Improvements in Fixed-Valve
Micropump Performance Through
Shape Optimization of Valves

Adrian R. Gamboa The fixed-geometry valve micropump is a seemingly simple device in which the interac-
. . tion between mechanical, electrical, and fluidic components produces a maximum output
Chrlstopher J. Morris near resonance. This type of pump offers advantages such as scalability, durability, and
1 ease of fabrication in a variety of materials. Our past work focused on the development
Fred K. Forster of a linear dynamic model for pump design based on maximizing resonance, while little
e-mail: forster@u.washington.edu has been done to improve valve shape. Here we present a method for optimizing valve

shape using two-dimensional computational fluid dynamics in conjunction with an opti-
mization procedure. A Tesla-type valve was optimized using a set of six independent,

Department of Mechanical Engineering, non-dimensional geometric design variables. The result was a 25% higher ratio of re-
Campus Box 352600, verse to forward flow resistance (diodicity) averaged over the Reynolds number range

University of Washington, Seattle, Washington 0<Re=<2000 compared to calculated values for an empirically designed, commonly
98195-2600 used Tesla-type valve shape. The optimized shape was realized with no increase in for-

ward flow resistance. A linear dynamic model, modified to include a number of effects
that limit pump performance such as cavitation, was used to design pumps based on the
new valve. Prototype plastic pumps were fabricated and tested. Steady-flow tests verified
the predicted improvement in diodicity. More importantly, the modest increase in diodic-
ity resulted in measured block-load pressure and no-load flow three times higher com-
pared to an identical pump with non-optimized valves. The large performance increase
observed demonstrated the importance of valve shape optimization in the overall design
process for fixed-valve micropumd®0Ol: 10.1115/1.1891151

1 Introduction silicon-based devices reported in the past, which was part of an

A variety of micropumps exist including those based on th(ﬁ)g:ra” effort to design small scale phase-change cooling systems
P

A . S r electronics. The results presented consist of work previously
combination of a deformable membrane, a piezoelectric bimor orted in a proceedings pad@] with comparisons of compu-
actuator, and fixed geometry valves, i.e., “No Moving Pars iional and experimental results

Valves” (NMPV). Such valves develop a different pressure drop 14 ontimize valve shape, diodicity Di was used as the basic

in the forward and reverse flow directions due to shape rather than o sure of valve performance. This parameter is the ratio of the

mechanical moving parts. Orienting inlet and outlet valves in theessyre drop in the reverse direction to that in the forward direc-
preferential flow direction enables pumps based on these valves;tp, at a given steady-state volume flow rate

generate net flow. Meso- and micro-scale pumps utilizing a vari-
ety of fix-valve configurations have been reporfdd-3]. Some

positive attributes of fixed-valve micropumps are simplicity of Apy

fabrication, versatility in pumping particle-laden fluif,5], and Di= Ap;’ @)
flexibility in designing for resonance, since the frequency of op-
eration is not limited by mechanical valve dynamics. The use of this steady flow measure of valve performance to im-

_The three_ primary steps of the_design process investigatedﬂ'fbve the design of harmonically driven micropumps is a key
this study with the goal of increasing the performance of NMPWypothesis of this study. It is partially justified by previous studies
micropumps are JLoptimizing valve shape,)2predicting pump of pump resonance based on the linear dynamic modeling with
resonant behavior with a linear dynamic model, ahdtdizing a  straight rectangular channels in the place of valves. Based on such
system optimization technique based on the linear model to detgfodeling and experimental verification, maximum pump reso-
mine the best values for all geometric parameters, including valiance typically occurs near the corner frequency of the valve fluid
size. The first step is entirely new and described in detail hereimpedance curvgd], i.e., near a frequency, around which inertial
The second step is accomplished by modeling the valves effects are not dominant. In addition, the complexity of optimiza-
straight channels of rectangular cross section, in which the fluidn based on transient analysis is so high, quasi-steady optimiza-
behavior is governed by the unsteady Navier-Stokes equdiidns tion was investigated to determine its value. Furthermore, even
Step three, a systematic investigation of multiple design d&des though fluid inertia has a first-order effect on pump resonance,
was enhanced as part of this study by considering factors limitiligcause its effect is typically greater than that due to the mass of
performance, including available supply voltage, piezoelectric dthe pump membrang6], the directional flow behavior of the
polarization, and cavitation of the working fluid. In this study newalves is assumed quasi-steady, similar to that of an electrical

