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Abstract

The development and testing of two versions of a novel micropump are described: (i) the single-disk viscous pump and (ii) the double-disk
viscous pump. The rotational movement of the disk(s) induces viscous stresses on the fluid that forces the fluid from an inlet channel, and
then, through the pumping volume above the single disk, or between the two disks. A wiper acts to “wipe” the fluid from the disk(s) toward
the outlet channel. The fluid flow through the double-disk pump is visualized using a red Rhodamine dye that is injected into the fluid passage
upstream of the pumping volume. These visualizations provide information on the relative importance of viscous forces, centrifugal forces,
and static pressure variations. The maximum flow rates and pressure rises are 1.0 ml/min, 643 Pa, and 2.1 ml/min 1.19 kPa for the single-disk
and double-disk pumps, respectively, for a rotational speed of 5000 rpm, a disk diameter of 2.38 mm, and a gap height,cridSupplied
power to the motor of 7W. The disk pumps are fabricated using precision machining techniques employed on a lathe and milling machine.
Advantages of the viscous disk pumps include: simplicity of design, planar structure, continuous flow, well controlled flow rate, and, if desired,
the ability to augment mixing in the fluid.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the working fluids that can be pumped, and high supply
voltage requirement§l]. Mechanical pumps, like rotary
The area of microfluidics is developing with many new pumps, peristaltic pumps, and membrane pumps, have a
sensors, separation devices, drug delivery systems, andvide variety of possible working fluids and applications.
other small-scale and micro-scale fluidic devices. For many However, such mechanical micropumps are believed to
of these devices there is a need to circulate or move fluid be feasible only when they are greater than a certain size
through macroscale and microscale channels. A variety of [1], due to the large viscous forces of the fluid for small
micropumps are available to meet this need, generally to ful- pump geometries. At very small scales, viscous forces are
fill specific application$l]. These include membrane pumps significant, which result in large pressure drops over small
[2-8] (both without check valve$2—-4] and with check streamwise distancg®7]. One motivation of the present

valves[5-8]), electrohydrodynamic (EHD) pumg8-11], effort is to develop miniature pumps that produce well
electrokinetic (EK) pump$12,13], rotary pumpg14-18] controlled, constant flow rates by employing these large
peristaltic pumps[19-21] bubble based pumpg2,23] viscous forces to produce a pumping action.

and several other types of pumj2gl—26] Non-mechanical Several pumps are developed that employ the viscous

pumps like the electrohydrodynamic and electrokinetic shearto produce a pumping action. Kilani e{&%] presents
pumps do not have moving parts, which increases reliability. one such pump called a spiral pump. This pump uses one spin-
However, such devices are generally limited by low flow rate ning disk rotating over a spiral channel to produce a pumping
and pressure rise capabilities, the applications of the pump,effect. Only results from a macroscale version of this pump
have been published thus far. The small-scale version of this

* Corresponding author. Tel.: +1 801 581 4240; fax: +1 801 585 9826  PUMP may be complex to fabricate. Sen et[a6] present
E-mail addressligrani@mech.utah.edu (P. Ligrani). a pump that uses a shaft, whose axis is perpendicular to the
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Nomenclature

Dye injection hole
diameter = 0.2 mm

A stagnation point on inlet wiper face Inlet channel
B stagnation point on outlet wiper face
g gravitational constant
h vertical height between the top of the fluid )
: . Region |
reservoir and top of the water tank Region 2=
P power supplied to motor (W) 1 Inlet wiper face
APmax maximum pressure rise across the disk pumps Coupling Outlet wiper face
Q volumetric flow rate (ml/min) shaft % = _
r radial direction Regton S
z zdirection

Greek letters

P fluid density
2 r(_)tatlonal sp(_aed _(rpm_) Fig. 2. Top view of the single-disk pump. Arrows indicate flow direction.
0 circumferential direction Disk rotates counterclockwise.

