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Abstract The concept of a valveless acoustic micropump

was investigated. Two-dimensional, time-varying, axi-

symmetric, incompressible viscous flows through a planar

diffuser-nozzle element were analyzed for applications in

valveless acoustic micropumps. The diffuser divergence

half-angles (h), and the maximum pressure amplitudes (P)

were independently varied. The inflow was periodic and

the excitation frequency (f) was varied over the range

10 kHz B f B 30 kHz. The net time-averaged volume

flux and the rectification capability of the diffuser were

found as functions of h, f, and P. The phase difference

between pressure and velocity waveforms, the life time and

the size of large scale flow recirculation regions inside the

microdiffuser, and energy losses were found to be strongly

frequency dependent.
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List of symbols

DP Pressure drop (Pa)

d Stokes layer thickness (m)

g Rectification capability

k Acoustic wavelength (m)

l Shear viscosity (kg/m s)

m Kinematic viscosity (m2/s)

x Angular frequency (rad/s)

q Density (kg/m3)

h Diffuser divergence half-angle (�)

nd Pressure loss coefficient in the diffuser direction

nn Pressure loss coefficient in the nozzle direction

Dh Hydraulic diameter of the microdiffuser at the inlet

(m)

f Excitation frequency (Hz)

I Flow inductance (kg/m4)

Id Flow inductance in the diffuser direction (kg/m4)

In Flow inductance in the nozzle direction (kg/m4)

N Cell numbers

P Maximum pressure (Pa)

p Pressure (Pa)

p0 Static pressure (Pa)

Q Volumetric flow rate (m3/s)

Qnet Net flow rate (m3/s)

R Flow resistance (kg/m4 s)

Rd Flow resistance in the diffuser direction (kg/m4 s)

Rn Flow resistance in the nozzle direction (kg/m4 s)

Re Reynolds number

T Excitation period (s)

t Time (s)

U Maximum velocity (m/s)

u Velocity in x direction (m/s)

v Velocity in y direction (m/s)

Vnet Sectional net velocities (m/s)

Wo Womersley number

x Axial position (m)

xmax Maximum fluid displacement during one oscillation

cycle (m)

y Transverse position (m)

Z Flow impedance (kg/m4 s)

Zd Flow impedance in the diffuser direction (kg/m4 s)

Zn Flow impedance in the nozzle direction (kg/m4 s)
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1 Introduction

Micropumps have been proposed for possible applications

in small scale fluid machinery (Jang and Kan 2007; Hsu

et al. 2007; Cui et al. 2007). Micropumps may be designed

with different actuation mechanisms. Piezoelectric, shape

memory alloys, electrostatic, electromagnetic and thermal

actuators have been proposed (Zhang et al. 2007).

Micropumps may be divided into two categories according

to the way fluid is displaced. Hydrodynamic micropumps such

as elctrohydrodynamic (Ehlert et al. 2008), magnetohydro-

dynamic (Nguyen and Kassegne 2008) and electroosmotic

(Wu et al. 2005; Park and Lim 2008) micropumps involve a

continuous energy source that produces a steady force on the

fluid. Positive displacement micropumps add energy periodi-

cally by applying a force to one or more movable pump

chamber walls. Volume changes resulting from the diaphragm

motion impart a direct pressure to the fluid and force fluid

mass through the outlet, producing a pulsating flow. Iverson

and Garimella (2008) presented a review of micropumping

strategies reported in the literature.

Reciprocating valveless micropumps are the most-com-

mon type of positive displacement micropumps. They

involve the oscillation of a diaphragm excited by an actua-

tor, propelling the flow through two diffuser-nozzle

elements which direct the flow (Stemme and Stemme 1993).

Gerlach et al. (1995) presented the working principle of a

reciprocating micropump and discussed its basic parame-

ters. Olsson et al. (1999) performed a numerical study of a

valveless diffuser pump using lumped-mass models. Their

results indicated that a low pressure inside the micropump

chamber is a limiting factor for the performance of recip-

rocating valveless micropumps. Pan et al. (2001) suggested

an optimal frequency range for reciprocating valveless

micropumps based on an analytical model. Hwang et al.

(2008) developed a numerical model using ANSYS to eva-

luate the flow rate of a reciprocating valveless micropumps.

Tsui and Lu (2008) analyzed the flow in a reciprocating

valveless micropump using both numerical and lumped-

element methods. They modeled the motion of the membrane

by imposing a reciprocating velocity boundary condition.