techniques were used to fabricate plastic pumps, rather th@ide for which inductance is neglected.
In this paper shape optimization of Tesla-type valves first de-
—_ scribed by Tesl@10] and first utilized in a micropump by Forster
C%?lrtrr?lfgt%r;dki)ngﬂ?:tgﬂds Engineering Division for publication in therNAL oF etal [3] Is presented. The basic procedure used is applicable to
FLuibs ENGINEERI?,\IG. Manus.criptgI receivcged by the FFuids Engineering Divisionany parametrlcally d_escr'b%'d _valve shape, 53UCh as the S|mple dif-
November 3, 2002. Revised manuscript received December 5, 2004. Review cﬁ'!ser[lell nozzle-diffuser , filleted diffuser' , and tesser valve

ducted by K. Breuer. .
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2 Methods

The methods utilized in this study are presented in four par
First, valve shape optimization using commercial computation|
fluid dynamic (CFD) software is described. Valve sizing is ther ¥3
described based on a linear model of pump resonance. Pla| l
pump fabrication methods used to manufacture prototypes T
then described. Lastly, testing methods are described that w| ] 1
used to examine how valve shape affected pump performance|w/2=0s

LENOUT

2.1 Valve Fluid Dynamics. The FLOTRAN component of
ANSYSs version 6.1(ANSYS, Inc., Canonsburg, PAvas utilized to
calculate velocity and pressure throughout the Tesla-type val
Optimization of valve shape to maximize diodicity was accomnr X2
plished through the use of a parametric description of the Tes
type valve based on six geometric design variables. Optimizati 2
was performed to determine the best set of these design variat..__ P
with the ANSYS Subproblem Approximation method that utilized

the results of the flow field calculations for each set of desidfd: 1 Design variables for the Tesla-type valve: 1 ) the length
variables considered. of the inlet segment in forward flow  X,, 2) scale factor n yield-

ing the coordinate nX,, and 3) coordinate Y; that defined the
2.2 Flow Field Calculations.Solutions of the Navier—Stokes outer tangent location of the return section of the loop seg-
equations were confined to two-dimensional, incompressible, afgnt. 4) loop outer radius R, 5) outlet segment length LENOUT,
steady-state laminar flow. By solving these equations in nofi?d (6) outlet segment angle ~ a. The origin of coordinates is on
dimensional form, a universai solution was obtained for any si% e centerline of the inlet channel, one-half channel width from
. s left end.
valve of a particular shape that depended only on Reynolds num-

ber. The dimensionless quantities used were

P o_T

u
2u’ p(2U)?’ L’
whereU is the characteristic velocity, arldis the characteristic SIMPI.‘EN method. The advection scheme for the momentum
length. For the Tesla-type valvé was chosen as the mean flowSguation use(_j the second-order_ accurate Streamlme_ Upwina/
velocity in the inlet channel and was the channel widttv,. The Petroy-GaIerklr(SUPQ method while the pressure equation used
dimensionless form of the incompressible steady-state Naviép—e first-order accurate Monotone Streamline UpwiMSU)
Stokes equations is then method. . .
Convergence was controlled with a convergence monitor for
_2pUL _ pUDy, each degree of freedorfDOF). The convergence monitor was
- u - w based on a calculation of the sum of changes in DOF between the
~ current iteration and previous iteration divided by the sum of the
where the dimensionless operaloe= LV andD,=2w, is the hy- current DOF. The convergence monitors were relaxed by one or-
draulic diameter. To simplify the assignment of Re in the norder of magnitude from default values toiGor velocity DOFs
dimensional computations, for which valve width is unity, i.e.and to 107 for pressure.

=5

)

U= P

- - 1~
T-Vi=-Vp+—Va, Re
Re

D=2, velocity and density were chosen such tbat1/2 andp Flow field calculations were performed on a cluster of ten IBM
=1. With these assignments, the fluid dynamic viscosity in tHRS/6000 computers running the AIX operating system. Thirteen
CFD model was assigned the value values of Reynolds number over the range Re<2000 were

