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The development and testing of a rotating single-disk viscous pump are described. This
pump consists of a 10.16 mm diameter spinning disk, and a pump chamber, which are
separated by a small gap that forms the fluid passage. The walls of the pump chamber
form a C-shaped channel with an inner radius of 1.19 mm, an outer radius of 2.38 mm,
and a depth of 40, 73, 117, or 246 um. Fluid inlet and outlet ports are located at the ends
of the C-shaped channel. Experimental flow rate and pressure rise data are obtained for
rotational speeds from 100 to 5000 rpm, fluid chamber heights from 40 to 246 um, flow
rates from 0 to 4.75 ml/min, pressure rises from 0 to 31.1 kPa, and fluid viscosities from
1 to 62 mPas. An analytical expression for the net flow rate and pressure rise, as depen-
dent on the fluid chamber geometry, disk rotational speed, and fluid viscosity, is derived
and found to agree with the experimental data. The flow rate and pressure rise of the
pump vary nearly linearly with rotational speed. The volumetric flow rate does not
change significantly with changes in fluid viscosity for the same rotational speed and
pumping circuit. Advantages of the disk pumps include simplicity, ease of manufacture,
ability to produce continuous flow with a flow rate that does not vary significantly in time,
and ability to pump biological samples without significant alteration or destruction of

cells, protein suspension, or other delicate matter. [DOI: 10.1115/1.2175167]

Introduction

There is a need to circulate or move fluid through macroscale
and/or microscale channels in many applications, including mi-
crosensors, separation devices, drug delivery systems, electronics
cooling, and other small-scale and microscale fluidic devices.
Many different micropumps are proposed to meet this need, gen-
erally to fulfill specific applications [1]. These include membrane
pumps [2-8] (both without check valves [2-5] and with check
valves [6-8]), electrohydrodynamic pumps [9-11], electrokinetic
pumps [12,13], viscous pumps [14,15], rotary pumps [16,17],
peristaltic pumps [4,18-20], ultrasonic pumps [21,22], and several
other types of pumps [23-26]. Many of these micropumps are
fabricated using microfabrication technology. Nonmechanical
pumps like the electrohydrodynamic and electrokinetic pumps do
not have moving parts, which increases reliability. However, such
devices are generally limited by low flow rate and pressure rise
capabilities, the applications of the pump, the working fluids that
can be pumped, and high supply voltage requirements [1]. Me-
chanical pumps like rotary pumps, peristaltic pumps, and mem-
brane pumps have a wide variety of possible working fluids and
applications. However, such mechanical micropumps are believed
to be feasible only when they are greater than a certain size [1],
due to the large viscous forces in the fluid at small pump geom-
etries. At very small scales, the viscous forces are significant, and
result in large pressure drops over small lengths for fluid flow
through a channel [27]. One motivation of the present effort is to
employ these large viscous forces to produce a millimeter-scale
pump with an easily adjusted, constant flow rate.

Many variations of macroscale viscous pumps have been pro-
posed [28-34]. Most of these pumps have a linear relationship
between flow rate and pressure rise for a range of operating pa-
rameters and pump geometries. Viscous pumps are ideal for ap-
plications where high pressure rises, and low to moderate flow
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rates are required [34]. Uses of different viscous pumps at micros-
cales are described by Sen et al. [15], and Kilani et al. [14]. Sen et
al. [15] presents a pump that employs a shaft whose axis is per-
pendicular to the flow direction, and is positioned eccentrically in
a channel. The difference in viscous shear between the shaft and
the two channel walls produces a net pumping effect. Numerical
simulations are performed by Sharatchandra et al. [35] to deter-
mine the optimal configuration. This pump is easy to fabricate, but
has limited flow rates and pressure rise capabilities. Kilani et al.
[14] describes a spiral pump that uses one spinning disk rotating
over a single spiral channel to produce a pumping effect. Results
from a macroscale version of this pump are consistent with an
analytical expression for flow rate and pressure rise [14]. A small-
scale version of this pump may be complex to fabricate.

