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While classical Rayleigh streaming, whose circulations are perpendicular to the transducer radiating surfaces, is well-

known, transducer-plane streaming patterns, in which vortices circulate parallel to the surface driving the streaming, have 

been less widely discussed. Previously, a four-quadrant transducer-plane streaming pattern has been seen experimentally 

and subsequently investigated through numerical modelling. In this paper, we show that by considering higher order three-

dimensional cavity modes of rectangular channels in thin-layered acoustofluidic manipulation devices, a wider family of 

transducer-plane streaming patterns are found. As an example, we present a transducer-plane streaming pattern, which 

consists of eight streaming vortices with each occupying one octant of the plane parallel to the transducer radiating 

surfaces, which we call here eight-octant transducer-plane streaming. An idealised modal model is also presented to 

highlight and explore the conditions required to produce rotational patterns. It is found that both standing and travelling 

wave components are typically necessary for the formation of transducer-plane streaming patterns. In addition, other 

streaming patterns related to acoustic vortices and systems in which travelling waves dominate are explored with 

implications for potential applications. 
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I. INTRODUCTION 

Acoustic streaming is steady fluid motion driven by the 

absorption of acoustic energy due to the interaction of 

acoustic waves with the fluid medium or its solid boundaries. 

Understanding the driving mechanisms of acoustic streaming 

patterns within acoustofluidic devices is important in order to 

precisely control it for the enhancement or suppression of 

acoustic streaming for applications such as particle/cell 

manipulation [1-8], heat transfer enhancement [9-12], non-

contact surface cleaning [13-17], microfluidic mixing [18-

27], and transport enhancement [28-35]. 

In most bulk micro-acoustofluidic particle and cell 

manipulation systems of interest, the acoustic streaming 

fields are dominated by boundary-driven streaming [36], 

which is associated with acoustic dissipation in the viscous 

boundary layer [37]. Theoretical work on boundary-driven 

streaming was initiated by Rayleigh [38], and developed by 

a series of modifications for particular cases [39-44], which 

have paved the fundamental understanding of acoustic 

streaming flows. 

While Rayleigh streaming patterns (which have 

streaming vortices with components perpendicular to the 

driving boundaries) have been extensively studied [45-48], 

we have recently explored the mechanisms behind four-

quadrant transducer-plane streaming [49] which generates 

streaming vortices in planes parallel to the driving boundary, 

and modal Rayleigh-like streaming [50] in which vortices 

have a roll size greater than the quarter wavelength of the 

main acoustic resonance and are driven by limiting velocities 

(the value of the streaming velocity just outside the boundary 

layer [41,49], on the boundaries perpendicular to the axis of 

the main acoustic resonance). The expressions for the 

limiting velocities have terms corresponding to acoustic 

velocity gradients along each coordinate axis. Depending on 

which of these is dominant, different acoustic streaming 

patterns arise in thin-layered acoustofluidic devices [50], 

corresponding to the rotational and irrotational features of, 

respectively, the active and reactive intensity patterns in 

acoustic fields [51]. The defining feature of transducer-plane 

streaming is that its vorticity is driven by vorticity in the 

limiting velocity patterns themselves. 

In this paper, we first investigate higher order 

transducer-plane streaming patterns in thin-layered 

acoustofluidic manipulation devices. “Thin-layered” devices 

are defined here as resonators in which the thickness of the 

fluid layer (in the direction of the acoustic axis) is less that 

1/20th of its lateral dimensions [50] and of the order of half 

an acoustic wavelength. We introduce a new boundary-

driven streaming pattern observed in a thin-layered glass 

capillary device and then investigate the underlying physics 

of transducer-plane streaming with an analytical model in 

order to gain insights into the contributions of standing and 

travelling wave components, respectively. 

