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a b s t r a c t

Since the fluid flows in heat exchange systems contain hydrokinetic energies, flow-induced vibration
(FIV) energy harvesting technology can be potentially applied to collect electrical energy. Different from
the applications in traditional scenarios, cylinder bluff bodies implemented in the heat exchange systems
will inevitably suffer from ash deposition. This study proposes a wake galloping energy harvester to be
used in heat exchange systems and focuses on investigating the effects of different ash deposition types
on the energy harvesting performance. According to different ash deposition types, bell-shaped and
horn-shaped cylinder bluff bodies are designed to consider the ash deposition effect. Wind tunnel ex-
periments are conducted to investigate the performance of the wake galloping piezoelectric energy
harvester (PEH) with different upstream ash deposit cylinders, at various space distances and under
different wind speeds. The experimental results reveal that compared to the horn-shaped cylinder, the
bell-shaped cylinder is more beneficial for energy harvesting. Among all tested cases, the optimal
configuration is determined: the upstream cylinder is attached by bell-shaped ash deposition; and the
space ratio between the upstream and the downstream cylinders is 1.5. The threshold wind speed of the
optimal configuration is reduced and the maximum voltage output is improved by over 111%. It is learned
that the two types of upstream ash deposit cylinders can both cause the quenching phenomenon to
deteriorate the performance of the energy harvester. Guidelines based on the experimental results are
provided to avoid the occurrence of the quenching phenomenon. Computational fluid dynamics (CFD)
studies are conducted to reveal the underlying mechanisms to explain the experimental results. The CFD
results corroborate that different ash deposit cylinders produce different wake vortices and the flow
pattern changes with the space distance, which determines the dynamic response of the downstream
cylinder.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

With the fast development of wireless sensor networks (WSNs),
wearable and portable microelectronic products, harvesting energy
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from the ambient environment has been proposed as a potential
solution to provide sustainable power supplies for those devices
[1,46,63]. As a kind of clean and renewable energy, winds are
widely accessible natural sources for energy harvesting [52,54].
Unlike the traditional method of using turbines for large-scale
power generation, innovative wind energy harvesting systems
with compact dimensions have been developed for low-power
consumption devices [3,4,51]. Based on various flow-induced vi-
bration (FIV) phenomena including vortex-induced vibration (VIV)
[5,55,60], galloping [48,53], flutter [7], and wake galloping [8],
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wind energy harvesters first convert hydrokinetic energy into vi-
bration energy. Subsequently, four commonly used energy con-
version mechanisms, namely electrostatic [9], electromagnetic
[10,11,49], piezoelectric [12,57,58], and triboelectric [13,61,62]
transductions, can be employed to convert the mechanical energy
into electrical energy. To date, various energy harvesters have been
designed based on different FIV phenomena and transduction
mechanisms [47,56,59]. Bernitsas et al. [14] first proposed the
concept of VIV-based aquatic clean energy harvesting (VIVACE).
They successfully converted the water flow energy into electricity
using the VIV mechanism. Akaydin et al. [15] developed an VIV-
based energy harvester and evaluated its output performance
through wind tunnel experiments. Yang et al. [16] compared the
performance of a galloping-based piezoelectric energy harvester
(PEH) using bluff bodies with various cross-section profiles. They
concluded that a square-sectioned bluff body usually demonstrates
the best performance. Bryant and Garcia [17] designed a flutter-
based aeroelastic energy harvester and estimated its voltage
output. Numerous theoretical analyses and experimental studies
have revealed the aerodynamic instability characteristics related to
those FIV phenomena [18,19]. It is learned that galloping and flutter
are divergent oscillations, and the vibration responses increase
sharply with the increase of the wind speed, resulting in high-
amplitude oscillations and thereby considerable power outputs.
However, the threshold wind speeds of them are relatively high,
making them difficult for low wind speed energy harvesting. VIV is
a type of self-excited oscillation that often undergoes an intense
vibration in the synchronization region (known as the lock-in
range) as the Strouhal vortex shedding frequency approaches the
natural frequency of the energy harvester [20]. Lv et al. [21] pro-
vided a comprehensive review of using nonlinear oscillators in
hydrokinetic energy harvesting. Harvesting energy from alter-
nating lift technology (ALT) was introduced and nonlinear flow
induced oscillation (FIO) was specially emphasized. As compared to
galloping and flutter, VIV often takes place at relatively low wind
speed, is more suitable for low wind speed energy harvesting.
However, the drawback of a VIV-based energy harvester is that the
effective wind speed range for energy harvesting is narrow.

