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Abstract. The present paper addresses the effect of geometric parameters such as channel height and rotor eccentricity
on the mass flow rate and power consumption of a two dimensional micro-scale viscous pumps. The objective is to
maximize the mass flow rate and at the same time minimize shaft power consumption when an external pressure load is
applied along the channel that houses the rotor. Three different viscous micropump configurations were considered, a
straight housed pump (I-shaped housing) and two curved housed pumps (L- and U-shaped housings). Because the
performance of a micro viscous pumps are based on the asymmetric placement of the rotor within the surrounding
housing, the numerical results show that the rotor eccentricity and the channel height have a major effect on the mass
flow rate generated by the rotor and on the shaft power demanded by the rotor. Preliminary simulations showed that
mass flow rate is maximized when the eccentricity is small. The results also show that micropumps with curved housing
(i.e., L and U-shaped configurations) not only provide higher larger mass flow rates when compared with straight
housed pumps, but also demand less shaft power to operate. Optimized geometric dimensions of all three
configurations are presented for several values of the Reynolds number and pressure load.

Keywords. Viscous Pump, Optimal Design, Maximum Mass Flow Rate.
1. Introduction

Advances in the miniaturization of electro mechanical systems have enabled the fabrication of microsystems or
microelectromechanical systems (MEMS) that offer several advantages over conventional devices. These advantages
include superior resolution, precision and sensitivity, lower costs, and reliability due to redundancy. In biological
applications there is also the possibility of incorporating sensing, processing, and actuation nearby or on the same
substrate — see the recent reviews on MEMS Judy (2001) and Ziaie et al. (2004). Because of their physical and
engineering significance as well as the relevance of their applications, micropumps have figured prominently among the
development of MEMS.

Micropumps, broadly defined as having dimensions smaller that 100 pm, have a myriad of applications ranging
from single- or two-phase micro cooling devices for the thermal management of transient hot spots in microchips Qu
and Mudawar (2002, 2003), to mass spectrometer systems and micropropulsion in space exploration Micci and
Ketsdever (2000), to micro total analysis systems (UTAS) Reyes et al. (2002) and Auroux et al. (2002). Common to all
these devices is the need to pump fluid at flow rates of up to 1000 milliliter per minute through dimensions of the micro
or nano scales. Contrary to microelectronics that succeeded in scaling down its transistors and systems to provide faster
and cheaper devices, pumping do not benefit from miniaturization in general. Indeed, ordinary inertia based devices,
such as centrifugal pumps, do not work at the very low Reynolds number commonly associated with the micropumping
requirements. This is due to the fact that, by its definition, at low Reynolds numbers inertia is small compared to the
viscous force. Instead, effective micropumps belong to one of the following two main categories: the positive-
displacement or reciprocating pumps and the dynamic or continuous flow pumps — see the recent reviews Nguyen
(2002), Laser and Santiago (2004) and Woias (2004).

Typically, reciprocating micropumps use pulsating surface motion to displace the fluid by pressure work. By
contrast, the physical-chemical and design principles involved in the continuous flow micropumps vary profusely. They
include ultrasonic, electrohydrodynamic, electroosmotic, magnetohydrodynamic or electrochemical actuation. These
micropumps do function but require sophisticated fabrication processes and involves complex sealing problems — see
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the referred reviews for details. Sen et al. (1996) proposed a rotating micropump, where the relatively large viscous
forces at these small scales are used to drive the fluid.

The viscous micropump combines the simplicity in design with effectiveness in pumping. Roughly speaking, the
viscous micropump consists of a cylinder asymmetrically placed inside a micro-channel. When the cylinder rotates the
difference in shear stresses on the lower and upper half of the cylinder creates a force imbalance that displaces the fluid.
After its introduction in 1996, the viscous micropump has been the subject of a stream of publications including
Sharatchandra et al. (1997), Sharatchandra et al. (1998), DeCourtye et al. (1998), Abdelgawad et al. (2004), Gad-el-Hak
(1999) and Abdelgawad et al. (2005). These authors examined various design features and fundamentals issues
associated with such micropumps, including the effects of channel height, rotor eccentricity and angular velocity on the
pump performance Sen et al. (1996), slip velocity Sharatchandra et al. (1997), thermal effects Sharatchandra et al.
(1998), transient effects Abdelgawad et al. (2004), and multistage configurations Abdelgawad et al. (2005). Yet none of
these previous reports have considered the optimization of the mass flow constrained to shaft power consumption,
which is a key factor in the design of efficient micropumps. Also, although extensive and detailed, all previous reports
have worked with the original I-shaped house micropump.