A new viscous micropump is presented, called the single-disk
viscous pump (single-DVP), to achieve easily controlled flow
rates and pressure rises while maintaining simplicity and ease of
manufacturing. An analytical equation is presented, based on the
Navier-Stokes equations, which relates pressure rise and flow rate
to the pump geometry, rotational speed and working fluid proper-
ties. The predicted performance of the pump from the analytical
equation is compared to experimental data. The disk pump is
unique because it uses viscous stress to produce a pumping effect
by employing one disk and a C-shaped channel [36]. Figure 1
shows external and internal views of the single-DVP. The spin-
ning of the disk causes a net movement of fluid due to the viscous
stresses imposed on the fluid from the spinning disk. As the fluid
passage height becomes smaller, the Reynolds number decreases,
and the viscous forces become more significant than inertial
forces. Thus, one assumption employed in the flow analysis is that
the inertial or advection terms in the Navier-Stokes equations are
insignificant compared to the diffusion of momentum terms. Fol-
lowing this analysis, the development, fabrication, and testing of
the disk pump is discussed. The flow rate and pressure rise for
various rotational speeds are measured experimentally and com-
pared to analytical expressions for the flow rate and pressure rise.
Based on such results, advantages of this micropump compared to
other micropumps are identified and discussed, and include a wide
range of possible flow rates, simplicity, planar structure, well con-
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trolled flow rate, ease of manufacture, and ability to produce con-
tinuous flow with a flow rate that does not vary significantly in
time. The device also has the ability to pump biological samples
without significant alteration or destruction of cells, protein sus-
pension, or other delicate matter. This is because shear levels pro-
duced by the present device for the present range of experimental
conditions are always less than 105 1/s, which is the shear value
when red blood cells (erythrocytes) as well as types of other bio-
logical samples begin to be damaged. With this in mind, micro-
scale applications that may be suitable for a viscous pump include
pumping of biomedical fluids, drug delivery devices, u-TAS, flu-
idic sensors, and mixing devices.

Single-Disk Viscous Pump Configuration and Operation

The single-disk viscous pump (single-DVP) is comprised of a
spinning disk, and a C-shaped channel that forms the pump cham-
ber with a fluid inlet port and a fluid outlet ports located at oppo-
site ends. Figure 1 shows an external view and an internal cross-
sectional view of the single-DVP. The disk contacts the fluid
chamber walls to create a seal to minimize leakage from the pump
chamber. The height of the pump chamber is the distance between
the disk surface and the top of the pumping chamber, and is re-
ferred to as the flow passage height of the pump. The flow passage
heights used for testing in this work are 40, 73, 117, and 246 um.
As the disk spins, a rotating Couette-type flow is induced in the
fluid chamber between the disk and the stationary top surface of
the fluid chamber.

A circumferential pressure gradient is present in the fluid cham-
ber mostly because of interactions between the fluid and the walls
at the ends of the C-shaped channel. This interaction gives a static
pressure rise with circumferential position through the pump
chamber volume, such that a region of lower static pressure is
present near the fluid inlet port, and a region of higher static
pressure is present near the fluid outlet port. This static pressure
variation then opposes the motion induced by the disk rotation and
viscous forces. If the opposing circumferential static pressure
variation is large enough, some of the fluid between the spinning
disk and top surface of the fluid chamber will recirculate in the
opposite direction of the disk rotation. For the case when the fluid
outlet port is closed (or a valve on the outlet tubing is closed),
there is fluid movement in the pump chamber, but the net flow rate
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Fig. 2 Configuration of the single-disk viscous pump. The
shaded region of the pump chamber is used for the flow
analysis.

of the fluid velocity over a cross section of the disk pump flow
passage is zero. The resulting pressure rise is referred to as the
maximum pressure rise.

Flow Analysis for the Single-Disk Viscous Pump

Derivation of an expression for pressure rise and flow rate in
terms of pump geometry, disk rotational speed, and fluid proper-
ties is required to properly design, develop, and analyze a func-
tional viscous disk pump. The analysis that follows leads to an
expression for pressure rise and flow rate as dependent upon pump
geometry, disk rotational speed, and fluid properties. Figure 2
shows a cross-sectional view of the single-DVP flow passage. The
shaded region in this figure is used for the flow analysis.

In this flow analysis, an incompressible, steady flow of a New-
tonian fluid, with constant density and viscosity is considered.
Assuming that h<(R,—R)), edge effects near the inner radius and
outer radius can be ignored. Also assume that gravity is negligible,
and the rotational speed of the disks is slow enough such that the
body force due to centrifugal acceleration is negligible compared
to the forces produced by gradients of viscous stresses, and gra-
dients of pressure. This assumption is valid for low Reynolds
number flows. The gradients of viscous stresses are assumed to be
more significant than the inertial or advection terms in the Navier-
Stokes equation because the fluid motion is produced by viscous
forces, and because the flow passage height is small. The Navier-
Stokes equation with neglected inertial or advection terms, in cy-
lindrical coordinates, is given by [37]

1dp (117 ) 1 Pvy Fvy 2,
rae_’“ ar r&r(rvg) i 2 o6 " a? " 2 90
Equation (1) shows that the circumferential pressure gradient (left
side) is equal to the diffusion of circumferential momentum terms
(right side). Thus, the pressure gradient changes as the viscous
stress imposed on the fluid by the spinning disk change. Increas-
ing the viscous stresses then also increases the pressure gradient,
for example, increasing the fluid viscosity or by increasing the
disk rotational speed.