Wake galloping has increasingly attracted more attention in
recent years. It is defined as the divergent vibration of the down-
stream cylinder caused by the wake generated after the upstream
cylinder, such as the bridge cables or overhead transmission lines in
the wind [22]. Jung et al. [23] used wake galloping to harvest
electromagnetic energy for the first time, and validated the pro-
posed system through experiments. Afterwards, Usman et al. [24]
proposed a novel piezoelectric energy harvesting system based on
the wake galloping phenomenon. The proposed system could
operate in a wider range of wind speeds in the wind tunnel tests.
The optimal space distance between the two cylinders was deter-
mined. However, the authors did not explore the influence of the
bluff body shape on the performance of the energy harvesting and
lack an explanation of the underlying mechanism of wake
galloping. Zhou and Wang [25] developed a modified design by
installing two identical VIV-PEHs in series in the wind tunnel. The
experimental and numerical results showed that the effective wind
speed range and output power amplitude of the system were 2.67
times and 6.79 times that of a single VIVPEH. Abdelkefi et al. [26]
proposed to place a circular cylinder upstream of a galloping
piezoelectric energy harvester (GPEH) with the square cylinder for
wake galloping. The results revealed that the wake galloping could
enhance the performance of a GPEH: the effective wind speed
range for energy harvesting was significantly broadened. By
introducing nonlinearity, Alhadidi and Daqaq [27] exploited a bi-
stable restoring force to enlarge the steady-state bandwidth of a
wake galloping energy harvester. Inspired by the galloping of iced
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conductors, Yan et al. [28] investigated the energy harvesting from
wake galloping of downstream crescent-shaped and D-shaped
cylinders. The results showed that the wake effect of the upstream
fixed circular cylinder could enhance the performance of the
downstream VIVPEH. The power density of the wake galloping
energy harvester with the iced-conductor cylinder is about 63
times that of the wake galloping energy harvester with a classic
circular cylinder. Tamimi et al. [29] investigated the influence of an
upstream cylinder with different cross-section on the performance
of wake galloping energy harvesting system. The results show that
the diamond oscillator is more beneficial to energy harvesting than
the sharp edge square oscillator. Yan et al. [30] developed a wind
energy harvester with upstream and downstream interference to
collect highway wind resources. They found that the upstream
spacing has a greater impact on the harvesting power than the
downstream spacing. Liu et al. [31] proposed that by placing a fixed
double-plate structure upstream of the bluff body, the output
voltage of the energy harvester was increased by 12 times. Most of
these studies only analyze the performance of the harvester, but
there are few studies on underlying flow physics and vortex
interaction dynamics of wake galloping. There is a need to explore
what kind of interactions between the flow and the structure
trigger the complex wake galloping phenomena. Wake galloping
may occur at relatively low wind speeds, with a large but limited
amplitude. It exhibits a wider wind speed range than VIV for
effective energy harvesting. Wake galloping might be more
appropriate for energy harvesting systems than VIV, galloping and
flutter [32].