In the present work we introduce a novel class of curved viscous micropumps with L- and U-shaped house pumps.
For each of these house shapes we analyze the effect of the relevant parameters and study the optimum design for
maximum mass flow rate at minimum power consumption. We start with a description of the micropump configuration
and the numerical modeling in §2. In §3 we validate our numerical results by comparing our present results with the
results reported by Sharatchandra et al. (1997) and Abdelgawad et al. (2004). With the validated model we proceed with
the definition of the figure of merit and optimization procedure: §4 for unconstrained optimization and §6 constrained
by shaft power. In §5 we report the unconstrained optimization of the various micropump shapes and in §7 we report
the constrained optimum designs. In the last section §8 we sum up the main findings of this work.

2. Numerical Modeling

Consider the three micropump configurations shown in Fig. 1, where D represents the diameter of the rotor, L, and
L4 are the lengths of the upstream and downstream conduit channels, and H is the height of the conduit channel. Due to
viscous diffusion, the clockwise-turning rotor impels the fluid from left to right against an imposed pressure difference
AP = PH — PL.

(@) (b) (©)

Figure 1. Numerical domain of a viscous micropump: (a) I-shaped channel, L-shaped channel and U-shaped channel.

The effectiveness of a viscous micropump is associated with the eccentricity of the rotor with respect to the
surrounding walls. So we introduce a linear dimension d that indicates the distance between the lower wall and the rotor
(see Fig. 1). For all three configurations, d = 0 means that the rotor touches the lower wall, not allowing any fluid flow
between the lower wall and the rotor. If d > 0, the rotor does not touch the lower wall and fluid is allowed to flow
between the rotor and the adjacent surfaces. Finally, d < 0 means that the rotor is partially embedded in the lower
wall.Taking D as our length scale, the dimensionless geometrical parameters can be written as

(X: Y, H’ Lu: Ld: d)* = (Xa Y, Ha Lua Lda d)/D (1)

The fluid is considered Newtonian with constant properties. Because of the slow character for the flow, no
instabilities are expected and the flow is assumed steady, laminar and incompressible. We define the following
dimensionless variables

(u, v) = (u, V)/(wD/2), and P = (Py - P)/(pv*/D?), )

and write the governing equations as

o+ =0, 3
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where Rep = (0w D?/2 V) is the Reynolds number based on the rotor angular velocity and diameter. Due to the definition
of the dimensionless pressure drop, Eq. (2), one should note that the pressure head the pump has to overcome is
independent of the Reynolds number.

Three different viscous micropump configurations were considered: the standard straight or I-shaped pump, and
two novel curved pumps: an L-shaped and a U-shaped. The numerical domain and the nomenclature are also shown in
Fig. 1. The flow boundary conditions are: P"= P; =0 at the inlet and P* = P;; at the exit plane, where Pj = AP" - P}
The pressure boundary condition at the inlet and outlet is implemented as n [0I' = — Py at the inlet and n OOT = — Py at the
outlet, where T = on is the stress vector and 0 is the Stokes stress tensor 6 = — Pl + v (Ou + Ou"). In addition, the
tangential components of the velocities are set to zero (i.e., t [l = 0) at the inlet and outlet of the micropump. Non-slip
velocity conditions were used in all internal surfaces of the channel. The velocity of the rotor surface is maintained
constant at U = w D/2 for each run. We adopted zero tangential velocities at the inlet and outlet after many numerical
tests indicated that fully developed flow conditions at the inlet and outlet were obtained for values of L, and L, greater
than 4D. In all numerical simulations we take L, and L4 to be 8D each. It is important to mention that in the case of a U-
shaped micro viscous pump (i.e., Fig. 1c), a small gap with a dimensionless length equal to 0.025, was imposed
between the inner vertical walls of the inlet and outlet channel located below the rotor. This adaptation was necessary
due to the fact the micropump housing was not include in the numerical domain.