- 1/Re @) considered, and at each value calculations were performed in both
Hcro ' the forward and reverse flow direction for each valve shape con-
The computational grid was designed to adapt to changessiglered.
geometry and maintain sufficient grid densities in areas of large o o
velocity and pressure gradients. This was done by carefully bias-2-3 Shape Optimization.To optimize valve shape based on
ing element size. To speed solution time unnecessary e|eme_$ggjtlons for the fIO\_N fleld_, valve geometry was described \_Nlth_Slx
were reduced by using course grids in appropriate areas anO||ﬂ_{d_ependent nonjdlmer)smn_al d_e5|gn variables as shown in Fig. 1.
ducing elements in the streamwise direction along long chanr@iice the non-dimensionalization was based on valve channel
lengths. Rectangular elements were used, with 16 elements acM&§h. that parameter was unity and therefore not one of the de-
each valve channel resulting in 7000 to 10 000 total elemen8gn variables. Special attention was paid to the loop return re-
Grid independence was checked by doubling the number of ewon, WhICh_COI’ISISted ofa S'[I’alght channel S-egmen.t oriented at the
ments and determining that the solution changed less than 4%angle 8. This angle was not one of the design variables but was
Inlet and outlet boundary conditions were applied to the straighgsed on the coordinateX, andYs. Describing the flow loop in
walls of plenums, which were used to model actual plenums aHts manner avoided interference with the plenum and yielded a
pump chambergsee Fig. 1. The inlet condition was uniform wider range ofg than was possible with the parametric model
velocity, and the outlet condition was zero pressure. Finally, thgeviously investigated®. For comparison a second valve was
no-slip velocity condition was applied to valve walls and thénodeled based on an empirically designed, commonly used valve
curved walls of the plenums. reported previously6], and referred to as a Tesla-type | valve in
Solution options were chosen based on accuracy, stability, aftét study and here simply referred to as the reference valve. It
execution time. The velocity and pressure were calculated usidiffered slightly from the Tesla-type | valve, for which the con-
the semi-direct solvers Conjugate Resid¢@R) and the Pre- stant radius flow loop intersects the main channel at a right angle.
Conditioned Conjugate ResidudPCCR methods, respectively. The reference valve flow loop return segments intersected the
Solver relaxation was fine-tuned to decrease solution time whiteain channel at approximately nine degrees from perpendicular.
maintaining solution accuracy. Coupling between the momentumTo maximize valve diodicity an object function to be maxi-
and pressure equations was handled by an enhanced Semi-Imptitiied was based on the integral over Reynolds number of the
Method for Pressure Linked EquatiofS8IMPLE) algorithm, the product Di and a weighting function,
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Reémax Di Table 1 Geometric parameters for fabricated pumps. Addi-
——dRe, (5) tional parameters common to all pumps are described in the
~(App™ text.
RQ’]‘IIH

where in this study Rg,=0, R€,=2000, andm=1. The Valve  Normalized
weighting function chosen was used to control valve resistance Te|5|a \\/\//?cli\{ﬁ afé‘fi%d I\éﬂ;ﬁ] ’\tﬂr?iET(b'
while maximizing diodicity. The values afp; andAp; in Eq. (5) ump - vave '

) r . . type w, (um) d,/w, L,/w, (um)
were determined from the calculated pressure at the midpoint_of
the centerline of each plenum shown in Fig. 1. This location wasp28 opt 135 2.78 15.5 460
not critical because pressure was relatively uniform over much ofp29 opt 500 2.42 155 460
each plenum p30 ref 300 2.50 16.7 270

' p31 opt 300 2.50 155 270

2.4 Valve Sizing.Valve size was determined by examining

multiple pump designs with a previously reported linear model of
pump resonancgs], which was in the form of code written in
MATLAB (version 6.5, The Mathworks, Inc, Natick, MAStarting
with a particular pump ch_ambe_r diameter, optimizat!o_n of other _ pQS Pem— Peav 10
pump parameters was mainly directed toward determining the best €= A,fP P ’ (10
combination of actuator geometfgover plate thickness and pi- ¢ ¢
ezoelectric element radius and thicknessd valve size. This ap- Of
proach was based on the fact that pump resonance is primarily Eq.(6) if e<e
determined by driving element stiffness and inertance of the fluid Vgc = . (11
in the valves. Eq.(9) otherwise,

