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In the present study, the transient performance of the viscous micropump will be investi-
gated numerically. The viscous micropump’s operation depends mainly on viscous forces
and can operate in any situation where viscous forces are dominant. All the micropump
calculations are reported in nondimensional quantities, which allows for the prediction of
the micropump performance, regardless of the dimensions or the fluid that is used. The
effect of the microchannel height, rotor eccentricity, Reynolds number, and pump load on
the transient performance of the viscous micropump has been studied in detail. The steady
state performance was compared with the available experimental data and was found to
be in a very good agreement. The rotor eccentricity was determined to be the parameter
that affected the transient performance of the micropump the most significantly. This work
provides a foundation for future research on the subject of fluid phenomena in viscous
micropumps.
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INTRODUCTION

Micropumps are among the most developed of all MEMS devices and have already
been implemented into the mainstream. For example, micropumps are used in ink jet
printers to inject ink droplets as well as in fuel injector applications. Micropumps operate
as a result of completely different principles than those applied in traditional pumps like
the axial or centrifugal pumps. Micro dimensions limit the effect of centrifugal forces
and inertia forces in general, and the large surface-to-volume ratio amplifies the effect of
viscous forces, rendering it the dominant force at the microscale [1]. Positive displacement
pumping is the most prevalent method used in micropumps, yet the actuation of the
reciprocating diaphragm is achieved by applying different principles. Thermopneumatic,
piezoelectrical, and electrostatic actuations are examples of the actuation methods used
[2]. The problem with positive displacement micropumps is that they require check valves
at the inlet and outlet ports, which adds to the complexity of design, especially on such
a small scale. To simplify the design, Stemme and Stemme [3] suggested replacing the
check valves with a nozzle at the inlet and a diffuser at the exit, as reported in Erik
and Goran [4]. Yet the idea is not practical since, in order to operate properly, certain
operating conditions are required, which do not apply at all times.
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NOMENCLATURE
Cp cylinder drag coefficient N non-dimensional channel height
Cr cylinder lift coefficient t time (s)
Cu cylinder moment coefficient * nondimensional time
d cylinder diameter (m) At time step size (s)
Fr, lift force on cylinder (N) 7 average velocity inside micropump (m/s)
Fp drag force on cylinder (N) u*  nondimensional average velocity
h channel height (m) U cylinder surface velocity (m/s)
m pump mass flow rate (kg/s) Ye distance from channel axis to cylinder
M moment on cylinder (N - m) center (m)
P; pump inlet pressure (Pa)
Pout pump outlet pressure (Pa) Greek Letters
P* nondimensional pressure € cylinder eccentricity

AP pump pressure rise (Pa) n pump efficiency

AP*  non-dimensional pressure rise v fluid kinematic viscosity (m?/s)

0 non-dimensional volume flow rate P fluid density (kg/m3)

Re Reynolds number 10} cylinder angular velocity (Rad/sec)

Various other pumping ideas were proposed to overcome the valve problem asso-
ciated with positive displacement pumps. Electrohydrodynamic pumps utilize dielectric
fluids, where the induced charges in the fluid will displace due to the moving electric
field passing through it [5]. Electrokinetic pumps, similar to electrohydrodynamic pumps,
use the moving electric field to displace the ions in the electric double layer of the elec-
trolyte, rather than the charges in a dielectric fluid [6]. The liquid ions drag the rest of
the fluid with it due to the viscosity, hence the fluid moves with nearly a uniform velocity
profile. Sequential generation of thermal bubbles was also used to force liquids through
microchannels [7]. A bubble is first introduced to function as a check valve to prevent the
fluid from moving backward. Afterwards, another heater generates an additional bubble,
which grows in the opposite direction of the first bubble, pumping the liquid in the de-
sired direction. The process is then repeated by turning the heaters on and off in order to
generate a continuous flow. To summarize, all the micropump concepts mentioned above,
although applicable, are complex and involve the use of different auxiliary components
in order to make the fluid environment suitable for pumping action to occur.

The viscous micropump, first introduced by Sen et al. [1], incorporates both appli-
cability at the microscale and simplicity in design. The viscous micropump is simply a
cylinder placed eccentrically inside a channel with its axis perpendicular to the channel
axis. When the cylinder rotates, a net force is transferred to the fluid due to the unequal
shear rates on the upper and lower surfaces of the cylinder, thus forcing the fluid to
displace. Its operation depends mainly on viscous forces and can operate in any situation
where viscous forces are dominant. This situation would exist for either low viscos-
ity liquids in micro passages, due to the high surface-to-volume ratio characteristic of
MEMS, or for highly viscous liquids, such as heavy polymers, in macro ducts. Sen et al.
performed an experiment to test the pump performance. The study focused on the effect
of the channel height, rotor eccentricity, and angular velocity on the pump performance
and on the fluid bulk velocity in the duct.

