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Abstract: - A numerical optimization methodology is applied to improve the design of a microchannel structure 
used in a valveless micropump. The flow simulation algorithm employs the control volume method for 
Cartesian grids, while advanced numerical techniques are implemented for automatic generation of 
unstructured, adaptively refined grids and for the representation of irregular boundaries. Several geometric 
properties of the microchannel are considered as free design variables, and an optimization software based on 
evolutionary algorithms is used to find the best performance design. The latter is characterized by the ratio of 
the pressure drop in reverse flow to that in forward flow through the channel, and represents the flow 
rectification efficiency of the valve, when it is used as a check valve in a reciprocating pump. The optimal 
design is obtained quite fast and its pressure drop ratio is 50% higher compared to a standard design. Effects of 
Reynolds number on the valve performance are also examined and presented. Finally, the dynamic behavior of 
the valve under periodic flow conditions encountered in a reciprocating micropump is simulated and discussed.  
 
Keywords: - Numerical modeling, Hydrodynamic design, Shape optimization, Tesla valve, Valveless 
micropumps, Unstructured Cartesian grid, Evolutionary algorithms. 
 
1   Introduction 
The design and fabrication of microfluidic systems 
has been an active research field during the last two 
decades, and numerous microflow devices such as 
mircochannels, micropumps, flow sensors, filters, 
mixers, reactors, separators have been drawn, tested, 
and some of them included in microsystems for 
medical, biotechnical, environmental and 
microelectronics cooling applications [1].  

A micropump is the most important microfluidic 
component and its role is to move very small 
quantities of fluid, of the order of microliters or even 
nanoliters per minute. Due to its important role in 
many microfluidic systems, the results of the 
continuously developing MEMS science on 
microstructured materials and fabrication 
technologies are transferred into micropump 
research, and lots of inventive and innovative 
devices have been designed and tested [2-4].   

The common mechanical micropump is of 
reciprocating type and consists of a simple cavity 
closed with a flexible diaphragm that oscillates with 
the aid of a piezoelectric or electrostatic actuator and 
causes periodic volume changes of the cavity. 
During the suction phase the fluid enters the cavity 
and during the pumping phase the overpressure in 
the cavity pushes the fluid to the outlet. Such pumps 
require valves at the inlet and outlet of the chamber 

to direct the flow into the desired direction. Instead 
of the conventional check-type valves, valves with 
no-moving-parts can be alternatively used. The 
operation principle of the latter is based on the 
different hydraulic resistance that an especially 
designed inlet or outlet configuration can induce to 
the forth and to the back flow direction. In this way, 
during the suction and the pumping phase the flow 
enters and exits the chamber through both the inlet 
and the outlet openings, but the net, average flow is 
unidirectional. The use of no-moving-part valves 
increases the pump reliability and usually simplifies 
the fabrication process. The so-called ‘valveless’ or 
‘fixed valves’ micropumps are also advantageous 
when the fluid contains particles or cellular material 
with size of the order of the flow channels width. 

The first reported valveless micropump utilizes a 
pair of converging/diverging nozzles [5], and since 
then several valveless micropumps have been 
realized using this configuration. A ‘valvular 
conduit’ structure that was first invented by Tesla 
[6], offers virtually no resistance to the passage of a 
fluid in one direction, yet provides significant 
resistance to fluid flow in the opposite direction. 
This structure was first studied in a miniature scale 
for micropump operation by Forster et al. [7], and 
found to achieve higher flow-rectification efficiency 
than the diffuser/nozzle element.  
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The performance of the flow-rectifying element is 
important for the operation of a valveless 
micropump, and can be improved using optimum 
design tools. Numerical optimization is the most 
promising engineering tool to replace the costly 
‘build-and-test’ method. Three different components 
are usually combined in this methodology: shape 
parameterization, computational flow dynamics and 
cost function minimization. The representation of 
irregular geometries that are continuously changed 
during optimization needs a fast and automated grid 
generation method. Unstructured, body-fitted grids 
offer a great geometric flexibility and the potential 
for automation and local refinement [8], but their 
generation is a formidable task, especially in viscous 
regions near solid boundaries. The construction of 

Cartesian grids is the simplest and most 
straightforward method, but there is a need to 
simulate grid cells that are cut by the irregular 
boundaries [9, 10]. 

