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Abstract 

This paper proposes harnessing the aerokinetic energy in flue systems and it 

explores the effect of the ash deposition on flow-induced vibration energy harvesting 

performance. Bell-shaped and horn-like bluff bodies are designed to simulate different 

ash depositions on a conventional elliptic cylinder bluff body. Wind tunnel 

experiments were conducted to investigate the energy harvesting performance using 

different ash deposition distributed over the bluff bodies. The experimental results 

show that compared to the baseline model of a conventional elliptic cylinder bluff 

body, the bell-shaped bluff body suppresses the flow-induced vibration and 

deteriorates the energy harvesting performance. In contrast, the horn-like bluff body 

can benefit energy harvesting by reducing the galloping cut-in wind speed and 

increasing the voltage output. The voltage output of an optimal prototype using the 

horn-like bluff body is increased by 516%. Computational fluid dynamics (CFD) 

simulations were carried out to unveil the physical mechanisms behind the 

phenomena. The CFD analysis results indicate that the appearance of the small-scale 

secondary vortices (SV) widens the wake flow and increases the aerodynamic force 

produced by the horn-like bluff body. The flow-induced vibration of the harvester 

using the horn-like bluff body transforms from VIV to galloping. Therefore, it has 

been preliminarily demonstrated that the unfavorable ash deposition phenomenon in 

flue systems has the potential for promoting flow-induced vibration energy 

harvesting. 
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1. Introduction 

In recent years, low-power consumption devices have been massively used in 

various fields to develop the Internet of Things (IoTs) [1, 2]. Most of these devices are 

powered by traditional chemical batteries. However, they often have limited storage 

capacities but bulky volumes. In some particular scenarios, such as remote areas, 

underwater environments, implant health monitoring, batteries are difficult to replace 

and maintain [3]. Therefore, harvesting energy from the ambient environment to 

provide the necessary power supply becomes a suitable battery-free solution to 

address the above issue. Common natural sources that are widely accessible in our 

ambient environment include solar energy [4, 5], vibration energy [6], wind energy [7, 

8], and wave energy [9, 10]. Vibration energy harvesting refers to the technique of 

converting vibration energy into electrical energy through piezoelectric [11-13], 

electromagnetic [14, 15], or electrostatic [16, 17] transduction mechanisms. Due to 

the advantages of high power density, simple structure, and long service life, 

piezoelectric energy harvesting has attracted lots of research interest [18, 19].  

Flow-induced vibration (FIV) is a natural phenomenon that ubiquitously exists in 

our ambient environment. Therefore, FIV-based energy harvesting technology has 

been extensively developed in recent years [20]. FIV phenomena can be further 

classified into vortex-induced vibration (VIV) [21], galloping [22], flutter [23, 24], 

and wake galloping [25]. VIV-based piezoelectric energy harvesters (VIVPEH) can 

efficiently generate considerable power in the lock-in region. However, when the flow 

velocity exceeds the lock-in region, the structural vibration will decrease significantly, 

and the energy harvesting performance will deteriorate dramatically. Researchers have 

devoted numerous efforts to improving the performance of VIVPEH. Akaydin et al. 

[26] designed a VIVPEH by connecting a cantilever beam to a cylindrical bluff body. 

The wind tunnel test showed that the designed VIVPEH could generate approximately 

a power of 0.1 mW at a wind speed of 1.192 m/s. Dai et al. [27] established a 

nonlinear distributed-parameter model for a VIVPEH. They discussed the influences 

of the bluff body, the piezoelectric sheet length, and the electrical resistance on the 

synchronization region and the performance of the harvester. Azadeh-Ranjba et al. [28] 

investigated the influence of the aspect ratio of the rigid cylinder on a VIVPEH. The 

results indicated that an appropriate aspect ratio could not only increase the power 

output of the VIVPEH but also broaden its lock-in region. In recent years, researchers 

have been showing interest in optimizing the surface structure of the bluff body to 

widen the lock-in region of a VIVPEH for broadband energy harvesting. For example, 

Hu et al. [29] added two rods to a circular cylinder bluff body of a VIVPEH to alter 

the aerodynamic forces, thereby widening the wind speed range for energy harvesting. 

Wang et al. [30] introduced the metasurface concept in the design of a VIVPEH for 

the first time. The results demonstrated that by decorating the circular cylinder bluff 
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body with a suitable metasurface, the synchronization region of the VIVPEH can be 

enlarged by 63.64%. Furthermore, the voltage output amplitude can also be 

remarkably increased.  

Unlike VIVPEHs, galloping-based piezoelectric energy harvesters (GPEHs) are 

not restricted by lock-in region and can realize energy harvesting at higher wind 

speeds. Regarding the underlying mechanism of galloping, some fundamental studies 

can be found in the following literature. Den Hartog [31] provided an early 

explanation of the galloping vibration of a transmission line due to the action of a 

transverse wind. Scruton [32] employed statistical concepts to estimate dynamic 

responses caused by random fluctuations in atmospheric wind speed. Parkinson [33, 

34] developed an analytical model based on quasi-steady approximation and 

successfully predicted the galloping amplitude of a square-section bluff body. More 

extensive discussions on this subject can be found in the books [35, 36]. Recently, the 

research of GPEHs has attracted lots of interest. Barrero-Gil et al. [37] developed a 

lumped parameter model to describe and predict the dynamics of a GPEH. Sirohi et al. 

[38] theoretically and experimentally studied a GPEH with a D-shaped cross-section 

bluff body. The results showed that when the wind speed was 10.5 miles per hour, the 

maximum power produced by the GPEH could reach 1.14 mW. Abdelkefi et al. [39] 

designed a GPEH with a square-section bluff body and investigated the influence of 

Reynolds number on its cut-in wind speed and output power. The results revealed that 

load resistance and Reynolds number play a crucial role in affecting the output power. 

Wang et al. [40] used metasurfaces in designing the square-section bluff body of a 

GPEH. It was found that the maximum output voltage of the GPEH with a 

square-section bluff body wrapped on the convex cylindrical metasurface was 

increased by more than 20%. 

Heat exchangers are the essential devices to realize heat transfer in refrigeration, 

air conditioning, power stations, chemical plants, etc. However, the ash deposition of 

dusty flue gas in the boiler and heat exchanger often threatens the safety of the 

equipment and affects the heat exchange performance. Therefore, a lot of research on 

the ash deposition phenomenon in heat exchangers has been carried out. Han et al. [41] 

studied the ash deposition on the surface of a tube-row heat exchanger. They also 

analyzed the influence of the particle size, the flow rate, and the tube bank shape on 

the ash deposition phenomenon. Bouris et al. [42] investigated the drop-shaped 

arrangement of tube bundles. The results indicated that while the heat transfer 

coefficient of the tube bundles was increased, the particle deposition rate and the 

pressure drop were reduced by 75% and 40%, respectively. Mavridou et al. [43] 

employed numerical methods to calculate the particle deposition and evaluate the heat 

transfer performance of circular tubes with various diameters. Compared to the 

standard configuration, the particle deposition rate decreased by 30%, and the heat 

transfer per unit volume increased by 28%. However, ash deposition in the flue might 

not always have a negative effect. The cross-section shape of the heat exchange tube 

will be changed as the ash deposition is formed. Considering the flow field 

environment in the flue gas tube, these factors have significant research value in 

FIV-based piezoelectric energy harvesting (FIVPEH). Therefore, this paper examines 
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the ash deposition effect on FIVPEH for the first time. According to the cross-section 

shape of the heat exchanger tube under the effect of ash deposition, two new bluff 

body shapes, namely bell-shaped and horn-shaped, are designed. The ash deposition 

lengths are varied to simulate the variation of the pipe shape at different ash 

deposition times. Subsequently, the ash deposited FIVPEHs are comprehensively 

studied, including performance comparison, parameter analysis, and flow field 

analysis through wind tunnel experiments and CFD simulation. 