For this study the existing linear model was extended to includghere ¢, is the smallest number that can be differentiated from
important voltage-limiting effects. First, cavitation often limitsunity. UsingmatLaB on a Pentium 11l PGey=2X 10716,
maximum pump performance. In addition, the voltage applied to with the above performance-limiting effects considered, the
the piezoelectric element must not cause the electrical field acr@iggar system model was used to investigate a wide range of mem-
it to exceed the depolarization levBle,or Lastly, Vsmax is the  brane thicknesses and valve sizes. As [B], the electro-
maximum(zero-to-peakvoltage amplitude generated by the supmechanical parameters of the piezoelectrically driven membrane
ply amplifier. Based on static cavitation pressBgg, in the pump were calculated with finite element analysis, and these values
chamber, the maximum possibler cutoff) voltage Vs, that can were utilized for the linear system model. A three-dimensional
be applied is model was used to capture the effects of the non-axisymmetric
piezoelectric actuator usetbee the next sectipn The valve
. em~ Pcav equivalent lengths, or the straight channel lengths used to repre-
Vse= m'”[ P Edepotp: Vs,maX] . (6 sent the valves, were calculated based on an average path between
¢ the forward and reverse directions through the valve, a$jn
where P, is the harmonic amplitude of the pump chamber pre®ased on the results of the linear model, several pumps were
sure per volt about the time-averaged mean chamber preBgyre fabricated.
andt, is the piezoelectric element thickness. Sifgés a function
of frequency, so isVg,. It follows that the outlet valve volume
flow rate harmonic amplitude, like any other model output var
able, also has a frequency-dependent cutoff value

2.5 Pump Fabrication. Pumps with 10-mm-diam chambers
were fabricated by conventional machining techniques using
&25 pm and larger end millKemmer Prazisionand a miniature
milling machine(Model 5410, Sherline Products Inc., Vista, CA
Qe = Ve O ) modified for computer numerical contrgCNC) (M_odel 999-

0c™ Vscx<0s 6100-005, MicroKinetics Corp., Kennesaw, GAThis allowed
whereQ is harmonic amplitude of the outlet valve volume flowrapid progression from CAD design to prototype compared to
rate per volt. silicon-based micro-fabrication. . ‘ .

The effect of reduced static pressure in the valves due to fluidPump chamber and valves were machined in acrylic to equal
velocity was also taken into account by replacing the voltage linfit€pths. Polycarbonate membranes were bonded to the housings
due to static cavitation in Eq6) with the solution forVy in the USing a cyanoacrylate adhesitectite 420 SuperbondgrPiezo-
relation electric wafers 9 mm in diameter and 12 thick (PZT-5A,

Piezosystems, Cambridge, MAvere bonded to the membranes
- _1 2_ using the same adhesive. Electrical connections were made to a
VePe = Pem= 2p(QoVo/A)" ~ Peay ® 1.5-mm-wide “tab” on the piezoelectric driver that extended 2.5
where A, is the cross-sectional area of the valve channels, aftm beyond the pump chamber. A small pocket was cut through
where it is assumed the inlet and outlet valves are identical. TH& membrane and into the pump housing below this tab to allow

result is given by for electrical lead clearance. The pump inlets and outlets were
made by gluing 2.08 mm inside diameter stainless steel tubes with
Agpc 2pQ§ a rapid-cure epoxy. Table 1 gives the different geometric param-
Vee=min| ...—= 1+—=—=(Pem—Pea) — 1), eters for the four pumps constructed and tested in this study. Note
rQo AP that pumps 30 and 31 only differ with respect to valve type.

Eqenfo, V. ) 2.6 Pump Experiments.For comparison with CFD results,
depofpr ¥'smax | - diodicity versus Reynolds number for pumps 30 and 31 were mea-
sured. For each value of Re, a syringe putiModel 200, KD

For purpose of calculation, E¢9) may be an inappropriate form Scientific, Boston, MA delivered steady flow, and pressure drop
when the dynamic pressure effect approaches zero, whichwas measured with a water column for pressures below 5 kPa, and
equivalent top approaching zero. Taking the limit of this expresa pressure transduc€EPI-127, Entran Sensors & Electronics,
sion asp— 0 and using a binomial expansion for the radical, Edrairfield, NJ for pressures above that value. The resulting pres-
(9) reduces to Eq(6) to orderp?. Thus the two expressions can besure drop was divided by two to arrive &p across a single valve,
combined based on the value of assuming each valve experienced the same entry and exit effects
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Table 2 Optimized and reference Tesla-type valve parameters. Linear dimensions are normal-
ized by channel width.