For this analysis, flow in the pumping region indicates by the
shaded area in Fig. 2 is considered. For a cylindrical coordinate
system, the velocity v4> v, so that the z component of velocity at
all locations can be approximated as v,=0. In addition, if it is
assumed that 1 <<3R /2 (circumference of the inner radius of the
pump chamber), the flow in this region can be approximated as
fully developed in the 6 direction. Assuming incompressible,
steady, fully developed flow, and the continuity equation becomes

(1)
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From this equation, the value of rv, is equal to a constant. At r
=R, (inner radius wall), v,=0, which implies that v,=0 in the
entire region being considered. The pressure gradients for the z
and r directions are then given by

dp

—=0 3

Py (3)
and

p

— = 4

ar “)

respectively. Equations (3) and (4) show that the pressure gradient
is invariant in the z and r directions.

When the gap is thin, that is 2/(R,—R;)<<1, changes of vy
across the z direction over the distance 4 are much larger than the
changes of vy in the r direction over the distance R,—R;. There-
fore the first term on the right side of Eq. (1) is ignored. The
second term on the right side of Eq. (1) is ignored because of the
fully developed flow assumption made previously. The fourth
term on the right side of Eq. (1) is ignored because v,=0. The
resulting equation is then simplified as follows

1dp P,
-z _, ¢ 5
rag o )

The circumferential velocity (v,) does not change with circumfer-
ential position, with the fully developed flow and incompressible
fluid assumptions mentioned previously. Thus, because mass must
be conserved, the pressure gradient on the left-hand side of Eq. (5)
must be constant in the # direction, which results in a linear pres-
sure rise in the € direction. The pressure gradient in the  direction
is then approximated using

2P (©)
a0 A6
where AP is the pressure rise over the angle A 6. The pressure rise
between the two pressure ports (p,—p;) shown in Fig. 2 is de-
noted as AP,_;, and the pressure rise between the fluid inlet and
outlet ports shown in Fig. 2 is denoted as AP,,,_;,. In addition A8
is the angle between the pressure ports (Af=1/2) or between the
inlet and outlet ports (A9=1.067), as shown in Fig. 2.

The velocity profile v4(r,z) is determined by solving the ordi-
nary differential equation given by Eq. (5), with the following
boundary conditions for the single-DVP

ve(r.h) =0 (7
vy(r,0) =ro (®)
The resulting velocity profile is given by
h* 1AP < z )2 z ] ro
D=———||-] — - |+—z 9
velr2) 2,”Ae[ n) "nlT e @)

The volumetric flow rate is determined by integrating the velocity
profile over a radial cross section of the pump chamber, from z
=0 to z=h, and from r=R, to r=R; as given by

h (R, 3 2 p2
h’ In(R,/R,) AP h(R5— R
szf vy(r,z)drdz = (Ry/Ry) AP | whiR; = Ry)
0 YR,

12u A6 4
(10)

Equation (10) describes the flow of the single-DVP as dependent
upon pressure rise (AP), pump geometry (R, R,, A6, and h), disk
angular velocity (w), and fluid viscosity (u).
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Fig. 3 Cross-sectional view and assembled view of the disk
and disk shaft

Pump Component Fabrication

There are three main fabricated components of the rotary shaft
pump assembly: (i) the disk, (ii) the disk shaft, and (iii) pump
chamber contained within the pump housing.

The disk surface must be flat so that it is aligned with the top
surface of the pump chamber, because any misalignment of the
disk will result in leakage and flow passage height variation across
the pump chamber. The disk surface is aligned when the disk
surface is flush against the bottom of the pump housing. The disk
is therefore designed to be self-aligning to ensure that the disk
surface is flush against the bottom surface of the pump housing,
and thus, parallel to the top of the fluid chamber (since the fluid
chamber is uniform in depth). Figure 3 shows the back of the disk,
the disk shaft and a cross-sectional view and assembled view of
the disk and disk shaft together, all of which are designed to meet
these requirements. The disk is constructed with a 60 deg cone
indentation and is driven by meshing teeth on the disk shaft. The
point on the cone of the disk shaft transmits a single-point axial
force that holds the disk in position, while also providing a pivot
point so that the disk surface can align to the bottom surface of the
pump housing. Figure 3 also shows arrangements of the meshing
teeth of the disk and disk shaft. The meshing teeth transmit the
torque required to rotate the disk, while still allowing some move-
ment required to keep the disk flat and aligned relative to the
bottom surface of the pump housing.

Precision machining techniques are used to fabricate the disk
and disk shaft. A lathe is used to obtain the desired outside diam-
eter of the disk, and to create the disk surface. The disk is made
from PEEK plastic (Ensinger Engineering Plastics, Washington
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Fig. 4

Image of the single-disk viscous pump housing con-
taining the pump chamber. The pump chamber depth or flow
passage height is 117 um, with a pump chamber outer radius
of 2.38 mm.

PA) with a final outer diameter of 10.16 mm. The cone on the disk
is made using a 60 deg scribe tool. The disk surface is polished to
produce a smooth flat surface. The meshing teeth of the disk and
disk shaft are machined with a CNC milling machine. The cone
shape on the disk shaft is made using a lathe. The disk shaft is
made using type 17-4 stainless steel.

