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Chapter 12

Vortex Generation by Phase-Controlled Structure-Borne
Traveling Waves in a Submerged Beam: A PIV/PTV
Fluid-Structure Interaction Study

Rachel Cole, Samikhshak Gupta, Rohit S. Pandhare, and Vijaya V. N. Sriram Malladi

Abstract This work investigates the transfer of mechanical energy from structure-borne traveling waves (TW5s) in a slender
beam to the surrounding fluid, with a focus on the resulting vortex dynamics. An Aluminum 6061 beam was immersed
in water and excited using dual electrodynamic shakers with a controlled phase offset to generate steady traveling waves.
Modal testing was employed to identify natural frequencies and establish traveling-wave conditions, while particle tracking
velocimetry (PTV) captured near-body flow fields. The PTV measurements resolved coherent vortex formation and fluid
motion around the beam, revealing alternating vortices that propagated along its length and induced linear flow within adja-
cent channels. Analysis showed a consistent relationship between wave kinematics and fluid response, with approximately
four vortices forming per excitation wavelength. These results establish an experimental framework linking traveling-wave
parameters to circulation and fluid transport. The findings highlight the potential of programmable structural waves as a low-
maintenance mechanism for fluid mixing, cooling, and propulsion, offering an alternative to mechanically complex pumps,
fans, or rotors.
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Introduction

The transportation sector is undergoing a major transition as governments enforce stricter emission standards and consumers
demand cleaner alternatives to fossil-fuel vehicles. Electric vehicles (EVs), including hybrid (HEVs) and battery electric ve-
hicles (BEVs), are central to this shift. Since batteries account for nearly one-third of EV costs, ongoing reductions in price
are a key enabler of adoption. Forecasts predict EVs will comprise up to 32% of global vehicle sales by 2030, with BEVs
dominating the share. This growth intensifies demand for advanced batteries that offer high energy density, fast charging, low
weight, and long cycle life. Lithium-ion batteries (LIBs), the prevailing technology, satisfy many of these requirements but
remain highly vulnerable to temperature variations [1-4]. Heat generation during charge—discharge cycles [5-7] and expo-
sure to extreme climates accelerate degradation and raise safety risks, most notably thermal runaway [8—10]. Consequently,
robust battery thermal management systems (BTMS) are essential to ensure the safety, durability, and efficiency of EVs.
Current BTMS strategies are typically classified as air cooling [11-14], single-phase liquid cooling [15-20], or two-phase
cooling [21-23]. Early EVs such as the Toyota Prius and Honda Insight employed air cooling, while later designs such as
the Chevrolet Volt and Tesla Model S adopted liquid cooling to improve heat dissipation [20-28]. More recently, immersion
cooling with dielectric fluids (e.g., mineral oils) has demonstrated superior thermal performance [29-31], lowering peak cell
temperatures and stabilizing fluctuations [32]. However, liquid-based systems require auxiliary power to drive pumps, blow-
ers, and fans. These parasitic loads reduce both vehicle range and efficiency. The challenge is therefore not only to regulate
temperature effectively but also to do so with minimal additional energy demand.
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To overcome this limitation, researchers have explored energy recovery strategies that repurpose wasted vibrational and
thermal energy within vehicles. Energy harvesting approaches—including piezoelectric absorbers [33—40], thermoelectric
generators [41-45], and shape memory alloy engines [46—48]—seek to convert otherwise wasted energy into usable power.
While current systems face limitations in efficiency and scalability, they suggest a promising direction: integrating harvested
energy with fluid circulation to reduce dependence on electrically powered pumps. Such strategies could enhance BTMS ef-
ficiency, extend LIB service life, and improve overall EV performance. Building on this concept, the present work introduces
a mechanism that harnesses vibrational noise for fluid circulation, thereby reducing parasitic energy losses and advancing
sustainable electric mobility [49-54].

Conventional marine propulsors face similar efficiency and maintenance challenges, as they depend on rotating com-
ponents. A bio-inspired alternative is thrust generation via undulatory motion of finite structures, in which structure-borne
traveling waves (TWs) shed momentum into the fluid to produce net propulsion [55-57]. In elastic media, wave behavior
depends strongly on boundary conditions: traveling waves transport energy, whereas standing waves localize it spatially.
Single-point excitation in finite structures typically excites reflections and standing modes [58, 59]. By contrast, multiple
inputs with controlled phase offsets can suppress reflections and bias energy transport, producing hybrid or near-pure TW
fields. Although fully reflection-free TWs remain challenging in bounded domains [60], recent advances have demonstrated
controlled TW synthesis across various geometries, including strings [58, 61], beams [62—65], cylinders [59], and plates [66—
69]. For example, Malladi et al. developed and experimentally validated a model for TW synthesis in one-dimensional beams
under varied boundary conditions using piezoelectric actuation [65], while more recent work has demonstrated distributed
actuation in slender plates [70]. The ability to tailor TW kinematics in solids has clear implications for underwater propul-
sion [71, 68, 55] and for emerging applications such as thermal management, offering a pathway to controllable thrust and
circulation without reliance on moving parts.