FIV-based small energy harvesters have been widely used in
various fields, e.g., civil, marine, and aerospace engineering [33,50].
Abdelkefi [34] reviewed various applications of small-scale energy
harvesters in different disciplines. These harvesters can be
deployed in many locations, e.g., urban high-rises, ventilation out-
lets, ducts of buildings, bridges, rivers, rails and aircraft structures
[35,36]. In thermal engineering, the heat exchanger in the boiler is a
crucial device for energy saving and heat transfer [37]. However,
when the fly-ash particles in the flue gas impact the tube, a portion
of particles will deposit on the surface of the tube and deteriorate
the heat transfer performance. Extensive research has been carried
out to reduce fly-ash deposition on the tube for improving the heat
transfer efficiency [38]. The ash formation and deposition model-
ling processes in coal and biomass-fired boilers are reviewed by Cai
et al. [39]. It was pointed out that the ash deposition phenomenon
is an inevitable problem.

From another point of view, the ash deposition phenomenon
may have a positive effect on energy harvesting. This paper pro-
poses to deploy aeroelastic energy harvesters in flue gas heat
exchanger devices for the first time. These harvesters are expected
to power small electronic devices implemented in the boiler for
possibly realizing self-powered health monitoring. Unlike tradi-
tional FIV-based energy harvesters implemented in other scenarios,
the cross-sectional shape of the heat exchange tubewill change due
to the influence of ash deposition. According to the literature [40],
there are two main types of ash deposition on the tube, namely,
bell-shaped and horn-shaped ash deposition. Fig.1 presents the ash
deposits on two parallel circular tubes. The bell-shaped ash depo-
sition is formed on the windward side of the first tube. Due to the
influence of the wake of the upstream tube, horn-shaped ash
deposition is formed on the windward side of the second tube.
Considering that a suitable scenario for wind energy harvesting
readily exists in a heat exchanger device, we are inspired to place a
conventional VIVPEH with a circular cylinder downstream of the
first tube or the second tube to usewake galloping phenomenon for
energy harvesting. The upstream cylinder with different cross-
sectional shapes has a huge impact on the energy harvesting



Fig. 1. Schematic of two different types of ash deposition formed on the tube in the heat exchange systems.

J. Wang, C. Zhang, G. Hu et al. Energy 253 (2022) 124175
efficiency. Most of the existing studies have not attempted to apply
harvesters to a heat exchanger device and have not considered the
effect of ash deposition. The flow dynamics and vortex interaction
dynamics in the wake galloping phenomenon of two series cylin-
ders have not been explored in detail. There is a crucial need for a
comprehensive study to determine the impact of bell-shaped and
horn-shaped ash deposition on the performance of energy har-
vesters. The study presented in this work aims to explore the in-
fluence of two shapes of upstream ash deposit cylinders on the
performance of wake galloping PEHs through wind tunnel experi-
ments. Various space distances between the two cylinders are also
investigated. The experimental results are analyzed by fluid force. A
comprehensive CFD simulation study is carried out to reveal the
underlying mechanism to explain the experimental results, which
is an original contribution of this paper. The research in this paper
provides some guidelines for the application of FIV-based small-
scale energy harvesters in the field of thermal engineering.

2. Design concept and experimental setup

This section introduces the design concept of the proposed
energy harvester and the experimental setup for testing its per-
formance. As shown in Fig. 2 (a), an ash deposit cylinder is placed in
parallel with and at the upstream of a conventional cylinder. In the
proposed system, the upstream ash deposit cylinder is supported
by a rigid rod. The downstream circler cylinder is elastically
mounted on a cantilever beam. A piezoelectric transducer is
bonded on the cantilever beam near its fixed end. When the fluid
flows through the upstream cylinder, the wake vortices will be
generated to interfere with the downstream cylinder, resulting in a
complicated fluid-structure interaction. Obviously, the cross-
sectional shape of the upstream cylinder affects the wake vortices
formed behind it, thus the dynamics of the downstream cylinder.