They found a good agreement between numerical predictions

and experimental data for various back pressure values. Hsu

and Sheen (2008) developed a microfluidic flow-converter

that transforms an oscillatory flow into a steady-like flow in a

reciprocating-type pumping device.

2 Valveless acoustic standing wave micropumps

(ASWMP)

Valveless ASWMP achieve pumping action through the

use of acoustic standing waves in confined vessels. This

new type of micropump may be categorized as a type of

positive displacement micropump. Valveless ASWMP

consist of a chamber, a piezoelectric vibrator and a driver

(see Fig. 1). The chamber includes fluid inlet and outlet

ports. The driver supplies the power to maintain a standing

wave in the chamber. The driver impedance must be

matched to the acoustic load impedance for optimal elec-

tro-acoustic efficiency. The length of the chamber is

adjusted so that the traveling wave generated by the

acoustic driver is reflected to create constructively inter-

fering standing waves. This arrangement forms a resonant

cavity. The standing wave results in one or more pressure

nodes and pressure anti-nodes within the chamber. The

number of nodes and anti-nodes depends upon the length of

the chamber and the excitation frequency. Generally, the

pressure at a pressure node is relatively constant at

approximately the same level as the ambient pressure in the

fluid. The pressure at a pressure anti-node fluctuates above

and below the undisturbed pressure level. The inlet and

outlet ports are located near the pressure nodes and anti-

nodes of the chamber, respectively, as illustrated in Fig. 1.

The large pressure fluctuations throughout the resonator, in

particular at the pressure anti-node, tend to create a time-

averaged net fluid flow through the outlet port. This is

because the flow resistance of the diffuser in the outlet port

is temporally asymmetric, and is smaller during the portion

of the cycle where the pressure at the pressure anti-node

exceeds the discharge pressure than during the portion of

the cycle where the pressure at the pressure anti-node

pressure is smaller than the discharge pressure. As fluid is

discharged, there is a reduction in the fluid mass inside the

tube which causes a reduction in static pressure. The mean

resonator pressure is then lower than the pressure at the

inlet. As a result fluid is injected into the resonator through

the inlet port. A check valve must be placed at the outlet

to prevent the pumped fluid from being re-injected in

the resonator during the low pressure portion of the cycle at

the pressure anti-node. However, such valves may fail

due to wear and fatigue. Thus, only a fixed orifice with a

Inlet

Outlet

Linear
actuator or

driver

Vibrating piston
Pressure distribution
   at different times

Pressure node

Pressure
anti-node

Diffuser-nozzle
      element

Fig. 1 Schematic of the valveless ASWMP concept
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diffuser-nozzle element is used to achieve pumping action

in valveless ASWMP. Among different actuation mecha-

nisms, piezoelectric materials are well suited for valveless

ASWMP due to their simple structure, high output power

density and high actuation strength. The performance of

large scale valved acoustic standing wave pumps has been

investigated (Bishop 2000; 2001; Kawahashi et al. 2007).

These pumps require one or more check valves at the inlet

and the outlet.

In valveless ASWMP, the difference between the for-

ward flow and backward flow resistances of the diffuser is

utilized to achieve a net mass flow from the resonator to the

outlet reservoir. In previously reported valveless micro-

pumps, a moving diaphragm (deriven by a piezoelectric

actuator) does pressure work on the working fluid in a

periodic manner. However, in valveless ASWMP, pressure

fluctuations are achieved through the establishment of high

frequency standing waves inside the micropump chamber.

Assuming a linear standing wave inside the chamber, the

pressure time history is assumed to be nearly sinusoidal,

with a maximum amplitude of P and an angular frequency of

x, p(t) = Psin(xt) at the outlet port (pressure anti-node), and

atmospheric at the inlet port (pressure node). When p(t) [ 0

(the pump mode, Fig. 2a) the diffuser-nozzle element acts as

a diffuser and for p(t) \ 0 (the suction mode, Fig. 2b) the

diffuser-nozzle element operates like a nozzle. For equal

pressure fluctuation amplitudes in the pump and suction

modes, the volume of the outgoing flow through the outlet

port is larger than the incoming flow, due to the lower flow

resistance in the diffuser direction than that in the nozzle

direction. Therefore, a net mass flow rate is achieved. The

pumping capacity of the ASWMP is proportional to the

pressure fluctuation amplitude inside the pump chamber. To

achieve high pressure fluctuations, operation at resonance

with sufficiently high force and vibrational displacement

are needed.