In a later study, the same research team performed a numerical simulation of
the viscous micropump solving Navier—Stokes equations for the case of the cylindrical
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rotor [8]. Critical values for optimum performance were calculated. The highest bulk
velocity was achieved when the spacing between the plates is around one and half times
the cylinder diameter for a fixed eccentricity, or at the maximum eccentricity for a fixed
plates spacing. The load-flow rate curve for the pump was also plotted, with part of
the curve in the negative part of the flow rate axis. This showed that the flow will
change direction if the load is increased beyond the pump capability. The maximum
efficiency of the pump was determined to be approximately 2.5% for the optimum plate
spacing. However, it was observed that the viscous dissipation might cause a measurable
temperature rise since viscous forces are the driving forces.

In order to check the effect of viscous dissipation on the pump performance, the
same team performed a second numerical simulation [9]. In this study, they solved the
continuity equation, the momentum equation with temperature-dependent viscosity, and
the energy equation with viscous dissipation terms retained, all coupled together. It was
determined that viscous dissipation would not cause a measurable rise in the bulk tem-
perature of the fluid in MEMS applications, yet it may cause a significant rise in the fluid
temperature combined with steep temperature gradients near the rotor where the shear
stresses are maximum. Decourtye et al. [10] introduced three-dimensional effects of the
sidewalls of the channel in their study. As expected, the pump performance decreased
in terms of bulk velocity, yet pumping action existed even for channel widths less than
the rotor diameter. It was observed that the sidewall effect reduces the channel height
corresponding to maximum bulk velocity, and also increases the backpressure at which
back flow occurs.

The present work will extend the previous studies mentioned above to account for
the transient performance of the viscous micropump. The time required for the micropump
to reach steady state, the time dependence of the drag and lift forces, and the viscous
resisting torque on the cylinder will be computed. The pressure distribution on the cylinder
surface will be also included in the study. As an indicator of the overall performance
of the micropump, the efficiency will be reported for different geometries and operating
conditions.

PROBLEM DESCRIPTION
Pump Geometry

The micropump is composed of a cylinder with diameter d, placed inside a channel
of height h, with its axis perpendicular to the channel axis. Figure 1 shows a schematic
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Figure 1. Schematic of the micropump geometry.
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of the pump geometry. The main geometrical parameters in the study will be the channel
height (S) defined as

s=- (1)

and the cylinder eccentricity €, which indicates the cylinder position inside the channel.
The eccentricity is defined as:

Ye
h d
2

2

€ =

2

Based on this definition, € = 0 corresponds to the cylinder being centered on the channel
axis and € = 1 corresponds to the cylinder touching the lower wall.
The cylinder is forced to rotate with an angular velocity w. In this problem,

Reynolds number will be based on the cylinder surface velocity U = ‘”Td since the

average velocity in the channel u = }il foh u dy is an output of the solution. Therefore,
Reynolds number will be defined as:

Ud wd?
Re=—=— 3
v 2v
The nondimensional average velocity inside the channel will be defined as:
e
= U~ wd @)
2
and the nondimensional flow rate will be defined as:
Q=u"-8§ )]

The pressure is specified on the inlet and outlet of the channel. A higher pressure
is specified at the outlet to simulate the pressure head the pump should supply. This head
is needed to overcome the pressure drop in whatever circuit the pump is attached to. The
nondimensional pressure rise is defined as:

Pout — P
pv?
q2

AP* = : (©6)

where Poy; is the pressure on the pump outlet and P, is the pressure on the pump inlet,
p is the fluid density, and v is the fluid kinematic viscosity.

The scale used to nondimensionalize the time in the simulation was chosen to be
the time taken by the rotor to finish one complete revolution:

p_ L _to .
=% T @
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According to this definition, the nondimensional time is simply the number of revolutions
of the rotor. This provides an easier tracking of the changes in the flow field over time
regardless of the rotor angular velocity.

The drag, lift, and moment coefficients are defined as

F
Co=q—— ®)
-pU"D
2,0
F
CL=q—— ©
=pU°D
2,0
and
M
Cu=1—— (10)
E,OIJZD2

where U is the cylinder surface velocity mentioned earlier.