Asmentioned in the literature [40], the cross-sectional shapes of
the common ash deposit tubes in boilers can be classified into bell-
shaped and horn-shaped types. As shown at the right-hand side of
Fig. 2(a), the bell-shaped and horn-shaped cylinders are designed
to simulate the ash deposited tubes. To be more specific, an orna-
ment in the shape of a semi-ellipse is attached to the upstream
cylinder to simulate the ash deposition. The bell-shaped cylinder is
achieved by adding a semi-ellipse to a conventional cylinder, and
the horn-shaped cylinder is obtained by adding two semi-ellipses.
The diameter of the cylinder is D. The major and minor axes of the
ellipse are D and D/2. Note that the major axis of the semi-ellipse
attached to the bell-shaped cylinder is parallel to the windward
direction. The major axes of the two semi-ellipses attached to the
3

horn-shaped cylinder are perpendicular to each other and sym-
metrically distributed on both sides of the cylinder. The effect of the
distance between the cylinders on the energy harvesting perfor-
mance is investigated. L represents the distance between the center
axes of the two cylinders. In the experiment, a series of distances (L/
D¼ 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0) are tested. The selection of the
range of L/D is to comprehensively consider the experimental
conditions and workload to ensure effective study of the wake
phenomenon.

Fig. 2(b) and (c) present the manufactured prototypes of the
bell-shaped cylinder and the horn-shaped cylinder. The upstream
and downstream cylinders are of the same dimension, and both are
made of foam. The diameter D and height H of the cylinder are
32mm and 118mm. The cantilever beam is made of aluminum. The
length, width, and thickness of the aluminum beam are 200 mm,
25 mm, and 0.5 mm. The internal capacitance of the piezoelectric
transducer (PZT-5) is 24.44 nF. The entire piezoelectric energy
harvesting system is fixed on an aluminum frame and placed in an
open wind tunnel for testing.

Fig. 3 presents the experimental setup. The wind tunnel is made
of plexiglass and has a circular cross-section with a diameter and
length of 0.4 m and 5 m. The honeycomb-like structures inside the
wind tunnel are used to stabilize the incoming wind. The wind
speed is controlled by adjusting the rotational speed of a draught
fan. The test wind speed (U) is some discrete value, and range is
from 0.87 m/s to 3.19 m/s. The voltage signal generated by the
piezoelectric transducer and the displacement of the downstream
cylinder are measured, respectively, using a digital oscilloscope
(ISDS220B) with a vertical resolution of 8 bit and a laser displace-
ment sensor (Panasonic: HG - C1400) with a resolution of 300 mm.
At each wind speed, the dynamic responses of the downstream
cylinder are recorded for a sufficiently long duration to ensure that
they reach steady states. The RMS value of voltage (Vrms) and the
maximum value of the displacement (ymax) are determined based
on the steady-state response.

A free-decay test can identify the physical parameters of the
vibratory system. The natural frequency of the system is 8.14 Hz,
and the damping ratio is 1.22%. The Scruton number (Sc) of the
vibrating model of the energy harvester is 2.42 (Sc ¼ 2m(2pz)/rD2,
m: mass per length, z: damping ratio, r: fluid density). We repeated
the wind tunnel test of the conventional VIVPEH without the up-
stream cylinder five times prior to the subsequent comparison
studies. The maximum relative standard deviation (RSD) of the
repeated test voltage results over the lock-in region is less than 2%.
Therefore, the reproductivity of the test is verified.



Fig. 2. Schematics of the conceptualized model: (a) 3D schematic and top view; The manufactured prototype with the upstream (b) bell-shaped cylinder and (c) horn-shaped
cylinder.
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3. Experimental results and discussion

3.1. Energy harvesting performance evaluation

Assuming that a bell-shaped ash deposition is formed on the
upstream cylinder, Fig. 4 presents the root-mean-square (RMS)
open-circuit voltage Vrms and the maximum displacement ymax of
the energy harvester implemented at the downstream. The space
ratio L/D is varied from 1.5 to 5.0 to investigate its influence. The
experimental results of a conventional VIVPEH, i.e., the energy
harvester without the upstream cylinder, are also presented for
comparison. The results clearly show that the performance of the
conventional VIVPEH is significantly affected after introducing the
upstream bell-shaped cylinder. A typical wake galloping behavior is
observed when the bell-shaped cylinder is placed very close to the
downstream cylinder (i.e., L/D ¼ 1.5). To be more specific, the Vrms
curve and ymax curve increase logarithmically with the increase of
wind speed. The voltage amplitude growth is very fast in the early
stage, but becomes slower in the later stage. This is similar to the
experimental results of wake galloping between two identical cir-
cular cylinders reported by Jung et al. [23]. At the highest wind
4