One advantage of valveless ASWMP over reciprocating

valveless micropumps is that large pressure fluctuation

amplitudes may be achieved for comparatively small

actuator displacements within the resonator in the valveless

ASWMP. Whereas, a low chamber pressure amplitude

limits the performance of reciprocating valveless micro-

pumps (Olsson et al. 1999).

3 Energy losses and lumped element model of unsteady

flow through the diffuser-nozzle element

The rectification capability (g) of the diffuser-nozzle

element can be defined as,

g ¼ nn

nd

; ð1Þ

where nn and nd are measures of the direction-dependent

flow resistance, called the pressure loss coefficients of the

nozzle and diffuser, respectively. These parameters are

defined as Stemme and Stemme (1993),

nn ¼
2DPn

qu2
n

; nd ¼
2DPd

qu2
d

ð2Þ

where DPn and DPd are time-averaged pressure drops in

the suction and pump modes, respectively; un and ud are the

time-averaged flow velocities in the narrowest part of the

diffuser-nozzle element in the suction and pump modes,

respectively.

In order to study the unsteady flow, not only flow

resistance, but also flow inductance should be considered.

One commonly used model for harmonic incompressible

viscous flow in a rigid channel consists of the series

combination of a resistor (R) and an inductor (I) (Morris

and Forster 2004),

Z ¼ DP

Q
¼ Rþ ixI; ð3Þ

The equivalent electrical analog model of the unsteady flow

through the diffuser-nozzle element is shown in Fig. 3. The

values of Rd, Id, Zd, Rn, In, and Zn are calculated using

the equations: Zi ¼ MPi

Qi
;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
i þ x2I2

i

p

¼ jZij; and xIi

Ri
¼

tan�1 ui; where index i represents the diffuser or nozzle

directions (i = d, n). ud and un are the phase difference

between pressure and velocity signals in the diffuser

direction and the nozzle direction, respectively, which can

be calculated from the numerical results.

The total pressure head loss for a diffuser may be

defined as,

pL ¼ p1 þ
1

2
qu2

1 � p2 þ
1

2
qu2

2

� �

; ð4Þ

where p1 and p2 are the pressures at the diffuser inlet and

exhaust, respectively, and u1 and u2 are the average flow

p=0

2θ

p(t)<0

(a) (b)

p(t)>0

t t
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2θ

y

x

y

x

Fig. 2 Flow rectification process in valveless ASWMP, (a) pump

mode and (b) suction mode
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velocity through the diffuser inlet (y = 0) and exhaust

(y = 1,800 lm), respectively. The total energy loss over

one period of the excitation signal (T) may then be obtained

using,

eL ¼ pLQnetT ð5Þ

4 Review of previous work

The diffuser-nozzle element plays an important role in

the performance of reciprocating micropumps, and in

particular valveless ASWMP. Steady flows through

diffuser-nozzle elements have been extensively investi-

gated both numerically and experimentally. Singhal et al.

(2004) analyzed the steady flow through diffuser-nozzle

elements using the commercially available software Fluent.

They observed that flow rectification through the diffuser-

nozzle element is possible for very low Reynolds number

laminar flows. Experimental investigations of the perfor-

mance of diffuser-nozzle elements were performed by

Yang et al. (2004). They found that the pressure loss

coefficients of the nozzle and diffuser decreased as the

Reynolds number was decreased, resulting in an increased

rectification capability. Sun and Yang (2007) investigated

the effects of the diffuser half angle on the flow rectifica-

tion of a microdiffuser in the steady flow regime. Their

results showed that the flow rate in the diffuser direction

was always larger than that in the nozzle direction for

5� B h B 55� regardless of the half angle. Wang et al.

(2009) investigated the loss characteristics and flow recti-

fication performance of flat-walled microdiffuser valves for

Reynolds numbers between 100 and 2000. They reported

that flow separation plays a significant role in reducing

diffuser loss. The diffuser angle for optimum diffuser

efficiency was found to decrease from 40� at Re = 100 to

20� for Re [ 500.

All the above-mentioned studies of flows in diffuser-nozzle

elements were performed in the steady flow regime. Sun and

Huang (2006) performed a numerical study of the unsteady

flow through a microdiffuser for frequencies up to 1 kHz.