The central gap lies in establishing a measurement-based understanding of how imposed TW motion couples with the
surrounding fluid to generate and organize vortices that mediate momentum exchange. In this study, steady, structure-borne
TWs are excited in a one-dimensional beam, and the resulting fluid—structure interactions are characterized using particle
tracking velocimetry (PTV). These measurements resolve near-body velocity fields and vortex dynamics, enabling direct
correlations between TW parameters (frequency, amplitude, wavenumber, and phase speed) and vortex formation at the
beam surface. The objective is to quantify circulation, vortex motion, and flow speeds to determine how TW motion governs
fluid velocity and propulsive performance. Ultimately, these insights support the development of low-maintenance cooling
and propulsion systems that harness programmable structural waves in place of mechanically complex pumps, fans, or
rotors.

Underwater Modal Analysis

The experimental setup for modal analysis of a one-dimensional aluminum beam is shown in Figure 1. The test specimen
was an Aluminum 6061 beam with dimensions of 381mm x 25.4mm x 0.794mm. The beam was suspended at both ends
using 3D-printed clips bonded with epoxy. Each clip featured a narrow attachment section to minimize fluid disturbance
and widened at the top to allow bolting to metal support bars. The support bars were connected to horizontally mounted
Modal Shop Smart Shakers to provide excitation. The experiments were conducted in a water tank with internal dimensions
of 444.5mm x 444.5mm X 76.2mm, filled to a depth of 114.3mm. The beam was positioned laterally at the tank center,
with its lower edge 3mm above the tank floor. Proper alignment between the shakers and the beam was maintained to avoid
introducing residual stresses during testing [72].

The supporting frame was constructed from 80:20 aluminum extrusions to ensure rigidity and stability of the test ap-
paratus. Response measurements were obtained using a Polytec OFV-353 laser vibrometer sensor head coupled with an
OFV-040 scan unit. The scan unit deflected the laser beam within an angular range of +15° in both x and y axes, con-
trolled through analog voltages (0 to £5V) supplied by an OFV-042 scan controller. Data acquisition was managed by an
OFV-3001 vibrometer controller, with velocity measurements taken at 75 uniformly distributed points along the beam. To
enhance signal quality, reflective tape was applied along the beam surface. Excitation was provided by the suspended shakers
using a chirp signal ranging from 0.1-300Hz with an amplitude of 0.0375V Figure 1. The vibrometer acquired data with 10
averages at each measurement location. Sampling was performed at 17067Hz over a duration of 5s, with a Hanning window
applied for spectral analysis. A two-force input strategy was implemented, followed by a multi-input multi-output (MIMO)
force-feedback test using the same chirp excitation. Data acquisition employed an NI cDAQ-9174 chassis with NI 9263 and
NI 9234 1/0 modules. The frequency response functions (FRFs) were computed between the shaker input voltages and the
corresponding vibrometer velocity outputs and are shown in Figure 2.
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Fig. 1 Schematic Diagram for experimental setup for modal analysis and particle tracking velocimetry of the submerged
Al-Beam
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Fig. 2 Measured Frequency Response Function (FRF) of the submerged aluminum beam

Traveling Wave Generation

Previous studies have shown that elastic structures can support traveling waves when excited by two actuators operated out
of phase [73, 65, 74, 75]. The key requirement is to drive the actuators at a mean frequency between adjacent resonances
while maintaining a 90° phase shift. This concept was experimentally demonstrated on an aluminum beam using two modal
shakers driven at equal amplitudes and a controlled phase offset of 90°. The superposition of their responses produced a
structure-borne traveling wave (SBTW). The excitation applied to the two shakers can be expressed as V] = Asin(2w ft)
and Vo = Asin(27 ft + ¢), leading to a combined input of

SBTW = Asin(2rft) + Asin(2rft + ), (1

where A is the excitation amplitude, f is frequency, ¢ is time, and ¢ is the phase difference, ideally 90° for a pure traveling
wave. The quality of the generated wave depends primarily on the imposed phase relationship between actuators. In practice,
an SBTW often consists of both traveling and standing wave components; reducing the standing contribution enhances wave
purity. Malladi et al. [55] proposed a cost function approach to quantify this effect by systematically assessing the strength of
the traveling component. The natural frequencies are presented in Figure 2a, while the traveling wave frequencies are shown
in Figure 2b and summarized in Table 1.
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Table 1 Identified frequencies and corresponding modal or traveling-wave responses.
Frequency Response Type
15.6 Hz 1% mode shape
20.3 Hz Traveling wave
25.0 Hz 2" mode shape
33.55Hz Traveling wave
42.0Hz 3" mode shape
5435 Hz Traveling wave
66.6 Hz 4™ mode shape
84.55 Hz Traveling wave
102.4 Hz 5™ mode shape
120.15 Hz Traveling wave
137.8 Hz 6™ mode shape