speed of 3.19 m/s, when L/D ¼ 1.5, the maximum voltage output
from the piezoelectric transducer reaches 13.43 V, which is 111.83%
higher than that of the conventional VIVPEH (i.e., 6.34 V). The up-
stream bell-shaped cylinder at L/D¼ 1.5 has a threshold wind speed
(the lowest wind speed to activate the energy harvester) of 1.14 m/
s, which is lower than that of the conventional VIVPEH (i.e., 1.28 m/
s). As the space ratio is a little larger, e.g., L/D ¼ 2.0e3.0, the
generated voltage and the vibration displacement are also
remarkably increased compared to the conventional VIVPEH.
Different from L/D ¼ 1.5, the Vrms curve and ymax curve exhibit the
VIV phenomenon.With the increase of thewind speed, the voltage/
displacement amplitude first increases then decreases. The voltage
and displacement at high wind speeds show a downward trend:
the larger the space ratio, the faster the decline. After this drop, as
the wind speed increases further, the voltage and displacement
remain almost unchanged.

Interestingly, the voltage and displacement of L/D ¼ 3.0e4.0
gradually increase, but the threshold wind speed gradually in-
creases. At larger space ratios (i.e., L/D ¼ 3.5 and 4.0), the voltage
and displacement suddenly decrease again. This can be expected
that the effect of the upstream bell-shaped cylinder is weakened



Fig. 3. The experimental set up.

Fig. 4. Voltage and displacement responses of the downstream energy harvester under the influence of the upstream bell-shaped cylinder.
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with an increasing space ratio. In conclusion, since the voltage at
this space ratio is significantly larger than those in other cases, the
optimal space ratio L/D seems to be around 1.5. Though in the left
part of the lock-in range, the voltage/displacement response at
some space ratios (i.e., L/D ¼ 4.0e5.0) is smaller than that of the
conventional VIVPEH. Overall speaking, the larger maximum
voltage output and the wider effective wind speed range indicate
that all the configurations with the existence of the upstream bell-
shaped cylinder outperform the conventional VIVPEH.

In the second case, we place the conventional VIVPEH at the
downstream position of a horn-shaped cylinder. Fig. 5 presents the
RMS open-circuit voltage Vrms and the maximum displacement
ymax of the energy harvester. In general, all configurations still
exhibit VIV characteristics: the voltage amplitude first increases
then decreases. When L/D ¼ 1.5, the dynamic responses of the
energy harvesters with and without the upstream horn-shaped
cylinder are almost the same. When L/D increases from 1.5 to 2.5,
the maximum Vrms and ymax gradually decrease. However, when L/
D increases from 2.5 to 5.0, the maximum Vrms and ymax increase.
Different from the previous case when the upstream cylinder has a
bell-shaped ash deposition, the optimal space ratio (L/D) to achieve
themaximum Vrms is around 4.5. Themaximumvoltage output of L/
D ¼ 4.5 is about 9.90 V, which indicates a 56.15% improvement as
compared to the conventional VIVPEH without the upstream horn-
shaped cylinder. It is worth noting that the range of L/D¼ 2.5e3.0 is
the quenching region that will be discussed in the next section, the
performance of the energy harvester is significantly inferior to that
of a single cylinder. In the left part of the VIV lock-in range, when
Fig. 5. Voltage and displacement responses of the downstream energy h
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there exists the upstream horn-shaped cylinder, regardless of the
space ratio, the Vrms and ymax are always smaller than those of the
conventional VIVPEH. On the whole, the lock-in region gradually
moves toward higher wind speeds as the space ratio L/D increases.
We can conclude that the existence of the upstream horn-shaped
cylinder limits the performance of the VIVPEH. The energy har-
vesting performance at lower wind speeds always deteriorates. The
voltage output amplitude can be significantly improved only at the
specific higher wind speeds and certain space ratios.