They found that microdiffusers with larger half angles feature

better rectification capability for 5� B h B 35�. The net flow

rate obtained was nearly independent of h, for h[ 35�.

Experimental investigations of the unsteady flow in a diffuser-

nozzle element were performed by Sheen et al. (2008).

They measured the transient flow behavior in an obstacle-type

valveless PZT micropump using a micro-PIV for excitation

frequencies in the range 1 kHz B f B 3 kHz. They observed

and quantified the flow recirculation around the obstacle, and

concluded that such flow behavior could enhance the flow

rectification capability.

The minimum possible length of a valveless ASWMP is

one-quarter wavelength (k/4). Therefore, the excitation

frequency should be high to limit the chamber length.

Frequencies greater than 10 kHz, for example, are

required to keep the length of the micropump smaller than

around 1 cm for pumping air. This frequency range is far

greater than that of reciprocating valveless micropumps.

Pulsating flows through microdiffusers have not yet

been investigated at such high frequencies. The present

study attempts to partly fill this gap. High frequency

(10 kHz B f B 30 kHz) oscillatory flows through diffuser-

nozzle elements were numerically modeled for different

divergence angles and maximum pressure amplitudes. The

phase difference between pressure and velocity wave-

forms, the life time and size of the flow circulation regions

inside the microdiffuser, and energy losses were found

to be significantly different at high frequencies from

observed behavior at low frequencies.

5 Numerical procedures

The commercially available software Fluent, which is based

on a finite-volume scheme was used to discretize the

governing equations. The working fluid considered was

water, with a density of q = 998.2 kg/m3 and a viscosity

of l = 0.001003 kg/m s. The flow was assumed to be lami-

nar and incompressible. No-slip boundary conditions were

applied at the walls. The imposed pressure at the inlet and the

outlet were Psin(2pft) and zero, respectively. Unsteady flow

simulations were carried out for 15� B h B 60�. A transient

axisymmetric solver was used. Figure 4 shows the 2-D

computational domain.

IdInRn Rd

IdInRn Rd

Qn

Qd

Pdc

Pdc

Pac

Pac

(a)

(b)

Dn

Dn

Dd

Dd

Fig. 3 Equivalent electrical model of the unsteady flow through the

diffuser-nozzle element along (a) the diffuser direction, and (b) the

nozzle direction
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The governing equations are:

ou

ox
þ ov

oy
¼ 0; ð6Þ

q
ou

ot
þ u

ou

ox
þ v

ou

oy

� �

þ op

ox
¼ l

o2u

ox2
þ o2u

oy2

� �

; ð7Þ

q
ov

ot
þ u

ov

ox
þ v

ov

oy

� �

þ op

oy
¼ l

o2v

ox2
þ o2v

oy2

� �

; ð8Þ

and initial conditions are u(x, y, 0) = 0, and v(x, y, 0) = 0.

In order to minimize numerical diffusion, a second order

up-wind differencing scheme was used for the solution of

the momentum equation. A pressure-implicit with splitting

of operators (PISO) was used as the pressure–velocity-

coupling scheme, which is recommended for transient

calculations. The use of PISO allowed for a rapid rate of

convergence without any significant loss of accuracy (Issa

1986; Ferzieger and Peric 1996). Pressure was discretized

with a pressure-based segregated solver only (PRESTO)

scheme. Other schemes (linear or second-order schemes)

lead to strong divergence or to slow convergence (Patankar

1980). The under relaxation factors used for pressure and

momentum were set equal to 0.6 and 0.4, respectively. A

second order up-wind scheme was used to evolve the

solution over time. A time step value of one hundredth of

the oscillation period was used throughout the simulations.

5.1 Computational grid

A structured grid was used for the inlet and outlet regions,

while an unstructured grid was used for the diffuser region.

It was found that the velocity fields had a lower sensitivity

to grid size for the mixed grid (Sun and Huang 2006). The

cell numbers (N) were varied from 4,000 (for h = 15�) to

8,000 (for h = 60�), and the average mesh size was

approximately 100 lm2 and 170 lm2, for h = 15� and for

h = 60�, respectively. The grid structure featured very fine

grids in the vicinity of the microdiffuser wall, and the grid

density decreased near the centerline. The mesh size was

smaller in the inlet region than that in the outlet region.