Particle Tracking Velocimetry

To characterize the flow field generated by the vibrating beam, particle tracking velocimetry (PTV) experiments were con-
ducted. The measurement system consisted of a LaVision MiniShaker TR/2M equipped with four stereo cameras operating
at 170 Hz, synchronized with a pulsed LaVision LED-Flashlight 300 for illumination. A 45° mirror was mounted beneath
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Fig.3 Top view of underwater beam 19.05 mm channel setup.

the water tank to provide a view normal to the beam’s plane of motion. Fluorescent polyethylene microspheres (90-106 pm)
were introduced into the water as tracer particles Figure 1. The imaging system was calibrated using a LaVision 309-15 3-D
calibration plate illuminated by seven LED light bars, while the water tank was calibrated with the LaVision DaVis volume
calibration system, focusing on the water in the space 8 mm below and 9 mm above the center of the beam. To minimize
background interference, all overhead lighting was turned off during image acquisition.

Experiments were performed in a double 19.05 mm water channel, with a total width of 117.6 mm from outer wall to
outer wall, designed to confine the flow field generated by the vibrating beam Figure 3. The water depth was set to 45 mm,
and a top plate was positioned 3 mm above the beam. Before each run, the water was stirred to evenly distribute tracer
particles and then allowed to settle to eliminate external disturbances.

During testing, the beam was excited with a 0.4 V sine wave applied to both shakers, with one shaker driven 90° out
of phase relative to the other. The system was allowed to stabilize for 10 s before data acquisition began. A total of 600
images were recorded over 3.52 s. Post-processing of the image sets included time-filter subtraction, image pre-processing
with masking to isolate the water channel, Shake-the-Box particle tracking, and fine-scale reconstruction.
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Results

The focus of this analysis was on excitation frequencies up to 150 Hz. Within this range, the modal analysis identified six
natural frequencies for the beam, as shown in the FRF plot in Figure 2. Using the methodology described previously, five
traveling waves were also determined, each with the potential to drive fluid motion through the channel setup (Table 1).
For the present study, attention was directed to a single traveling wave at 20.3 Hz, where the flow fields around the beam
were mapped using the PTV system. Upon visual inspection of both the physical system and the raw PTV images, distinct
vortex motion was observed in the inner channel, while linear particle movement was primarily noted in the outer channel.
These qualitative observations were later confirmed through processing with the Shake-the-Box algorithm, which detects
and tracks the particles over time, as shown in Figure 4. To convert the particle tracks into vector field data, a fine-scale
reconstruction was performed on the four regions of the double channel, designated as the inner and outer portions of the
upper and lower channels Figure 5. Each of these regions was processed separately to avoid interpolation artifacts across the
channel dividers or at the beam location.

In the fine-scale reconstruction, vortices in the Z-direction are clearly visible within the inner channels. These vortices
are represented by alternating red and blue regions forming along the beam length, corresponding to positive and negative
vorticity, respectively. In contrast, the outer channels display a nearly uniform green field, indicating an absence of strong
vortical activity. This observation is consistent with the Shake-the-Box velocity vectors, which show primarily linear particle
motion in the outer channels compared to the well-defined rotational motion in the inner channels.
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Fig. 4 Shake-the-Box reconstruction of particle motion at 20.3 Hz traveling wave in a 19.05 mm channel
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Fig. 5 Fine-scale reconstruction of the 20.3 Hz traveling wave, showing inner and outer regions of the upper and lower
channels.
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Fig. 6 Fine-scale reconstruction of the 20.3 Hz traveling wave, showing iso-surfaces across time.
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The PTV results demonstrate that two-shaker excitation of a beam in water can generate traveling waves. In the channel
configuration, the traveling wave excitation induced vortex structures whose linear momentum resulted in a sustained circular
flow throughout the channel system.

Conclusion

Previous studies have reported fluid and particle motion induced by traveling waves, but the mechanisms underlying this
motion remain poorly understood. The present experimental model provides a framework for developing a fluid—structure
interaction (FSI) model to examine how structure-borne traveling waves couple with the surrounding fluid and drive flow.
The fine-scale reconstruction reveals the formation of vortices around the beam. Close inspection over time shows alternating
vortices propagating along the beam in the y-direction, producing linear motion in the outer channels. A sequence of eight
frames from the dataset is presented in Figure 6 to illustrate this dynamic evolution.

Analysis of the reconstructions further indicates a clear relationship between the traveling wave wavelength and vortex
formation: approximately four vortices are generated per excitation wavelength. This observation highlights the role of
traveling waves in organizing flow structures and motivates further investigation into FSI models to better characterize
vortex number, propagation speed, and related phenomena.
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