from the disks to the fluid. The wiper acts to “wipe” the fluid
off the disk(s), and to direct the fluid into the outlet channel.
flow direction, and is positioned eccentrically in the channel. Fig. 2 shows the movement of the fluid through the single-
The difference in viscous shear between the shaft and the tWOd|Sk pump as indicated by the Sma” arrows. The advantages
channel walls produces a net pumping effect. This pump is of this micropump compared to other micropumps include a
easy to fabricate, but has limited flow rates and pressure riseyide range of possible flow rates, simplicity, constant flow,
capabilities. planar structure, well controlled flow rate, and possible mix-
In the present paper, a new set of micropumps are ing characteristics. The development, fabrication, and testing
described, called the double-disk and single-disk viscous of the disk pumps are discussed. Flow rates and torque/power
pumps, to achieve flow rates and pressure rises greater thapequirements are given for various rotational speeds, and the
1.0 ml/min and 1.0 kPa, respectively, while maintaining sim- flow patterns through the double-disk pump are described

plicity and ease of manufacturing. The present disk pumps arefrom visualizations made using red Rhodamine dye.
unique because they use the viscous stress to produce a pump-

ing effect by employing one or two disks and a wiper to force

fluid through a passag8,29] The two axially collinear 2. Single-disk and double-disk pump configuration

disks, or the disk and the top pump housing, are separated;q operation

by a small gap. The wiper is situated between the spinning

disk(s) Fig. 1shows a cross-sectional view of the diskpumps.  The disk pumps are comprised of one or more spinning
The spinning of the disk(s) cause a net movement of fluid due yisks, a wiper, aninlet channel, and an outlet channel. The two
to the viscosity of the fluid, and the transfer of momentum jisks of the double-disk pump can be actuated individually,
or can be coupled together as seeRim 1 The disk shaft(s)

are guided in (a) bearing(s), which also form(s) a seal along
the shaft(s) to reduce leakage. The wiper contacts the flat
surface of the rotating disk(s), and is the height of the fluid
passage. The height of the fluid passage through the pump is
the distance between the two disks for the double-disk pump,
or the distance between the single disk and the upper wall of
the pump for the single-disk pump. The height of the fluid
passage through the pump (also the height of the wiper) is
referredto asthe gap height of the pump. The gap heights used

ZA Top housing

=}

Fluid
Channel

Disk
Wiper

Top Disk

ANNNN N
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. il for testing are 78 and 1Gam. The inlet and outlet channel
?ﬁ:ﬁne! ‘&\\\\‘ N\ \\\\ side walls are continuous with the walls of the wiper, as seen
] in Fig. 2 The fluid flow transitions from a stationary inlet
Bottom g;’ :}:img channelto the rotating surface of the disk(s) as the fluid travels
Disk from the inlet channel to the pumping volume. The volume

of fluid between the two disks or between the single disk and

Fig. 1. Cross-sectional view of the single-disk and double-disk pumps. ~ upper pump housing is referred to as the pumping volume.
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3. Pump component fabrication 2 mm

There are five main fabricated components of the viscous
disk pump assembly: (i) the disk(s), (ii) top housing, (iii) Upper disk
bottom housing, (iv) bearings, and (v) wiper/channel insert.
An exploded view of the double-disk pump is giverHig. 3.
An exploded view of the single-disk pump is identical to
Fig. 3 with the exclusion of the top bearing and top disk. Coupling
In place of the top bearing and top disk, the bottom of the Shafl g
top housing for the single-disk pump is flat and forms the
top of the fluid channel through the pump volume as seen in
Fig. L There are a total of three pump assemblies that are
used: (i) the single-disk viscous pump with a disk diameter
of 2.38 mm, (ii) the double-disk pump with a disk diameter of Fig. 4. D.ouble-disk pump shafts before assembly on a United States quarter
2.38 mm, and (iii) the double-disk pump with a disk diameter dollar coin.
of 6.35mm. The first two pump assemblies, (i) and (ii), are
used for flow rate and power testing, and the third pump diameter and then the coupling shaft is machined on the end,
assembly, (iii), is used for flow visualization testing. such that the step between the disk shaft diameter and cou-