In the present work a numerical methodology is 
applied in order to simulate the flow in a Tesla-type 
element, as well as to regulate its main design 
variables for best rectification performance. The 
recently developed algorithm includes advanced 
numerical techniques for Cartesian grids and has 
been successfully applied in various test cases [11, 
12]. In order to examine both the steady and the 
dynamic response of the element for various 
Reynolds numbers in the laminar region, the 
simulation is performed in a two-dimensional 
channel. 
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Figure 1.  Sketch of the Tesla-type element. 

 

 

 
Figure 2.  Indicative extreme element shapes. 

 
  

2   MODEL FORMULATION 
2.1   The Tesla-type valve 
The microchannel structure shown in Fig. 1 
constitutes a single element of Tesla-type design. 
According to Tesla’s concept, the bulk flow in the 
forward (left-to-right) direction moves along the 
main central channel, and only a small portion enters 

the side channels 1 and 2. On the other hand, a 
significant portion of the flow is forced due to inertia 
through both side channels when the flow is 
reversed. Moreover, the flow at the exit of these 
channels re-enters the main stream at high angles. 
Consequently, the reverse flow is associated with 
longer passage lengths, more flow direction changes 
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and more intense fluid jets confluence, resulting in 
higher energy losses or pressure drop. Since this 
element presents higher resistance to the reverse than 
to the forward flow direction, it can be used in a 
reciprocating pump as flow rectification valve.  
 The ratio of pressure drop in the reverse to that 
in the forward flow direction for a certain flow rate is 
denoted by the term ‘diodicity’, Di, defined as [13]:  
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where the subscripts f and r denote forward and 
reverse flow, respectively, ζ is a cumulative loss 
coefficient and Q is the flow rate.  In macro-scale 
pumps the flow is usually turbulent and the viscous 
losses (n=1) are much lower than the dynamic, 
inertial losses (n=2). Therefore diodicity is almost 
equal to the ratio of the two loss coefficients. On the 
contrary, in microscale channels the Reynolds 
number is in the laminar region, where the viscous 
losses become significant. Consequently, diodicity of 
a Tesla-type valve depends also on the flow rate. 
Obviously, Di must be greater than 1 to create a 
unidirectional net flow.  
 
2.2   Shape parameterization 
The design variables used to describe the geometry 
of the element are shown in Fig. 1. They are the 
angle φ and the length L of the main channel bend, 
the radius R1 and R2 of the corresponding side 
channels, and the centers’ locations defined by the 
lengths L1 and L2. The maximum possible change in 
flow direction is 180o for both side channels. These 
six variables provide the ability to construct much 
different shapes, as in the example of Fig. 2. Also, 
the range of variation of each variable was kept as 
wide as possible, considering only some geometric 
constraints (e.g. a fixed total element length, or a 
minimum main channel length before the first and 
after the last junction).  
 
2.3   Flow Solver 
The finite volume method is used for the solution of 
the Navier-Stokes equations for the incompressible, 
viscous flow:  
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The equations are discretized according to the 
collocated arrangement, using a second order upwind 
scheme, and solved with the Simple algorithm. A 
preconditioned bi-conjugate gradient (Bi-CG) solver 
with incomplete ILU decomposition is used. Non-

dimensionalized quantities are used in the 
computations, namely D=1 for the channel width 
ρ=1 for the fluid density, and u=1 for the mean flow 
velocity at Re=500. 

The unstructured Cartesian grid can be adaptively 
refined in the vicinity of the channel walls and 
corners by implementing an advanced flux-
conservative methodology that preserves the 
discretization accuracy [14]. The inclined boundaries 
do not fit to the Cartesian grid lines and generate 
‘partially blocked’ grid cells that are solved by a 
numerical technique based on the sharp-interface 
approach, of almost second order of accuracy [10].  
Examples of grid lines arrangement are given in Fig. 
2, where adaptive refinement is applied in two 
successive layers. The maximum cell width for all 
calculations is 0.05. During the optimization process 
a new grid is automatically generated for every new 
set of design variables tested.  