NUMERICAL SOLUTION

The 2-D Navier—Stokes equations will be solved for the specified geometry where
all the dimensions will be normalized by the cylinder diameter d. The main independent
parameters in the solution will be the channel height S, the rotor eccentricity €, Reynolds
number Re, and the pressure load P*. The flow will be assumed laminar, incompressible,
and unsteady, and the fluid itself is considered Newtonian with constant properties. No-
slip, no-penetration boundary conditions are assumed on the microchannel walls and the
cylinder surface. The pressure is specified on the inlet and outlet of the microchannel.
Pressure will always be assumed to be zero gauge pressure at the inlet and its value at the
exit will be varied to simulate different loads. The fluid will be assumed to be initially
at rest and the motion will start from rest by rotating the cylinder clockwise with an
angular velocity w.

The CFD package FLUENT 6.0 is used to solve the Navier—Stokes equations
numerically. This CFD package uses the finite volume method and supports unstructured
grids. It enables the use of different discretization schemes and solution algorithms,
together with various types of boundary conditions. As part of the same package, a
preprocessor, Gambit, is used to generate the required grid for the solver. Different
meshes were used at the beginning to determine the optimum grid size and to ensure
grid-independent solution, and results are presented in Table 1. The last grid size presented
in Table 1 was used in this study and is an unstructured grid with triangular elements.
The cylinder surface was divided into 100 equally spaced elements. The upper and lower
walls were divided into 200 nonuniformly spaced elements using the Bell shaped meshing
scheme. The grid was finer in regions near the center and adjacent to the cylinder, and
was coarser in regions far upstream and downstream. The Bell shaped scheme meshes
the edge so that the node distribution follows a normal distribution curve centered at
the geometric center of the edge. In addition to this meshing method, which refines the
grid in the cylinder region, grid adaptation by the solver itself was performed in the gap
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Table 1. Properties of different grids used and comparison of results

Number of
Number of cylinder control volumes
elements x number u* u*
of wall elements S=1.5 §=25 (§=15€=0.6) (8§ =2.5,€=0.95)

10 x 50 589 985 0.0527 0.0632
20 x 100 2241 3652 0.0703 0.0859
40 x 150 5151 8611 0.0757 0.0919
80 x 150 6341 11533 0.077 0.0932
100 x 200 11044 18983 0.0769 0.0943

between the cylinder and the lower wall for cases of high eccentricities, where this gap
size is very small.

The Piso-Simple algorithm, PISO standing for Pressure-Implicit with Splitting of
Operators, was used for the pressure-velocity coupling. It is nearly the same as the
SIMPLE algorithm, presented in [11], except that it takes into account two additional
corrections, which are the neighbor correction and the skewness correction [12]. The PISO
algorithm requires less time than the SIMPLE algorithm, rendering it more suitable for
transient applications. Two different discretization schemes were used for the time and
momentum equations. A power law scheme was used for the momentum equation while
a second order discretization scheme was used for the time derivatives. Under-relaxation
was used during the solution with the under-relaxation factors varying between 0.3 and 1
to ensure convergence.

As a convergence criterion, the solver iterated the equations until the scaled resid-
uals were less than 107> or until it stabilized at a constant value, which is still small
enough to ensure convergence. This value varied approximately from 1073 to 3 x 1074,
based on the parameters for each specific case. The change of the average velocity inside
the micropump channel with time was used as a criterion to determine the optimum step
size. The results for Az = 0.0001 s, 0.001 s, and 0.01 s were nearly the same, while for
At = 0.1 s, instability and large fluctuations in the average velocity occur. The time step
chosen for nearly all the cases studied was 0.001 s, which was small enough to recognize
all the changes in the flow field over time, and, in addition, was large enough to achieve
reasonable computation time.

RESULTS AND DISCUSSION

Before the transient operation of the micropump was studied, some steady-state
cases were simulated and the results were compared with existing numerical and exper-
imental results. Existing experimental results for steady-state cases were obtained from
Sen et al. [1], while numerical results were obtained from Sharatchandra et al. [8]. The
effect of the micropump channel height on the pump flow rate was studied experimentally
and numerically in the two references mentioned above respectively. Figure 2 shows that
the results obtained in the present study are in very good agreement with both the compu-
tational and experimental results. It should be noted that the definition of the eccentricity
€ is different in the present work than that in the references mentioned above, where the
eccentricity, € = 0.9, in the present study corresponds to the value of the maximum ec-
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Figure 2. Comparison of average velocity vs. channel height at Re = 0.5, AP* = 0.5, and € = 0.9.

centricity, €max, in the two references mentioned above. Figure 3 compares the variation
of average velocity with rotor eccentricities obtained by Sharatchandra et al. [8] with that
obtained in the present study, while Figure 4 plots the nondimensional volumetric flow
rate versus the nondimensional pressure (Q — P curve) for Shratchandra et al. [8] and
the present study. The results in both figures are in good agreement with each other.