2. Design concepts and experiment setup 

2.1 Design concepts 

During the combustion process, the high temperature in a furnace causes 

inorganic substances to undergo complex physical and chemical reactions, turning 

them into gases, liquids, and solids. All of them exist in the flue gas pipeline in the 

form of fly ash. Ash is formed due to the deposition of those inorganic materials in 

solid fuels after combustion [44]. When the flue gas flows through the heat exchanger, 

fly ash will deposit on the surface of the heat exchange tube. Because the fly ash in 

the flue gas pipe has a variety of physical states and the particle size of the ash 

particles ranges from nanometers to micrometers, there are several types of deposition 

mechanisms [45], including thermophoresis, inertial impaction, and eddy impaction. 

The ash deposition formed due to the first two mechanisms is usually located on the 

windward side of the tube. The ash deposition due to eddy impaction is often formed 

on the leeward side of the tube since the ash particles are too slight to separate from 

the flue gas flow and follow the airflow to the leeward side of the tube. Due to the 

eddy disturbance generated by the flow around the bluff body, the fly ash always 

deposits on the backside of the tube [46]. The schematic diagram of a general ash 

deposition process is shown in Fig. 1.  
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Fig. 1. (a) Schematic diagram of the three-stage process of ash deposition formation on a tube in 

heat exchange systems; (b) Schematic diagram of ash deposition shapes formed on multi-tubes in 

heat exchange systems. 

Inspired by the deposition behavior of ash particles on the tube surface, this 

paper proposes to install a flow-induced piezoelectric energy harvester (FIVPEH) in 

the flue where aerokinetic energy exists. Ash deposition on the elliptic cylinder bluff 

body is considered, and its effect on the energy harvesting performance is investigated. 

Various shapes of ash depositions might lead to different aerodynamic characteristics 

of the bluff body. Therefore, two bluff bodies with differently shaped ash depositions 

are designed. Fig. 2 exhibits the schematic diagram of the two FIVPEHs with 

different ash deposition attached to the bluff bodies. According to the geometric 

profile, the bluff bodies presented in Fig. 2 (a) and (b) are referred to as bell-shaped 

and horn-like bluff bodies, respectively. According to the literature [44, 45], for a 

number tubes placed in series in the heat exchange system, the bell-shaped ash 

deposition is formed only on the first tube. Due to the influence of the wake of the 

upstream tube, horn-shaped ash depositions are formed on the remaining tubes. Both 

shapes of ash deposition are present in practice. In order to achieve a FIVPEH with a 

bell-shaped bluff body, one can install the FIVPEH in the front of all the tubes in the 

heat exchange system. To obtain a FIVPEH with a horn-shaped bluff body, one can 

install the FIVPEH at least after the first tube. 

Each FIVPEH consists of a bluff body, a cantilever beam, and a piezoelectric 

transducer. The height of the bluff body is H. The length, width, and thickness of the 

cantilever beam are L, W, and Tb, respectively. Fig. 2 (c) shows the key parameters 

that determine the geometric profiles of the bell-shaped and horn-like bluff bodies. 

Each bluff body is composed of a principal elliptic cylinder and one/two segmented 

ellipses. The segmented ellipse is an imitation of the ash deposition. The major and 

minor axes of the principal ellipse are a1 and b1, and a1×b1 = 30 mm × 20 mm. The 

major and minor axes of the segmented ellipse are a2 and b2, and a2 × b2 = 24 mm × 

10 mm. For the bell-shaped bluff body, the major axes of the principal ellipse and the 
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segmented ellipse are on the same horizontal line. The distance between the left ends 

of the two ellipses is d1. Considering that ash deposition may gradually grow, four 

bell-shaped bluff bodies with different ash deposition sizes are investigated by 

increasing d1 from 3 mm to 12 mm with a step of 3 mm. For the horn-like bluff body, 

the two segmented ellipses are installed symmetrically on the two sides of the major 

axis of the principal ellipse. The angle between the major axes a1 and a2 is 45°. The 

distance from the end of the segmented ellipse to the edge of the principal ellipse is d2. 

Similarly, four different d2 (3 mm, 6 mm, 9 mm, and 12 mm) are selected to simulate 

the ash deposition growth. 

 

Fig. 2. Schematics of PEHs with different ash depositions: (a) bell-shaped ash deposition; (b) 

horn-like ash deposition; (c) geometries of the ash deposited bluff bodies. 

2.2 Experimental setup 

Fig. 3 presents the experimental setup and the physical prototypes of the PEH 

with bell-shaped and horn-like bluff bodies. A PEH with an ordinary bluff body 

without ash deposition is used as the baseline model for comparison. In the 

experiment, the PEHs are, separately, placed in an open wind tunnel with a diameter 

of 400 mm. The turbulence intensity is controlled to be less than 1.0 %. The bluff 

body is made of rigid foam material. The major axis, the minor axis, and the height of 

the elliptic cylinder bluff body are 30 mm, 20 mm, and 118 mm, respectively. The 

cantilever beam is made of aluminum, and its dimensions are L × W × Tb = 184 mm × 

25 mm × 0.5 mm. The capacitance Cp of the piezoelectric transducer (PZT-5, Jiaye-shi 
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Co, China) is 24.87 nF. The wind speed in the wind tunnel is controlled by a draught 

fan and is measured by a hot-wire anemometer (405i, Testo Company, USA). The 

two-stage honeycomb device straightens the wind generated by the draught fan. The 

wind speed range investigated in this paper is from 0.87 m/s to 3.61 m/s. The natural 

frequencies of all the PEHs are calibrated to be almost the same, approximately 8.0 

Hz. The displacements of the bluff bodies are measured by a laser displacement 

sensor (Panasonic: HG-C1400) with a resolution of 300 μm. The signals are recorded 

using a dual-channel USB data acquisition instrument (USB DAQ-280G). The 

voltage generated by the piezoelectric transducer is recorded by a data acquisition 

apparatus (DS1104S, RIGOL, China).  

 

 
Fig. 3. (a) The experimental setup; (b) the fabricated baseline PEH; (c) the fabricated PEH with 

the horn-like bluff body; (d) the fabricated PEH with the bell-shaped bluff body. 