Valve X5 n Y3 LENOUT R a B Average Di
Optimized 1.60 0.797 0.608 2.94 2.35 41.9° 71.7° 1.50
Reference 1.50 0.990 0.600 2.00 2.50 45.0° 8.53° 121

and negligible pressure drop through the pump chamber. Finalbptimized valve was found to have a significant increasépn
Di was calculated from measured values Ag, and Aps accord- with little difference inAp; compared to the reference valve. For
ing to Eq.(1). the optimized valveAp, was over 30% higher for 1060Re
Linear model predictions of membrane velocity resonance wete2000, whileAp; was consistently within 1-2% of the reference
compared to experimental data by measuring the resonance \alve values. This behavior may be the result of the weighting
havior of each pump. First isopropanol alcohol was used for prirfunction used in the object function E(), incorporated to mini-
ing. Then each pump was filled by flushing with 10 ml of demize losses in the forward direction. Thus, the weighting function
ionized water that had been degassed by boiling for 10 min asHosen was successful in controlling a specific fluid dynamic char-
cooled to room temperature. Tubes used for filling were discoaeteristic while diodicity was optimized.
nected so that menisci of water were visible at the ends of theThe experimental results for forward and reverse steady flow
stainless steel inlet/outlet tubes. The membrane centerline velogitgssure drop are shown in Fig. 6 for devices p30 and p31. The
was measured using a laser vibrométdodel OVF 302, Polytec, qualitative agreement with the calculated values shown in Fig. 5 is
Waldbronn Germany while a signal generatoModel 19, good. And, as was seen with the CFD calculations, the optimized
Wavetek, United Kingdopnapplied a harmonic input voltage tovalves showed a significant increaseAp, with little difference
the pump actuator through an amplifi&PA-102, Piezosystems in Ap; compared to the reference valve.
Inc., Cambridge, MA The graph of diodicity versus Reynolds number for the opti-
Finally, to compare pump performance, measurements weffized and reference valves is shown in Fig. 7. Calculated diodic-
made for each pump at two outlet static pressure loads: blocked-
flow, i.e., the pressure at which net flow ceased, and no-load flow,
both with the inlet held at atmospheric pressure. For blocked-flow
the pressure was measured with the pressure transducer, wi
was connected to the pump outlet with a 5-cm-long piece of tu
ing having a compliance of approximately 0.0015 #Ra. Flow
rate at zero pressure was measured by inserting the pump i
tube into a petri dish filled with degassed water, and allowing tk
outlet tube to discharge to another petri dish on an electronic sc .
(1205 MP, Sartorius, Westbury, Nat the same hydrostatic pres- o L emtTmes
sure. The time for a change in mass of at least 250 mg to oc( X
was recorded, and the flow rate was calculated using the den:
of water(taken as 1000 kg/#. Performance measurements for 4
particular supply voltage were made at the highest frequency
tained, which corresponded to the frequency at which either ca’
tation or resonance occurred. The ambient temperature for all te
was 26+1 °C.

— Optimum
- - - Reference

3 Results and Discussion

3.1 Valve Shape Optimization. The optimization calcula-
tions required consideration of up to 40 different sets of design Fig. 2 Optimized and reference Tesla-type valve
variables. Approximately 1000 separate flow field calculations
were performed, each taking from 3000 to 8000 cpu-seconds (*
pending on valve shape. The resulting optimized design variab
along with the reference valve geometry are shown in Table 2, a
the corresponding shapes in graphic form are shown in Fig. 2. T
return angles (determined by the design variabl¥s, Y3, andn)
was found to be substantially larger for the optimized valve. Ve( - -
tor plots of the velocity in the loop return region of these valve: -
shown in Figs. 3 and 4 reveal that by increasjfigflow in the |
loop section is directed to oppose flow in the main channel. TH
suggests that the losses generated by introducing the fluid witl;
velocity component opposite to the pressure gradient in the mé:
channel may be important for maximizing diodicity. While this
may seem obvious, it should be noted that if this observation
correct, other details of the loop geometry need to be such tk
significant flow occurs in the loop during the reverse flow perio¢:
More work is necessary to understand this more fully, as the
timized Tesla-type valve appears to be a subtle balance of chan:
lengths and orientations. -

