs’ latitudinal distances
Cl0 A single VIPEC’s lift coefficient
Cll Leading VIPEC’s lift coefficient
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Cl f Following VIPEC’s lift coefficient
Vl0 A single VIPEC’s output voltage
Vl Leading VIPEC’s output voltage
Vf Following VIPEC’s output voltage
L Plate’s length
a = xl f /D Dimensionless longitudinal distance
b = yl f /D Dimensionless latitudinal distance
rl = Cll/Cl0 Leading VIPEC’s lift coefficient ratio
r f = Cl f /Cl0 Following VIPEC’s lift coefficient ratio
rs = rl + r f Summation of two VIPECs’ lift coefficient ratios
rvl = Vl/Vl0 Leading VIPEC’s output voltage ratio
rv f = Vf /Vl0 Following VIPEC’s output voltage ratio
rvs = rvl + rv f Summation of two VIPECs’ output voltage ratios
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