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ABSTRACT 

In this study, we present the dynamic modeling of a micro 
diffuser pump by employing the commercial software package 
CFDRC. Two types of time-dependent pressure boundary 
conditions are applied to the inlet. Sinusoidal and square wave 
functions with various amplitudes and frequencies are used. 
The results indicate a rectification effect such that a net flow in 
the divergent direction of the diffuser is gained over the time. 
In addition, the model is able to show the correlation of flow 
rate with frequency by flow circulation effects. This impact of 
the transient flow on the pumping performance is discussed. 
The modeling results are also compared to experimental data 
found in the literature. The net flow rates predicted by the 3D 
modeling are found to have good agreement at low excitation 
frequencies. To evaluate the validity of the imposed pressure 
boundary condition, the heat transfer model of the evaporation 
process is used. 

 
Keywords: microfluidic, diffuser, micro pump, modeling, 
evaporation, MEMS 

INTRODUCTION 
Micropumps have played a significant role in a wide 

variety of applications in microsystems including micro mixers , 
electronic cooling [1], µ-TAS (micro-total analysis systems) [2] 
and perhaps even micro internal combustion engines [3] and 
fuel cells [4]. Among different designs, there is considerable 
interest in the development of a nozzle-diffuser pump due to its 
simplicity and feasibility. An appropriately-designed diffuser 
has the fluid directing properties such that there is a lower flow 
resistance in the divergent direction than in the convergent 
direction. Based on this principle, a net flow in the divergent 
direction can be acquired by inciting an oscillating pressure 
gradient across the diffuser. In recent reports, researchers have 
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used moving diaphragms [5, 6] or thermal bubbles [7] to 
actuate this necessary pressure oscillation.  

The thermal bubble-actuated mechanism utilizes the 
expanding and collapsing actions of the bubbles to propel liquid. 
With the advantage of no moving parts, it not only reduces the 
risk of fatigue and wear, but also possibly simplifies the 
fabrication process. The pulsatile behavior of the bubble is 
controlled by the polysilicon heater and usually requires 5 to 10 
W [8] of peak power input. However, this high power 
consumption is not acceptable for microscale power generation 
devices like the MEMS rotary engine power system [3] (REPS) 
or fuel cell power module. Since the goal of these devices is to 
output electrical power, the auxiliary requirements for electrical 
heating must be minimized. Therefore, the mechanism 
proposed here is to deliver vaporized fuel by recycling waste 
heat from the combustion/chemical process in the microsystems. 
By locating an evaporation zone downstream, the proposed 
design exploits the intermittent characteristics of the boiling 
process [9] to produce the required flow fluctuation in the 
diffuser. The schematic of this dynamic micro fuel evaporator 
is depicted in Fig. 1. In addition to the diffuser, the evaporation 
at the meniscus also helps to evoke a slow pumping effect [10] 
to the fluid. 
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 Fig. 1 Schematic of the dynamic micro fuel 

evaporator 
 In order to obtain the optimal design of the fuel evaporator 

for the MEMS REPS, understanding the dynamic 
characteristics of the micro diffuser pump is essential. Although 
several researches have modeled the diffuser pump, these 
1 Copyright © 2003 by ASME 

se: http://www.asme.org/about-asme/terms-of-use



Downlo
previous efforts were limited to steady flow conditions [11-13]. 
None has successfully analyzed the transient behavior that 
reflects the actual operation of the micro diffuser pump. 
Therefore, a numerical investigation is performed here to focus 
on the dynamic aspects. As a first step, two types of pulsatile 
pressures are applied as the boundary conditions: sinusoid and 
square wave. The numerical results for both wave types show 
that the net flow rate increases with the pressure amplitude but 
decreases with the excitation frequency. We also use a bubble 
growth model [14] to calculate the superheat variation 
corresponding to the pulsatile heating from the polysilicon 
heater. The pressure is then evaluated to discuss the validity of 
our hypothetical boundary conditions. The Reynolds number is 
relatively small (~500), validating the laminar flow assumption 
in the model. 