 
2.4   Optimization 
The Evolutionary Algorithms SYstem (EASY) 
optimization algorithm used in this study, is a 
recently developed and brought to market software at 
the Lab. of Thermal Turbomachinery, NTUA [15, 
16]. The evolutionary optimization methods search 
for the optimum using populations of candidate 
solutions instead of a single solution, starting with a 
randomly selected population. The passage from a 
population set to the next one, which has more 
possibilities to contain better solutions, mimics the 
biological evolution of species generations. EASY 
utilizes, keeps and evolves three population sets with 
adjustable population size: parent, offspring and an 
archival elite set. Binary or real coding can be used 
along with numerous crossover, mutation and elite 
operations. Due to its stochastic nature the algorithm 
can always converge to the global minimum (or 
maximum) objective value, within a given range of 
the free design variables. However, the speed of 
convergence reduces as the number of the design 
parameters increases.  

The flow rectification efficiency of the Tesla-type 
valve is proportional to its diodicity, therefore the 
objective of the present design optimization study is 
to maximize this parameter. In order to obtain the 
diodicity value for each set of design variables the 
flow field is solved twice, for a forward and for a 
reverse constant flow rate, and the pressure 
differences between the inlet and the outlet cross 
sections of the element are computed.  
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3 RESULTS 
3.1  Steady-flow response 
Some extreme element designs as in Fig. 2 are 
obviously far from the optimum solution. Indeed, 
their diodicity values are 1.033 and only 0.903 
(reverse net flow), respectively. A more reasonable 
design is drawn in Fig. 3 according to standard 
guidelines [13] and will be used as reference case. Its 
diodicity for Re=500 is computed to 1.6, which is a 
quite good performance.  
 

 
Figure 3.  The reference design. 

 
The optimizer is then used to produce the design 

with the maximum possible diodicity value. The 
convergence of the algorithm is fast, and as shown in 
Fig. 4 an optimal solution is practically obtained 
after about one hundred evaluations. The maximum 
achievable diodicity is 2.36, namely about 50% 
higher than that of the reference design.  

 

0 40 80 120
Evaluations

1

1.3

1.6

1.9

2.2

2.5

D
io

di
ci

ty

 
Figure 4.  Optimizer convergence history. 

 
The diodicity mechanism can be examined in more 
detail with the aid of the forward and reverse flow 
field results for the optimal valve design, drawn 
respectively in Figs. 5 and 6. The velocity field is 
much different in forward than in reverse flow. As 
shown in Figs. 5a and 5b, the bulk forward flow 
follows the main channel path, and is only slightly 
disturbed at the side channels junctions. Only 1,3% 
of the flow bifurcates to the side channel 1 and 4,3% 
to the side channel 2. The highest velocities remain 

near the centerline of the main channel even after 
turning the two corners, exhibiting small separation 
regions.  

 

 
Figure 5.  Forward flow field results:  a) velocity 

field;  b) streamlines and pressure contours (Pa);  c) 
dissipation energy (log10). 

 
On the other hand, the reverse flow bifurcates at 

the first junction, and about 55% of it passes through 
the side channel 2 (Figs. 6a, 6b). The two streams 
merge again in the sloped section and directed 
towards the side wall 1, whereas only a 17% of the 
flow is deflected to the main channel, the majority of 
which is filled with large recirculation zones. The 
flow emerges from the side channel 1 as a laminar jet 
that separates and approaches the opposite wall, thus 
creating a large and strong recirculation zone in the 
main channel. 
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Figure 6. Reverse flow field; legend as in Fig.5.  
 

Significant minor pressure losses in the forward 
flow are observed only at the two corners of the bend 
(Fig. 5b), whereas for the reverse flow at the exit of 
side channel 1 (Fig. 6b). The latter are almost twice 
as big as the former, and this supports the diodicity 
of the valve. The rest energy losses in the valve are 
due to viscous dissipation, in regions of high 
velocity gradients. The energy dissipation function 
that involves the viscous stresses is for 
incompressible, 2D flow [17]: 
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The base 10 logarithm of the above function is 
drawn in Figs. 5c and 6c. In the forward flow case no 
energy dissipation takes place within the side 
channels where the flow rate is minor. Dissipation 

occurs along the main channel walls, as well as at the 
bend corners. The picture is much different in the 
reverse flow case (Fig. 6c), where the energy 
dissipation is spread in the whole flow field. In 
addition to the channel walls, significant velocity 
gradients exist in both the curved side walls, as well 
as at the exit junctions where the bifurcated flow 
streams meet. This behaviour contributes also in the 
increase of the valve diodicity, mainly in the low Re 
region.  
 