Our numerical simulations were performed using the Finite Elements Method toolbox COMSOL Multiphysics®, v.
3.2 from COMSOL, Inc. Second and first order Lagrange p2-pl mixed finite-elements were used to stabilize the
pressure (i.e., 2" order Lagrange elements to model velocity and linear Lagrange elements for the pressure). The mesh
density was exhaustively tested in order to guarantee that the results were mesh-independent. Table 1 exemplifies the
mesh convergence of two figures of merit: dimensionless average flow velocity (U*) and dimensionless shaft power
(W™ /Rep’), which are defined later in the text (§ 3 and 7), for an I-shaped viscous micropump. According to Table 1,
the ideal mesh density for the average flow velocity is obtained relatively fast when compared with the mesh density
needed for the evaluation of the shaft power, which, through the shear stresses, involves the derivatives of the velocity
at the surface of the rotor. For all three configurations, the optimal number of elements is between 10,000 and 15,000,
which are distributed unevenly through the numerical domain, with a denser mesh being used in the neighborhood of
the rotor. When the computation of the group W" /Rep’ is required (i.e., Figs. 10-13), an even higher concentration of
elements was used around the rotor, which increases the total number of elements to over 20,000 on average, depending
on the channel height.

Table 1. Fig. 1a, Rep= AP =1, H'=1.5and d" = 0.6.

Number of . @ =W/ x 10 WO/RS (W= W) Wy x 10°
109 0.073923 <0.1 % 33.96356 -
436 0.073908 <0.1% 31.12104 -
1744 0.073882 <0.1% 26.69661 14 %
3486 0.073878 <0.1 % 25.67958 3.8%
11216 0.073877 <0.1% 25.25148 1.6 %
28662 0.073878 <0.1 % 25.05145 0.8 %

The solution was obtained with a stationary, non-linear solver based on a damped Newton’s Method. The relative
error convergence criterion is the weighted Euclidian norm defined as

e =[1§ (&) } ®

where N is the number of degrees of freedom, E; _ U; - U;_; is the estimated error of the current solution vector U; and
W; = max(0U;[1 S;) are the weighted factors. The S; factor is defined as the product of a constant, in this case 0.1, times
the average of all [U;0J for all the degrees of freedom. The damping factor was set initially equal to 107 and the
convergence criterion was set equal to 107,

3. Validation of the Method

First, we validate our numerical code for this application against previous results obtained by Sharatchandra et al.
(1997) and Abdelgawad et al. (2004). Table 2 compares the effect of the imposed pressure load on the average fluid
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velocity (u*) at the exit plane between the present results and the results obtained by Sharatchandra et al. (1997),
considering Rep = 1, H=1.5 and d" = diux = 0.025, where the average fluid velocity is defined as

a=H- jOH u(y)dy, (6)

and dhax stands for the minimal distance between the rotor and the lower wall considered by Sharatchandra et al.
(1997) in their numerical calculations. In the present work dhax is set equal to 0.025.

According to Table 2, an acceptable overall agreement with previous results is achieved with an average difference of
the order of 1% throughout the relevant range of AP*. Table 3 validates our code for a configuration in which the
parameters Rep, AP* and €, are held fixed at 1, 1 and 0.25 respectively, and H varies as indicated. €mod 18 the
modified eccentricity of the rotor defined by Sharatchandra et al. (1997) as

Emoa =0.5(H— D — d)y/D = 0.5(Ho- 1) —do, %

where d” is the dimensionless distance between the rotor and the lower wall shown in Fig. (1). One should notice that,
Table. 3 not only shows a good agreement between our res*ults and the data obtained by Sharatchandra et al. (1997), but
also, shows the detrimental effect of the channel height (H ) on the overall performance of the pump for a fixed value of
€mod = 0.25. According to Eq. 7, the larger the channel height (H*), the closer the rotor is to the centerline of the
channel if €4 is held fixed. In other words, the gap d” increases with H*, which in turn reduces the average fluid
velocity.