Figure 5 shows the CFD results fap, and Ap; dimensional-
ized for the size of the valves used in pumps p30 and p31 My. 3 Vector plot of the velocity in the flow loop return region
accordance with Eq(2) and properties of water at 25 °C. Theof the reference valve
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Fig. 6 Measured reverse and forward pressure drop for the
optimized (opt) and reference (ref) Tesla-type valves, for de-
vices p30 and p31 and water at 25 °C. The dotted curves are
second-order polynomials fit to the data for use in estimating
diodicity versus Reynolds number

Fig. 4 Vector plot of the velocity in the flow loop return region
of the optimized valve

ity increased by a maximum of 37% at Re=2000 and by an aver-
age of 25% over the range<ORe< 2000, and similar results are and expected flow rates, the range of Re considered for shape
apparent from the experimental data. However, while the degrggtimization could be matched to actual values through an itera-
of improvement is quite similar for both calculated and measuree process. This may be a fruitful approach since the shape op-
results, there are distinct differences in the shape of the curvgmization process could yield different results depending on the
The measured values for the optimized valve are significantfinge considered.
higher than those calculated for R&00, and a similar behavior o .
may exist for the reference valve. In addition, the measured diod-3-2 Valve Sizing.The linear pump model based on reduced-
icity for the reference valve does not monotonically increase, 4der parameters allowed for the consideration of multiple design
behavior seen in all three of the other curves. cases and revealed many interesting results about valve size in

The primary reason for differences between calculated afRims of the amplitude of various harmonic output parameters per
measured diodicity is most likely related to the limitations of th&Nit input voltage and at maximum possible input voltage. Figure
two-dimensional2-D) modeling. A physical argument for the 2-D8 shows the membrane velocity amplitude per unit input voltage
calculations predicting higher diodicity than measured is that lo¥§rsus valve width and membrane thickness for a 10-mm-diam
mechanisms in the Tesla-type valve may be primarily due to ojolycarbonate membrane, with a 2.5 valve depth-to-width aspect
of-plane vorticity, which may be overestimated in the 2-D modefatio, a chamber depth equal to the valve depth, and a length-to-
However, this cannot explain the behavior at lower Reynold’g'dth ratio of 16, a value between that of the optimized and ref-
number. Additional three-dimensioné8-D) modeling is neces- €rence valvésee Table L The results in Fig. 8 ignore the voltage
sary to understand these differences more fully. Nevertheless, {ifaitation effects. Larger membrane thickness yields larger mem-
results shown in Fig. 7 demonstrate the ability of 2-D modeling tla_rarje velocities .for a given valve.S|ze. This is conS|stent_vy|th past
improve valve performance. findings on the importance of stiff membrand9]. In addition,

It should be noted that in this study the Reynolds number ranifgger valve size for a given membrane thickness also yields
was 0<Re< 2000. However, depending on pump chamber siZégher membrane velocity due to lower valve resistance. All other

2 : . .
0.25 T " ' -=-- opt CFD -
® optexr{ __---"T
18_—refCFD .= |
0.2 Il x_ret EXP JPiae
T I ST L I
® 015 1.6 L @ PRI ¢ [ ]
2 a el
2 14 o0 ¢
EI_.) 01 r . " . 'I
o x ':
O X
0.05f 12F s e 7 G TN g X
.::: x X X
0 . L . 1 : . ! .
0 500 1000 1500 2000 0 500 1000 1500 2000
Re Re
Fig. 5 Calculated reverse and forward pressure drop for the Fig. 7 Comparisons of calculated (CFD) and measured (EXP)
optimized (opt) and reference (ref) Tesla-type valves, based on Di versus Re for the optimized (opt) and reference (ref) Tesla-
2-D CFD results for w,=300 um and water at 25 °C. Note the type valves. The dotted curves are calculated diodicity based
curves for forward flow are nearly identical. the polynominals fit to the data shown in Fig. 6.
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Fig. 8 Membrane velocity harmonic amplitude V,, versus
valve width w, and polycarbonate membrane thickness ¢, for a
10-mm-diam pump with a 2.5 valve depth-to-width aspect ratio,
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Fig. 10 Voltage-limited chamber pressure harmonic amplitude
versus valve width and polycarbonate membrane thickness for
the same combination of parameters as in Fig. 8. The voltage

a chamber depth equal to the valve depth, and a valve length-
to-width ratio of 16. The piezoelectric element size was held
constant at 9 mm in diameter and 127  um thick. Each point on
the surface corresponds, in general, to a different driving
frequency.

limits were accounted for in the same way as in Fig. 9.