A grid refinement test was undertaken to examine the

sensitivity of the solution to grid spacing. For an excitation

frequency of f = 10 kHz, a peak pressure value of

P = 5,000 Pa, and a half angle of h = 15�, N was

increased from 4,000 to 10,000. The velocity time history

for the two cases over two periods of oscillation are shown

in Fig. 5. This figure clearly shows that the use of denser

computational grids did not change the results significantly.

The relative differences in net velocity for these two cases

was found to be 0.52%. A single mesh was used over the

entire range of oscillation frequencies.

Increasing the number of time steps per cycle from 100

to 200 resulted in no significant change in the velocity

field. A total of 200–300 cycles were required to eliminate

the effects of the initial transient and reach a stable periodic

velocity variation. Only a few cycles were required for this

purpose at low frequency (f \ 500 Hz).

5.2 Model verification

To verify the accuracy of the numerical model to simulate

the oscillatory flow in microchannels, results for pulsat-

ing, laminar oscillatory flow in a 2-D microchannel of

width 2a and length L driven by a sinusoidal pressure

gradient qp/qx = p*eixt were compared with the analyti-

cal solution. Following Cosgrove et al. (2003), the

analytical expression for the y-dependent axial velocity in

the microchannel is

u ¼ < p�

ixq
1� cosh½yðaþ iaÞ=

ffiffiffi

2
p

a�
cosh½ðaþ iaÞ=

ffiffiffi

2
p
�

" #

eixt

( )

; ð9Þ

where a ¼ a
ffiffiffiffiffiffiffiffi

x=m
p

; and < denotes the real part of the

solution. For large a, Eq. 9 reduces to
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Fig. 4 Schematic of the geometry and dimensions of the

microdiffuser
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Fig. 5 The velocity time history over two periods of oscillation for

f = 10 kHz, P = 5,000, and h = 15�, for N = 4,000 (9) and

N = 10,000 (�)
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u ’ um sin xt; ð10Þ

where um ¼ p�

xq: The time-oscillating axial velocity is then

uniform across the microchannel. The mean velocity is

obtained as,

�u ¼ 1

T

Z

T

0

uðy; tÞdt ’ 2p�

pxq
: ð11Þ

Fig. 6a shows velocity profiles from numerical predictions

and the exact solutions from Eq. 9 for f = 10 kHz,

a = 60 lm, L = 1,000 lm, and P = 1,000 Pa, (p* =

2,777,777 Pa/m). The value of a for this case was 15.

Fig. 6a shows the velocity profiles at phases x t = 0, p/5,

p/2, 4p/5, p, 6p/5, 3p/2, 9p/5. The overall difference

between the analytical (ua) and numerical (un) velocity

across the microchannel at 100 discrete phases over one

period (e = RtRy|un(y,t)-ua(y,t)| / RtRy|ua(y,t)|) was found

to be 6.9%. The velocity time history of the analytical and

numerical models over two periods of oscillation are

shown in Fig. 6b. The good agreement in shape and

amplitude between the analytical and numerical results

support the accuracy of the numerical model.

Further verifications were made through comparisons

with 3-D numerical simulations performed by Sun and

Huang (2006). For the same geometry, in 2-D, the time-

dependent pressure and flow rate for h = 25�, f = 100 Hz

and P = 200 Pa are plotted in Fig. 7. The flow rate time

history was calculated and became periodic after the first

cycle. The amplitude of the flow rate signal and its phase in

relation to that of the pressure are in good agreement with

the 3-D simulation results of Sun et al. (see Fig. 1b of Sun

and Huang (2006)).

5.3 Symmetry considerations

The validity of choosing an axisymmetric domain was also

verified. Although the diffuser is symmetric, previous

numerical and experimental investigations showed that

steady, incompressible, laminar flow in a symmetric dif-

fuser may be asymmetric at high values of Reynolds

number. There is a critical Re beyond which the flow is

asymmetric (Durst et al. 1974; Tsui and Wang 1995). The

origin of the asymmetry is related to the instability of the

shear layers formed by flow separation. The instability

originates from small periodic perturbations in the shear

layers, amplified to form wavy flow patterns, and eventually

vortex-like structures as they are convected downstream

(Tsui and Wang 1995).