3. Results and discussion 

3.1 The elliptic cylinder bluff body  

The wind tunnel test results of the PEH with the elliptic cylinder bluff body are 
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illustrated in Fig. 4 and Fig. 5. Fig. 4 (a) and (b) present the output voltage and 

vibration amplitude responses, respectively. A lock-in region, with lower and upper 

bounds of 1.41 m/s and 2.51 m/s, is observed in the response diagram. It indicates that 

the PEH with the elliptic cylinder bluff body exhibits VIV. Over the lock-in region, 

with the increase of wind speed, the output voltage from the PEH first increases, then 

decreases. A maximum voltage of 2.33 V is obtained when the wind speed reaches 

1.82 m/s. When the wind speed exceeds 2.51 m/s beyond the lock-in region, the 

voltage output becomes negligibly small. The displacement response of the PEH 

presented in Fig. 4 (b) exhibits a similar behavior. Appreciable vibration of the PEH 

occurs only within the lock-in region. The vibration amplitude reaches a maximum 

value of 7.06 mm at the wind speed of 2.51 m/s. 

 

Fig. 4. Results of the PEH with elliptic cylinder bluff body: (a) RMS voltage output (b) maximum 

vibration displacement of the bluff body. 

Fig. 5 exhibits the dominant vibration frequency of the PEH in the VIV region, 

and the voltage time-history is plotted at the wind speeds of 1.55 m/s, 1.82 m/s, and 

2.10 m/s. The three wind speeds are, respectively, taken from the initial excitation 

branch, upper branch, and lower branch of the VIV region. In Fig. 5 (a), it is noted 

that the dimensionless frequency gradually increases to 1 as the wind speed increases, 

then keeps growing as the wind speed increases. However, the frequency shift in the 

lock-in region is minor, and the frequency ratio is always around 1. This phenomenon 

agrees with the results in the literature [47]. Thus, it further proves that the PEH with 

the elliptic cylinder bluff body performs VIV. It can be seen from Fig. 5 (b) that at all 

the three wind speeds, the PEH undergoes harmonic vibration. Due to the locking 

phenomenon, the output voltage of the PEH at the wind speed of 1.82 m/s is 

obviously larger than that when the wind speed is changed to 1.55 m/s or 2.10 m/s. 
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Fig. 5. (a) The dominant non-dimensional frequency of the PEH with elliptic cylinder bluff body 

under different wind speeds. (b) the voltage output time histories at the wind speeds 1.55 m/s, 1.82 

m/s, and 2.10 m/s. 

3.2 The Bell-shaped bluff body  

As seen in Fig. 6, the bell-shaped additions produce a decrease in the amplitude 

of motion and a reduction of the voltage generated. For the PEH with the elliptic 

cylinder bluff body, the VIV phenomenon occurs over the wind speed range U = 1.41 

m/s ~ 2.51 m/s. A maximum output voltage of 2.33 V is obtained at the wind speed of 

1.82 m/s. For the PEH with the bell-shaped bluff body, for d1 equal to 3 mm, 6 mm, 9 

mm, and 12 mm, the maximum voltage correspondingly becomes 0.99 V, 0.77 V, 0.44 

V, and 0.49 V, and the maximum amplitude is 3.35 mm, 2.93 mm, 1.75 mm, and 1.79 

mm, respectively. In other words, bell-shaped bluff bodies are not beneficial for 

energy harvesting. In contrast, they demonstrate the potential application for 

suppressing galloping-induced vibrations. Moreover, optimizing the parameters of the 

bell-shaped bluff body may lead to a maximum suppression performance. For 

instance, in the above case studies, the bell-shaped bluff body with d1 = 9 mm shows 

the strongest vibration suppression effect: its maximum amplitude is reduced by 75%, 

compared to the baseline model. 

The time history responses of the PEH with the bell-shaped bluff body (d1 = 9 

mm) at U = 1.41 m/s are presented in Fig. 6 (c) and (d). The results of the baseline 

model at U = 1.82 m/s are also presented for comparison. U = 1.41 m/s and 1.82 m/s 

are the optimal wind speeds to achieve the maximum voltage output for each case. 

Both cases exhibit harmonic vibration, while the baseline model has a significantly 

larger vibration amplitude, which is consistent with the results in Fig. 6 (a) and (b).  
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Fig. 6. Performance comparison of the PEHs with different bluff bodies: (a) RMS voltage outputs; 

(b) maximum vibration displacement of the bluff bodies; (c) time-history voltage output and (d) 

displacement of the PEHs with the bell-shaped bluff body under the optimal wind speed of U = 

1.41 m/s and the elliptic cylinder bluff body under the optimal wind speed of U = 1.82 m/s. 

3.3 The Horn-like bluff body 

The results of the PEH with the horn-like bluff body of varying d2 are presented 

in Fig. 7. The results of the baseline model are also provided for comparison. Fig. 7 (a) 

clearly shows that, unlike the baseline model, the PEH with the horn-like bluff body 

mainly exhibits the galloping phenomenon, regardless of the values of d2. Hence, the 

PEH with the horn-like bluff body can produce significant voltage outputs over a 

much wider wind speed range. Moreover, unlike the behavior in the VIV region of the 

baseline model, with the increase of the wind speed, the voltage output monotonically 

increases. Over the wind speed range under investigation, for d2 equal to 3 mm, 6 mm, 

9 mm, and 12 mm, the maximum voltage output of the PEH with the horn-like bluff 

body correspondingly becomes 14.06 V, 14.36 V, 14.20 V, and 14.24 V, which are 

much larger than that of the baseline model (2.33 V). Fig. 7 (b) compares the 

displacement response of the PEH with the horn-like bluff body. For d2 equal to 3 mm, 

6 mm, 9 mm, and 12 mm, the maximum displacement of the PEH with the horn-like 

bluff body becomes 49.96 mm, 56.32 mm, 54.45 mm, and 55.46 mm, which indicate 

607%, 697%, 671%, and 685% increases compared to the baseline model. Among the 
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above cases, using the horn-like bluff body with d2 of 6 mm leads to the best 

performance. Its maximum voltage output is increased by 516% compared to the 

baseline model. In addition, the cut-in wind speed of the optimal design, i.e., d2 = 6 

mm, is about 1.28 m/s, which is smaller by 9% compared to the baseline model. 

Therefore, using the horn-like bluff body is also favorable for low wind speed energy 

harvesting.  

In fact, the significant increase of the voltage output is the consequence of the 

galloping phenomenon. And the low cut-in wind speed advantage is inherited from 

the VIV behavior. In the enlarged views in Fig. 7 (a) and (b), it is noted that over the 

wind range 1.1 m/s ~ 1.8 m/s, when d2 = 3 mm or 6 mm, the PEH with the horn-like 

bluff body undergoes VIV: the voltage/displacement response first increases, then 

decreases. When d2 = 9 mm or 12 mm, the VIV phenomenon appears in the wind 

speed range of 1.28 m/s ~ 1.69 m/s. The time-history responses of the optimal design 

(d2 = 6 mm) at U = 1.82 m/s, which is the optimal wind speed of the baseline model, 

are presented in Fig. 7 (c) and (d). It can be seen in Fig. 7 (a) that both cases exhibit 

harmonic vibration. Even U = 1.82 m/s is the optimal wind speed of the baseline 

model, while not for the PEH with the horn-like bluff body; the voltage and 

displacement responses of the PEH with the horn-like bluff body are still larger than 

those of the baseline model. In brief, the PEH with the horn-like bluff body 

demonstrates a superior wind energy harvesting ability. 