brane thickness. This parameter was derived from the voltage-
limited valve flow rate harmonic amplitude according to the ex-
pression ReaQyDy/A, 1. It should be an important parameter on
model output parameters followed these two trends of higher vayhich to optimize net pump performance in terms of net flow and
ues with thicker membranes and larger valves when consideredn®t pressure, given that the results from CFD calculations and
a per unit voltage basis. experiment show higher diodicity with increasing Reynolds num-
Significantly different design surfaces resulted when the voIta%@r as shown in Fig. 7. The maximum value of Reynolds number
was limited according to Eq11). This is seen in Fig. 9, which harmonic amplitude shown in Fig. 11 occurs in the region of
shows membrane ve|ocity harmonic amp|itude Corresponding I@fger valve size and smaller membrane thickness. It is reasonable
the maximum input voltage possible, which in general is differei® expect the maximum value in this region, because the lower
at each design point. Figure 10 shows the corresponding chamftew restriction of larger valves allows the volume flow rate in-
pressure harmonic amplitude, which exhibits a large “shelfluced by the membrane motion to be translated into valve flow
across much of the design space at a value of approximatelyather than compression of compliance elements, such as gas in
atm. This indicates that pumps built within that region are préhe working fluid, and the lower flow resistance results in less
dicted to have cavitation as the limiting factor and that the r&ystem damping and consequently higher resonant amplitudes.
sponse surfaces for all output parameters in that region will l#owever, eventually the valves become so large that the resonant
affected. In the case of membrane velocity the peak value cymplitude of membrane motion and the ensuing valve flow rate
curred at the edge of the “shelf” where valve size was large aflls due, in part, to the lower inertance of larger valves that plays
membrane thickness was low, whereas without voltage limitatioA8 important role in system resonance. Additionally, Reynolds
considered it occurred at large valve size and large membratémber is inversely proportional to valve size for the same flow
thickness. rate. Thus, sizing valves for maximum Reynolds number alone
Figure 11 shows the voltage-limited harmonic amplitude d§hould lead to good net flow rate performance but only at low net

valve Reynolds number as a function of valve width and mengressure head.
The above-described situation is reversed for stiffer membrane
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Fig. 9 Voltage-limited membrane velocity harmonic amplitude

versus valve width and polycarbonate membrane thickness for
the same combination of parameters as in Fig. 8. The voltage
limits account for a 180 V supply maximum, a depoling electric
field of 5 X 10° V/m, and a cavitation pressure equal to vapor
pressure at 25 °C.
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Fig. 11 Voltage-limited valve Re harmonic amplitude versus
valve width and polycarbonate membrane thickness for the
same combination of parameters as in Fig. 8. The voltage limits
were accounted for in the same way as in Fig. 9. The maximum
is near [t,,w,]=[400,200] pum.
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Fig. 12 A 10 mm pump chamber with 300-
Tesla valves from Table 2. The pump body is acrylic, and a
PZT-5A actuator is bonded to a 270- um-thick polycarbonate
membrane. The electronic computer chip indicates its intended
application.
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Fig. 13 Measured membrane centerline velocity-per-volt (sym-

bols) compared with model predictions  (---) for all pumps in
Table 1. Actuation voltage for the measurements was approxi-
mately 3 V peak-to-peak.

sizes and membrane thicknesses. The behavior of pump p28 rela-
tive to pump p29 indicates that the former did better in net pres-
sure but poorer in net flow, consistent with the argument presented
in the previous section. It was somewhat surprising that p31 pro-
duced a performance curve that equaled the block load pressure of
p28 while producing significantly better no load flow. This may be
an indication that pumps corresponding to the ridge of the Re

and smaller valve size, which are expected to generate a lower setface in Fig. 11 represent good designs, but the trade-off be-
flow but higher net pressure at the same cavitation-limited charmueen pressure and flow performance is not completely under-
ber pressure amplitude. From Fig. 11 it is seen that the maximwtood. Future work should aim to accurately quantify the predic-
Reynolds number for any valve size occurs along a ridge that rutiens of net flow and pressure from the linear model, so that a
from large valve size and small membrane thickness to smalimp may be more accurately designed for desired performance
valve size and large membrane thickness, which correspondsirtderms of both pressure and flow.