Table 2. Validation of the numerical results for: Fig. 1a, Rep= 1, H'=15andd" = d*max =0.025.

¢

u* u

* 1 V)
AP Present Work Sharatchandra et al. (1997) Difference %
0 0.105789 0.106 0.2
7.5 0.074099 0.075 1.2
1.5 0.042410 0.043 1.4
22.5 0.010702 0.011 2.8
30 —0.020967 —0.021 0.16

Table 3. Validation of the numerical results for: Fig. 1a, Rep= 1, AP* =1, and €,,,4 = 0.25.

u* u* .

* Diffi 9
H Present Work Sharatchandra et al. (1997) ifference %
1.5 0.101568 0.102 0.42
2 0.055956 0.057 1.8
2.5 0.026987 0.027 0.05

0.14 ;
. H' =15 25
u Sharatchandra et al. 1997 o .
0.121 Abdelgawad et al. 2004 o =
Present work —_— -
0.1 A
0.08 ~
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Fig. la
0.02 1 Re, = 1
AP* =1
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Figure 2. Code validation.

To conclude the code validation, the effect of a third parameter (Emod/d*max) on the average fluid velocity is
considered. Figure 2 shows the direct comparison between the data obtained in present study and the results from
Sharatchandra et al. (1997) and Abdelgawad et al. (2004) for an I-shaped viscous micropump operating with Rep =
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AP*= 1, and two values of the channel thickness: H = 1.5 and 2.5. According to Fig. 2 a nearly prefect agreement
between our results and the results of Sharatchandra et al. (1997) is obtained.

4. Optimization Goal

As previously stated, the present study has two main objectives: to determine the optimal geometrical parameters
(i.e., channels thickness H* and rotor/wall gap d") that result in maximum mass flow rate (mm*), and to study the
performance of our newly proposed L- and U-shaped micropumps when compared with the traditional [-shaped design
pioneered by Sen et al. (1996). The mass flow rate per unit of length is defined as

m* = urH*. ()

In the first round of optimization (Figs. 2-9), no constraints were considered and the optimal geometric dimensions (i.e.,
channels thickness H* and rotor gap d) were determined based on parameters such as Rep, and AP". In this scenario,
the optimization opportunity emerges from the fact that a viscous micropump operates based on two main conditions:
the need of a certain level of confinement (i.e., a finite value for H*), and the asymmetric placement of the rotor inside
the channel. The need for the first condition can be understood by noticing that, in the limit where H' >> (1 + d°), the
fluid average velocity tends to zero (u* — 0). Consequently, the mass flow rate also tends to zero since m*~ u*. In the
other limit of ‘small’ values of the dimensionless channel thickness (i.e., H' = (1 +d"), it is clear that the flow is
constricted between the rotor and the upper wall of the pump’s channel, which also reduces the mass flow rate. Based
on the above, an optimal value for H such that m is maximized must exist.

The need for the rotor asymmetry to displace the fluid in a viscous micropump can be understood by analyzing
limiting cases of asymmetry. Consider, for instance, an I-shaped micropump with no pressure load across the channel.
Assuming that the rotor is located in the center of the channel, zero net flow is obtained, regardless the direction in
which the rotor spins. However, if the symmetry is broken as a clockwise spinning rotor approaches the upper wall, a
net flow from the right to the left is generated. In this case, the symmetry break provides a preferential direction for the
net flow due to the increase in the shear between the fluid and the surrounding walls. On the other hand, the rotor
asymmetry increases the shaft power requirement due to proximity of the rotor to the closest wall. The effect of
parameters such as Rep, AP*, H" and d” on the shaft power demand will be addressed later in the text in §6 and §7.