Fabrication of the disk(s) is realized using precision pling shaft diameter forms the other disk surface as seen in
machining techniques. A lathe is used to obtain the desiredFig. 4. The coupling shaft is press-fit into the bored hole in
outside diameter of the disk shaft, and to create the disk sur-one disk until the desired gap height is obtained. The disks
faces. For the double disk pumps, a hole is bored into one offor the double-disk pump used for flow rate testing are made
the disk surfaces, into which the coupling shaft is press-fit. from brass with an outer diameter of 2.38 mm. The bottom
The other disk is machined on the lathe to the desired outsideand upper disks for the double-disk pump used for flow visu-

alization are made from aluminum and acrylic respectively,
with an outer diameter of 6.35 mm. The acrylic disk is clear

A x Lower disk

Outlet tubing \JT et tibing and allows the flow in the pumping volume to be visualized
J % through the disk.
/“‘\\ Top housing The disk of the single-disk pump is made from type 304
° stainless steel. The top housing of all the disk pump assem-

blies are made from acrylic, to allow the flow passing into and
through the pump to be visualized. The top housings have an
inlet and outlet passage that connects the inlet and outlet tub-
ing to the inlet and outlet channels of the pump. The top
housing of the double-disk pump assembly with the 6.35 mm
diameter disks has an ink injection hole that is 0.2mm in
diameter thatis located halfway along the inlet channel width,
and 3 mm upstream of the pumping volume as seénign2

The bottom housing for all pumps is made from aluminum,
and contains the lower bearing.

The bearings are made from Torlon 4301 by Solvay
Advanced Polymers, a strong plastic with a low coefficient
of friction. The upper and lower bearings are press fit into
the top and bottom housing, respectively, as showkign3.
Torlon is used because it has a low coefficient of friction, and
can be easily machined. The outer diameter of the bearings is
12.7 mm, and the inner diameter of the bearing is the diam-
eter of the disk shaft. For the single-disk and double-disk
assemblies used for flow rate testing, a recess that is 1 mm
deep is cut into the bottom bearing under the inlet and outlet
channel, as seen ig. 3, which increases the cross-sectional
area of the fluid passage through the inlet and outlet chan-
nel. The expansion of the fluid channel slows the fluid as it
enters the recess in the inlet and outlet channels. The slower
fluid minimizes losses as the fluid travels to and from the
Fig. 3. Exploded view of the double-disk pump assembly. pumping volume. There is no recess in the bottom bearing of