The C-shaped channel that defines the pump chamber is ma-
chined into the pump housing. The inner and outer radii of the
C-shaped channel are 1.19 and 2.38 mm, respectively. The pump
housing is made using type 17-4 stainless steel block that is
19 mm thick. The fluid chamber is cut into the bottom face of the
pump housing using a CNC milling machine. The face of the steel
block is polished to produce a smooth flat surface. The final flow
passage height of the fluid channel is measured with a Tencor
P-10 profilometer, with a 327 um vertical range and a resolution
of 0.195 A. The flow passage height variation across the fluid
chamber, including roughness and flatness, is then less than
1.5 um. Holes for the pressure ports are drilled with a 0.19 mm
diameter drill bit. Holes for the fluid inlet and outlet ports are
1.397 mm in diameter. A photograph of the machined fluid cham-
ber with fluid inlet and outlet ports, and pressure ports is shown in
Fig. 4. Four holes are drilled from the top of the pump housing,
and connect to the pressure ports and fluid inlet and outlet ports.
Tubing is press fit into these four holes on the top of the pump
housing to interface the fluid chamber with fluid reservoirs, and a
differential pressure transducer.

Experimental Apparatus and Procedures

The disk pumps are powered by an externally mounted Maxon
EC32 number 118891, brushless DC motor that is 32 mm in di-
ameter, with an 80 W power rating. The maximum speed is
25,000 rpm, with a stall torque of 0.35 N m. The brushless motor
is controlled by an Advanced Motion Controls power amplifier
(Model #BE12A6). The power amplifier has a DC supply voltage
of 40 V, a peak current of 12 A, and continuous current rating of
6 A. A negative feedback controller is employed to maintain con-
stant speed for any variation in torque. The speed is controlled by
adjusting a 15-turn potentiometer. The rotational speed range used
for testing is 100—5,000 rpm. The motor controller determines the
rotational speed from the signal from an optical encoder attached
to the motor shaft. This apparatus produces a voltage signal that is
proportional to speed. The voltage is measured using a National
Instruments PCI-6013 data acquisition card and LABVIEW 7.0 soft-
ware.
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Fig. 5 Test setup for the single-disk viscous pump

The test setup is shown in Fig. 5 and includes an inlet reservoir
and scale reservoir, which are large enough that the water level
change during operation is negligible. The inlet reservoir is con-
nected to the fluid inlet port by means of inlet tubing, with an
inner diameter of 4.5 mm and a length of 508 mm. The inlet tub-
ing steps down to an outer diameter of 1.59 mm, with an inner
diameter of 1.397 mm, that is press-fit into the top of the pump
housing. The fluid outlet port is connected to the outlet tubing,
which starts with inner and outer diameters of 1.397 and 1.59 mm,
respectively, that is press-fit into the top of the pump housing, and
then steps up to an inner diameter of 4.5 mm. An adjustable valve
is incorporated into the outlet tubing for adjustment of the flow
rate through the fluid chamber. The outlet tubing drains to the
scale reservoir on a Mettler AE-163 microbalance with accuracy
to 0.1 mg. A siphon tube connects the water reservoir on the bal-
ance to the inlet water reservoir. A shutoff valve is incorporated
into the siphon tube to allow or stop fluid flow through the siphon
tube.

A DP-15 Validyne differential pressure transducer is used to
measure the differential pressure between the pressure ports. Two
different diaphragms are used to accommodate different ranges of
pressure differentials, with maximum gauge pressures of 872 Pa
and 13.8 kPa. The output signal from the pressure sensor is pro-
cessed using a Celesco Model number CD10D Carrier Demodu-
lator, which produces a voltage output that is proportional to pres-
sure. The voltage is read by the data acquisition board and
LABVIEW 7.0, mentioned previously.

The pump assembly is mounted to the base of a linear slide.
The brushless motor and disk shaft are mounted to the shuttle of
the linear slide as shown in Fig. 5. The disk shaft is supported
with two bearings, and the distal end of the disk shaft connects to
the motor shaft. Elastic bands are employed to exert a constant
force on the shuttle in the direction of the pump chamber to keep
the disk surface flush against the bottom of the pump housing. An
alignment fixture is used to mount the pump housing and pump
chamber, such that the axis of the disk aligns with the center point
of the pump chamber radius. The working fluids employed are
water, and 5W-30 motor oil, with properties given in Table 1.
Note that 5W-30 motor oil is slightly non-Newtonian for shear
rates greater than about 2500 s~!. Just after assembling the disk,
disk shaft, and pump chamber, and just prior to testing, the fluid
inlet and outlet tubing and pressure port tubing are press-fit into
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Table 1 Fluid properties of water, and oil used for experimen-

tal testing

Working fluid p (kg/m3) wu (at 30°C) (Pas)
‘Water 1000 0.0010

5W-30 motor oil 857 0.0630

the top of the pump housing. The air is then bled from the pump
chamber assembly using syringes filled with working fluid that are
attached to the end of the inlet tubing and pressure transducer. The
syringes are removed after the air is bled from the system.