5. Unconstrained Optimization

The search for the optimal geometrical configuration started with the simplest design possible, Fig. 1a. In this case,
we have two degrees of freedom, the channel thickness H™ and the gap d”. Assuming fixed values for d", Rep, and AP,
we were able to find an optimal value for the channel height H" that maximizes the average flow velocity (u*) and the
mass flow rate (m*) just by varying H. Figure 3 shows that the channel thickness has a strong effect on u* and m*,
which strengthens the need for optimizing geometric parameters in a viscous micropump. Figure 3 also shows that
different values of the optimal channel height ( H},, ) are needed to maximize u* and m*.

02
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<|
%

0.1 |

0.05

Figure 3. Effect of the channel spacing (H") on the mean flow velocity and mass flow rate for an I-shaped channel.

Figure 4 shows the effect of the rotor gap on the mass flow rate and average fluid velocity for an I-shaped pump
with the following operating conditions: Rep = AP” = 1. Each one of the open symbols shown in Fig. 4 represents the
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maximum value of m* (squares) and u (circles) that can be obtained for a given value of d". That is, implicit in each
symbol, is the optimization of m* and u* with respect to the channel thickness H', which is shown later in Fig. 5.
According to Fig. 4, the maximum values of m* and u* are found around d*Opt ~ 0, which represent the maximum mass
flow rate and average flow velocity optimized with respect to two degrees of freedom, d” and H'. Figure 4 also reveals
that the gap d” plays a major role on " ifd” # d*Dpt (e, d > d*opt), similarly to Fig. 3, where values of H larger or
smaller than Hj, were equally detrimental to our two figures of merit (i.e., m* and u*). On the other hand, Fig. 4
shows that it maybe desirable to have d < d*Opt (i.e., the rotor partially embedded in the lower wall) due to the weak
effect of the negative eccentricities on the average flow velocity.

02 .
m" o Fig. 1a
M’ T o . Re, =1
—_—F o " AP* :1
u
o [u}
=]
01, o ©°© ° %o
8 ,
o
o)
d"<0 E—— d*> 0
e A 1 <+ HIG) :'?
0 :
-05 0 0.5

4

Figure 4. Effect of the rotor gap (d") on the maximal mass flow rate and mean velocity.

Figure 5 shows the effect of the gap d* on the optimal channel height Hg, . According to Fig. 5, Hj, increases
monotonically with d”. This behavior can be explained by the fact that, because viscous micropumps need the rotor to
be asymmetrically placed inside the channel (§ 5), any increment in d” is associated with an increment in Hg, to ensure

asymmetry.

4
Fig. la
| § . Rep =1
AP* =1

> ;

HZpt (Ih*max) o
o] Hon @) o

-05 0 . 05
d

Figure 5. Optimal channel thickness for a fixed value of d".

Figure 6 shows the optimal channel thickness versus the Reynolds number for the three configurations given in
Fig.1. In order to reduce the number of computational runs, we factored in the results presented in Fig. 4, which showed
that d*Opt ~ 0. In all simulation shown in Fig. 6, d” was held constant and equal to 0.025. Figure 6 shows that the optimal
channel thickness increases with Rep for all the configurations. Additionally, a transition between the relative

magnitude of Hy, for the I-, L- and U-shaped pumps can be identified at Rep, ~ 0.2. For values of the Reynolds number

between 0.01 <Rep < 0.1, Hyy rig 1a > Hiprig 1o > Hope ig 10 - FOr values the Reynolds number between 0.3 < Rep <1,
Hppig 1c < Hiprig 1o > Hiperig 10 - The importance of such results lies in the need for compact micropumps, due to the

limited space available to house the micropump itself. In this case, the space occupied by the micropump has to respect
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area constraints, which make L-shaped and U-shaped micropumps more attractive when Rep < 0.2 and I-shaped pumps
more compact in the limit where Rep > 0.2.

5
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Figure 6. Effect of the Reynolds number on the Hy, for the three viscous micropumps given in Fig. 1.