 

Fig. 7. Performance comparison of the PEHs with different bluff bodies: (a) RMS voltage outputs; 
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(b) maximum vibration displacement of the bluff bodies; (c) time-history voltage output and (d) 

displacement of the PEHs with the horn-like bluff body and the elliptic cylinder bluff body under 

the wind speed of U = 1.82 m/s. 

4. Interpretation based on CFD simulation 

Computational fluid dynamics (CFD) simulations are carried out to further reveal 

the effect of ash deposition on the aerodynamics of the bluff body. CFD models are 

built using the commercial software XFlow, which adopts the lattice Boltzmann 

method. The dimensions of the bluff bodies in simulations are consistent with those of 

the physical prototypes tested in the experiments. The calculation domain set in the 

simulation is a rectangle with a length of 40b1 and a width of 20b1, where b1 is the 

length of the minor axis of the principal ellipse of the bluff body. The left and right 

boundary conditions of the calculation domain are set as velocity inlet and flow outlet, 

respectively. The fluid is air. The upper and lower boundary conditions are set to be 

walls. The distance between the center of the bluff body and the upper boundary is 

10b1, and that to the outlet boundary is 30b1 to ensure that the flow field behind the 

bluff body can be fully developed. In the CFD simulations, the external single-phase 

forced incompressible model is selected to simulate the flow. The time step is 

automatically fixed to 5 × 10-5 s. The Reynolds number of the simulated flow field is 

approximately 2460. 

As known from the results presented in the previous section, using the 

bell-shaped bluff body leads to vibration suppression and a deteriorated energy 

harvesting performance. On the contrary, using the horn-like bluff body induces the 

galloping phenomenon and significantly improves the energy harvesting performance. 

Fig. 8 presents the vorticity contours of the bell-shaped (d1 = 9 mm), elliptic cylinder, 

and horn-like (d2 = 6 mm) bluff bodies at different time stages to reveal the 

aerodynamic mechanisms behind the above conclusion. From Fig. 8, one can find that 

for the bell-shaped bluff body, the presence of a small elliptical bulge in the front 

streamlines the oncoming flow over the bluff body. Thus, the vortex shedding is 

similar to that of the elliptic cylinder bluff body: in both cases, primary large-scale 

vortices (PV) are produced behind the bluff bodies. The width of the wake is 

evaluated to indicate the intensity of the vortex shedding. The widths of the wake 

produced after the bell-shaped and elliptic cylinder bluff bodies are 1.57b1 and 1.79 b1, 

respectively. This implies that the intensity of the vortex shedding of the bell-shaped 

bluff body is weaker than that of the elliptic cylinder. This explains why the vibration 

amplitude of the bell-shaped bluff body is smaller than that of the elliptic cylinder one. 

Unlike the elliptic cylinder bluff body, for the horn-like one, due to the presence of 

two small elliptical bulges, not only primary large-scale vortices (PV), but also 

small-scale secondary vortices (SV) are produced in the wake flow. Because of the 

interaction between PV and SV, the vortex shedding effect is delayed, resulting in a 

significant increase of the wake vortices. Moreover, it is observed that the wake width 

of the horn-like bluff body is much wider than that of the elliptic cylinder one, which 

indicates a stronger aerodynamic instability in the wake. Therefore, unlike the 
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vibration mode of the elliptic cylinder bluff body, the vibration mode of the horn-like 

bluff body is galloping, which can induce a larger-amplitude vibration and produce a 

higher voltage output. In summary, the formation of small-scale secondary vortices 

(SV) plays a key role in the intensity of vibration.  

 

Fig. 8. Comparison of flow-field evolution with time for the three bluff bodies at the wind speed 
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of U = 1.82 m/s: (a) the bell-shaped (d1 = 9 mm) bluff body; (b) the elliptic cylinder bluff body; (c) 

the horn-like (d2 = 6 mm) bluff body. 

The pressure contours around the bell-shaped (d1 = 9 mm), elliptic cylinder, and 

horn-like (d2 = 6 mm) bluff bodies at the wind speed of 1.82 m/s are shown in Fig. 9. 

Obviously, it can be observed that the low-pressure region around the horn-like bluff 

body is significantly larger than those around the other two bluff bodies. The larger 

pressure difference causes the horn-like bluff body to vibrate more violently than the 

other two bluff bodies. Comparing the bell-shaped and elliptic cylinder bluff bodies, 

the low-pressure region around the bell-shaped bluff body is smaller than that around 

the elliptic cylinder bluff body. Therefore, the bell-shaped bluff body undergoes the 

smallest vibration. Fig. 10 presents the velocity contours of the bell-shaped (d1 = 9 

mm), elliptic cylinder, and horn-like (d2 = 6 mm) bluff bodies at the wind speed of 

1.82 m/s. The high-velocity region in Fig. 10 corresponds to the low-pressure region 

in Fig. 9. The high-velocity region around the horn-like bluff body is the largest, 

which enhances the oscillation of the horn-like bluff body, and makes its vibration 

significantly higher than the other two bluff bodies. The above discussion agrees well 

with the conclusions obtained from the experiments in the previous section. 

 

 

Fig. 9. Pressure contour around (a) the bell-shaped (d1 = 9 mm) bluff body; (b) the elliptic 

cylinder bluff body; (c) the horn-like (d2 = 6 mm) bluff body at the wind speed of 1.82 m/s. 
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Fig. 10. Velocity contour around (a) the bell-shaped (d1 = 9 mm) bluff body; (b) the elliptic 

cylinder bluff body; (c) the horn-like (d2 = 6 mm) bluff body at the wind speed of 1.82 m/s. 

5. Conclusion 

This paper has explored the effect of ash deposition on flow-induced vibration 

energy harvesting in heat exchange systems. According to the shape and size of ash 

deposition, bell-shaped and horn-like bluff bodies have been proposed to simulate 

different ash depositions. Experimental results have revealed that the bell-shaped bluff 

bodies can suppress vibrations and are not beneficial for energy harvesting. In 

contrast, the horn-like bluff bodies can improve the energy harvesting performance by 

transforming VIV to galloping. The combination of VIV and galloping reduces the 

cut-in wind speed of the PEH and increases the voltage outputs under high wind 

speeds. The voltage output of an optimal prototype with d2 = 6 mm has been increased 

by 516%. Besides, CFD simulations have been conducted to interpret the underlying 

mechanisms behind the phenomena. For the bell-shaped bluff body, a weaker 

aerodynamic force is generated because the wake width is smaller than that of the 

elliptic cylinder bluff body. Thus, the vibration of the bluff body is diminished. For 

the horn-like bluff body, due to the interaction of PV and SV, the wake width is 

increased, resulting in an increased aerodynamic force. The flow-induced vibration 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



transforms from VIV to galloping. Therefore, a larger voltage output is generated by 

the PEH with the horn-like bluff body. In summary, a potential usefulness of the 

harmful ash deposition phenomenon in the flue gas pipeline for benefiting energy 

harvesting has been proposed and explored. Different ash deposition effects have been 

investigated. The work presented in this paper represents a preliminary study of the 

ash deposition effect on flow-induced vibration energy harvesting. 
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Abstract 

