
Reynolds ridge which will provide even more insight into the 
unique nature of this flow. But so far it has been determined 
that it is the boundary condition of the surface tension gradient 
at the free surface in the vicinity of a Reynolds ridge which 
causes the flow to dynamically conform, with a rapid decelera­
tion over a small region, resulting in a large vorticity flux at 
the free surface. 
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A Novel Pump for MEMS 
Applications 
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We present a novel approach for pumping fluids in micro-
mechanical appUcations at extremely low Reynolds numbers. 
It is based on the rotation of a cylinder placed asymmetrically 
in a narrow duct; the differential viscous resistance between the 
small and large gaps causes a net flow along the channel. We 
report on experiments using glycerin and several cm-scale 
prisms having circular, square, and rectangular cross-sections. 
The Reynolds number, based on cylinder size and angular veloc­
ity, varies in the range of 0.01 -10. The flow is visualized using 
tracer particles. The flow generated depends on the geometrical 
parameters, but is proportional to the angular velocity of the 
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cylinder. An average flow velocity that is about ten percent of 
the surface speed of the cylinder has been obtained. 

Manufacturing processes that can create extremely small ma­
chines have been developed in recent years. Motors, electro­
static actuators, pneumatic actuators, valves, gears, and tweezers 
of about 10 nm size have been fabricated. These have been 
used as sensors for pressure, temperature, velocity, mass flow, 
or sound, and as actuators for linear and angular motions. Cur­
rent usage ranges from airbags to blood analysis (O'Connor, 
1992). There is considerable work under way to include other 
applications, one example being the micro-steam engine de­
scribed by Lipkin (1993). Many of these new applications will 
need fluid to be pumped in a duct; at such small scales this is 
a challenge. 

There have been several studies of microfabricated pumps. 
Some of them use nonmechanical effects. Ion-drag is used in 
electrohydrodynamic pumps (Bart et al., 1990; Richter et al., 
1991; Fuhr et al., 1992); these rely on the electrical properties 
of the fluid and are thus not suitable for many applications. 
Valveless pumping by ultrasound has also been proposed (Mor-
oney et al., 1991), but produces very Uttle pressure difference. 

It is important to emphasize that mechanical pumps based on 
conventional centrifugal or axial turbomachinery will not work 
at micromachine scales where the Reynolds numbers are typi­
cally small. Centrifugal forces are negligible and, furthermore, 
the Kutta condition through which lift is normally generated is 
invalid when inertial forces are vanishingly small. In general 
there are three ways in which mechanical micropumps can 
work: 

(a) Positive-Displacement Pumps. These are mechanical 
pumps with a membrane or diaphragm actuated in a reciprocat­
ing mode and with unidirectional inlet and outlet valves. They 
work on the same physical principle as their larger cousins. 
Micropumps with piezoelectric actuators have been fabricated 
(Van Lintel et al., 1988; Esashi et al., 1989; Smits, 1990). 
Other actuators, such as thermopneumatic, electrostatic, electro­
magnetic or bimetallic, can be used. These exceedingly minute 
positive-displacement pumps require even smaller valves, seals 
and mechanisms, a not-too-trivial micromanufacturing chal­
lenge. In addition, there are long-term problems associated with 
wear or clogging and consequent leaking around valves. The 
pumping capacity of these pumps is also limited by the small 
displacement and frequency involved. Gear pumps are a differ­
ent kind of positive-displacement device. 

(b) Continuous, Parallel-Axis Rotary Pumps. A screw-type, 
three-dimensional device for low Reynolds numbers was pro­
posed by Taylor (1972) for propulsion purposes and shown in 
his seminal film. It has an axis of rotation parallel to the flow 
direction implying that the powering motor must be submerged 
in the flow, the flow turned through an angle, or that complicated 
gearing would be needed. 

(c) Continuous, Transverse-Axis Rotary Pumps. This is the 
class of machines that we propose here. We assert that a rotating 
body, asymmetrically placed within a duct, will produce a net 
flow due to viscous action. The axis of rotation can be perpen­
dicular to the flow direction and the cyUnder can thus be easily 
powered from outside a duct. A related viscous-flow pump was 
designed by Odell and Kovasznay (1971) for a water channel 
with density stratification. However, their design operates at 
a much higher Reynolds number and is too complicated for 
microfabrication. 

Fluid flow at the micromachine level is complicated by issues 
such as interfacial forces, slip-flow and Knudsen number ef­
fects. To develop an operational viscous-flow micropump one 
must first demonstrate its working at the macroscale where these 
special effects are not important. Our purpose here is to show 
experimentally that viscous forces can indeed be used to pump 
fluid at low Reynolds numbers. Reynolds numbers representa­
tive of micromachine applications in air or water can be ob­
tained with cm-size cylinders and with glycerin as the working 
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Fig. 1 Schematic of set-up 

fluid. Few experiments and many numerical studies of both 
steady (Ingham and Tang, 1990; Tang and Ingham, 1991; Ki-
mura et al., 1992) and unsteady (Badr et al., 1989; 1990) flow 
around a rotating circular cylinder are available in the open 
literature. There has also been work on flow around a square 
cylinder that is either forced to rotate (Ohba and Kuroda, 1993) 
or is autorotating (Zaki et al , 1994). However, there is nothing 
reported on the generation of a flow by rotating a cylinder. 