NOMENCLATURE 
A area, m2 
Cb bubble growth rate constant 
Cp thermal capacity, J/kg· K 
D bubble diameter, m 
F modification factor 
f excitation frequency, Hz 
h heat transfer coefficient, W/m2· K 
hlv latent heat, J/kg 
k thermal conductivity, W/m· K 
l length, m 
P pressure, kPa 
Q&  flow rate, µl/s 

R0 reference electrical resistance, Ω 
T temperature, K 
t time, s 
∆t time step, s 
Vin input voltage, volts 
w width, m 
y thickness, m 
 
Greek symbols 

α thermal diffusivity 
p

k
C

α
ρ

=
⋅

, m2/s 

χ rectification efficiency 
θ contact angle, rad 
ρ density, kg/m3 
ξ thermal coefficient of resistance, K-1 
 
Miscellaneous subscript symbols 
b bubble 
evp evaporation 
g Petri dish 
l liquid 
max maximum 
n nitride 
net net 
p polysilicon 
s silicon 
sat saturation 
v vapor 
 

aded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Us
MODEL CONSTRUCTION 
1. Simulation Domain 

In this investigation, we apply symmetric boundary 
conditions in the transverse and perpendicular directions. The 
simulation domains are chosen as a half of the diffuser for 2D, 
and a quarter for 3D modeling, as shown in Fig. 2, to minimize 
the memory requirement and computational time. The 
geometry of the simulation domain consists of the diffuser in 
the middle and two 300 µm long sections for inlet and outlet on 
both sides. The inlet of the diffuser is 30 µm wide, the length is 
1987 µm, and the half angle is 7º. The height of the model is 25 
µm for the 3D models.  

 

 
Fig. 2 Simulation domains for 2D and 3D models 

with mesh 
 
2. Feasibility Verification 

Since the previous works focused on higher ranges of flow 
rates (10 ~ 1000 µl/s) [5-7], we initially conduct a feasibility 
study for integration of the diffuser pump into the 2.4 mm 
MEMS REPS which requires a much lower flow rate. Velocity-
driven flow is modeled to check the pressure variation at the 
inlet. The enforced velocity is based on the flow rate 
specification from the engine geometry, and then superposed 
with a sinusoidal oscillation to construct the boundary 
condition. 
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Fig. 3 Pressure distributions at the inlet of the micro 

diffuser pump for velocity-driven flow, velocity 
amplitude = 0.3 m/s 

 
The frequency is set to 40 Hz, and three different velocity 

amplitudes are tested: 0.03, 0.3, and 1.0 m/s. When the velocity 
profile alters directions, the gauge pressures at the inlet indicate 
2 Copyright © 2003 by ASME 
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sign changes accordingly for all three tested velocity 
amplitudes. The pressure distributions at the inlet are shown in 
Fig. 3 for t = 0.005 s (positive velocity) and t = 0.018 s 
(negative velocity). The maximum magnitude of the negative 
pressure is found to exceed that of the positive pressure for the 
velocity-driven flow. This means that it requires higher 
pressure to drive the flow in the convergent direction. Namely, 
the flow resistance in the divergent direction is lower, and the 
micro diffuser pump will indeed work in the operational flow 
rate range (~0.01 to 0.1 µl/s) against a pressure head of –400 Pa 
to 340 Pa. 
 
3. Sensitivity of Simulation Parameters 

The sensitivity analysis of the grid resolution is carried out 
by successively refining the mesh size and computing the 
corresponding net flow rate, as shown in Fig. 4. The net flow 
rate is evaluated by dividing the trapezoidal integration of the 
time-dependent flow rate over the total simulated time. It is 
found that the deviation of the net flow rate to the mesh size is 
within 13 %, and the average sensitivity of the mesh size is 
1.4×10-5 µl/s· µm3. Considering the computational time, 
simulations are performed at average mesh sizes of 56.4 µm2 
for 2D modeling, and 74.2 µm3 for 3D modeling. From Fig. 4, 
the flow rate for the 56.4 µm2 mesh shows a 8.6 % deviation 
from that of the finest mesh tested (12.1 µm2). 
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Fig. 4 Mesh size dependence study for 2D model, 

sinusoidal pressure, P = 100 Pa, f = 40 Hz 
 
Different time steps and grid shapes 

(quadrangular/triagonal cells) were also tested, but their 
impacts on the net flow rate were negligible.  
 