Wiper/channel
msert

Bottom housing

Bottom bearing

Bottom disk

Outlet channel Inlet channel
recess recess
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the double-disk pump assembly used for flow visualization the outlet tubing. The outlet tubing for both disk pumps
testing. has an inner diameter of 4.5mm, and a length of 86 mm.
The wiper/channel insert is machined from brass shim When testing the maximum pressure rise for both pumps,
stock using a CNC milling machine, and forms the walls of the outlet tubing connects to the bottom of a vertical water
the fluid channels and the wiper. The thicknesses of the brasscolumn with an inner diameter of 4.5mm, and height of
shim stock used for the flow rate testing and flow visualiza- 300 mm.
tion testing are 103 and {8n, respectively. The widths of The pump assembly is mounted to the base of a linear
the inlet and outlet channels for the flow rate testing and flow slide as seen ifig. 5. The linear slide consists of a station-
visualization testing are 1.19 and 3.18 mm, respectively, or ary base, and a linear sliding “shuttle” that moves relative to
one-half the disk diameter. The wiper/channel insert is posi- the base on linear bearings. The brushless motor and motor
tioned between the top and bottom housing. A seal is createdcoupling shaft are mounted to the shuttle of the linear slide.
around the wiper by tightening bolts that clamp the top and One end of the motor coupling shaft connects to the motor
bottom housing together. shaft, and the other end connects to the disk shaft as seen in
Fig. 5 The motor coupling shaft is made from aluminum,
and is secured by ball bearings at each end. The position of
4. Experimental apparatus and procedures the shuttle, along with the motor and disk shaft, are adjusted
and secured using 4-40 positioning bolts. There is one posi-
The disk pumps are powered by an externally mounted tioning bolt at each of the two ends of the shuttle, such that
Maxon EC32 number 118891 brushless DC motor that is one positioning bolt is used to adjust the position, and the
32 mm in diameter with an 80 W power rating. The brushless other is used to immobilize the shuttle. A microscope is used
motor is controlled by an Advanced Motion Controls power to aid the positioning of the disk by means of the positioning
amplifier (Model #BE12A6). A negative feedback controller bolts. The microscope is an Infinevar Continually Focusable
is employed to maintain constant speed for any variation in Microscope (CFM) (0-332 magnification), manufactured
torque. The speed is controlled by adjusting a 15-turn poten- by Infinity Photo-Optical Co., with a Hitachi HV-C20U-S4
tiometer. The speed range is 100-13,200 rpm. The motorvideo camera connected to a Sony Tinitron PVM-14N5U
controller determines the rotational speed from the signal high resolution monitor.
from an optical encoder attached to the motor shaft. This  Assembly of the double-disk and single-disk pumps starts
apparatus then produces two voltage signals that are pro-by connecting the disk pump shaft to the motor coupling
portional to motor speed and current supplied to the motor, shaft on the motor. The bottom housing of the pump is then
respectively, which are measured using a Keithley 131 Digital mounted to a plate that connects to the base of the linear slider
Multimeter. Another Keithley 131 Digital Multimeteris used  as seen irfrig. 5. The position of the disk surface is adjusted
to measure the voltage supplied to the motor at the motor inputso that the disk surface is flush with the top surface of the bot-
terminals of the motor controller. The power to the motor is tom housing using the positioning bolts. The wiper/channel
then determined by multiplying the current and voltage sup- insertis then positioned and secured in place using two bolts
plied to the motor. that screw into the bottom housing. Then for the double-disk
The test setup is shown iRig. 5 and includes a water  pump, the coupling shaft with the upper disk is press-fit into
reservoir, which is large enough that the water level change the lower disk until the upper disk surface contacts the upper
during operation is negligible. The water tank is connected wiper surface. This contact is determined visually with the
to the inlet channel by means of inlet tubing. The inlet tub- microscope, and physically by the disks starting to “pull”
ing for the two disk pumps has an inner diameter of 4.5 mm, on the wiper, when the disk is rotated manually. The top
and length of 381 mm. The outlet channel is connected to housing is then secured, and tightened to minimize leak-
age. The inlet and outlet tubes are then connected to the top

housing.

Dye injection syringe After assembly and positioning of the disk surface(s) and
Motor housing, all the air is bled from the pump assembly using a
coupling shaft R Outlet tubing syringe attached to the end of the inlet tubing. For the dye flow
Motor Disk shaft /(0 drain visualization, a 5 ml syringe is filled with dye and connected
Nowr | | EZ E— to the top housing by a clear tube with an outer diamet_er
controller | Shuttle — vaiile of 1.58 mm and length of 450 mm. The dye enters the fluid

: Inlet tubing channel through the dye injection hole seerFig. 2 This

2 . . . )

Linear slide base Pubhp sy location is the starting point for advection of the dye through

the inlet channel then the pumping volume. The clear tube
is primed by injecting the dye into the pump housing until
Fig. 5. Experimental testing apparatus. Motor controller has an output signal ije IS Seen In th_e pumping Qhamber. The pump assembly
for shaft speed, and motor current. Dye is injected by tapping on the push IS then flushed with water, using the syringe attached to the
rod of the syringe. end of the inlet tubing, to clear the dye from the inlet and