When bell-shaped and horn-shaped ash depositions are formed
on the upstream cylinders, Fig. 6 presents the voltage output of the
energy harvester versus the wind speed and the distance ratio L/D.
When the ash deposition is in different shapes, the voltage evolu-
tion under the influences of the wind speed and the distance ratio
L/D is different. From Fig. 6(a) and (b), it can be seen that when the
upstream cylinder is attached by the bell-shaped ash deposition
and the space distance to the downstream cylinder is small (i.e., L/D
is around 1.5), the energy harvester exhibits wake galloping
behavior. As the upstream cylinder is deployed farther away, i.e., L/D
increases, the dynamic behavior of the downstream energy
harvester gradually transforms to VIV. According to the results
revealed in Fig. 6(c) and (d), when the upstream cylinder is
attached by the horn-shaped ash deposition, the VIV phenomenon
always exhibits regardless of the tuning of the space ratio within
the investigated range. Compared to the case of horn-shaped ash
deposition, the bell-shaped ash deposition formed on the upstream
cylinder can lead to a wider effective wind speed range for energy
harvesting. Interestingly, when the space ratio L/D is between
arvester under the influence of the upstream horn-shaped cylinder.



Fig. 6. Surface plot and contour plot of voltage for energy harvester with different upstream ash deposit cylinders: (a) and (b) the bell-shaped cylinder; (c) and (d) the horn-shaped
cylinder.

J. Wang, C. Zhang, G. Hu et al. Energy 253 (2022) 124175
2.5e3.0, regardless of the wind speed, the voltage generated by the
energy harvester in the two cases reaches the minimum. The
response valleys formed in Fig. 6 can be explained by the quenching
behavior [41]. The quenching phenomenon takes place due to the
cancellation of multiple excitations [42]. In the cases presented in
this study, the multiple excitations refer to wake galloping and VIV.
When the space ratio exceeds the quenching region, the response
decay effect disappears, and the voltage output of the energy
harvester becomes considerably large. The dashed backbone line
depicted in Fig. 6 represents the wind speed when the local
maximum voltage is attained, indicating the most suitable condi-
tion for benefiting energy harvesting. For the case with bell-shaped
ash deposition, the optimal wind speed decreases as the space ratio
increases. While, for the case with horn-shaped ash deposition, the
optimal wind speed increases as the space ratio increases. By
following the guideline (i.e., dashed backbone line) to tune the
system parameters, a considerable voltage output can be expected,
7

except for the quenching region in the case of the horn-shaped ash
deposition.
3.2. Quenching phenomenon analysis

The presence of the upstream cylinder affects the flow field
around the downstream cylinder, thereby alters the aerodynamic
force applied on it. As known that the vortex-induced force acting
on the downstream cylinder can be described by the lift (CL) and
drag (CD) coefficients. According to the conclusion in Ref. [43],
when two cylinders are tandem in cross-flow, the lift and drag
coefficients change with the space ratio, as shown in Fig. 7. It is
worth mentioning that the lift and the drag forces acting on the
single cylinder strongly depend on the Reynolds number. The
Reynolds number of the flow investigated in the experiments
approximately ranges from 1.8e3 to 6.9e3. The data presented in
Fig. 7 are obtained under the flowcondition Rez 5e4. The results in