4. Comparison of Transient and Steady State Results 

The steady state simulation with the same geometry is also 
performed for comparison. The pressure gradient is fixed at 100 
Pa. The net flow rate evaluated by taking the difference of 
steady flow rates in two directions is 4.08 times larger than the 
result with a sinusoidal boundary condition (P = 100 Pa, f = 40 
Hz). This demonstrates that the steady state assumption is not 
valid to reveal the dynamic operation of the micro diffuser 
pump; thus it is essential to use transient modeling for this type 
of problem. 
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RESULTS 
Simulations with oscillating pressures at the inlet boundary 

are accomplished with various amplitudes and frequencies. A 
typical volumetric flow rate is plotted in Fig. 5 for sinusoidal 
pressure, P = 500 Pa and f = 20 Hz. The corresponding pressure 
boundary condition is also shown in the figure for reference. 
From Fig. 5, it can be seen that the maximum magnitude of the 
flow rate in the divergent direction (forward) is almost twice as 
that in the convergent direction (backward). This indicates that 
a net flow is attainable with an oscillating pressure-driven flow, 
and CFDRC can be used to capture the rectification effects of 
micro diffuser pumps.  
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Fig. 5 Volumetric flow rate vs. time with sinusoidal 

pressure at the inlet, P = 500 Pa, f = 20 Hz (2D model) 
 
The peak of the flow rate experiences a 1.5 ms delay in 

response to the varying pressure. This time delay is also 
observed at other amplitudes and frequencies, and is inferred 
from the slow flow development. Figure 6 (a) and (b) show the 
velocity profiles at the instants that the pressure gradients 
change from negative to positive and positive to negative, 
respectively. At those instants, the pressure gradients become 
unfavorable, i.e. pressure decreases in the flow direction [15]. 
From Fig. 6, the unfavorable pressure gradients cause flow 
circulations near the diffuser outlets. Although the circulations 
soon disappear after the flows become more developed, they 
result in the reduction of the attainable net flow rate. 

 
(a) 

 
(b) 

Fig. 6 Velocity profile for sinusoidal pressure, P = 
500 Pa, f = 20 Hz, (a) t = 0.051 s, (b) t = 0.075 s (2D 

model) 
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From the transient results, the net flow rate is evaluated by 
the following steps. First, the instantaneous flow rates are 
collected for each time step. The net flow is then evaluated by 
trapezoidal integration of these instantaneous flow rates over 
the entire simulation time. Finally, we divide the net flow by 
the total time to obtain the net flow rate. 

( )
1

1
0

1
2

n

i i
i

net

Q Q t
Q

n t

−

+
=

 + ⋅ ∆  =
⋅ ∆

∑ & &
&   (1) 

Since the simulation domains are a half and a quarter of the 
diffuser for the 2D and 3D models, respectively, the net flow 
rate is restored accordingly to reflect the symmetric 
assumptions. 

The net flow rates for sinusoidal pressures with various 
amplitudes and oscillation frequencies are shown in Fig. 7. For 
P = 500 Pa, the net flow rate deteriorates with the increase of 
the frequency. When the diffuser pump operates at lower 
frequencies, the rate of pressure change is slower and provides 
more time for the flow to be rectified. At higher frequencies, 
the circulation effect dominates and causes a reduction in the 
net flow rate. However, for P = 100 Pa, the net flow rate is 
maintained around 7.5×10-3 µl/s and is almost independent of 
the excitation frequency. Since the velocities are relatively 
small, the circulation effect is almost negligible for low-
pressure amplitude. 
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Fig. 7 Net flow rate vs. frequency for sinusoidal 

pressure (2D model) 
 