This paper proposes harnessing the aerokinetic energy in flue systems and it 

explores the effect of the ash deposition on flow-induced vibration energy harvesting 

performance. Bell-shaped and horn-like bluff bodies are designed to simulate different 

ash depositions on a conventional elliptic cylinder bluff body. Wind tunnel 

experiments were conducted to investigate the energy harvesting performance using 

different ash deposition distributed over the bluff bodies. The experimental results 

show that compared to the baseline model of a conventional elliptic cylinder bluff 

body, the bell-shaped bluff body suppresses the flow-induced vibration and 

deteriorates the energy harvesting performance. In contrast, the horn-like bluff body 

can benefit energy harvesting by reducing the galloping cut-in wind speed and 

increasing the voltage output. The voltage output of an optimal prototype using the 

horn-like bluff body is increased by 516%. Computational fluid dynamics (CFD) 

simulations were carried out to unveil the physical mechanisms behind the 

phenomena. The CFD analysis results indicate that the appearance of the small-scale 

secondary vortices (SV) widens the wake flow and increases the aerodynamic force 

produced by the horn-like bluff body. The flow-induced vibration of the harvester 

using the horn-like bluff body transforms from VIV to galloping. Therefore, it has 

been preliminarily demonstrated that the unfavorable ash deposition phenomenon in 

flue systems has the potential for promoting flow-induced vibration energy 

harvesting. 
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1. Introduction 

In recent years, low-power consumption devices have been massively used in 

various fields to develop the Internet of Things (IoTs) [1, 2]. Most of these devices are 

powered by traditional chemical batteries. However, they often have limited storage 

capacities but bulky volumes. In some particular scenarios, such as remote areas, 

underwater environments, implant health monitoring, batteries are difficult to replace 

and maintain [3]. Therefore, harvesting energy from the ambient environment to 

provide the necessary power supply becomes a suitable battery-free solution to 

address the above issue. Common natural sources that are widely accessible in our 

ambient environment include solar energy [4, 5], vibration energy [6], wind energy [7, 

8], and wave energy [9, 10]. Vibration energy harvesting refers to the technique of 

converting vibration energy into electrical energy through piezoelectric [11-13], 

electromagnetic [14, 15], or electrostatic [16, 17] transduction mechanisms. Due to 

the advantages of high power density, simple structure, and long service life, 

piezoelectric energy harvesting has attracted lots of research interest [18, 19].  

Flow-induced vibration (FIV) is a natural phenomenon that ubiquitously exists in 

our ambient environment. Therefore, FIV-based energy harvesting technology has 

been extensively developed in recent years [20]. FIV phenomena can be further 

classified into vortex-induced vibration (VIV) [21], galloping [22], flutter [23, 24], 

and wake galloping [25]. VIV-based piezoelectric energy harvesters (VIVPEH) can 

efficiently generate considerable power in the lock-in region. However, when the flow 

velocity exceeds the lock-in region, the structural vibration will decrease significantly, 

and the energy harvesting performance will deteriorate dramatically. Researchers have 

devoted numerous efforts to improving the performance of VIVPEH. Akaydin et al. 

[26] designed a VIVPEH by connecting a cantilever beam to a cylindrical bluff body. 

The wind tunnel test showed that the designed VIVPEH could generate approximately 

a power of 0.1 mW at a wind speed of 1.192 m/s. Dai et al. [27] established a 

nonlinear distributed-parameter model for a VIVPEH. They discussed the influences 

of the bluff body, the piezoelectric sheet length, and the electrical resistance on the 

synchronization region and the performance of the harvester. Azadeh-Ranjba et al. [28] 

investigated the influence of the aspect ratio of the rigid cylinder on a VIVPEH. The 

results indicated that an appropriate aspect ratio could not only increase the power 

output of the VIVPEH but also broaden its lock-in region. In recent years, researchers 

have been showing interest in optimizing the surface structure of the bluff body to 

widen the lock-in region of a VIVPEH for broadband energy harvesting. For example, 

Hu et al. [29] added two rods to a circular cylinder bluff body of a VIVPEH to alter 

the aerodynamic forces, thereby widening the wind speed range for energy harvesting. 

Wang et al. [30] introduced the metasurface concept in the design of a VIVPEH for 

the first time. The results demonstrated that by decorating the circular cylinder bluff 
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body with a suitable metasurface, the synchronization region of the VIVPEH can be 

enlarged by 63.64%. Furthermore, the voltage output amplitude can also be 

remarkably increased.  

Unlike VIVPEHs, galloping-based piezoelectric energy harvesters (GPEHs) are 

not restricted by lock-in region and can realize energy harvesting at higher wind 

speeds. Regarding the underlying mechanism of galloping, some fundamental studies 

can be found in the following literature. Den Hartog [31] provided an early 

explanation of the galloping vibration of a transmission line due to the action of a 

transverse wind. Scruton [32] employed statistical concepts to estimate dynamic 

responses caused by random fluctuations in atmospheric wind speed. Parkinson [33, 

34] developed an analytical model based on quasi-steady approximation and 

successfully predicted the galloping amplitude of a square-section bluff body. More 

extensive discussions on this subject can be found in the books [35, 36]. Recently, the 

research of GPEHs has attracted lots of interest. Barrero-Gil et al. [37] developed a 

lumped parameter model to describe and predict the dynamics of a GPEH. Sirohi et al. 

[38] theoretically and experimentally studied a GPEH with a D-shaped cross-section 

bluff body. The results showed that when the wind speed was 10.5 miles per hour, the 

maximum power produced by the GPEH could reach 1.14 mW. Abdelkefi et al. [39] 

designed a GPEH with a square-section bluff body and investigated the influence of 

Reynolds number on its cut-in wind speed and output power. The results revealed that 

load resistance and Reynolds number play a crucial role in affecting the output power. 

Wang et al. [40] used metasurfaces in designing the square-section bluff body of a 

GPEH. It was found that the maximum output voltage of the GPEH with a 

square-section bluff body wrapped on the convex cylindrical metasurface was 

increased by more than 20%. 

Heat exchangers are the essential devices to realize heat transfer in refrigeration, 

air conditioning, power stations, chemical plants, etc. However, the ash deposition of 

dusty flue gas in the boiler and heat exchanger often threatens the safety of the 

equipment and affects the heat exchange performance. Therefore, a lot of research on 

the ash deposition phenomenon in heat exchangers has been carried out. Han et al. [41] 

studied the ash deposition on the surface of a tube-row heat exchanger. They also 

analyzed the influence of the particle size, the flow rate, and the tube bank shape on 

the ash deposition phenomenon. Bouris et al. [42] investigated the drop-shaped 

arrangement of tube bundles. The results indicated that while the heat transfer 

coefficient of the tube bundles was increased, the particle deposition rate and the 

pressure drop were reduced by 75% and 40%, respectively. Mavridou et al. [43] 

employed numerical methods to calculate the particle deposition and evaluate the heat 

transfer performance of circular tubes with various diameters. Compared to the 

standard configuration, the particle deposition rate decreased by 30%, and the heat 

transfer per unit volume increased by 28%. However, ash deposition in the flue might 

not always have a negative effect. The cross-section shape of the heat exchange tube 

will be changed as the ash deposition is formed. Considering the flow field 

environment in the flue gas tube, these factors have significant research value in 

FIV-based piezoelectric energy harvesting (FIVPEH). Therefore, this paper examines 
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the ash deposition effect on FIVPEH for the first time. According to the cross-section 

shape of the heat exchanger tube under the effect of ash deposition, two new bluff 

body shapes, namely bell-shaped and horn-shaped, are designed. The ash deposition 

lengths are varied to simulate the variation of the pipe shape at different ash 

deposition times. Subsequently, the ash deposited FIVPEHs are comprehensively 

studied, including performance comparison, parameter analysis, and flow field 

analysis through wind tunnel experiments and CFD simulation. 