After these steps are completed, testing is comprised of the
following procedures. (1) The system is flushed to ensure there are
no air bubbles or trapped particulates in the pump chamber. (2)
The shut-off valve on the siphon tube is opened until the surface
level of the inlet fluid reservoir and scale reservoir are equal. (3)
The shut-off valve on the siphon tube is closed. (4) The adjustable
valve on the outlet tubing is adjusted to achieve the desired flow
rate. (5) The motor is activated, and adjusted to produce the de-
sired speed. (6) The motor then continues to operate at constant
speed until steady state is reached. Steady state is reached when
the average pressure rise measurement is constant. (7) For testing
with a net volumetric flow rate, the time is started and the scale
display is recorded every minute for 3 min. Output signals related
to shaft rotational speed, and pressure rise AP,_; are recorded
every minute for 3 min using the NI data acquisition card and
LABVIEW 7.0 discussed previously. The flow rate is determined by
dividing the amount of water collected (mass change multiplied
by the fluid density) by the collection time. All data are recorded,
entered, and processed using a computer.

Uncertainty Analysis

A first-order uncertainty analysis is performed using a constant-
odds combination method, based on a 95% confidence level as
described by Moffat [38]. The variation of flow passage height
across the fluid chamber contributes most to the uncertainties as-
sociated with measurement of pressure rise and flow rate, due to
the 43 term in Eq. (10). The flow passage height variation across
the fluid chamber is less than 1.5 wm, with a measured variation
less than 1.1 wm (£0.55 um) for h=40 wm, which is 2.75% of h.
The value 2.75% is the maximum percent variation of flow pas-
sage height for all flow passage heights tested. The resulting un-
certainty magnitudes associated with experimentally measured
pressure rise, flow passage height, fluid viscosity, disk rotational
speed, pump chamber radii, and flow rate are presented in Table 2.

Results and Discussion

The experimental results are presented in five sections. The first
section discusses pressure rise and flow rate variations for the
single-disk viscous pump (single-DVP) with a flow passage height
of 117 um. The second section presents data showing the effects
of changes in rotational speed on the pressure rise and flow rate of
the single-DVP. The third section gives data showing the effects
of changes in flow passage height on the flow rate and pressure

Table 2 Uncertainties associated with experimental data

Maximum
Variable percent uncertainty
AP,_; (experimental) 5%
0 2.5%
h 2.75%
7 2%
) 1.5%
R|.R, 1.1%

606 / Vol. 128, MAY 2006

Q (ml/min)

Fig. 6 Variations of pressure rise with flow rate for the single-
disk viscous pump with a flow passage height of h=117 um.
Working fluid is water.

rise characteristics. The fourth section presents data which illus-
trate the effects of changes in fluid viscosity on the flow rate and
pressure rise. The fifth section discusses performance of the
single-DVP relative to a variety of other types of microscale
pumps.

Pressure Rise and Flow Rate Variations. The dependence of
pressure rise on flow rate for a flow passage height of 117 um is
illustrated by the data given in Fig. 6. These experimental data are
obtained using water as the working fluid, with rotational speeds
(Q) between 100 and 2500 rpm. For a constant rotational speed,
the flow rate is varied by changing the adjustable valve shown in
Fig. 5. The solid lines in Fig. 6 represent theoretical values deter-
mined using Eq. (10). The data in Fig. 6 show that there is a linear
relationship between the pressure rise and flow rate for the single-
DVP for each different impeller rotational speed, which is consis-
tent with results from a variety of macroscale viscous pumps
[28-34]. This figure also shows that experimental data are in
agreement with Eq. (10). The slopes of the data for each rotational
speed in Fig. 6 are approximately the same, which means that
AP,_, versus Q slope is independent of rotational speed. The
slopes of these data are characterized by the maximum pressure
rise for =0, and the maximum flow rate at AP,_;=0. Similar
trends of pressure rise and flow rate are observed for flow passage
heights of 40, 73, and 246 um. The data given in Fig. 6 also show
that the single-DVP with a flow passage height of 117 um is
useful for applications that require pressure rises from
22 to 525 Pa and flow rates up to 1.75 ml/min.

Effects of Rotational Speed. The flow rate and pressure rise
are varied to meet application requirements by changing the rota-
tional speed. The data presented previously in Fig. 6 show that the
slopes of the pressure rise and flow rate characteristics of the
single-DVP are characterized by the maximum pressure rise and
maximum flow rate. Therefore, the maximum pressure rise varia-
tions with rotational speed for =0, and the maximum flow rate
variations with rotational speed for AP,_;=0 are presented.