Figure 7 depicts the effect of the micropump configuration (Fig. 1a-c) on the figure of merit ( mhax ) for several
values of the Reynolds number. According to Fig. 7, pumps with curved housing (i.e., L and U-shaped micropump)
perform better (i.e., present higher values of mhax ) than the I-shaped pump, especially for higher values of the
Reynolds number. One reasonable explanation for the latter is that, in the pumps with curve housing the fluid is more
aligned to the rotor. This is an important result that extends the applicability of viscous micropump to higher mass flow
rates, making it even more attractive when compared with other micropumping methods (see §1).

0.4
Fig.la o 4
e Fig.1b o °
Fig.lc a
0.2- 6
[n]
[o] o
A
[e) o
A
0.1 a O
a
A
[e]
A p
g d*=0.025
AP" =1
O T T T
0.001 0.01 0.1 1 10
Re,

Figure 7. Direct comparison between the maximum mass flow rate ( miax ) of the three micropumps given in Fig. 1.

Figure 8a shows the effect of the pressure load (AP”) on the optimal channel spacing H, assuming that Rep = 1
and d° = 0.025. According to Fig. 8a, the optimal channel thickness decreases as AP" increases for the three
configurations of Fig. 1. Also, a transition between the thickness of the channel housing of the pump can be observed
for pressure loads between 5 < AP” < 10. In the limit where AP” < 5, pumps with curved housing require larger values of
Hopt when compared with an I-shaped pumps. Figure 8a also suggest that, in the limit where AP > 10, I-shaped pumps
demands a larger channel thickness than curved housed pumps (Fig. 1b and c).
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Figure 8. a) Effect of the counter pressure (AP*) on the optimal channel thickness Hiax (left frame). b) Effect of the
counter pressure (AP* ) on the maximum mass flow rate mhax (right frame).

Figure 8b depicts the importance of the use of pumps with curved housing (Figs. 1b and 1c) when the objective is
to maximize the mass flow rate at larger pressure loads. Figure 8b shows that the L and U-shaped pumps present
superior performance when compared with an I-shaped throughout the range of load pressure 1 < AP* < 10. Also, as
expected, the maximized mass flow rate decrease significantly as AP” increases.

6. Minimization of the Shaft Power

Thus far, we have studied the performance and optimization of viscous micropumps with curved or otherwise
houses without constraints on the shaft power (See Figs. 7 and 8b). Yet subjacent to these results lays an important
question on how does the pump housing, Reynolds number, load pressure and geometric parameters (e.g., d, Hiy)

affect the shaft power requirements? To answer this question, we start by defining the rotor’s moment coefficient as

M=-["1d0. 9)

Knowing that the torque per unit of length applied to rotor is T' = M 21 R* and that shaft power per unit of length is

L

=T w, one can define the dimensionless shaft power per unit of length applied at the rotor as
W* = M* Re}. (10)

Intuitively, the shaft power (W™ ) required by the rotor increases with Rep, and also as d° - 0. That’s because higher
values of Rep and small gaps between the walls of the channel surrounding the pump and the rotor increase friction.
Such observation is in agreement with Eq. 10, where one can learn that the dimensionless shaft power per unit of length
applied to the rotor varies linearly with M", and with the square power of the Reynolds number. It is clear that,
embedded in the value of M", are the geometrical parameters of the pump, such as the rotor gap and channel height.

1000 .
oW Fig. la
H' =15 o e Re, =1
100) 25 . AP* =1
W e o o o o o ° :
L] [ ] ] [ ] L
104
5
0.2
0.14 o ©o ©
. o o 8 8 ° °
u o o
0.01 Q8 T
0 0.5
Smod/d;nax

Figure 9. Effect of the modified gap (d*) on the rotor’s shaft power (W™ ).
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Our numerical results for the dimensionless shaft power were validated with the numerical data obtained by
Abdelgawada et al. (1997) in the steady state limit, since they performed a transient analysis. One should note that the
eccentricity in Tables 4 and 5 follows the definition used in Abdelgawada et al. (1997), where

Emodt =1 —2d0/(HO-1). (11)

Tables 4 and 5 show a good agreement between both set of results.

Table 4. Validation of the numerical results for: Fig. 1a, Rep= 1, AP* =0, and €,,4.; = 0.95.