Effect of Microchannel Height

The pump performance was found to change considerably when the channel height
was changed from S = 1.5 to § = 3.5. Figure 5 shows the effect of the channel height S
on the start-up performance of the micropump. It is clear that when the channel height
is increased, the pump requires a longer time to reach the steady-state flow rate. This is
due to the fact that, for cases of higher §, the momentum of the fluid layers adjacent
to the cylinder is diffused through a larger number of fluid layers in order to reach the
region adjacent to the upper wall, which takes a longer time depending on the viscosity
of the working fluid. The micropump time constant was defined as the time taken by
the pump from the instant it starts until the instant the average velocity inside the pump
channel reaches 99% of its steady-state value at the same conditions. This time constant
was found to increase with increasing the channel height as shown in Figure 6.

Figure 7 shows the development of the flow field with time inside the micropump.
At the beginning, the vortices start from the upper surface of the cylinder, Figure 7a, and
then move upward with time, Figures 7b and 7c, until they separate from the cylinder
surface to form either a pair of vortices, as in the cases of low S values, Figure 7d,
or one big vortex, as in the cases for high values of S. Figure 8 gives the pressure
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Figure 4. Flow rate vs. pump load at Re = 0.5 and € = 0.9.
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Figure 6. Time constant as a function of channel height at different Re (¢ = 0.95, P* = 0).
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Figure 8. Steady-state pressure contours around the cylinder at § = 1.5, € = 0.4, AP* =0, and Re = 1.

distribution around the cylinder in the viscous micropump. There are two distinct zones
when it comes to the pressure distribution. The first one is the high-pressure zone on
the downstream lower cylinder surface. The high-pressure zone results from the presence
of the lower wall, which obstructs the vertical component of the fluid velocity creating
a semi-stagnation zone. The low-pressure zone on the upstream lower cylinder surface
results from the suction created by the vertical component of the fluid velocity, which is
directed away from the lower wall.

The variation of the drag, lift, and moment coefficients with time are shown in
Figure 9. The drag coefficient was found to decrease with increasing the channel height,
as shown in Figure 9a. When channel height S increases, the lower gap is bigger and the
effect of the lower wall obstructing the vertical component of the velocity is much less
than when the lower gap is small. This causes a reduction in the horizontal component
of the pressure force on the cylinder and consequently a reduction in the drag coefficient.
In addition, there is a reduction in the shear rate on the upper cylinder surface as the size
of the gap between the cylinder and the upper wall increases.

The lift coefficient is dependent on the channel height and was found to be one order
of magnitude lower than the drag coefficient, Figure 9b. The large difference between the
values of the drag and lift coefficients is due to the nature of pressure distribution around
the cylinder as shown in Figure 8. Since there are high- and low-pressure zones below the
cylinder, and since the pressure distribution on the upper cylinder surface is of moderate
value, it is clear that the upward force resulting from the high-pressure zone below the
cylinder will be balanced by the downward force resulting from the pressure difference
between the lowest pressure zone and the pressure zone on the opposite cylinder surface.
The lift force is, thus, the result of the viscous forces on the cylinder surface. It should
be mentioned here that the flow field around the cylinder is not symmetrical and this is
very clear in cases of high Reynolds number where the downstream vortex grows in size
while the upstream vortex diminishes. The lift coefficient was found to decrease with
increasing channel height S because the velocity gradient on the upper cylinder surface
decreases with increasing the channel height and thus decreasing the lift coefficient.
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Figure 9. Variation of drag, lift, and moment coefficients with time at ¢ = 0.95, AP* =0, and Re = 1.
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The resisting torque on the cylinder surface is due to the viscous forces since
the pressure forces are perpendicular to the cylinder surface. At the beginning of the
cylinder rotation the moment coefficient is highest, Figure 9c, because the fluid layer
adjacent to the cylinder surface is moving with the cylinder velocity, while the fluid
layers adjacent to that layer are nearly stationary, which increases the resisting torque.
With time, momentum is diffused through the fluid layers away from the cylinder and the
velocity gradient decreases, causing a reduction in the shear stress and resisting torque
on the cylinder surface, producing a lower moment coefficient.