When the flow rate is set to zero, Eq. (10) shows that the pump
pressure rise varies linearly with rotational speed. Figure 7 shows
such data for flow passage heights of 40, 73, 117, and 246 um.
The working fluid is water, and the rotational speed ranges be-
tween 100 and 3200 rpm for each constant flow passage height.
Included is a theoretical line for each flow passage height deter-
mined from Eq. (10). The pressure rise increases linearly with
rotational speed for each flow passage height in Fig. 7 and repre-
sents the maximum pressure rise between the pressure ports in the
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Fig. 7 Variations of pressure rise with rotational speed for the
single-disk viscous pump. Working fluid is water, and Q=0.

single-DVP. Note that this maximum pressure is not the maximum
pressure between the inlet and outlet ports, because the pressure
continues to increase as it approaches the fluid outlet port.
Magnitudes of the viscous pump maximum pressure rise be-
tween the inlet and outlet ports (AP,,,_;,) are given in Fig. 8 for
zero net flow rate and a flow passage height of 73 um. Also
included is the pressure rise between the pressure ports (AP,_).
The experimental pressure rise data between the inlet and outlet
ports are obtained by connecting the inlet and outlet tubing to the
ports of a differential pressure transducer, which results in a zero
net flow rate in the pump. This zero net flow condition is used
because this arrangement gives the maximum pressure rise. The
theoretical line for the pressure rise AP,,_;, is obtained using
A#=1.067 in Eq. (10) instead of Af@=/2, where AA=1.0677
corresponds to the angular span of the shear channel between the
edges of the fluid inlet and outlet ports. Figure 8 shows that Eq.
(10) gives a good representation of both AP, ;, and AP,_.
Thus, the pressure rise between the inlet and outlet ports is ap-
proximately 2.13 times greater than the measured pressure rise
between the pressure ports for this pump chamber geometry, for
any given flow rate, rotational speed, or flow passage height.
Variations of maximum flow rate with rotational speed are
shown in Fig. 9 for flow passage heights of 40, 73, 117, and

4500

4000 B APout.in
O APz

3500 1

2000 3000

Q (rpm)

0 T
0 1000 4000

Fig. 8 Variations of pressure rise with rotational speed for the
single-disk viscous pump with a flow passage height of h
=73 pm. Working fluid is water, and Q=0.
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Fig. 9 Variations of maximum flow rate with rotational speed
for the single-disk viscous pump. Working fluid is water.

246 pum. These data are obtained with a fully open adjustable
valve in Fig. 5. The solid lines in Fig. 9 represent theoretical
values determined by setting the pressure rise AP=0 in Eq. (10).
For flow passage heights of 117 and 246 um, experimental flow
rates deviate more significantly from theoretical flow rates as the
rotational speed increases. This more significant deviation is due
to additional experimental fluid losses through the inlet and outlet
tubing. Such loses are present for all flow passage heights tested,
but the effects are negligible for flow passage heights less than
about 100 um. Better agreement between theory and experimen-
tal data in Fig. 9 is obtained when losses in the inlet and outlet
tubing, represented by the experimentally measured pressure rise
(AP,_,), are included in the analysis, and is shown by the dashed
lines in Fig. 9. Note that the Reynolds number for the single-DVP
with a flow passage height of 246 um is 229.3 for a rotational
speed of 5000 rpm, where Reynolds number is defined as
po(Ry+ R))h
2u
One assumption made in deriving Eq. (10), is that the Reynolds
number is small. The data in Fig. 9 suggest that Eq. (10) is valid
for Re<110 for a flow passage height of 246 um, which corre-
sponds to a rotational speed of 2400 rpm. This range of Reynolds
number validity is a result of neglecting advection terms in
Navier-Stokes Eq. (1). However, note that some of these advec-

tion terms are considered to be negligible because the flow in the
passage is maintained at or near to a fully developed condition.

Re (11)

Effect of Flow Passage Height. To meet application require-
ments, the flow rate and pressure rise are varied by changing the
flow passage height. The data presented previously in Fig. 6 show
that the slopes of the pressure rise and flow rate characteristics of
the single-DVP are characterized by the maximum pressure rise
and maximum flow rate. Therefore, the maximum pressure rise
variations with rotational speed for 0=0, and the maximum flow
rate variations with rotational speed for AP,_;=0 are presented.

Variations of pressure rise with flow passage height, for differ-
ent disk rotational speeds, are shown in Fig. 10. These experimen-
tal data are obtained with a net zero flow rate in order to show the
maximum pressure rise for each flow arrangement. The solid lines
represent the pressure rise determined from Eq. (10), for the dif-
ferent flow passage heights and rotational speeds, and are in good
agreement with experimental data. Note the increase in pressure
rise as the flow passage height decreases for a particular disk

MAY 2006, Vol. 128 / 607



100000 -
¢ (2 =200 rpm
A Q=800 rpm
10000 W) = 1800 rpm
X Q=2500 rpm
— Eq. (10
= 1000 £q. (10)
&
§1 100-
10
1 . i
10 100 1000

h (um)