Fig. 7. Variation in fluid forces with an increase in space ratio L/D: (a) lift coefficient, CL; (b) drag coefficient, CD. Data from Ref. [43].
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Fig. 7 can be used to qualitatively explain the cases presented in this
study. As revealed in Fig. 7, when the space ratio is small (i.e., L/
D ¼ 1.5e2.0), the lift coefficient increases, and the drag coefficient
decreases, which results in a higher oscillation amplitude of the
energy harvester. This can explain the higher voltage output from
the energy harvester when the distance between the upstream and
the downstream cylinders is small. Subsequently, over the range of
L/D ¼ 2.5e3.5, the lift and drag coefficients have almost the same
varying trend. Note that when the space ratio is L/D ¼ 3.5e4.0, the
lift coefficient gradually decreases and becomes smaller than those
of a single cylinder. While the drag coefficient gradually increases
and becomes larger than those of a single cylinder. The bistable
flow reported by Alam and Meyer [44] occurs at the critical space
ratio L/D ¼ 4.0. The lift and drag coefficients at the critical spacing
drastically increase. This can be used to explain the occurrence of
the quenching phenomenon.
Fig. 8. The time history curves of the drag coefficient simulated by CFD: (a) coarse size;
(b) medium size; (c) refined size.

Table 1
The drag coefficient CD and the root mean square (RMS) values of the lift coef-
ficient CLrms obtained by different sized lattice models.

Size CD CLrms

Coarse 0.739 0.471
Medium 1.035 0.339
Refined 1.104 0.334
3.3. Mechanism analysis based on CFD simulation

Computational fluid dynamic (CFD) simulations based on the
XFlow platform (Dassault, co.,) are performed to further reveal the
underlying mechanisms behind the phenomena mentioned above.
To ensure the convergence of the numerical calculation and the
accuracy of subsequent simulation results, a fixed two-dimensional
single circular cylinder placed in an incoming flow is first simu-
lated. In the convergence study, three different lattice resolutions
(D/8, D/16, D/32) are set, which are referred to as coarse, medium,
and refined sizes, respectively. The element numbers of the three
lattice models are 51,700, 205,512, and 818,388, respectively. Fig. 8
presents time-history curves of the drag coefficient using three
different lattice sizes. Table 1 lists the mean values of the drag co-
efficient CD and the RMS values of the lift coefficient CLrms. It can be
found that the computational results of CD and CLrms gradually
converge, and the divergences decrease progressively. The
convergence study indicates that using the medium lattice size is
sufficient to achieve satisfactory accuracy. Therefore, the subse-
quent CFD simulations use the medium lattice size to balance
computational cost and accuracy.

Fig. 9(a)-(e) demonstrate the vorticity contours to illustrate
vortex shedding processes. In the figure, T represents the Strouhal
vortex shedding period corresponding to each case. By comparing
Fig. 9(a)e(c), it is found that when the upstream cylinder is
attached by a bell-shaped ash deposition, for L/D ¼ 1.5 and 5.0, the
near wake of the downstream cylinder is more violent than that of a
single cylinder. The vortex shedding process after the single cyl-
inder exhibits in a stable “2S” mode [45]. When L/D ¼ 1.5, the two
cylinders are close to each other. The downstream cylinder is like
8

an extension of the upstream cylinder, causing the downstream
cylinder to be wrapped inside the vortex formation regime of the
upstream cylinder. In fact, the two cylinders are transformed into a
single slender bluff body resembling an elliptical cross-section. The
vortex shedding pattern behind it exhibits the “P þ S” mode,
resulting in the wake galloping phenomenon with a large oscilla-
tion amplitude.

Given L/D ¼ 5.0 in Fig. 9(c), the vortices generated behind the
upstream cylinder alternately adhere to the upper and lower