In order to verify the symmetry of the unsteady flow

pattern in the microdiffuser, an extended 2-D domain with

h = 30� was considered. For an inlet pressure of 120 Pa in

the steady laminar flow regime, the flow is asymmetric as

shown in Fig. 8a. However, in the unsteady laminar flow

regime, symmetric flows were observed for different

amplitudes and frequencies of the inlet pressure. A suffi-

ciently long discharge duct section prevented the uniform

outlet boundary conditions to enforce a symmetric pattern

outflow. Figure 8b, c shows the velocity amplitude in the

microdiffuser for f = 10,000 Hz, and P = 30,000 Pa for

two different phases of the pressure signal (p/2 and p). The

maximum Reynolds number for both the steady and the

unsteady cases was around 51. The above analysis showed

that the oscillation period was too short to allow the

Fig. 6 a Evolution of velocity

profiles over one period at

phases x t = 0 (*), p/5 (�),

p/2 (9), 4p/5 (�), p ð4Þ;
6p/5 (v), 3p/2 (x), 9p/5 (5),

and b time history of the mean

velocity over two periods, for

f = 10 kHz and P = 1,000 Pa

(a = 15) in a microchannel of

width 120 lm and length of

1,000 lm; solid lines, analytical

solutions; symbols, numerical

solutions
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Fig. 7 The time-dependent pressure (solid line) and flow rate (dashed
line) for h = 25�, f = 100 Hz and P = 200 Pa
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instability of the shear layers to develop, and asymmetric

flow separation to occur.

6 Results and discussion

A total of 24 cases were considered for excitation fre-

quencies of f = 10, 20 and 30 kHz, maximum pressure

values of P = 5,000 and 10,000 Pa, and half angle values

of h = 15�, 30�, 45�, and 60�, In addition, three low fre-

quency cases (f = 100 Hz, and h = 15�,30�, and 45�) were

studied for comparison with the high frequency cases.

6.1 Time-varying velocity signals

The time-dependent pressures and average velocities at the

microdiffuser inlet are shown in Fig. 9 for h = 15�, 30�,

and 45� at high frequency (f = 10,000 Hz, left pane) and

low frequency (f = 100 Hz, right pane). The maximum

pressure for the high frequency cases was P = 10,000 Pa.

For low frequency cases, the pressure was selected to

produce almost the same maximum velocity as for the

corresponding high frequency case. For all cases, the time-

varying mean velocities are not temporally symmetric,

although the pressure variations are symmetric. The mean

velocities in the diffuser direction (positive cycles) are

larger than those in the nozzle direction (negative cycles).

This is due to a lower flow resistance in the diffuser than in

the nozzle direction. The ratio between the maximum

velocity in the diffuser and that in the nozzle direction is a

function of h.

The phase difference between pressure and velocity

signals at high frequency is almost p/2, in contrast with the

low frequency case, where the phase difference is consid-

erably less than p/2 (see Fig. 9). This is due to the fact that

at high frequencies the flow impedance (Z) is almost purely

inductive (Eq. 3), and the effect of R on Z is almost neg-

ligible. At low frequencies, both R and I contribute to Z,

due to smaller value of x.

6.2 Two-dimensional time-dependent velocity profiles

The time-dependent stream function (w) contours were

obtained for both low and high frequency cases (f = 100

and 10,000 Hz) and for h = 15� and 45�. Figure 10 shows

stream function contours for h = 15�, f = 100 and

10000 Hz, for six different phases of the inlet pressure

waveform, which are also shown in the figure. It is

noteworthy that the phase difference between the pressure

and velocity waveforms for high and low frequency cases

are around p/2 and 2p/11, respectively. As shown in

Fig. 10, flow separation due to adverse pressure gradient

is observed at both high and low frequency. At low fre-

quency, flow separation occurs before the inlet pressure

signal changes sign (see Fig. 10b1), and persists over

almost 20% of the period. At high frequency, flow sepa-

ration was not observed when the inlet pressure sign

changed (see Fig. 10a1). Instead, the onset of flow sepa-

ration was near the times of maximum and minimum inlet

pressure (see Fig. 10a2). This trend was also observed

in a microdiffuser of greater half-angle (h = 45�) as

shown in Fig. 11. This figure shows the stream function

contours at four different phases of the inlet pressure

waveform.

It is important to verify that the flow field in the

microdiffuser is not influenced by the outlet boundary. For

f = 100 Hz, P = 400, and h = 15�, the stream function

contours for the original computational domain (Fig. 4)

and a computational domain with a longer outlet section

(1,000 lm) at the phase of 203� of the pressure signal are

shown in Fig. 12. As shown, there in no significant dif-

ference in the flow fields.