Fig. 10 Variations of maximum pressure rise with flow pas-
sage height for the single-disk viscous pump. Working fluid is
water, and Q=0.

rotational speed. For Q=0, this pressure rise scales with flow
passage height according to the relation given by

1
APZ—](Q=O)DCE (12)
which is consistent with Eq. (10).

Variations of maximum flow rate with flow passage height are
shown in Fig. 11 for rotational speeds ({)) between
200 to 5000 rpm. Note that the flow rate decreases as flow pas-
sage height decreases for each rotational speed. The solid lines
represent flow rate determined using Eq. (10) with the pressure
rise set to zero. The dashed lines represent the flow rates deter-
mined using Eq. (10) including experimentally measured pressure
rise contributions. The experimentally measured pressure rise is
due to fluid losses through the inlet and outlet tubing. Note that
the pressure rises due to these fluid losses are insignificant for
flow passage heights less than or equal to about 100 um. For the
zero pressure rise condition shown in Fig. 11, flow rates scale with
flow passage height according to the equation that has the form

¢ Q= 200 rpm
A= 800 rpm
EQ = (800 rpm
X2 = 3200 rpm
0 Q2 = 5000 rpm
—Eq. (10), AP>. =0

Q (ml/min)

AP, = measured
pressure rise

o
—
{

0.01

10 100 1000

h (um)

Fig. 11
height for the single-disk viscous pump. Working fluid is water.
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Variations of maximum flow rate with flow passage

Table 3 Shear rates for different pump chamber heights, and
disk rotational speeds

QO 7nzzxx(Q=O) 7«ver‘c«ge(Q=O) 7n1(l.t(AP=0) 7average(AP=0)
h(pm) (pm) (57 (s (s7) (s

40 500 8.5x%103 4.0%103 3.1x103 2.3X10%
73 500 47x103 22X 10° 1.7%10° 1.3%X 102
117 500  29x%x103 14X 103 1.1x10° 8.0 X 10%
246 500 14x10° 6.4 X 10? 5.1x 107 3.8 10%
40 5000 g.5x10* 4.0x10* 3.1x10* 2.3%x10*
73 5000  4.7x10* 2.2x10* 1.7%10* 1.3x10*
117 5000 29x%10* 1.4% 104 1.1x10% 8.0% 10°
246 5000 1.4x10* 6.4% 103 5.1% 103 3.8%103
1
Q(AP2_1=O)OCZ (13)

which is consistent with flow rate scaling in Couette flow between
parallel plates with one translating plate [37].

Table 3 gives the maximum and average shear rates in the pump
chamber for different pump chamber heights and rotational
speeds. The maximum shear rate occurs on the surface of the
rotating disk. The maximum and average shear rates increase lin-
early with rotational speed. The maximum shear rate increases as
the pressure rise increases. The lowest value is present for the
flow condition when AP=0, and the highest value is present for
the flow condition when Q=0. All shear rate values in Table 3 are
below 10° 1/s, which is the lowest shear rate that causes hemoly-
sis of red blood cells.

Effects of Fluid Viscosity. Figure 12 shows the experimentally
measured variations of flow rates and rotational speed for the
single-DVP with water and oil as the working fluids, and a flow
passage height of 117 um. The solid line represents flow rates
obtained using Eq. (10). The fluid properties for water and oil are
given in Table 1. Note that the variation of dimensional volumet-
ric flow rate with rotational speed is linear and independent of
fluid viscosity. Figure 13 shows corresponding pressure rise data.
Here, pressure rises increase linearly with rotational speed, such
that values with oil as the working fluid are about two orders of
magnitude larger than the values obtained with water as the work-
ing fluid.

'ml/min)
N
W
1

Q

O water
X oil

—Eq.(10)

] v .
0 2000 4000
Q (rpm)

6000

Fig. 12 Variations of maximum flow rate with rotational speed
variation for the single-disk viscous pump with a flow passage
height of 117 um. Working fluid is water or 5W-30 oil.
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Fig. 13 Variations of pressure rise with rotational speed for
the single-disk viscous pump data shown in Fig. 12. The flow
passage height is 117 um, and the working fluid is water or
5W-30 oil.

Performance of the Single-Disk Pump Relative to Other Mi-
croscale Pumps. The maximum flow rate of the single-DVP and
several different micropumps are shown in Fig. 14. The typical
size of the micropumps is defined as the membrane diameter, disk
diameter, or channel width. The size of the actuator is not in-
cluded when determining the typical size. The data points for the
single-DVP are the maximum flow rate for a flow passage height
of 40 and 246 um, at a rotational speed of 2500 rpm, with water
or oil as the working fluid. The viscous pump data point furthest
to the right is the maximum flow rate presented by Sen [15], and
the other viscous pump data point is the maximum experimental
flow rate data presented by Kilani [14]. The single-DVP produces
higher flow rates than many other reported micropumps of similar
size.

