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Abstract

This paper deals with a novel valveless piston pump, which is using modified Venturi diodes as a replacement for
common check valves. The pump characteristic was obtained from CFD simulations in ANSY'S Fluent software.
The simulations were carried out on a simplified 2D geometry model of the pump. The dependencies of the
volumetric efficiency of the pump on parameters of piston motion (frequency and amplitude) and backpressure are
the results of the simulations. The principle of the pump is based on different rates of dissipation in the discharge
and the suction diode. The paper also presents a qualitative analysis of dissipation function for turbulent flow,
which provides further insight into the principle of valveless pumping.
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1. Introduction

Check valves are integral parts of displacement pumps which use a piston or a membrane for the
transport of fluid. Valves secure proper fluid flow through a pump. At the same time, they are
considered to be the most unreliable parts of said pumps. Valves can be also clogged if a fluid
mixture is being pumped. These liabilities are the reason why principles of valveless pumping
have been studied.

Valveless pumping can be achieved via several methods. The most common approach is the
use of fluidic diodes. Fluidic diodes are components with different hydrodynamic properties
dependent on the direction of flow. These diodes are used as a replacement for common check
valves. Various designs of fluidic diodes are used in microfluidic pumps. The first micropump
with fluidic diodes used diffuser/nozzle elements, also called Venturi diodes [11]. Many variants
of Venturi diodes are used in micropumps nowadays, e. g., [3,4,8]. A Tesla valve is another type
of fluidic diode which is used in micropumps [1,2, 5], even though it was invented by N. Tesla
for macro scale usage [14]. The last type of commonly used fluidic diode is a vortex diode,
which is applied more in macro scale than in micro scale [6,7,15]. Pumps with vortex diodes are
generally driven by pressure/vacuum of a gas in a tank instead of a piston or a diaphragm [7,15].
The reason is the need to achieve very low frequency of the change in the direction of flow at
which the diodes have the best performance [13].

Impedance pumps have a very simple design. They consist of only two kinds of tubes,
the tube for delivering liquid is more rigid than the tube for generating the fluid motion. The
generation of fluid motion is secured by the so-called Liebau effect, when the less rigid tube is
periodically pressed. This principle of pumping can be used for both open and closed loops and
also for macro and micro scale pumping [9, 10, 16].
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Another principle of valveless pumping was presented in [12]. The pump was designed for
macro scale pumping of hazardous liquids and uses the Coanda effect to generate a travelling
wave which travels through several stages of the pump. Each stage has a displacement chamber
connected to a system that is periodically pressurising/de-pressurising the chamber. At one time
odd chambers are pressurised and even chambers are de-pressurised and vice versa. In that way,
the generated wave is travelling from one stage to another towards the outlet of the pump.

In general, valveless pumps can be divided into two groups: micro and macro scale pumps.
Micro scale pumps are commonly used in various microfluidic devices such as chemical ana-
lysis systems, microdosage systems, etc. Macro scale pumps are used mainly for the pumping
of hazardous fluids where the demands on reliability are much higher than the demands on
efficiency. This work presents a mathematical model of a valveless piston pump and the results
of CFD analysis of a novel valveless piston pump for macro scale pumping.

2. Pump geometry

The pump geometry (Fig. 1) consists of a piston chamber, two diodes and an outlet piping. The
piston chamber is perpendicularly connected to the piping. The diodes are placed close to the
piston chamber inside the suction/discharge piping. The diodes are fitted with obstacles which
should cause the creation of vortices when flow rate occurs in the desired direction. Vortices
created near the obstacles increase the hydraulic losses which results in a lower flow rate through
the diode and a higher volumetric efficiency of the pump. The suction and discharge piping was
extended so that the outlet boundary conditions do not influence the flow inside the pump.