Fig. 8 The stream function

contours for (a) steady flow

regime (P = 120 Pa, Re = 51),

and unsteady flow regime

(P = 30,000 Pa,

f = 10,000 Hz, Remax = 51,

at two different phases of the

pressure signal (b) p/2, and

(c) p/2
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Another important observation is that the life time and

size of the flow recirculation region for the low frequency

cases is larger than those for the high frequency cases.

Consider s1 and s2 as the fraction of period in which flow

separation exists when the inlet pressure decreases and

increases, respectively (0 B s1,s2 B 0.5) and s = s1 ? s2

(0 B s B 1). The values of s1, s2, and s for h = 15�, and

45� for both high and low frequencies are shown in

Table 1. The results show that at high frequency, flow

separation occurred at 12% and 16% of the period for

h = 15� and 45�, respectively. These values were 30 and

42% for low frequency cases for h = 15� and 45�,

respectively.

6.3 Net velocity and rectification capability

The sectional net velocities at the diffuser section of the

diffuser-nozzle element and the rectification capability as

functions of h for P = 5,000 and 10,000 Pa and f = 10, 20

and 30 kHz are shown in Fig. 13. A positive net flow rate

was achieved using the valveless ASWMP regardless the

value of h. A better pumping action was achieved for

greater values of h. For h[ 30�, a further increase in h did

not result in any significant increase in net velocity. Fig-

ure 13 also shows that the rectification capability of the

microdiffuser was always greater than unity for the cases

studied. These results are in agreement with the low fre-

quency numerical results reported by Sun and Yang (2007).

An increase in excitation frequency resulted in a decrease

of net flow rate and rectification capability. An increase in

maximum pressure resulted in an increase of net flow rate

and rectification capability regardless of frequency, f and

half angle, h.

Using the time-dependent pressures and velocities

shown in Fig. 9 and Eq. 3, as well as Fig. 3, the values of

flow resistance, inductance, and impedance in the diffuser

direction (Rd, Id, and Zd, respectively) and the nozzle

direction (Rn, In, and Zn, respectively) as a function of h for

P = 5,000 Pa and P = 10,000 Pa at two different excita-

tion frequencies f = 10 kHz and 20 kHz were calculated

and are plotted in Fig. 14. This figure shows that the values

of flow resistance, inductance, and impedance in the dif-

fuser direction are lower than those in the nozzle direction.

The values of Rd, Id, Zd, Rn, In, and Zn decrease as h
increases. An increase in f or a decrease in P cause an

increase in Rd and Id, and a decrease in Rn, In, and con-

sequently an decrease in net velocity and rectification

capability.

The Womersley number, Wo = Dh/d, is used to describe

the unsteady nature of fluid flow in response to an unsteady

pressure gradient. d ¼
ffiffiffiffiffiffiffiffi

m=x
p

is the Stokes layer thickness.

Small values of Wo (1 or less) indicate that viscous effects

are dominant and that the frequency of pulsations is

sufficiently low so that a parabolic velocity profile has

time to develop during each cycle, and the flow is very

nearly in phase with the pressure gradient. In this regime,
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Fig. 9 The time-dependent

pressure (solid line) and mean

velocity (dashed line) for

h = 15�, 30�, and 45� at high

frequency (f = 10,000 Hz, left
pane) and low frequency

(f = 100 Hz, right pane)
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the microdiffuser performance is frequency-independent.

Large values of Wo (20 or more) implies that the frequency

of pulsations is sufficiently large that the velocity profile is

relatively flat, and the mean flow lags the pressure gradient

by about p/2. For Wo grater than 1, the microdiffuser

performance is frequency-dependent. The values of Wo for

f = 10, 20, and 30 kHz are 46, 68, and 80, respectively.

These values are far larger than the value of Wo for

f = 100 Hz, which is 4.6.

At this point, it is useful to provide support for the

validity of the laminar flow assumption for the high fre-

quency pulsating flows considered in this study. Kurzweg

et al. (1989) provided a criteria for the transition from

laminar to turbulent state in pulsating water flows in pipes

based on an experimental investigation. At high Womers-

ley numbers, turbulence first appears when the non-

dimensional parameter b = xmax/d exceeds a value of

about 700. For the high frequency cases considered in the

present study, the maximum value of b was calculated to

be about 3.2, which is far smaller than the critical value of

b. Furthermore, the maximum Reynolds number, defined

as Re = UDh/m, was about 50. This value is far smaller

than the critical Reynolds numbers (200-2300) reported in

the literature for transition to turbulence in microchannels.