In order to determine how efficient the micropump is, the efficiency was defined and
the effect of the flow parameters on its value was investigated. The net energy addition
to the flow is only in the form of pressure rise (flow energy) at the pump outlet, since
the kinetic energy at the inlet and exit are equal. Accordingly, the micropump efficiency
can be defined as:

Flow energy rise

= Input mechanical energy

Therefore, the micropump efficiency may be obtained from:

mAP
P
_ 11
n Mo (11)
In nondimensional terms, this reduces to:
B AP*u*S (12)
7= 70 R2

Figure 10 shows how the efficiency n varies with time for different channel heights.
It was determined that increasing the channel height reduces the pumping efficiency since
the velocity gradients on the cylinder surface, and hence the viscous forces, i.e., pumping
forces, decrease.

Effect of Rotor Eccentricity

Figure 11 shows the different start-up curves at different eccentricities. It is clear
that when the eccentricity increases the steady-state average velocity inside the channel
increases and the micropump requires more time to reach this steady-state operation. This
is due to the fact that increasing the cylinder eccentricity increases the mass flow rate
inside the channel directly and thus more time is needed for the viscous forces between
the fluid layers to overcome the inertia of the fluid to attain this higher velocity.

Figure 12 shows how the drag and moment coefficients vary with time at vari-
ous eccentricities. The steady-state drag coefficient, Figure 12a, is always negative, and
increases with an increase in the cylinder eccentricity. At low eccentricities, the drag
coefficient is initially a small value, after which it increases with time, and then finally
decreases and returns to its steady-state value. For high eccentricities, the drag coeffi-
cient is initially a large value and gradually decreases to its steady-state value. Figure
12b shows the variation of the moment coefficient with time for different eccentricities,
where the moment coefficient increases with increasing eccentricity. This is due to the
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Figure 10. Variation of micropump efficiency with time for different channel heights at € = 0.95, AP* =5,
and Re = 1.
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Figure 12. Time variation for § = 1.5, AP* = 0, and Re = 1 at different eccentricities of a) the drag
coefficient and b) the moment coefficient.
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Figure 13. Viscous, pressure, and total drag coefficients for € = 0.4 at S = 1.5, AP* =0, and Re = 1.

reduction in the gap size between the cylinder and the lower wall, resulting in an increase
in the shear stress on the cylinder surface.

To account for why the drag coefficient increases and then decreases with time,
as shown in Figure 12a, the viscous and pressure drag must be considered. Figure 13
shows the variation of the pressure and viscous drags with time at € = 0.4. At low
eccentricities, the pressure in the semi-stagnation zone behind the cylinder increases with
time until it reaches a maximum value, and then afterwards decreases slightly. At the
beginning, the fluid motion is restricted to the vicinity of the cylinder and the lower wall
obstructs the vertical component of the fluid velocity, raising the pressure and forming the
semi-stagnation zone. With time, and due to this high-pressure zone, the fluid’s velocity
increases and is redirected away from this zone, consequently reducing its pressure. At
high eccentricities, the lower gap between the cylinder and the lower wall is so small
that the obstruction of the lower wall causes the pressure to reach its maximum very
rapidly. The pressure then decreases with time due to the velocity development in the
semi-stagnation zone. The pressure drag naturally follows the same trend of the pressure.

Figure 14 shows that the dependence of the efficiency on the cylinder eccentricity
has a maximum. According to Eq. (12), the efficiency is proportional to u* and inversely
proportional to Cjs. For low eccentricities, the average velocity u* is small, so the
efficiency should be small. However, the moment coefficient Cj; is also small due to the
low velocity gradient on the cylinder surface, which tends to increase the efficiency. For
the cases of high eccentricities, the situation is reversed. The average velocity u* is high,
which tends to increase the efficiency, but the moment coefficient Cy; is also high, which
tends to decrease the efficiency. As a result, the efficiency is expected to have its highest
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Figure 14. Variation of micropump efficiency with time for different eccentricities at § = 1.5, AP* = 10,
and Re = 1.

value at moderately high cylinder eccentricities where the average velocity is high and
the moment coefficient is still relatively small. This is confirmed by Figure 15, which
shows the variation of the efficiency with the backpressure at different eccentricities.