 

ΙI. EIGHT-OCTANT TRANSDUCER-PLANE 

STREAMING 

The experiments were performed in a transducer-

capillary device using micro particle image velocimetery 

(μpiv) system as shown in FIG. 1(a), similar to those we used 

previously [49,50] (see [52] and details in the supplemental 

material [53]). This acoustofluidic system is of interest as it 

is used elsewhere in a blood and bacterial capture device 

[1,2]. The measurements were performed within 𝑥𝑦 

horizontal planes (see FIG. 1(a)). The investigation area was 

above the transducer radiating surface. FIG. 1(c) shows the 

streaming pattern observed (at a frequency of 2.498 MHz), 

where an eight-octant, steady acoustic streaming pattern in 

which each vortex occupies approximately one octant of the 

viewed 𝑥𝑦 horizontal plane. The plane of these vortices is 

parallel to the transducer radiating surface (i.e., perpendicular 

to the axis of the main standing wave in the 𝑧 direction), as is 

the case for the four-quadrant transducer-plane streaming we 

have presented previously [49], but in a different plane to the 

vortices observed in Rayleigh streaming [38]. Detailed fluid 

motion can be seen from in FIG. 1(d), where µpiv results of 

the streaming field in the third quadrant are presented. It can 

be seen that vortices are generated each of which occupies 

one octant. 
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FIG. 1. (a) The experimental acoustofluidic particle manipulation device, where, to connect the capillary to plastic tubing, heat shrinkable 

tubing (black) were used at the two ends of the capillary; (b) cross section of the device; (c) a photographic image of the distribution of beads 

(radius of 1 µm) in the fluid after some minutes of streaming, where a main eight-octant transducer-plane streaming pattern can be seen in 

which  beads have agglomerated near the center of the streaming vortices and at the center of the device; (d) µpiv measurements of the eight-

octant transducer-plane streaming field in the third quadrant shown in (c) at a voltage of 30 Vp-p, where the arrow in the box shows a reference 

velocity of 20 µm/s; (e) the considered 3D model (4 × 3 × 0.3 mm3), where the dash-dot lines show the symmetry planes; (f) the first-order 

acoustic pressure field on all surfaces; (g) the 3D acoustic streaming velocity field, where velocity vectors are shown at two heights within 

the chamber (𝑧 positions of one third and two thirds of the chamber height); and (h) the active intensity (i.e., the limiting velocity field) on 

the driving boundaries (𝑧 = ±ℎ/2), where the five-pointed stars show the points of minimum pressure amplitude and normalized arrows are 

used to show the flow directions. 

 

To understand the driving mechanism of this eight-octant 

transducer-plane streaming pattern, the finite element 

package COMSOL [54] was used to model the acoustic and 

streaming fields in the experimental device. In this work, we 

have applied the limiting velocity method [41] based on the 

perturbation method [44] to model the 3D outer streaming 

fields in the capillary device. We have previously established 

the viability of this method for solving 3D boundary-driven 

streaming fields in thin-layered acoustofluidic manipulation 

devices [48-50] and in vibrating plate systems [55].  

 

III. Numerical model 

The full numerical procedure can be split into three 

steps. Firstly, the first-order acoustic fields within the devices 

were modelled using the COMSOL ‘Pressure Acoustics, 

Frequency Domain’ interface, which solves the harmonic, 

linearized acoustic problems, taking the form: 

 ∇2𝑝1 = −
𝜔2

𝑐2
𝑝1, (1) 

where 𝑝1 is the complex acoustic pressure, 𝜔 is the angular 

frequency and 𝑐 is the sound speed in the fluid. As the device 

is symmetric to the centre, only a quarter of the fluid channel 

was modelled here for numerical efficiency and the model is 

located within coordinates: −𝑙 ≤ 𝑥 ≤ 0, −𝑤 ≤ 𝑦 ≤ 0,
− ℎ 2⁄ ≤ 𝑧 ≤ ℎ 2⁄  (see FIG. 1(e)). Edges 𝑥 = 0 and 𝑦 = 0 

were set as symmetric boundary conditions. We excited the 

standing wave field through a ‘normal acceleration’ 

boundary condition on the bottom surface as published 

previously [49,50]. Surface 𝑥 = −𝑙 was set as a plane wave 

radiation condition in order to simulate the loss of acoustic 

energy at the two ends of the fluid channel. The remaining 

walls were modelled using sound reflecting boundary 

conditions as these are water-glass interfaces and we are 

working at frequencies away from resonances of these walls. 