The present laboratory experiments are carried out on the 
set-up shown schematically in Fig. 1. The interior dimensions 
of the Plexiglas tank A are 48.9 cm length, 15.2 cm width and 
14.3 cm depth. A tightly-fitted 15.2 cm square plate B of the 
same material can be moved to any height within the tank. We 
are interested in the flow within the channel formed by this wall 
and the floor of the tank. For some of the runs a plastic sheet 
C was laid on the floor to reduce the lower gap hi. A two-
dimensional, stainless-steel cylinder D is placed in leak-proof 
bearings and can be rotated by an external electric motor (not 
shown). Cylinders of circular (0.898 cm diameter), square 
(0.898 cm diagonal) and rectangular (0.898 cm X 0.1 cm) 
cross-sections are tested; unless otherwise mentioned, a circular 
cylinder is assumed. The tank is filled with glycerin, the relative 
density and viscosity of which are measured before each run 
using a Fisher Scientific hydrometer and a Brookfield Synchro-
Lectric viscometer, respectively. Due to absorption of atmo­
spheric moisture the viscosity of the glycerin decreased from 
about 1.1 kg/m.s to just about one-half this value over the 
period of the experimentation, while the density remained ap­
proximately constant at 1260 kg/m'. Visualization is by means 
of tracer particles in the fluid illuminated by a sheet of light 
in the mid-spanwise plane. Each run is videotaped for later 
analysis. 

For a circular cylinder the governing parameters in the prob­
lem are: the rotational rate of the cylinder u), its diameter 2a, 
the separation between channel walls 2h, the eccentricity of the 
cylinder as measured by hu + a — h, and the sum of the channel 
lengths upstream and downstream of the cylinder L,. In here, 
hi, is the upper gap, and h^ is the lower one. The governing 
parameters can be nondimensionalized as a Reynolds number 
Re = w {2a)^lv, where v is the kinematic viscosity of the fluid, 
relative channel wall separation s - hia, eccentricity e = {hu 
+ a — h)/2a, and channel length Lilla. The rotation of the 
cylinder, its eccentricity, and the position of the plate B can be 
varied in the experiments. Note that the average velocity in the 
channel is not known a priori and cannot, therefore, be used as 
a velocity scale. Instead we use the tangential velocity of the 
cylinder itself to define a Reynolds number, so that Re is not a 
ratio of inertial to viscous forces in the classical sense. The 
choice of a characteristic length to define Re is arbitrary; the 
other length scales in the problem are related to a via the dimen-
sionless wall separation and eccentricity. 

In the present experiments, the qualitative nature of the flow 
field generated by the rotating cylinder depends on the gap 
between the cylinder and the wall. Close to the cylinder, a 
primary circulation following the motion of the cylinder is al­
ways present. But on the side of the cylinder with the larger 
gap (normally the upper side in the present arrangement), two 

qualitatively different secondary flow patterns are observed. For 
a large hu there is a single secondary vortex lying directly on 
top of the cylinder, which rotates counter to the cylinder motion. 
On the other hand, for a small hu there are two small co-rotating 
secondary vortices located to the left and right of the cylinder. 
For /jz, = 0 transition between the two patterns is observed to 
take place when hu is approximately 12 mm {s = 2.34, e = 
0.67). These patterns are very similar to the creeping flow 
eddies observed when a rotating cylinder is placed in the center 
of a rectangular box (Hellou and Coutanceau, 1992), or placed 
eccentrically within a larger circular cylinder as in journal bear­
ings (Ottino, 1989; Ghosh et al., 1992). 

From the video the time of travel of the tracer particles for 
a 2 cm distance in the x-direction is measured. Repeating this 
for different j-positions, the fluid velocity field u*{y) is deter­
mined. The first velocity measurements are made with the chan­
nel walls 14 mm apart, and with the cylinder at the lower 
extreme. Figure 2 shows an example of the measured velocities 
at four sections of the channel at different values of x, two 
upstream and two downstream of the cylinder. Parabolic profiles 
of the form u*{y) = C/max(l - y^/h^) are fitted to the data at 
each section using a least-square analysis. In general, the data 
at the section x = - 4 cm fits its parabolic profile with the least 
error. The parabola at this section is also shown in Fig. 2. The 
flow at this section is almost parallel to the channel walls, while 
at other sections it is either affected by the inlet or outlet to the 
channel or is too close to the cylinder. This section is then used 
for the rest of the velocity measurements. We can determine an 
average velocity ti* = (l/2h) J_i^u{y)dy at the chosen section 
which will also be the same at other sections. Though the inte­
gration can be done either on the experimental data using a 
trapezoidal rule or on the fitted parabola, we simply take u* — 
lUmax from now on since the difference is of the order of five 
percent. We can also show that the free surface of the glycerin 
does not affect the flow rate if it is far enough from plate 
B. The difference in average velocity in the lower channel is 
measured to be around one percent on changing the glycerin 
depth from 42.5 mm to 65 mm. 