Positioning bolts
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outlet channels, and pumping volume. The syringe attached5. Results and discussion
to the end of the inlet tubing is then removed before testing
begins. The experimental results are presented in four sections.
After these steps are completed, testing is comprised of The first section discusses the operation of the disk pumps.
the following procedures. (1) The system is flushed to ensure The second section discusses the observed flow patternsin the
there are no air bubbles or trapped particulates in the pump-double-disk pump from the dye flow visualization. The third
ing chamber. (2) The pump motor is activated, and adjusted section discusses flow rate variations and power variations
to produce the desired speed. (3) The pump then continues tawith disk rotational speed for the single-disk and double-disk
operate at constant speed for a minimum period of 20-30 spumps. The fourth section discusses the overall behavior of
before testing, so that steady state operation is reached. (4adhe disk pumps relative to other types of micropumps.
For flow rate testing, the timer is started, and water from
the outlet tubing is collected. Output signals related to shaft 5.1. Operation of the disk pumps
rotational speed and current to the motor are measured and
recorded. The power to the motor and the flow rate are then  Fig. 2shows three regions within the fluid passage within
determined and recorded. The flow rate is determined by the pump. The Reynolds number for the tested disk pump
dividing the amount of water collected by the collection time. are between 3.4 and 64, where the characteristic length is the
(4b) For dye flow visualization, the dye syringe plunger is gap height and the characteristic speed is the outer disk radius
tapped to inject a small amount of red Rhodamine dye into multiplied by the disk angular velocity. In region 1, near the
the fluid flow. Only a small amount of dye is injected into inlet, the spinning disk draws fluid away from the inlet wiper
the fluid channel so that minimal disturbance to the fluid face, creating a low static pressure region along the face of
in the pumping chamber is caused by the injection of the the wiper. The resulting pressure gradient induces fluid from
dye. The movement of the dye is recorded using the Infinivar the inlet channel into the pump entrance, along the face of the
microscope, mentioned earlier, that outputs to a Matrox video wiper.Fig. 2then shows that fluid is forced circumferentially
acquisition card ina DELL Workstation 530. The Matrox card through region 2 due to the viscous forces applied to the fluid
records at a rate of 30 frames/s. Due to the frame rate limi- by the spinning disk(s). The fluid circumferential velocity
tations of the Matrox card, disk rotational speed of 211 rpm decreases as the fluid approaches the wiper near the outlet in
is used to obtain the flow visualization results. (4c) For the region 3, where static pressure increases locally. The resulting
maximum pressure rise testing, water is pumped to the verti- static pressure then forces fluid toward the outlet channel,
cal fluid column until the height of the fluid column creates motion which is assisted by centrifugal forces at higher disk
enough backpressure to stop pumping. The vertical distancerotational speeds.
between the water level at the top of the fluid column and top
of the water tank, respectively, is measured to determine the5.2. Dye flow visualization for the double-disk pump
pressure rise using the equatiaPyax = pgh. WhereAPmax
is the maximum pressure rise across the pumthe fluid The arrangement of the flow channels, disks, and wiper is
density,g the gravitational constant, ardis the measured  shown inFig. 6. The images of the dye moving through the
vertical distance. All data are recorded, and then enteredpumping volume are digitally enhanced using Adobe Photo-
and processed using a DELL Latitude laptop computer, andshop 7.0 so the red dye can be readily seen in a grey-scale
employing Microsoft Excel XP software. format. This is accomplished by outlining and selecting the

Inlet channel

Inlet wiper face

Coupling shaft

Outlet wiper face.

Outlet channel

Fig. 6. Configuration of the double disk pump for dye flow visualization. The view looks down through the top disk, into the pumping volume. The image on
the right is digitally enhanced to show a grey-scale distribution of the dye arrangement.
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region containing red dye, and removing the remainder of
the unselected image. The region containing red dye is then
superimposed on the outline of the pumping volume shown
ontheright side ofig. 6. Streaks due to particulate on the disk
surface and other non-dye objects are then removed by blend-
ing the surrounding red dye through the streaks or objects.
The fluid and dye enter into the pumping volume through
the inlet channel, and exit through the outlet channel. For the
data presented, the disks are rotating counter-clockwise at a
rotational speed of 211 rpm, with a gap height ofi#8. The
inner and outer disk diameters are 1.9 and 6.35 mm respec-
tively, as mentioned.