Secondly, the limiting velocities at all boundaries were 

calculated as a function of the first-order acoustic velocity 

fields. On planar surfaces normal to 𝑧, the limiting velocity 

equations on the driving boundaries (𝑧 = ±ℎ/2) take the 

form [49]: 

𝑢𝐿 =
−1

4𝜔
Re {𝑞𝑥 + 𝑢1

∗ [(2 + 𝑖)∇ ∙ 𝒖𝟏

− (2 + 3𝑖)
𝑑𝑤1

𝑑𝑧
]}, 

(2a) 

𝑣𝐿 =
−1

4𝜔
Re {𝑞𝑦 + 𝑣1

∗ [(2 + 𝑖)∇ ∙ 𝒖𝟏

− (2 + 3𝑖)
𝑑𝑤1

𝑑𝑧
]}, 

(2b) 

𝑞𝑥 = 𝑢1

𝑑𝑢1
∗

𝑑𝑥
+ 𝑣1

𝑑𝑢1
∗

𝑑𝑦
, (2c) 

𝑞𝑦 = 𝑢1

𝑑𝑣1
∗

𝑑𝑥
+ 𝑣1

𝑑𝑣1
∗

𝑑𝑦
, (2d) 

where 𝑢𝐿  and 𝑣𝐿  are the two components of limiting 

velocities along coordinates 𝑥 and 𝑦, Re represents the real 

part of a complex value, and 𝑢1, 𝑣1 and 𝑤1 are components of 

the complex first-order acoustic velocity vector, 𝒖𝟏, along 

the coordinates 𝑥, 𝑦 and 𝑧, respectively. The superscript, ∗, 

represents the complex conjugate. 

Finally, this limiting velocity method was used to model 

the acoustic streaming fields in this thin-layered 

acoustofluidic device using the COMSOL ‘Creeping Flow’ 

interface. Outside of the acoustic boundary layer, the 

governing equations for the second-order streaming 

velocities, 𝒖𝟐, and the associated pressure fields, 𝑝2, are 

∇𝑝2 = 𝜇∇2𝒖𝟐, (3a) 

∇ ∙ 𝒖𝟐 = 0, (3b) 

where 𝜇  is the dynamic viscosity of the fluid. Here, the 

bottom and top surfaces (𝑧 = ±ℎ/2 ) were considered as 

limiting velocity boundary conditions, surfaces 𝑥 = 0  and 

𝑦 = 0 were symmetric conditions and the remaining surfaces 

were no-slip boundary conditions. 
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The modeled acoustic pressure and acoustic streaming 

fields at the resonant frequency 𝑓𝑟 = 2.4973 MHz (obtained 

from a frequency sweep to find the frequency which gives the 

maximum energy density in the cavity) in the 3D fluid 

volumes are shown in FIG. 1(f-g). It can be seen from FIG. 

1(g) that this quadrant model contained two dominant 

streaming vortices with circulations parallel to the bottom 

surface (i.e., the transducer radiating surface), which 

compares well with the measured acoustic streaming 

vortices, shown in FIG. 1(d).  

The acoustic pressure field is shown in FIG. 1(f), a mode 

with a half-wavelength in the 𝑧-direction of the model. The 

fields along the 𝑥 and 𝑦 axes have approximately one and a 

half- and one-wavelength variations respectively. The 

rotational components of transducer-plane streaming are 

closely linked to the active intensity field [49], which tends 

to circulate about pressure nodal points [51,56]. The modeled 

active intensity field in this case is shown in FIG. 1(h) and is 

consistent with this, showing rotation at the boundary about 

the two regions of minimum pressure amplitude on the 

surface. These vortices thus drive the eight-octant transducer-

plane streaming patterns in the 𝑥𝑦 horizontal planes of the 

3D fluid channels, with this higher order resonance 

producing a higher order eight-octant vortex pattern in the 

active sound intensity field in comparison with four-quadrant 

streaming. 