Effect of Reynolds Number and Pump Load

Figure 16 shows the variation of the velocity with time at different Reynolds num-
bers. The nondimensional velocity is normalized by the cylinder surface velocity, which
increases linearly with increasing Reynolds number. Hence, the actual fluid velocity is
much higher even though the nondimensional velocity for higher Reynolds number is
less than that for low Reynolds number. The starting time for the three curves is different
because the nondimensional time is calculated using Eq. (7). Thus, the nondimensional
time will be larger even if the time step is smaller for cases of high Reynolds number,
due to the large rotational velocity of the cylinder. It should be noted that when Reynolds
number is increased, the upstream vortex decreases in size until it disappears completely
at very high Reynolds numbers. The drag, lift, and moment coefficients were found to
decrease with increasing Reynolds number. This is due to the increase in the cylinder
surface velocity, which is used for normalizing the drag and lift force. The lift and mo-
ment coefficients decreased with increasing Reynolds number due to the decrease of the
viscous forces relative to the inertia forces.

The pump load is modeled by increasing the pressure on the outlet boundary of the
pump to simulate the pressure rise needed from the pump to overcome the pressure losses
in the external fluid circuit. Figure 17 shows the change of the average velocity inside the
micropump with time at different pump loads. It is clear that the pump average velocity
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Figure 15. Efficiency as a function of pressure for different eccentricities at S = 1.5 and Re = 1.
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Figure 17. Variation of average velocity with time for different pressures at S =2, € = 0.95, and Re = 1.

decreases with increasing pump load. When the pressure exceeds the maximum load the
pump can deliver, a backflow occurs and the average velocity becomes negative, as is the
case for the third curve “P* = 10.” It is important to note that, in cases of reversed flow,
the fluid passes through the space between the upper wall and the vortices above the
cylinder instead of passing through the space between the upper cylinder surface and the
vortices. Figure 18 shows how the pumping efficiency rises to its steady-state value cor-
responding to the applied backpressure. The best operating conditions for the pump will
be at moderate pressures, which achieve both a high-energy addition rate per fluid ele-
ment and a relatively high overall flow rate. Figure 15 provides confirmation of this fact.

CONCLUSIONS

In the present work, the transient performance of the viscous micropump was in-
vestigated numerically. The steady-state results obtained were in very good agreement
with previously reported experimental results. The effect of varying the geometrical pa-
rameters, such as the channel height and cylinder eccentricity, as well as flow parameters,
such as the cylinder angular velocity and the backpressure, on the pumping performance
with time were studied separately. The time required for the pump to reach steady-state
operation was calculated, and was found to depend significantly on the Reynolds number,
channel height, and cylinder eccentricity. Reynolds number affected the time constant the
most as it increased the time constant by two orders of magnitude when Reynolds number
was varied from Re = 1 to Re = 100.

The rotor eccentricity was by far the most important parameter in determining
the overall pump transient performance. Higher eccentricities were able to generate high
backpressures, yet the pumping efficiency was lower than that for cases of relatively lower
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Figure 18. Variation of micropump efficiency with time at different pressures at § = 1.5, ¢ = 0.95, and
Re = 1.

eccentricities. Depending on the value of the backpressure and cylinder eccentricity, the
pump startup in some cases was characterized by a backflow followed by a positive flow,
or vice versa.

The development of the drag, lift, and moment coefficients was studied for different
geometrical and flow conditions. The drag coefficient was always negative as expected
and the pressure contribution to the drag force was always higher than the viscous force
contribution, sometimes one order of magnitude higher. The lift coefficient is much
smaller than the drag coefficient. The moment coefficient always decreased with time due
to the flow field development around the cylinder, which reduced the velocity gradient,
and hence the shear stress, on the cylinder surface over time.

All the micropump calculations are reported in nondimensional quantities, which
allows for the prediction of the micropump performance, regardless of the dimensions or
the fluid that is used. The viscous micropump can generate pressures ranging between
0.1 Pa up to 1 kPa or more, with an efficiency ranging between 2% to 3%, depending
on the micropump dimensions and the fluid properties. The average velocity of the fluid
inside the micropump reached up to 10% of the cylinder surface velocity, which, together
with the channel height, determines the pump average flow rate.

In conclusion, the concept of the viscous micropump needs to be further studied
in order to improve the efficiency and increase the pressure rise. The steady-state and
transient operation of the pump and the parameters that affect them have now been
studied. Other geometries that may possess superior viscous driving characteristics need
to be suggested and studied. The simplicity of the viscous micropump design and its size
flexibility provide great potential for this device in commercial applications and is thus
worthy of further study in the future.
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