100 1000200 300 500
Reynolds number

0.1

1

10

Pr
es

su
re

 d
ro

p,
  (

Pa
)

 Optimal, forward flow
 Optimal, reverse flow
 Reference, forward flow
 Reference, reverse flow

(a)

 
   

0 200 400 600 800 1000
Reynolds number

0.8

1.2

1.6

2

2.4

2.8

3.2

D
io

di
ci

ty
,  

D
i

 Optimal design
 Reference design

(b)

 
 

Figure 7.  Influence of Re number on the valve 
pressure drop (a), and Diodicity (b). 

 
The performance of the above optimal design is 

compared with the reference design (Fig. 3) for 
various Re in the range 100 to 900 in Fig. 7. The 
straight lines in the log-log plot of Fig. 7a verify that 
the flow remains in the laminar region, although 
there are several flow separation and recirculation 
regions. The slope of the forward flow data is, as 
expected, smaller and almost identical for the two 
designs, whereas the superiority of the optimal 
design is due to its increased resistance in the reverse 
flow direction. The diodicity of the optimal design is 
higher within the whole range (Fig. 7b), and its 
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relative to the reference design value increases with 
the Re, up to about 159% for Re=900.  
 
3.2   Transient-flow response  
In order to study the transient response of a 
micropump equipped with Tesla-type valves at the 
inlet and the exit of its chamber, two such elements 
of the optimal design are combined and the entire 
system shown in Fig. 8 is numerically solved. The 
time variation of the chamber volume and thus of the 
cumulative flow rate is assumed sinusoidal: 

( ) ( )tnsinnVtQ max ππ 22 ⋅⋅=   (5) 
where n is the frequency of oscillation, and Vmax 
is the stroke volume of the oscillating membrane, the 
value of which is fixed so as even the maximum 
possible flow remains in the laminar region.  

 
Figure 8.  Arrangment for micropump simulation. 

 
The calculations start from a zeroed velocity 

field, and the oscillating flow rate of the above 
equation is inserted as source term in the continuity 
equation of a number of grid cells in the middle of 
the two Tesla elements (Fig. 8), thus simulating the 
presence of the pump chamber there. The pressure 

transient term 
dt
dp

K
1  is also added in these equations 

to account for the elasticity of the oscillating 
membrane, where the bulk modulus K is fixed to a 
certain value. The upstream and the downstream 
edges of the micropump are kept at the same 
reference pressure (entrainment conditions). In this 
way, the pressure drop in the left Tesla element is 
equal to that in the right, but the corresponding flow 
rates differ due to their different resistance.  

The results for the pump flow rate at various 
driving frequencies are plotted in Fig. 9. In order to 
reach to a final, periodic field, a number of 
successive complete cycles need to be simulated, 
which varies from some tens up to several hundreds, 
depending on the frequency value. At low 
frequencies the model exhibits a quasistatic behavior 
and the net flow rate increases with the frequency, 
while maximum rates are obtained for the resonance 
frequency at about 22.5 Hz. In that case the net 
pump flow rate becomes 35% of its volume stroke 
rate. At higher frequencies both the forward and the 

reverse flow rates decrease due to the phase shift 
between actuation and membrane displacement, and 
the same is valid for the net pump rate in Fig. 9. This 
behavior is in agreement with analogous 
measurements and simulations in the literature [3,4].  
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Figure 9.  Dynamic response of the micropump. 
 
 
4   Conclusions 

Numerical simulation of a Tesla-type 
microchannel element is carried out to examine the 
details of the diodicity mechanism, as well as to 
optimize its geometry for best flow rectification 
performance. In the laminar flow region, which is 
usually encountered in microfluidic systems, both 
dynamic and viscous effects contribute to the flow 
energy losses and determine the diodicity of the 
examined valve. The obtained optimal design 
exhibits about 50% higher diodicity than the 
standard one, showing that the used methodology is 
an efficient tool in hydrodynamic design. Moreover, 
the developed model is capable to reproduce the 
transient behavior of the entire micropump device, at 
different driving frequencies. 
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