Three-dimensional modeling is also conducted for the 
sinusoidal pressure boundary conditions. Since the channel 
depth is only 50 µm, it is necessary to examine the viscous 
effects from the top and bottom walls of the diffuser. The 
comparisons of the 2D and 3D results are shown in Table 1. It 
is found that the net flow rates from the 3D results are usually 
on the order of 100 times smaller than their 2D counterparts. 
This shows that the drag from the top and bottom walls 
significantly reduces the net flow rate. One way to diminish this 
effect is etching a deeper channel during the fabrication process 
of the micro diffuser pump. 
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P (Pa) f (Hz) 2D, netQ&  (µl/s) 3D, netQ&  (µl/s) 

100 40 7.10×10-3 1.05×10-4 
500 40 2.01×10-1 2.49×10-3 
500 100 1.51×10-1 2.43×10-3 

Table 1: Flow rate comparisons for 2D and 3D models 
with sinusoidal pressure boundary conditions 
 
Besides the sinusoidal pressure, square-wave pressure 

boundary conditions are also simulated with various amplitudes 
and frequencies. The duty cycle is fixed at 10 % in this study. 
The result with P = 500 Pa and f = 20 Hz is shown in Fig. 8 
along with the corresponding boundary condition. Due to the 
sudden jump of the pressure, the flow rate grows very rapidly 
during the pulse length. Then the flow rate diminishes to less 
than 10-3 µl/s within 8.9 ms after reaching the maximum. 
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Fig. 8 Volumetric flow rate vs. time with square-

wave pressure at the inlet, P = 500 Pa, f = 20 Hz (2D 
model) 
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Fig. 9 Net flow rate vs. frequency for square-wave 
pressure (2D model) 

 
For the square-wave pressure, flow circulations also appear 

near the outlet after the pulse (~ 5.6 ms). They persist 
throughout the rest of the cycle. The net flow rate for the 
4 Copyright © 2003 by ASME 
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square-wave boundary conditions are plotted against frequency 
in Fig. 9. Characteristics similar to the sinusoidal condition are 
observed. The net flow rate is decreased with increasing 
frequency. Unlike the sinusoidal condition, the cause of this 
deterioration is more related to the decrease of the pulse length 
with frequency for a fixed duty cycle. According to Fig. 8, most 
of the net flow is gained during the pulse (P > 0). The longer 
the pulse length is, the higher the net flow rate can be achieved. 
This frequency dependence is particularly evident for high-
pressure amplitude (P = 1000 Pa). 

To indicate the pumping efficiency of the dynamic 
diffuser, the rectification efficiency, χ, is defined as the net 
flow rate divided by the maximum forward flow rate: 

max

netQ
Q

χ =
&

&
    (2) 
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Fig. 10 Rectification efficiency vs. frequency for 2D 

models  
 
The rectification efficiencies are shown in Fig. 10 for 2D 
models with sinusoidal and square-wave boundary conditions. 
With the sinusoidal pressure boundary conditions, χ is found to 
be nearly independent of frequency. The rectification 
efficiencies for P = 500 Pa are approximately 3 ~ 4 times larger 
than those for P = 100 Pa. The rectification efficiencies for 3D 
models under the same boundary conditions are much lower (< 
0.01). Nevertheless, the rectification efficiencies show a 
stronger dependence on frequency for the square-wave 
boundary conditions. The values of χ decrease with increasing 
of frequency. This is because at higher frequency, the shorter 
pulse length results in a smaller maximum forward flow rate. In 
addition, the rectification efficiencies for P = 1000 Pa are 
approximately 10 % more than those for P = 500 Pa at the same 
frequencies. 