_ Suction piping Discharge piping

Piston Obstacles

Fig. 1. Pump geometry, dimensions are in millimetres

3. CFD preprocessing

In order to obtain the characteristics of the pump, CFD calculations were carried out. Simplified
2D geometry of the pump was used for all calculations. Computational mesh (Fig. 2) was
created in ANSYS ICEM CFD. The computational domain consisted of approximately 70 000
hexahedral cells.

Fig. 2. Part of the 2D domain mesh
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Fig. 3. The entire computational domain with boundary conditions

Outlet boundary conditions were set at the end of the suction and the discharge piping
(Fig. 3). The suction and discharge piping was extended so that the outlet boundary conditions
do not influence the flow inside the pump.

Another simplification was made with the motion of the piston, which was simulated by a
time-dependent inlet boundary condition placed at the beginning of the piston part of the pump.
The inlet boundary condition was controlled by the following function:

Vintet = 27 f A cos(27 ft), (1)

where f is the frequency of the piston movement, A is the amplitude of the piston movement
and ¢ is the time of the calculation. The settings of all calculated cases are listed in Table 1.

Table 1. Settings of all calculated cases

Turbulence model Realizable k-¢

Near-wall treatment Non-equilibrium wall function

Pressure-velocity coupling | SIMPLE

Discretization schemes

Gradient Least squares cell based
Pressure Second order
Momentum QUICK

Turbulent kinetic energy Second order upwind

Turbulent dissipation rate | Second order upwind

Transient formulation Bounded second order implicit
Properties of the fluid

Fluid Water

Density [kg/m?] 998.2

Dynamic viscosity [Pa - s] | 0.001 003

The size of the time step for all calculated cases was set to 400 time steps per one period
of function (1) which was controlling the velocity magnitude on the velocity inlet boundary
condition. Volumetric efficiency was observed during the calculations. A calculation was consi-
dered converged when the volumetric efficiency became constant. The formula for volumetric
efficiency is stated in the following section.

4. Evaluation of CFD calculations

All calculations were performed in order to obtain the volumetric efficiency of the pump. The
volumetric efficiency was calculated by the following formula, which was used also by [5],

~ Vbbb — Vsps

— , 2
Vsps + Vsss )

v
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where Vppp is the volume displaced through the discharge piping at discharge, Vspg is the
volume sucked through the discharge piping at suction and Vsgg is the volume sucked through
the suction piping at suction.

Mass flow rates at the discharge and suction pipings were recorded during the calculations
(Fig. 4). The recorded curves of mass flow rates were integrated over time of suction and
discharge to determine volumes for the volumetric efficiency formula.
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Fig. 4. Part of recorded mass flow rates of discharge and suction piping

The characteristics of the pump were obtained from CFD simulations. The first characteristics
is the dependency of volumetric efficiency on the frequency of the piston motion. In this case,
the volumetric efficiency was calculated for several values of the piston motion frequency. The
value of amplitude was constant for all calculated frequencies. The settings for all cases are
shown in Table 2.

Table 2. Values of frequency and amplitude used for the calculations

Amplitude [m] 0.012
Frequency [Hz] | 1| 5[10[15]20]25[30[35[40]|45]|50]55]60

The calculated characteristic shown in Fig. 5 indicates that with increasing frequency, the
volumetric efficiency is also increasing but from a certain frequency does not change much. The
highest efficiency of 13.5% was achieved at the frequency of 60 Hz.

15

Volumetric efficiency [%]

0 10 20 30 40 50 60 70
Frequency [Hz]

Fig. 5. Dependency of volumetric efficiency on frequency of the piston movement
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The next obtained pump characteristic was the dependency of volumetric efficiency on the
piston motion amplitude. In this case, the volumetric efficiency was calculated for several values
of the amplitude. The frequency of the piston motion was constant for all calculated amplitudes.
The settings for all the considered cases are shown in Table 3.