2. Design concepts and experiment setup 

2.1 Design concepts 

During the combustion process, the high temperature in a furnace causes 

inorganic substances to undergo complex physical and chemical reactions, turning 

them into gases, liquids, and solids. All of them exist in the flue gas pipeline in the 

form of fly ash. Ash is formed due to the deposition of those inorganic materials in 

solid fuels after combustion [44]. When the flue gas flows through the heat exchanger, 

fly ash will deposit on the surface of the heat exchange tube. Because the fly ash in 

the flue gas pipe has a variety of physical states and the particle size of the ash 

particles ranges from nanometers to micrometers, there are several types of deposition 

mechanisms [45], including thermophoresis, inertial impaction, and eddy impaction. 

The ash deposition formed due to the first two mechanisms is usually located on the 

windward side of the tube. The ash deposition due to eddy impaction is often formed 

on the leeward side of the tube since the ash particles are too slight to separate from 

the flue gas flow and follow the airflow to the leeward side of the tube. Due to the 

eddy disturbance generated by the flow around the bluff body, the fly ash always 

deposits on the backside of the tube [46]. The schematic diagram of a general ash 

deposition process is shown in Fig. 1.  
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Fig. 1. (a) Schematic diagram of the three-stage process of ash deposition formation on a tube in 

heat exchange systems; (b) Schematic diagram of ash deposition shapes formed on multi-tubes in 

heat exchange systems. 

Inspired by the deposition behavior of ash particles on the tube surface, this 

paper proposes to install a flow-induced piezoelectric energy harvester (FIVPEH) in 

the flue where aerokinetic energy exists. Ash deposition on the elliptic cylinder bluff 

body is considered, and its effect on the energy harvesting performance is investigated. 

Various shapes of ash depositions might lead to different aerodynamic characteristics 

of the bluff body. Therefore, two bluff bodies with differently shaped ash depositions 

are designed. Fig. 2 exhibits the schematic diagram of the two FIVPEHs with 

different ash deposition attached to the bluff bodies. According to the geometric 

profile, the bluff bodies presented in Fig. 2 (a) and (b) are referred to as bell-shaped 

and horn-like bluff bodies, respectively. According to the literature [44, 45], for a 

number tubes placed in series in the heat exchange system, the bell-shaped ash 

deposition is formed only on the first tube. Due to the influence of the wake of the 

upstream tube, horn-shaped ash depositions are formed on the remaining tubes. Both 

shapes of ash deposition are present in practice. In order to achieve a FIVPEH with a 

bell-shaped bluff body, one can install the FIVPEH in the front of all the tubes in the 

heat exchange system. To obtain a FIVPEH with a horn-shaped bluff body, one can 

install the FIVPEH at least after the first tube. 

Each FIVPEH consists of a bluff body, a cantilever beam, and a piezoelectric 

transducer. The height of the bluff body is H. The length, width, and thickness of the 

cantilever beam are L, W, and Tb, respectively. Fig. 2 (c) shows the key parameters 

that determine the geometric profiles of the bell-shaped and horn-like bluff bodies. 

Each bluff body is composed of a principal elliptic cylinder and one/two segmented 

ellipses. The segmented ellipse is an imitation of the ash deposition. The major and 

minor axes of the principal ellipse are a1 and b1, and a1×b1 = 30 mm × 20 mm. The 

major and minor axes of the segmented ellipse are a2 and b2, and a2 × b2 = 24 mm × 

10 mm. For the bell-shaped bluff body, the major axes of the principal ellipse and the 
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segmented ellipse are on the same horizontal line. The distance between the left ends 

of the two ellipses is d1. Considering that ash deposition may gradually grow, four 

bell-shaped bluff bodies with different ash deposition sizes are investigated by 

increasing d1 from 3 mm to 12 mm with a step of 3 mm. For the horn-like bluff body, 

the two segmented ellipses are installed symmetrically on the two sides of the major 

axis of the principal ellipse. The angle between the major axes a1 and a2 is 45°. The 

distance from the end of the segmented ellipse to the edge of the principal ellipse is d2. 

Similarly, four different d2 (3 mm, 6 mm, 9 mm, and 12 mm) are selected to simulate 

the ash deposition growth. 

 

Fig. 2. Schematics of PEHs with different ash depositions: (a) bell-shaped ash deposition; (b) 

horn-like ash deposition; (c) geometries of the ash deposited bluff bodies. 

2.2 Experimental setup 

Fig. 3 presents the experimental setup and the physical prototypes of the PEH 

with bell-shaped and horn-like bluff bodies. A PEH with an ordinary bluff body 

without ash deposition is used as the baseline model for comparison. In the 

experiment, the PEHs are, separately, placed in an open wind tunnel with a diameter 

of 400 mm. The turbulence intensity is controlled to be less than 1.0 %. The bluff 

body is made of rigid foam material. The major axis, the minor axis, and the height of 

the elliptic cylinder bluff body are 30 mm, 20 mm, and 118 mm, respectively. The 

cantilever beam is made of aluminum, and its dimensions are L × W × Tb = 184 mm × 

25 mm × 0.5 mm. The capacitance Cp of the piezoelectric transducer (PZT-5, 
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Jiaye-shi Co, China) is 24.87 nF. The wind speed in the wind tunnel is controlled by a 

draught fan and is measured by a hot-wire anemometer (405i, Testo Company, USA). 

The two-stage honeycomb device straightens the wind generated by the draught fan. 

The wind speed range investigated in this paper is from 0.87 m/s to 3.61 m/s. The 

natural frequencies of all the PEHs are calibrated to be almost the same, 

approximately 8.0 Hz. The displacements of the bluff bodies are measured by a laser 

displacement sensor (Panasonic: HG-C1400) with a resolution of 300 μm. The signals 

are recorded using a dual-channel USB data acquisition instrument (USB DAQ-280G). 

The voltage generated by the piezoelectric transducer is recorded by a data acquisition 

apparatus (DS1104S, RIGOL, China).  

 

 
Fig. 3. (a) The experimental setup; (b) the fabricated baseline PEH; (c) the fabricated PEH with 

the horn-like bluff body; (d) the fabricated PEH with the bell-shaped bluff body. 