Fig. 7 contains eight frames that show the progression of
the dye through the pumping volume. A radial black line
shows the position of the disks as they rotate. Sequential
frames 1-2, and 5-8 are separated by 0.095 s, and sequential
frames 2-5 are separated by 0.063 s. Frames 1-8 show two
complete revolutions of the disks. The three physical effects,
which affect fluid motion through the pumping volume, are
viscous forces due to the spinning of the disks, static pres-
sure variations, and centrifugal forces acting on the fluid. The
centrifugal forces generally force the fluid radially outward,
but are insignificant at small Reynolds numbers. The viscous
forces are largest near the disk surfaces and generally induce
the flow to move in a circumferential direction. The curva-
ture of the streamlines within the pump volume results in
an inviscid static pressure increase with radius. This pres-
sure gradient then tends to induce fluid motion from larger
to smaller radii. The regions labeledhig. 2are used to dis-
cuss the fluid flow and dye distributionskig. 7 as they are
affected by the relative magnitudes of these physical effects.

Referring to the data ifrig. 7, some of the dye enters
the pumping volume just prior to frame 1 and continues to
enter the pumping volume during the time intervals asso-
ciated with frames 1-3. The entering dye close to the disk
surfaces then moves circumferentially, due to viscous forces
from the disks. Some of the dye midway between the disks at
larger radii moves circumferentially due to the viscous forces,
but at a slower rate than the dye near the disk surface at the
same radial and circumferential locations. Some of the dye
midway between the disks in region 1 (shownFig. 2) is
advected to smaller radii toward the coupling shaft toward a Fig. 7. Rhodamine dye moving through the pumping region of the dou-
region of lower static pressure. As this center dye moves to ble disk viscous pump through three complete disk revolutions. Disks are
smaller radii, some of the dye is advected in thdirection spinning counter-clockwise with a rotational speed =211 rpm, a disk diam-

. . . . eter=6.35mm, and a gap height=Z&. The black line is inserted to show
to the disk surface and then moves circumferentially, which the rotation of the disk. Sequential frames 1-2 and 5-8 are separated by

is evident from larger amounts of dye moving circumferen- ¢ ogss, and sequential frames 2-5 are separated by 0.063s. Locations A
tially in frames 1-3. The-direction is perpendicular to the  and B are stagnation points.

disk surfaces as shown iig. 1L Because the dominant pres-

sure forces in region 1 (which act in an inviscid manner)

generally induce motion to smaller radii, they tend to force dye to smaller radiiis also apparent through the pump volume
fluid into the pumping volume, whereas the viscous forces in frames 2—4 as a result of diffusion and advection induced
move the fluid through the pumping volume. by the radial pressure gradient.

Frames 2 and 3 dfig. 7 show that the largest portions A circumferential pressure gradient is also present in the
of the dye in region 2 move circumferentially as a result of pump volume mostly because of interactions between the
viscous forces. This motion occurs as dye continues to enterpump fluid and the wiper. This gives a static pressure rise
the pumping volume from the inlet channel. Some motion of with circumferential position through the pump volume, such
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that a region of lower static pressure is present near the inlet 2.5
wiper face, and a region of higher static pressure is present ¢ Double Disk
near the outlet wiper face. This static pressure variation then 2 W Single Disk
opposes the motion induced by rotation and viscous forces. .
At larger radii, the magnitude of the viscous forces over the
height of the channel are greater than the opposing circum-
ferential pressure forces, which results in flow through the
pumping volume from the inlet to the outlet of the pump. At
smaller radii in region 2, where the viscous forces are the n
smallest, the opposing circumferential static pressure varia- 0.57] [
tion causes some of the fluid midway between the disks to n
move opposite the main flow direction, or the direction of 0 T T
the rotating disks, resulting in a recirculating flow at smaller 0 2000 4000 6000
radii. This recirculating flow is discussed in additional detail Q (rpm)
below.