 

IV. ANALYTICAL MODEL 
We have previously presented results for transducer-

plane streaming in acoustofluidic devices [50], showing that 

rotation in the active intensity is closely linked to the 

rotational patterns seen in experiments. What was not made 

clear previously was that a single standing wave mode does 

not exhibit this rotation of active intensity. To achieve 

rotational active intensity in a two-dimensional sound field it 

is typically necessary to have a line or point pressure 

minimum [56-58] This can result from the superposition of a 

travelling and standing wave (see below) or of two standing 

waves. This is supported with reference to our previous 

models [48-50], where we find that if the radiation boundary 

conditions (which allowed for the passage of energy across 

them, but still reflected a proportion of that energy to create 

combinations of standing and travelling waves), are replaced 

with rigid or free boundary conditions, the rotational patterns 

vanish. Hence in this section we create an analytical model to 

study the streaming patterns resulting from simple 

combinations of cavity modes and travelling modes for a case 

that generates the four-quadrant transducer-plane streaming 

patterns in order to obtain more insight into the relative 

significance of the travelling and standing wave components, 

and the effects of different modes and phase relationships. 

In our model, the first-order acoustic pressure field, 𝑝1, 

established in the fluid channel is decomposed into two 

components, a standing wave component, 𝑝1𝑠,  and a 

travelling wave component (in the 𝑥-direction), 𝑝1𝑡, 

𝑝1 = 𝑝1𝑠 + 𝑝1𝑡 , (4a) 

𝑝1𝑠 = 𝑝0𝑠 cos(𝑘𝑥𝑠𝑥) cos(𝑘𝑦𝑠𝑦) sin(𝑘𝑧𝑠𝑧) 𝑒𝑖𝜔𝑡 , (4b) 

𝑝1𝑡 = 𝑝0𝑡𝑒𝑖𝑘𝑥𝑡𝑥 cos(𝑘𝑦𝑡𝑦) sin(𝑘𝑧𝑡𝑧) 𝑒𝑖(𝜔𝑡+𝜑), (4c) 

 

where subscripts 𝑠 and 𝑡 indicate the standing and travelling 

wave components respectively,  𝑝0  is the acoustic pressure 

amplitude,  𝜔  is the angular frequency and 𝜑  indicates the 

phase difference between the standing and travelling wave 

components. The wave numbers in the 𝑥, 𝑦 and 𝑧 directions 

are 𝑘𝑥, 𝑘𝑦 and 𝑘𝑧.  Each wave number has both a standing 

and travelling wave component as indicated by the second s 

or t subscripts.  

As discussed above the standing (cavity) mode 

components of equations 4 alone produce irrotational 

limiting velocity fields but the combination of travelling and 

standing wave components is the probable cause of the 

patterns seen, as borne out by the correspondence between 

modeled and experimental results. An example of the 

streaming field created by an acoustic vortex formed from the 

superposition of two standing wave modes is shown in FIG. 

S2 in the supplemental material [52]. It is interesting to note 

the applicability of the limiting velocity method in this case. 

Here we take the four-quadrant streaming pattern as  an 

example (perhaps the simplest) to illustrate the roles of 

respectively the standing and travelling wave components 

[50]. The limiting velocity fields at the driving boundaries for 

various combinations of standing and travelling wave 

components were examined. It was found that the regular 

four-quadrant vortex pattern is obtained for a combination of 

the (1, 2, 1) standing wave mode and (t, 0, 1) travelling wave 

mode, shown in FIG. 2.  

The corresponding patterns with other travelling wave 

components can be found in the supplemental material [52]. 