3. Results and discussion 

3.1 The elliptic cylinder bluff body  

The wind tunnel test results of the PEH with the elliptic cylinder bluff body are 
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illustrated in Fig. 4 and Fig. 5. Fig. 4 (a) and (b) present the output voltage and 

vibration amplitude responses, respectively. A lock-in region, with lower and upper 

bounds of 1.41 m/s and 2.51 m/s, is observed in the response diagram. It indicates that 

the PEH with the elliptic cylinder bluff body exhibits VIV. Over the lock-in region, 

with the increase of wind speed, the output voltage from the PEH first increases, then 

decreases. A maximum voltage of 2.33 V is obtained when the wind speed reaches 

1.82 m/s. When the wind speed exceeds 2.51 m/s beyond the lock-in region, the 

voltage output becomes negligibly small. The displacement response of the PEH 

presented in Fig. 4 (b) exhibits a similar behavior. Appreciable vibration of the PEH 

occurs only within the lock-in region. The vibration amplitude reaches a maximum 

value of 7.06 mm at the wind speed of 2.51 m/s. 

 

Fig. 4. Results of the PEH with elliptic cylinder bluff body: (a) RMS voltage output (b) maximum 

vibration displacement of the bluff body. 

Fig. 5 exhibits the dominant vibration frequency of the PEH in the VIV region, 

and the voltage time-history is plotted at the wind speeds of 1.55 m/s, 1.82 m/s, and 

2.10 m/s. The three wind speeds are, respectively, taken from the initial excitation 

branch, upper branch, and lower branch of the VIV region. In Fig. 5 (a), it is noted 

that the dimensionless frequency gradually increases to 1 as the wind speed increases, 

then keeps growing as the wind speed increases. However, the frequency shift in the 

lock-in region is minor, and the frequency ratio is always around 1. This phenomenon 

agrees with the results in the literature [47]. Thus, it further proves that the PEH with 

the elliptic cylinder bluff body performs VIV. It can be seen from Fig. 5 (b) that at all 

the three wind speeds, the PEH undergoes harmonic vibration. Due to the locking 

phenomenon, the output voltage of the PEH at the wind speed of 1.82 m/s is 

obviously larger than that when the wind speed is changed to 1.55 m/s or 2.10 m/s. 
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Fig. 5. (a) The dominant non-dimensional frequency of the PEH with elliptic cylinder bluff body 

under different wind speeds. (b) the voltage output time histories at the wind speeds 1.55 m/s, 1.82 

m/s, and 2.10 m/s. 

3.2 The Bell-shaped bluff body  

As seen in Fig. 6, the bell-shaped additions produce a decrease in the amplitude 

of motion and a reduction of the voltage generated. For the PEH with the elliptic 

cylinder bluff body, the VIV phenomenon occurs over the wind speed range U = 1.41 

m/s ~ 2.51 m/s. A maximum output voltage of 2.33 V is obtained at the wind speed of 

1.82 m/s. For the PEH with the bell-shaped bluff body, for d1 equal to 3 mm, 6 mm, 9 

mm, and 12 mm, the maximum voltage correspondingly becomes 0.99 V, 0.77 V, 0.44 

V, and 0.49 V, and the maximum amplitude is 3.35 mm, 2.93 mm, 1.75 mm, and 1.79 

mm, respectively. In other words, bell-shaped bluff bodies are not beneficial for 

energy harvesting. In contrast, they demonstrate the potential application for 

suppressing galloping-induced vibrations. Moreover, optimizing the parameters of the 

bell-shaped bluff body may lead to a maximum suppression performance. For 

instance, in the above case studies, the bell-shaped bluff body with d1 = 9 mm shows 

the strongest vibration suppression effect: its maximum amplitude is reduced by 75%, 

compared to the baseline model. 

The time history responses of the PEH with the bell-shaped bluff body (d1 = 9 

mm) at U = 1.41 m/s are presented in Fig. 6 (c) and (d). The results of the baseline 

model at U = 1.82 m/s are also presented for comparison. U = 1.41 m/s and 1.82 m/s 

are the optimal wind speeds to achieve the maximum voltage output for each case. 

Both cases exhibit harmonic vibration, while the baseline model has a significantly 

larger vibration amplitude, which is consistent with the results in Fig. 6 (a) and (b).  
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Fig. 6. Performance comparison of the PEHs with different bluff bodies: (a) RMS voltage outputs; 

(b) maximum vibration displacement of the bluff bodies; (c) time-history voltage output and (d) 

displacement of the PEHs with the bell-shaped bluff body under the optimal wind speed of U = 

1.41 m/s and the elliptic cylinder bluff body under the optimal wind speed of U = 1.82 m/s. 

3.3 The Horn-like bluff body 

The results of the PEH with the horn-like bluff body of varying d2 are presented 

in Fig. 7. The results of the baseline model are also provided for comparison. Fig. 7 (a) 

clearly shows that, unlike the baseline model, the PEH with the horn-like bluff body 

mainly exhibits the galloping phenomenon, regardless of the values of d2. Hence, the 

PEH with the horn-like bluff body can produce significant voltage outputs over a 

much wider wind speed range. Moreover, unlike the behavior in the VIV region of the 

baseline model, with the increase of the wind speed, the voltage output monotonically 

increases. Over the wind speed range under investigation, for d2 equal to 3 mm, 6 mm, 

9 mm, and 12 mm, the maximum voltage output of the PEH with the horn-like bluff 

body correspondingly becomes 14.06 V, 14.36 V, 14.20 V, and 14.24 V, which are 

much larger than that of the baseline model (2.33 V). Fig. 7 (b) compares the 

displacement response of the PEH with the horn-like bluff body. For d2 equal to 3 mm, 

6 mm, 9 mm, and 12 mm, the maximum displacement of the PEH with the horn-like 

bluff body becomes 49.96 mm, 56.32 mm, 54.45 mm, and 55.46 mm, which indicate 

607%, 697%, 671%, and 685% increases compared to the baseline model. Among the 
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above cases, using the horn-like bluff body with d2 of 6 mm leads to the best 

performance. Its maximum voltage output is increased by 516% compared to the 

baseline model. In addition, the cut-in wind speed of the optimal design, i.e., d2 = 6 

mm, is about 1.28 m/s, which is smaller by 9% compared to the baseline model. 

Therefore, using the horn-like bluff body is also favorable for low wind speed energy 

harvesting.  

In fact, the significant increase of the voltage output is the consequence of the 

galloping phenomenon. And the low cut-in wind speed advantage is inherited from 

the VIV behavior. In the enlarged views in Fig. 7 (a) and (b), it is noted that over the 

wind range 1.1 m/s ~ 1.8 m/s, when d2 = 3 mm or 6 mm, the PEH with the horn-like 

bluff body undergoes VIV: the voltage/displacement response first increases, then 

decreases. When d2 = 9 mm or 12 mm, the VIV phenomenon appears in the wind 

speed range of 1.28 m/s ~ 1.69 m/s. The time-history responses of the optimal design 

(d2 = 6 mm) at U = 1.82 m/s, which is the optimal wind speed of the baseline model, 

are presented in Fig. 7 (c) and (d). It can be seen in Fig. 7 (a) that both cases exhibit 

harmonic vibration. Even U = 1.82 m/s is the optimal wind speed of the baseline 

model, while not for the PEH with the horn-like bluff body; the voltage and 

displacement responses of the PEH with the horn-like bluff body are still larger than 

those of the baseline model. In brief, the PEH with the horn-like bluff body 

demonstrates a superior wind energy harvesting ability. 