. WV* WY* . o
H Present Work Abdelgawada et al. (1997) Difference %
1.5 59.68 ~60.0 0.5
2.5 35.82 ~359 0.2
3.5 28.49 ~29.1 1.7

Table 5. Validation of the numerical results for: Fig. 1a, Rep= 1, AP*=0,and H'=15.

WV* Wv* . o

Emod. 1 Present Work Abdelgawada et al. (1997) Difference %
0.2 20.69 ~20.6 04
0.8 33.05 ~34.2 3.5
0.95 59.69 ~60.1 0.7

Figure 9 shows the effect of the group €mod/ diax on the rotor shaft power demanded (solid symbols) by an I-shaped
pump with two different values of channel height, H* = 1.5 and 2.5, and operating with the following conditions: Rep
= AP’ = 1. According to Fig. 9, W" increases with the rotor confinement (i.e., W* (H =1.5)> W" (H =2.5)). This is
an interesting result that allows us to question the superior performance of the pump with small channel height, since it
demands more power.

Also, one should notice that, the apparently missing symbols (squares) in Fig. 9 for the curves in which H' = 2.5, is
due to the fact that when the group €mod/dhax < 0.2, the average fluid velocity becomes too small since the rotor is
moving towards the channel center line. In the other limit where €mod/dhax > 0.8, the gap between the rotor and the
lower wall becomes d* < 0.05, which also .

Figure 10 compares the effect of the load pressure (AP") and micropump configurations (Fig. la-c) on the shaft
power demand W™ . The three sequences of symbols represent the shaft power needed such that the micropump returns
the maximum value of mass flow as indicated in Fig. 9, considering Rep = 1 and when d" = 0.025. At first, one should
note that the pressure load has a minor effect on W", regardless the housing configuration, since all three curves are
nearly flat. However, more important is to realize that curved housed pumps (Fig. 1b and c) not only provide higher
mass flow rate (see Fig. 8b) when compared with the I-shaped configuration of Fig. 1a, but also, they require much less
shaft power as shown in Fig. 10. The combination of the results provided by Figs. 8b and 10, clearly shows the
superiority of the micropump with curved housing, as compared with I-shaped micropumps.

60
» d*=0.025 Fig.la o
W Re, =1 Fig.1b o
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Figure 10. Effect of the counter pressure (AP* ) on the rotor’s shaft power ( W™).
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Figure 11 further supports the choice of curved housed micropumps in a wider range of the Reynolds number, 0.01
< Rep < 1. To better understand why, we have to analyze Fig. 11 in conjunction with Fig.7, which shows that higher
mass flow rates are provided by curved housed micropump throughout the whole range 0.01 < Rep < 1 in comparison
with an I-shaped micropump. In this context, Fig. 11 corroborates our conclusions that configurations with curved
housing also require less power to operate.
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Figure 11. Effect of the Reynolds number on the rotor’s shaft power (W™).