The circumferential static pressure variation forces some
of the dye midway between the disks in region 1 (shown
in Fig. 2 at smaller radii to move toward the inlet wiper

face and stagnate at a position about halfway along the inIetiS_ Iabel_ed "B”inFig. 7. Near this point, t_he fluid is forced
wiper face. This stagnation is evident in frames 3—6 and is either (i) toward the outlet channel, or (ii) toward the cou-

labeled “A’ inFig. 7. The stagnation of the dye along the inlet pling §haft (rgcirculating flow). Evider_lce of this _stagnation
wiper face provides evidence of the location of the minimum pointis seen in frames 5-8 as the dye interacts with the outlet

static pressure, and is located midway between the two rotat-"VIP€r face. Near this IO.C ation, some dye moves toward the
ing disks. Fluid moves toward this stagnation point radially o_utlet because of centrifugal f(_)rces and_loca_ll pressure gra-
from larger radii, due to the radial pressure gradient. Fluid dients, an_d some dye moves in the radial direction _towar_d
also moves toward the stagnation point radially, from smaller ("€ coupling shait because of local pressure gradients in
radii, and circumferentially, opposite the main flow direc- region 3. ;
tion, due to the recirculating flow. Frames 4—7 also show that . The overall results of the observeq flow patternkig. 7
some of the dye near the stagnation point is then advectedIndlcate a net flow through the pumping volume.
in the z-direction toward the disk surfaces resulting in the
circumferential motion of the dye away from the stagnation 5.3. Flow rate variations and pressure rise variations
point. with disk rotational speed for the single-disk and

The flow midway between the disks in region 2 (shown in double-disk pumps
Fig. 2 atsmaller radiiis in a circumferential direction which
is opposite to the direction of the disk rotation. Additional evi- Flow rate variations for the single-disk and double-disk
dence of this recirculating flow is shown in frames 5-8 by the pumps are given ifig. 8, for rotational speeds ranging from
movement of some of the dye from outlet wiper face toward 1000 to 5000 rpm, a disk diameter of 2.38 mm, and a gap
the coupling shaft and eventually toward the inlet wiper face. height of 103.m. The uncertainty magnitudes for the flow
The fluid flow midway between the disks in region 2sager rate and rotational speed kig. 8 are approximately-3%
radii is in the main flow direction in a “positive” circumfer-  and=+4%, respectively. The results Fig. 8 show that flow
ential direction. As a result, the circumferential velocity of rates increase nearly linearly with rotational speed for both
the fluid is very small at locations in between these inner types of pumps. This linearity provides additional evidence
and outer radii regions, midway between the disks, in region of the dominating influences of the viscous forces induced by
2. The radial position for which the circumferential veloc- disk rotation. For a rotational speed of 5000 rpm, the max-
ity becomes very small is evident in frames 5-7 at a radial imum flow rates for the single-disk pump and double-disk
location about 1/3 the distance between the inner and outerpump are achieved, and are 1.0 and 2.1 ml/min, respectively.
radii of the pumping volume (in region 2). The circumferen- Even higher flow rates can be obtained with greater rotational
tial velocity of the dye is then “negative” at smaller radii, and speeds, and larger disk diameters. Note also that flow direc-
“positive” at larger radii (relative to the rotation direction of tion can be reversed by changing the rotational direction of
the disks). Some of the dye that is advected or diffused in the the disk(s).
z-direction toward the disk surface where it then moves cir-  Maximum pressure rise variations for the single-disk and
cumferentially toward the outlet wiper face, which results in double-disk pumps are given Fig. 9 for rotational speed
the eventual movement of the dye toward the outlet channel,ranging from 1000 to 5000 rpm, a disk diameter of 2.38 mm, a
as seen in frame 8. gap height of 10gum, and a flow rate of zero. The uncertainty

Another stagnation point also exists in region 3 near the magnitudes for the flow rate and rotational spedeign 9are
outlet wiper face at a location of highest static pressure, andapproximately+3% and+4%, respectively. The maximum

Q (ml/min) .