In a real device, combinations of these modes might be 

 
FIG. 2. The active intensity (W/m2) and limiting velocity (m/s) fields at the driving boundaries for a combination of standing and travelling 
wave components (Pa). The phase difference between the standing and travelling wave components, φ = −π/2. The relationships 
between the four-quadrant transducer-plane streaming magnitudes, |𝒖𝟐|, the active intensity magnitudes |𝑰|, and the acoustic pressure 
amplitudes are shown in equation 5. Arrows in (c) and (d) show the corresponding vector fields. 
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excited, and it is interesting to note that the travelling wave 

modes (t, n, 0) do not produce transducer-plane streaming, 

and the higher order mode (t, 1, 1) can produce rotation in the 

opposite direction. Real devices will exhibit complex 

patterns and mode combinations that are less idealised than 

those presented here, but we suspect that the higher order 

modes are less likely to be exhibited in experimental devices. 

FIG 3 shows the transitions of streaming patterns from 

various ratios of standing and travelling wave pressure 

amplitudes. For very small values of 𝑝0𝑡 , modal Rayleigh-

like streaming patterns [50] are seen (FIG. 3(a)). As 𝑝0𝑡 

increases, a gradual transition to the transducer-plane pattern 

is seen (FIG. 3(b-c)). Ultimately as 𝑝0𝑡  approaches 𝑝0𝑠, 
irrotational terms become more dominant, leading to limiting 

velocities which follow the predominantly 𝑥-directed active 

intensity of the travelling wave (FIG. 3(d)), which would 

drive flow if the end boundaries are allowed for the passage 

of fluid. 

For this specific mode, the limiting velocity (and hence 

the magnitude of the transducer-plane streaming vortices) is 

found to be approximately proportional (to within 5%) to that 

of the active intensity following (see derivation in the 

supplemental material [52]) 

|𝐼|𝑚𝑎𝑥 ≈
𝑘𝑥𝑡𝑝0𝑡

2

2𝜌0𝜔
(1 +

𝑝0𝑠

𝑝0𝑡
). (5) 

 

For 𝑝0𝑡 < 𝑝0𝑠 , increasing 𝑝0𝑡  shifts the vortex centre 

outwards in the 𝑦-direction, while much larger values create 

a pattern resembling the uniform active intensity which 

follows the direction of propagation of the now dominant 

travelling wave component. It was also found that 

introducing a phase difference between the standing and 

travelling wave components, 𝜑, shifts the vortex in the 𝑥-

direction. 

We also note that the model shows that in situations 

where the travelling wave component is dominant, the 

limiting velocity at the boundary is non-zero. This will drive 

a streaming pattern in addition to the (typically higher 

velocity) Eckart streaming which will also be present in these 

cases. Combinations of travelling waves in the x-direction 

with standing modes in 𝑧 (or a pure travelling wave field) 

reveal that the limiting velocity can take the opposite 

direction to Eckart streaming in these cases, leading to 

streaming vortices near the boundaries (see FIG. S3 in the 

supplemental material [52]), as has been seen in a surface 

acoustic wave device where the thickness of the fluid is at or 

less than the viscous penetration depth [59]. 

In conclusion, we have demonstrated that a wider range 

of transducer-plane streaming patterns exist other than the 

four-quadrant pattern that had been observed previously, 

related to higher order cavity modes. As an example, a new 

pattern, eight-octant transducer-plane streaming, is both 

predicted numerically and found experimentally in a glass 

capillary device. We have created a simplified analytical 

model to provide a deeper insight into the underlying physics 

of transducer-plane streaming patterns in thin-layered 

 
FIG. 3 The active intensity (W/m2) and limiting velocity (m/s) fields at the driving boundaries for a number of standing and travelling 

wave components (Pa). The phase difference between the standing and travelling wave components, φ = −π/2. 
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acoustofluidic devices. The model highlights the importance 

of having both standing and (typically smaller) travelling 

wave components present within the acoustic cavity to create 

rotational motion in the limiting velocity and resulting 

streaming fields. We show that the limiting velocity method 

also predicts the rotational streaming found from other 

acoustic vortices. The model also highlights how fields with 

stronger travelling wave components also exhibit boundary 

driven streaming creating limiting velocities at the 

boundaries which would not be found from pure Eckart 

streaming, and that interactions between boundary-driven 

streaming and Eckart streaming could create inner streaming 

vortices. 
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