7. Constrained Rotor’s Shaft Power

Our numerical experiments showed that the rotor of a viscous micropump needs to be placed asymmetrically inside
the conduit channel in order to generate a net flow, and, as shown in Figs. 4 and 7, the mass flow rate increases with
Rep and when d° — 0. Therefore, the micropump designer, who has a limited amount of shaft power available, is
entitled to ask the following question: assuming that the rotor’s shaft power is constrained, is it better in terms of
maximizing the mass flow rate to have the rotor turning faster (i.e., higher values of Rep) or to place the rotor closer the
channel’s wall in order to increase the asymmetry level such that d" ~ 0? The optimization opportunity emerges from
the need of maximum mass flow and least shaft power.
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Figure 12. Effect of the gap d” on the maximized mass flow rate (upper frame), optimal channel
height (middle frame) and, optimal Reynolds number (lower frame) assuming that the shaft power is
fixed and equal to 10.
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In order to answer the previous question, numerical simulations were conducted for the three configurations given
in Fig. 1 aiming at the determination of the optimal values of the channel height (Hj, ) and the optimal rotor speed,
here represented by the Reynolds number (Repy), such that a given (fixed) shaft power availability is respected
through Eq. 10. In this case, the available shaft power and the pressure load were set equal to 1. One should notice that
Mmax represents the maximum mass flow rate obtained for a given value of d”. However, because the dimensionless
shaft power was set equal to W* = 1, each symbol shown in the Fig. 12 originates from the maximization of mpax
with respect to two degrees of freedom, the channel height (H* ) and the rotor speed (i.e., Rep ). According to the
upper frame of Fig. 12, the superior performance of curved housed pumps is evident when compared with an I-shaped
configuration Since mj,,, rig1p, @Nd My, pig i are larger than my,, g 1, - Also interesting is that the maximized mass
flow rate decreases as gap d  increases. This result answers the question posed at the first paragraph of the current
section, by showing that it is desirable to have the rotor closer to the bottom wall with lower angular speed, rather than
have the rotor away from the bottom wall with a larger angular velocity w. The middle frame of Fig. 12 shows that
Hj, increases with d" and that micro-scale viscous pumps with curved housing require slightly larger H’s when
compared I-shaped pump. The increase of Hj, with d" is explained based on the two main factors, the need for an
asymmetric placement of the rotor within the surrounding walls, and the increase of Rep o, With d” (lower frame of Fig.
12), which is an indication that the friction is reduced as the rotor is moved away from the lower wall.

8. Conclusions

In this paper we use a FEM code to simulate and optimize the performance of a micro-scale viscous pump. The
objective is to show the importance of geometric optimization on the mass flow rate and power consumption of a
micro-scale viscous pump. In the first part of the paper, §5, we illustrated the effect of four parameters (i.e., rotor
eccentricity and speed, height of the housing channel height and pressure load) on the performance of an I-housed
micro-scale viscous pump proposed by Sen et al. (1996). The numerical results showed that the channel height (H*)
and the rotor eccentricity have a major effect on m” and that geometric optimization of the pump’s housing should be
considered. At the end, optimized configurations (i.e., Hj, and &}, ) based on maximization of the mass flow rate
were generated.

Next, two new configurations of pumps with curved housing (Figs. 1b and 1c) were proposed and numerically
optimized for maximal mass flow rate. The numerical results showed that pump with curved housing provide larger
mass flow rates when compared with straight housed pumps (Fig. 1a) throughout a whole range of Reynolds number
(0.01 < Rep < 1) and pressure load (1 < AP* < 10). Furthermore, the results showed that curved housed pumps also
require less shaft power to operate, which is an interesting feature for devices with limited power supply (i.e., laptops
etc).

In §7, we reported the performance of all three configurations of Fig. 1 under global constraints. In this case, we
fixed the amount of shaft power (W" ) available to the rotor and varied the geometric parameters (H" and d") and the
rotor angular speed (Rep). The most important finding is that curved housed pumps provided larger mass flow rates
than an I-shaped pump. Also interesting is that, because the friction on the rotor surface decreases as the gap increases,
the optimal Reynolds number increases with the gap. However, this combination of effects (larger Rep and large gap) is
not enough to guarantee the steadiness of the maximized mass flow rate, and because of that any increase in the rotor
gap (d") has a detrimental effect on the maximized mass flow rate. In summary, if W" is fixed, it is desirable to have a
configuration where the rotor is closer to the bottom wall (i.e., small gap) with a lower angular velocity, than a
configuration with large d” and a larger angular velocity.

Nomenclature
rotor distance from lower wall, m
rotor diameter, m
channel height, m
channel length, m
mass flow rate, kgs-!
moment coefficient, Nm-2
pressure, Nm-2
D Reynolds number, (Rep= u)D2/2v)
torque, N m
rotor surface velocity, ms-!
mean velocity, ms-!
velocity vector, ms-!
w rotor shaft power per unit of length, Ns-!
Greek Symbols
€mod modified eccentricity, Eq. 7
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€mod,1  Mmodified eccentricity, Eq. 11

\Y kinematic viscosity, m2s-!

p density, kgm-3

W rotor angular velocity, (w=2U/D)
Subscripts

d downstream

H high

L low

max  maximum

opt optimum

u upstream

Superscript
* . . .
dimensionless variables
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