Fig. 8. Flow rates and rotational speeds for the disk pumps from experimen-
tal testing. Disk diameter =2.38 mm, gap height = .®3.



156 D. Blanchard et al. / Sensors and Actuators A 122 (2005) 149-158
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ig. 11. Maximum flow rate and typical size of the single-disk pump,
ouble-disk pump, and other micropumps. Typical size is defined by the
disk diameter, diaphragm diameter, or pumping channel width. The size of
the pump actuator is not included in the typical 42€13,17-26]

pressure rise for the single-disk and double-disk pumps is 5.4. Overall behavior of the disk pumps relative to other
643 Pa and 1.19kPa, respectively. The maximum pressuretyloeS of micropumps

rise increases nearly linearly with increasing rotational speed
for both disk pumps. Even higher flow rates can be obtained
at greater rotational speeds.

No leaks are observed from the disk pump assembly dur-
ing flow rate testing. During testing of the maximum pressure
rise, a leak on the order ofidl/min is observed between the

F
Fig. 9. Maximum pressure rises and rotational speeds for the disk pumps 4
from experimental testing. Disk diameter =2.38 mm, gap height 31103

The maximum flow rates and typical size of the single-disk
pump, and the double-disk pump compared to other microp-
umps are shown iRig. 11 The size of the disk pumps is based
onthe disk diameter. Typical sizes for the check-valve pumps,
! i A i peristaltic valves, flow rectification pumps, and rotary pump
stationary bottom bearing and rotating bottom disk shaft due are based on pump chamber diameters. Typical sizes for all

to the higher pressure conditions inside the pumping (_:ham'other pumps are based upon the channel width. Note that the
ber. The ob§erved leakage may be' reduced by changing the(ypical size does not include the actuator of the disk pumps,
bear_mg design, or pump conflgu_ratlon. ) __orthe other micropumpgig. 10shows that the flow rates for
_Fig. 10shows the power supplied to the motor as it varies e gingle-disk and double-disk pumps are larger than values
with rotational speed for the double-disk pump with disk ¢, a5y other micropumps, with typical sizes falling in the

d‘am?tef of 2.38mm. The first set of Qata shows the power middle of the range of values for the micro-pumps considered
supplied to the motor before the motor is attached to the motor [2-13,17—26]

coupling shaft. The second set of data shows the power sup-
plied to the motor during testing. The motor used for testing
is chosen to demonstrate the operation of the disk pumps;e Summary and conclusions
however, smaller motors can be used instead. The power
requirements can also be lowered further by optimizing the

X ; Two versions of a novel pump called the single-disk vis-
bearing design.

cous pump and double-disk viscous pump are developed and
tested. The advantages of this micropump compared to other

8 micropumps include a wide range of possible flow rates,
Voo o . simplicity, steady flow_with t?me, pla_n_ar structure, WeII_C(_)n-
67 _ . - trolled flow rate, and if desired, ability to augment mixing
2 ¢ Pumping in the flow. The experimentally measured flow rate shows
4T ¢ an increase with rotational speed that is nearly linear, which
) ] . u provides evidence of the dominating influences of the vis-
. cous forces induced by the rotating disks. The fluid pumping
0 : : direction can be reversed by changing the rotational direction
0 2000 4000 6000 of the disk(s). The design of the disk pumps is simple, and
Q (rpm) can potentially be fabricated using microfabrication technol-

ogy due to the planar structure of the pump. Dye inserted into
Fig. 10. Variation of power supplied to the motor with rotational speed for the pumping volume shows flow movement due to pressure

the double-disk viscous micropump. The first data set is the power to the dient ; f d trif 'f Th
motor before connection to motor shaft to the motor coupling shaft, and the gradients, viscous forces, and centriilgal 1orces. € move-

second set of data is the power during pumping. Disk diameter = 2.38 mm, Mment of the dy? FhrOUgh t.he pump also proyides evidence
gap height=10am. of enhanced mixing as it is advected and diffused through
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