 

Fig. 7. Performance comparison of the PEHs with different bluff bodies: (a) RMS voltage outputs; 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



(b) maximum vibration displacement of the bluff bodies; (c) time-history voltage output and (d) 

displacement of the PEHs with the horn-like bluff body and the elliptic cylinder bluff body under 

the wind speed of U = 1.82 m/s. 

4. Interpretation based on CFD simulation 

Computational fluid dynamics (CFD) simulations are carried out to further reveal 

the effect of ash deposition on the aerodynamics of the bluff body. CFD models are 

built using the commercial software XFlow, which adopts the lattice Boltzmann 

method. The dimensions of the bluff bodies in simulations are consistent with those of 

the physical prototypes tested in the experiments. The calculation domain set in the 

simulation is a rectangle with a length of 40b1 and a width of 20b1, where b1 is the 

length of the minor axis of the principal ellipse of the bluff body. The left and right 

boundary conditions of the calculation domain are set as velocity inlet and flow outlet, 

respectively. The fluid is air. The upper and lower boundary conditions are set to be 

walls. The distance between the center of the bluff body and the upper boundary is 

10b1, and that to the outlet boundary is 30b1 to ensure that the flow field behind the 

bluff body can be fully developed. In the CFD simulations, the external single-phase 

forced incompressible model is selected to simulate the flow. The time step is 

automatically fixed to 5 × 10-5 s. The Reynolds number of the simulated flow field is 

approximately 2460. 

As known from the results presented in the previous section, using the 

bell-shaped bluff body leads to vibration suppression and a deteriorated energy 

harvesting performance. On the contrary, using the horn-like bluff body induces the 

galloping phenomenon and significantly improves the energy harvesting performance. 

Fig. 8 presents the vorticity contours of the bell-shaped (d1 = 9 mm), elliptic cylinder, 

and horn-like (d2 = 6 mm) bluff bodies at different time stages to reveal the 

aerodynamic mechanisms behind the above conclusion. From Fig. 8, one can find that 

for the bell-shaped bluff body, the presence of a small elliptical bulge in the front 

streamlines the oncoming flow over the bluff body. Thus, the vortex shedding is 

similar to that of the elliptic cylinder bluff body: in both cases, primary large-scale 

vortices (PV) are produced behind the bluff bodies. The width of the wake is 

evaluated to indicate the intensity of the vortex shedding. The widths of the wake 

produced after the bell-shaped and elliptic cylinder bluff bodies are 1.57b1 and 1.79 b1, 

respectively. This implies that the intensity of the vortex shedding of the bell-shaped 

bluff body is weaker than that of the elliptic cylinder. This explains why the vibration 

amplitude of the bell-shaped bluff body is smaller than that of the elliptic cylinder one. 

Unlike the elliptic cylinder bluff body, for the horn-like one, due to the presence of 

two small elliptical bulges, not only primary large-scale vortices (PV), but also 

small-scale secondary vortices (SV) are produced in the wake flow. Because of the 

interaction between PV and SV, the vortex shedding effect is delayed, resulting in a 

significant increase of the wake vortices. Moreover, it is observed that the wake width 

of the horn-like bluff body is much wider than that of the elliptic cylinder one, which 

indicates a stronger aerodynamic instability in the wake. Therefore, unlike the 
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vibration mode of the elliptic cylinder bluff body, the vibration mode of the horn-like 

bluff body is galloping, which can induce a larger-amplitude vibration and produce a 

higher voltage output. In summary, the formation of small-scale secondary vortices 

(SV) plays a key role in the intensity of vibration.  

 

Fig. 8. Comparison of flow-field evolution with time for the three bluff bodies at the wind speed 
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of U = 1.82 m/s: (a) the bell-shaped (d1 = 9 mm) bluff body; (b) the elliptic cylinder bluff body; (c) 

the horn-like (d2 = 6 mm) bluff body. 

The pressure contours around the bell-shaped (d1 = 9 mm), elliptic cylinder, and 

horn-like (d2 = 6 mm) bluff bodies at the wind speed of 1.82 m/s are shown in Fig. 9. 

Obviously, it can be observed that the low-pressure region around the horn-like bluff 

body is significantly larger than those around the other two bluff bodies. The larger 

pressure difference causes the horn-like bluff body to vibrate more violently than the 

other two bluff bodies. Comparing the bell-shaped and elliptic cylinder bluff bodies, 

the low-pressure region around the bell-shaped bluff body is smaller than that around 

the elliptic cylinder bluff body. Therefore, the bell-shaped bluff body undergoes the 

smallest vibration. Fig. 10 presents the velocity contours of the bell-shaped (d1 = 9 

mm), elliptic cylinder, and horn-like (d2 = 6 mm) bluff bodies at the wind speed of 

1.82 m/s. The high-velocity region in Fig. 10 corresponds to the low-pressure region 

in Fig. 9. The high-velocity region around the horn-like bluff body is the largest, 

which enhances the oscillation of the horn-like bluff body, and makes its vibration 

significantly higher than the other two bluff bodies. The above discussion agrees well 

with the conclusions obtained from the experiments in the previous section. 

 

 

Fig. 9. Pressure contour around (a) the bell-shaped (d1 = 9 mm) bluff body; (b) the elliptic 

cylinder bluff body; (c) the horn-like (d2 = 6 mm) bluff body at the wind speed of 1.82 m/s. 
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Fig. 10. Velocity contour around (a) the bell-shaped (d1 = 9 mm) bluff body; (b) the elliptic 

cylinder bluff body; (c) the horn-like (d2 = 6 mm) bluff body at the wind speed of 1.82 m/s. 

5. Conclusion 

This paper has explored the effect of ash deposition on flow-induced vibration 

energy harvesting in heat exchange systems. According to the shape and size of ash 

deposition, bell-shaped and horn-like bluff bodies have been proposed to simulate 

different ash depositions. Experimental results have revealed that the bell-shaped bluff 

bodies can suppress vibrations and are not beneficial for energy harvesting. In 

contrast, the horn-like bluff bodies can improve the energy harvesting performance by 

transforming VIV to galloping. The combination of VIV and galloping reduces the 

cut-in wind speed of the PEH and increases the voltage outputs under high wind 

speeds. The voltage output of an optimal prototype with d2 = 6 mm has been increased 

by 516%. Besides, CFD simulations have been conducted to interpret the underlying 

mechanisms behind the phenomena. For the bell-shaped bluff body, a weaker 

aerodynamic force is generated because the wake width is smaller than that of the 

elliptic cylinder bluff body. Thus, the vibration of the bluff body is diminished. For 

the horn-like bluff body, due to the interaction of PV and SV, the wake width is 

increased, resulting in an increased aerodynamic force. The flow-induced vibration 
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transforms from VIV to galloping. Therefore, a larger voltage output is generated by 

the PEH with the horn-like bluff body. In summary, a potential usefulness of the 

harmful ash deposition phenomenon in the flue gas pipeline for benefiting energy 

harvesting has been proposed and explored. Different ash deposition effects have been 

investigated. The work presented in this paper represents a preliminary study of the 

ash deposition effect on flow-induced vibration energy harvesting. 
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