Figure 15 shows the variations of pressure rise and flow rate of
the single-DVP and several other micropumps with typical sizes
less than 15 mm. The single-DVP produces higher pressure rises
than many other reported micropumps for similar flow rates. The
data in Fig. 15 also show that single-DVP is good for a wide range
of flow rates, and pressure rises.

Summary and Conclusions

A pump called the single-disk viscous pump (single-DVP) is
developed and tested. The single-DVP consists of a 10.16 mm
diameter disk that rotates above a C-shaped channel with inner

107
10 .
]
]OS<
0 | 4SingleDVP
¢ = X0
= 10774 =246 pr~—lpy B viscous
E h =40 gy O Check valve
3 A Peristaltic
<o, . O Flow rectification
10 © 59 | oRotay
: % A X Ultrasonic
10" X EHD
A; fo) “EK
10° ” - MHD
¢ Phase transfer
107 P —
10° 10" 107 10° 10* 10° 10°

Typical Size (um)

Fig. 14 Volumetric flow rate and typical size for various micro-
pumps. Typical size is defined as the membrane diameter, disk
diameter, or channel width. The data points for the single-DVP
are for flow passage heights of h=40, and h=246, at a rota-
tional speed 2500 rpm [2-26].
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Fig. 15 Pressure rise and flow rate for various micropumps.
For all points other than the single-DVP, the data corresponds
to the maximum flow rate and maximum pressure. The data
shown for the single-DVP are for 5W-30 motor oil at a rotational
speed of 2500 rpm [2-9,11,13,16—19,22-25].

and outer radii of 1.19 and 2.38 mm, respectively, and a channel
depth of 40, 73, 117, or 246 um. Fluid inlet and outlet ports are
located at the ends of the C-shaped channel. The advantages of
this micropump compared to other micropumps and viscous
pumps include analytic tractability, a wide range of possible flow
rates, simplicity, constant flow, flow rate independent of fluid vis-
cosity, planar structure, well controlled flow rate, and the ability to
pump delicate fluids without disruption or damage. The design of
the disk pumps is simple, and can potentially be fabricated using
microfabrication technology due to the planar structure of the
pump, or using injection molding techniques. The pump chamber
is symmetric and the flow direction can be reversed by changing
the disk rotational direction. The experimental flow rates and pres-
sure rises are well represented by Eq. (10) for rotational speeds of
100-5000 rpm, fluid viscosities of 1-62 mPas, flow passage
heights of 40—246 um, pressure rises of 0—31.1 kPa, and flow
rates of 0—4.75 ml/min. The deviation between Eq. (10) and ex-
perimental data increases for Reynolds numbers greater than 110.

The experimental and theoretical pressure rises show a nearly
linear relationship for variation in flow rate. The pressure rise
variations with flow rate for the single-DVP are characterized by a
straight line between the maximum pressure rise (at zero net flow)
and maximum flow rate (at zero pressure rise). For 0=0, the
pressure rise varies linearly with rotational speed. The pressure
rise also increases as the flow passage height decreases for a par-
ticular rotational speed. For AP=0, the maximum volumetric flow
rate is achieved, and is found to vary linearly with rotational
speed. The volumetric flow rate of the single-DVP is independent
of fluid viscosity for a given fluid circuit. The pressure rise
through the pump chamber can be increased by increasing the
rotational speed, increasing the fluid viscosity, increasing the cir-
cumferential span of the shear channel, or by decreasing the flow
passage height. The flow rate through the pump chamber can be
increased by increasing the flow passage height, increasing the
rotational speed, or increasing the width of the pumping chamber.

The efficiency of the single-disk viscous pump can be deter-
mined using 7=APQ/Tw. A typical efficiency of the present de-
vice for a rotational speed of 1000 rpm, pump chamber height of
117 pum, and water as the working fluid is estimated to be ap-
proximately 0.25 or 25%. As such, this value does not account for
any type of motor losses.
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Nomenclature
h = flow passage height of the disk pump
p = static pressure
p1 = static pressure at pressure port 1
p» = static pressure port 2
AP = static pressure rise
AP,_; = static pressure rise between pressure ports=(p,
-p1)
AP,,_i, = static pressure rise between the fluid inlet and
outlet ports
QO = volumetric flow rate
r = radial location
R, = inner radius of the pump chamber
R, = outer radius of the pump chamber
Re = Reynolds number
T = pump torque
v = fluid velocity
v, = radial fluid velocity
v, = fluid velocity in the z direction
vy = fluid velocity in the 6 direction
z = direction normal to disk surface

Greek Symbols
m = dynamic viscosity
p = fluid density
n = pump efficiency
= average shear rate in pump chamber, ¥uerqge
=[1/h(Ry=R )14 fﬁfavg/azdrdz
YVmax = Mmaximum shear rate in pump chamber, gener-
ally located on the surface of the rotating disk
® = rotational speed of the disk (rad/s)
Q) = rotational speed of the disk (rpm)
= angle
= angular span between two locations
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