Fig. 9. Vorticity contours obtained from CFD simulation to illustrate the vortex shedding processes: (a) the single cylinder; (b) the bell-shape cylinder for L/D ¼ 1.5; (c) the bell-
shape for L/D ¼ 5.0; (b) the horn-shape cylinder for L/D ¼ 2.5; (b) the horn-shape cylinder for L/D ¼ 5.0.
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surfaces of the downstream cylinder. The vortex shedding process
in the case when L/D ¼ 5.0 still displays the “P þ S” mode and
becomes more unstable as compared to the case when L/D ¼ 1.5. A
small vortex (SV) appears between every two adjacent “P þ S”
modes and weakens the overall excitation of the downstream
cylinder. This provides the potential explanation for why the per-
formance of the case when L/D ¼ 5.0 to be inferior to that of the
case when L/D ¼ 1.5, as indicated in Fig. 4. As observed in Fig. 9(d)
and (e), the size of the vortex generated behind the horn-shaped
cylinder is significantly larger than that behind the bell-shaped
cylinder. For the horn-shaped cylinder at L/D ¼ 2.5, the distance
between the upstream and downstream is relatively close, which
causes the vortex generated behind the upstream cylinder not to
form a complete body, that is, the aborted (incomplete) vortex.
These aborted vortices interact with the shear layer and reattach to
the surface of the downstream cylinder, which greatly affects the
shedding of the vortex behind the downstream cylinder, causing
the vortex near the back surface of the cylinder to become several
fragmented and unreliable SVs. This greatly limits the vibration of
the downstream cylinder, resulting in a smaller voltage output into
the quenching region displayed in Fig. 6. Note that for L/D¼ 2.5, the
downstream cylinder is located outside the upstream vortex for-
mation region, and the shedding vortex behind the horn-shaped
cylinder is a stable and complete body. The alternating full
vortices from the upstream cylinder strike on the downstream
cylinder and embrace the side surface during passing on the cyl-
inder, then absorb and merge the vortex behind the downstream
cylinder. This alternating impingement and reattachment generate
9

large fluctuating forces to displace the downstream cylinder,
leading to larger oscillations. The vortex shedding pattern behind
the downstream cylinder appears as a relatively stable “P’’ mode,
but there are a few SVs in it, which will affect the vortex shedding
speed, causing the energy harvester to exhibit better performance
only at specific high wind speeds (see Fig. 5). In summary, the CFD
results interpret the physical insight of the performance enhance-
ment or reduction of the proposed energy harvesting system and
agree well with the above experimental results.

It should be mentioned that the two ash deposition types
studied in this work are reasonable simplified. In fact, the shape of
the ash deposited on the surface of the flue gas heat exchanger is
constantly changing over time. The focus of future research is to
combine this change to conduct more deeper application and
theoretical research on wake galloping energy harvesters based on
ash deposition effect.

4. Conclusions

This paper has explored the idea of deploying FIV-based energy
harvesters in flue gas heat exchange devices for collecting electrical
energy. The proposed system considers the ash deposition effect in
the heat exchange system for the first time compared to the pre-
viously proposed wake galloping energy harvesting system. Bell-
shaped and horn-shaped ash deposit cylinders have been
designed according to the common ash deposition types. Wind
tunnel experiments have been conducted to investigate the per-
formance of the wake galloping piezoelectric energy harvester



J. Wang, C. Zhang, G. Hu et al. Energy 253 (2022) 124175
(PEH) with different upstream ash deposit cylinders, at various
space distances and under different wind speeds. It has been found
that for compared to the horn-shaped cylinder, the bell-shaped
cylinder is more beneficial for energy harvesting. Among all
tested cases, the optimal configuration is determined to be the one
with the bell-shaped ash deposition and the space ratio tuned to
1.5. In the optimal configuration, the threshold wind speed of the
energy harvester is reduced, the effective wind speed range is
widened, and the maximum voltage output is improved by over
111% than a conventional one operated in a traditional scenario.

The quenching phenomenon has been observed in the experi-
ments when either shaped ash deposition adheres to the upstream
cylinder. Through the fluid force analysis, the reason for the
occurrence of the quenching phenomenon has been basically
figured out. CFD studies have been conducted to reveal the un-
derlying mechanisms to explain the experimental results. The
simulation results clearly indicate that different ash deposit cylin-
ders produce different wake vortices. Thus, the flow pattern
changes with the space distance, which determines the dynamic
response of the downstream cylinder and the voltage response of
the bonded piezoelectric transducer. Compared with the existing
wake energy harvesting system, the proposed system considers
more practical applications in the field of thermal engineering.
Especially in the harsh working environment that is difficult to
access, solve the issue of sustainable power supply for wireless
sensor nodes.
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