Therefore, the assumption of laminar flow seems warranted

for the simulations.

6.4 Energy losses

Figure 15a, b shows pL versus time (Eq. 4) over one cycle

of velocity waveform for h = 30� at high frequency

(f = 10,000 Hz, P0 = 10,000 Pa, left pane) and low fre-

quency (f = 100 Hz, P0 = 500 Pa, right pane). It is

important to note that the difference between the main

diagonal angle of pL curves is related to the phase differ-

ence between pressure and velocity waveforms at high and

low frequency (see Fig. 9). The total energy loss, |eL|,

(Eq. 5) over one cycle of velocity waveform is shown in

Fig. 15c, d. The plots exhibit a hysteretic behavior for both

high and low frequencies. The area under the curve rep-

resents the total energy loss over one cycle of the excitation

signal. Figure 15c, d clearly shows that, the total energy

Fig. 10 Time-dependent stream function (w) for h = 15�, f = 10,000 Hz (left pane) and f = 100 Hz (right pane)
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Fig. 11 Time-dependent

stream function (w) for h = 45�,

f = 10,000 Hz (left pane) and

f = 100 Hz (right pane)

Fig. 12 The stream function for

the original computational

domain (bottom) and a

computational domain with

longer outlet section (top) at the

phase of 203� of the pressure

signal for f = 100 Hz, P = 400,

and h = 15�
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loss over one cycle at low frequency is higher than that at

high frequency, although the net flow rates for both high

and low frequencies are almost equal. The reason for this

phenomenon is that the size and the life time of flow cir-

culation at low frequency is greater than that at high

frequency as shown in Figs. 10 and 11 and Table 1.

7 Conclusions

The concept of a valveless ASWMP was investigated.

Time-dependent flow structures through the diffuser-nozzle

element of this new type of micropump were numerically

investigated for different values of the excitation fre-

quency, the divergence angle, and the maximum pressure

amplitude. The accuracy of the numerical model for sim-

ulations of the oscillatory flow in the microdiffuser was

validated using the analytical formula and previous

numerical models. The phase difference between pressure

and velocity waveforms at high frequency was almost p/2,

whereas this value at low frequencies was significantly less

than p/2. Flow separation was observed for both high and

low frequency cases. However, for low frequency cases,

flow separation occurred before the inlet pressure signal

changed sign, whereas for high frequency cases, the onset

of flow separation coincided with the maximum and min-

imum of the inlet pressure signal. The life time and size of

the flow circulation for the high frequency cases were

smaller than those for the low frequency cases. Although

there is a possibility for asymmetric flow to be established

in microdiffuser in the steady laminar flow regime, the

unsteady flow was always symmetric and in the laminar

flow regime over the values of Reynolds number and

divergence angle considered. As for low frequencies, better

pumping action was found for microdiffuser with larger

divergence angles at high excitation frequencies. Increase

of maximum pressure or decrease of excitation frequency

resulted in increase of net flow rate and rectification

capability. The values of flow resistance, inductance, and

impedance in the diffuser direction were lower than those

in the nozzle direction. The values of Rd, Id, Zd, Rn, In, and

Zn decreased as h increased. An increase in f or a decrease

in P caused an increase in Rd and Id, and a decrease in Rn,

Table 1 The values of s1, s2, and s for h = 15�, and 45� for both

high and low frequency cases

f = 10,000 Hz f = 100 Hz

h = 15� h = 45� h = 15� h = 45�

s1 0.06 0.08 0.2 0.32

s2 0.06 0.08 0.1 0.1

s 0.12 0.16 0.3 0.42

s1 and s2 are the fraction of the period in which flow separation exists

when the inlet pressure decreases and increases, respectively,

s = s1 ? s2
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capability (g) as a function of h
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excitation frequencies
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In, and consequently an decrease in net velocity and rec-

tification capability. For the same amount of net flow rate,

the total amount of energy losses over one cycle at low

frequency was greater than that at high frequency. This is

due to the smaller size and life time of flow circulation

region at low frequency compared to high frequency.
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