DISCUSSION 
The CFD model is compared to experimental data from the 
literature [7], as shown in Fig. 11. The flow rate predicted by 
the 2D model overestimates the net flow rate because it does 
not consider the viscous effects from the top and bottom walls. 
On the other hand, the 3D models with P = 500 Pa show a good 
agreement with the experimental results at low frequencies. 
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Fig. 11 Volumetric flow rate comparison 
 
For the thermal bubble actuated nozzle-diffuser pump, the 

pressure head was reported to be around 100 Pa [7]. However, 
our 3D model was found to underestimate their experimental 
result for P = 100 Pa. Since the static pressure head does not 
reflect the dynamic pressure gradient across the micro diffuser 
in operation, a more detailed investigation is done to check the 
validity of the two tested boundary conditions. To serve this 
purpose, the model of bubble formation on a polysilicon heater 
[14] is introduced to estimate the pressure variation. 

For the silicon substrate,  
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For the polysilicon heater,  
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For a square-wave voltage input, the bubble grows when 
Vin > 0, and the bubble collapses when Vin = 0. From Eq. (3) 
and (4), Tp and Ts can be solved numerically, and they are 
shown in Fig. 11 for a square-wave voltage input with V0 = 20 
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V, f = 20 Hz, and duty cycle = 10 %. Since the time constant of 
the polysilicon heater is on the order of 0.1 µs, the surface 
temperature soars very rapidly and remains around 309 oC 
during the heating process. After the pulse, it quickly drops 
back to the ambient temperature. From Fig. 12, the polysilicon 
temperature variation is almost synchronic to the electrical 
power input. On the other hand, the time constant of the silicon 
substrate is on the order of 1 s. With a 5ms pulse length, the 
change of the silicon temperature is negligible and remains 
nearly constant throughout the simulation time. 
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Fig. 12 Temperature responses of polysilicon heater 

and silicon substrate for a square-wave voltage input, 
V0 = 20 V, f = 20 Hz, duty cycle = 10 % 

 
Assuming the vapor inside the bubble is at the same 

temperature as the polysilicon, the vapor pressure can be 
calculated by the Clausius-Clapeyron equation: 

( )v lv v sat
v l

sat

h T T
P P

T
ρ −

− =    (5) 

From Eq. (5), Pv – Pl is approximately 599 kPa for water. Due 
to the dissipation loss in the fluid, the actual pressure gradient 
across the diffuser should be much smaller than the value 
estimated by Eq. (5). By using the measurement of the acoustic 
pressure wave, peak pressure was reported to be about 20 kPa 
for a 6 µs pulse heating [16]. The aforementioned pressures 
suggest that larger pressure amplitudes should be used in the 
simulation. 

The polysilicon heater usually generates explosive 
vaporization and provides more elevated peak pressures to the  
system. Therefore, the square-wave pressure boundary 
condition will probably depict the real operation of the diffuser 
pump better for the thermal bubble actuated mechanism. For 
the intermittent meniscus actuated mechanism, as schematically 
shown in Fig. 1, there is no embedded electrical heater. The 
sinusoidal pressure might be more appropriate for this 
geometry to represent the instability of the meniscus because it 
has a more gradual variation. 

CONCLUSIONS 
The kinematic modeling of the micro diffuser pump is 

performed here for the first time. The rectification effects of the 
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micro diffuser pump are demonstrated within the operational 
flow rate of the MEMS REPS. Two types of pressure boundary 
conditions are tested, sinusoidal and square wave. The 
maximum net flow rate predicted from the simulation is 0.504 
µl/s for the square-wave pressure with P = 1000 Pa and f = 40 
Hz. The maximum rectification efficiency, 0.163, is achieved 
for the square-wave pressure boundary condition with P = 1000 
Pa and f = 100 Hz. 

Despite the viscosity of water, the net flow rates from 3D 
model are found to be generally lower compared to 
experimental results. This suggests that the flow circulation 
might be numerically overestimated, especially at higher 
excitation frequencies. The difference of pressure boundary 
condition in simulations and the actual pressure variation 
caused by the fluctuating bubble might also contribute to the 
mismatch at higher frequency. Nevertheless, the 3D models 
with the sinusoidal pressure boundary conditions still show a 
satisfactory agreement with experimental results. 
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