the boundary of the cavitation region shown in Fig. 10. Thus, Most notable of the results shown in Fig. 14 is the comparison
from the results of the linear system model, it is expected that thetween pumps p30 and p31. Pump p31 was nearly identical to
nonlinear effect of valve diodicity for combinations of valve size30 in terms of the linear model parameters characterizing it as
and membrane stiffness that lie along the ridge will result in pungeemonstrated in Fig. 13. Yet pump p31 with shape optimized
performance in terms of high no load flow, high block load presralves is seen to have nearly three times the performance of pump
sure or optimal combinations of these two extremes. In othpBO at approximately the same driving level in terms of both
words, utilizing the ridge may allow customizing net pressurpressure and flow developed. This result is qualitatively consistent
versus net flow performance for particular applications. Because

of the potential for optimal pumps in this sense, pumps were built

with different membrane thickness and valve size to investiga 25 ' " '
combinations of valve size and membrane thickness between

opposite corners of the design space.

3.3 Pump Resonance and Performanc&he four pumps in _
this study were chosen to have a variety of parameter combir©, H
tions. Figure 12 shows the pump identified as p31. This pump, T 15} :
well as each pump from Table 1, was tested at both low voltaig
for resonant behavior and at high voltage for pump performancg
The measured resonant behavior at low voltage is shown in F% 1
13 where it can be seen that good agreement was obtained for @
model predictions of membrane velocity for each of the desi¢™
parameter combinations. The disagreement in predicted frequel
for devices p30 and p31 was well within reason considering th
model predictions were made entirely based on first princ{@ies
It is also seen that pumps p30 and p31 had very similar line
behavior when viewed as pairs of model predictions or measur
results. This was apparently the result of the fact that their diffe.-
ent shapes caused only a small difference in average path len
to-width ratio, 15.5 for the optimized valve and 16.7 for the re

erence valve.

Q' p28, 554 Hz
©% p29, 764 Hz
-9~ p30, 477 Hz ||
—8- p31, 459 Hz

" ALY SSALNALL XNV RET RNt .
1000 1500 2000
flow (ul/min)

2500

%[BT 14 Measured pressure-flow pump performance curves for

the pumps shown in Table 1 at approximately 120 V peak-to-
peak and the highest frequency at which each pump success-

The measured high-voltage pump behavior is shown in termsfiy operated. Lines are drawn between points for clarity. The
pump performance Fig. 14. Conclusions may be drawn about th&formance enhancement between p30 and p31, made pos-
three pumps with the same valve shape but with different valgihle by valve shape optimization, is clearly shown.
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with even the simplest models relating net flow to diodicity, which Ro = plenum radiugm)
show that for values of diodicity less than two, small improve- Re = valve Reynolds numbegsUD;/
ments in diodicity lead to relatively large improvements in net t, = cover plate(membrangthickness(m)
flow rate([3], Fig. 1. The fact that the improvement was so large t, = piezoelectric element thickneés)
could be due to effects caused by unsteady flow that were not S = velocity (m/s)
included in the quasi-steady valve flow calculations. Nevertheless, U = valve characteristic velocitym/s)
the measured improvement validates the approach used in this . : .
study to determindiow to achieve higher diodicity for improved Vm = amplitude of harmonic velocity of membrane
pump performance. centerline velocitym/s)

Vs = supply voltage(V)
4 Conclusions w, = valve width(m)

A design process for optimizing fixed-geometry valve shape X, = valve inlet segment lengtfm) _
and size was accomplished. Optimization of valve shape using Y3 = a coordinate location for the valve loop straight
CFD that incorporated automatic search methods was demon- segmenisee Fig. 1 (m)
strated on a Tesla-type valve with a significant increase in calcu- @ = valve outlet segment angle
lated diodicity compared to a commonly used reference valve B = valve loop return segment angle
over the range Reynolds numberx®e=< 2000. The calculated w = absolute viscosityPa 9
results compared favorably with experiment. A linear system mcrp = CFD model viscosityPa g
model was used to determine valve size and membrane thickness p = density(kg/m°)
for best pump performance. Pump fabrication techniques utilizing () = non-dimensional quantity
CNC machining of acrylic plastic were introduced as a rapid mi- () = forward direction
cropump prototyping technique. Measurements made on the fab- () = reverse direction

ricated pumps showed that net pressure and flow for a pump with
optimized valve shape was nearly three times larger than that i%ferences

an identical pump but with valves of non-optimized shape. i st £ and St 6. 1993, “A valveless diffuser/nozzle-based fuid
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