The next series of measurements are made by changing the 
rotation of the cylinder, but keeping the eccentricity and channel 
separation constant. The cylinder is again touching the bottom 
of the channel wall. Figure 3 shows the measured average veloc­
ity in the channel, u*, as a function of the surface speed of the 
cylinder, wa. The straight line corresponds to a fit of u* — 
0.095 u)a. The nondimensional average velocity defined by u 
= u*/Loa = 0.095 under these conditions. A similar though 

Fig. 2 Velocity profiles for Re = 1.03; s == 1.56; £ = 0.28. Local velocity 
is determined by recording the average time-of-travel of 20 tracer parti­
cles. The standard deviation for such measurements is typically ten per­
cent of the mean. 
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Fig. 3 Average velocity for s = 1.56; e = 0.28. Uncertainty in computing 
the buil( veiocity is ± five percent. 

slightly different graph is obtained if Re, which is in the O.I-
10 range, is used as the abscissa. 

Geometrical parameters like relative eccentricity and channel 
separation also affect the flow rate. In the present set-up we are 
unable to vary them independently, but can change both by 
moving the plate B. Measurements are made by changing the 
gap hu and keeping Re roughly constant. Figure 4 shows the 
effect on the average velocity, «*, and volume flow rate per 
unit width, 2 hu*. Both these variables are seen to have a 
maximum, though at slightly different values of hu- The maxi­
mum volume flow rate roughly corresponds to the value of hu 
around which the secondary flow pattern changes from a single 
vortex to two. 

Experiments with cylinders of square and rectangular sections 
are also carried out for comparison. In each case the largest 
dimension of the section is used to define the Reynolds number. 
All three cylinders have this dimension the same so that they 
sweep out the same area. At Re = 1.12, i = 1.78, and e = 0.17, 
the nondimensional average fluid velocity in the channel using 
the circular cylinder is S" = 0.046, while for the square and the 
rectangular cylinders it is 64.4 and 31.8 percent of this value, 
respectively. It appears therefore that the circular cylinder gives 
the best pumping performance. A weak pulsating motion super­
imposed on the unidirectional mean flow is observed for the 
two non-circular cylinders. Although not tried in here, other 
configurations using the same principle can be used to pump a 
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Fig. 4 Average velocity and volume flow rate for h^ = 0; Re = 1.05. 
Uncertainty in computing tlie bulk velocity is ± five percent. 

fluid at low Reynolds numbers. For example, two counter-rotat­
ing cylinders placed symmetrically in the channel along the y-
axis would perhaps be more efficient than the present asymmet­
ric configuration. However, in a microelectromechanical sys­
tems (MEMS) application of the present idea, simplicity of 
construction and operation would probably be more coveted 
than a modest improvement in efficiency. 

The experiments reported here show that a two-dimensional, 
rotating cylinder eccentrically placed within a channel can drive 
a viscous fluid. We have been able to generate an average flow 
velocity that is about 10 percent of the surface speed of the 
cylinder. This proportionality is consistent with what can be 
expected for the solution of the Navier-Stokes equation in the 
limit of negligible inertia terms. As the Reynolds number in­
creases, one can expect the slope of the curve in Fig. 3 to level 
off. It also appears that the low-Reynolds-number viscous effect 
is reversible in that continuous flow can rotate a cylinder placed 
eccentricaUy within channel walls. 

The proposed pumping mechanism can be used at very low 
Reynolds numbers and is suitable for micromachine applica­
tions. Further exploration of the operation of this micropump 
will be numerical, as in the work by Beskok and Kamiadakis 
(1992; 1994), and will be followed by experiments utilizing a 
microfabricated motor-pump assembly. The latter are obviously 
difficult to perform not only for the fabrication involved but 
also for the measurement techniques which are still under devel­
opment. The proposed pumping configuration can be built using 
the LIGA microfabrication technique, a German-developed 
method based on lithography, electrodeposition and plastic 
molding. Our plan is to fabricate a prototype micropump in 
cooperation with the Center for Advanced Microstructures and 
Devices at Louisiana State University. The present device is 
also ideal for pumping high-viscosity polymers through macro-
channels; while conventional pumps can potentially degrade the 
long-chain molecules, minimum damage would be caused by 
the envisioned pump. 
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