Table 3. Values of amplitude and frequency used for the calculations

Frequency [Hz] 40
Amplitude [m] | 0.006 | 0.009 | 0.012 [ 0.015 | 0.018 | 0.021 | 0.024 | 0.027 | 0.030

The calculated characteristic in Fig. 6 shows that volumetric efficiency is increasing with

increasing amplitude of the piston motion. The highest efficiency 22.6% was achieved at the
amplitude of 0.03 m.
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Volumetric efficiency [%]
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Amplitude [m]

Fig. 6. Dependency of volumetric efficiency on amplitude of the piston movement

The last calculated characteristic of the pump is the dependency of the volumetric efficiency
on the backpressure set on the pressure outlet of the discharge piping. In this case, the volumetric
efficiency was computed for several values of backpressure. The characteristic was calculated
for a constant value of amplitude and frequency. The settings for all cases are shown in Table 4.

Table 4. Values of backpressure, amplitude and frequency used for the calculations

Frequency [Hz] 40
Amplitude [m] 0.021
Backpressure [Pa 0] 5001000 1500|2000

The calculated characteristic (Fig. 7) shows that at backpressure value of 1 000 Pa, the pump
has almost 0% volumetric efficiency. The pump has zero net flux at this value of backpressure.

Fig. 8 shows contours of vorticity at different operation modes of the pump. The discharge
mode of the pump is shown in Fig. 8a. Here, it is possible to observe high vorticity in the
suction diode. The high vorticity is filling the suction diode and preventing fluid going through
it, while the vorticity in the discharge diode is much lower, so more fluid is diverted towards the
discharge piping. Similar situation can be seen in Fig. 8c, where the suction mode of the pump
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Fig. 7. Dependency of volumetric efficiency on the backpressure value

is shown. In this case, the vorticity is higher in the discharge diode and lower in the suction
diode, so more fluid is sucked through the suction diode than through the discharge diode.

Analysis of Fig. 8 shows that the original intention was essentially achieved. Improvement
of this state can be achieved by embedding an inlet cylinder inside the pump or by an oblique
fluid entrance into the pump area.
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Fig. 8. Contours of vorticity at different operation modes of the pump for frequency 40 Hz and amplitude
0.03 m: a) discharge, viplet = max; b) vinley = 0 m/s; ¢) suction, vipley = min
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5. Qualitative analysis of the dissipation function

To design an interior of a valveless pump, it is necessary to carry out a qualitative analysis of
the dissipation function D?(ny) which is caused by turbulent flow. The qualitative analysis was
carried out depending on the operators (£2 = rot v) and (grad |v|?).

The velocity vector is composed of a mean value v(x, t) and a fluctuating part u’(x, ?)

u(x,t) = v(x,t) +u'(x,1). 3)
Then, it holds that
1 t+%
v(x,t) = —/ u(x,7)dr 4
T )it
so the dissipation function can be defined by the following formula
an
2DT = / H,-jTa—dV, )
1% Lj
where 5
HijT = 2n7vi; — §5ijk’- (6)

Formula (5) was derived using the Gauss-Ostrogradsky theorem on a term of the RANS
equations with the Reynolds stress tensor. The whole RANS equation was multiplied by a
velocity vector:

8HijT / / ov;
v Ox; P v o
11;, 1
a T (4 dV = 2/ <77Tvij — —52‘3‘]{?) UZ‘TLJ‘ dS — 2/ nTUijUij dV (8)
v Ox; s 3 1%
Assuming that
Vv > 0, )

the mean value theorem for integrals can be used to simplify (8) as

/nTUijvij dV = ﬁT/ Vi Vij dV =
\%4 \%4
ov; R Ov;; .
:ﬁT/ v j=—dV = —UT/ —]UidVanT/vi-vm-dS. (10)
v JaIEj V@xj S J J

Then, it holds that

aHijT V; dV =
v 0Ox;
1 . 0vyj A
=2 Nrvg; — 5(51]]{3 v;n; ds + nr %’UZ’ dv — nr Vi Ui ds| . (1 1)
S Vv J S

Following terms of equation (11), it can be expressed as

c%ijwdvz 1 {/(Q X V)ndS+/ Q-QdV} (12)
v 0x; 2 1Js v
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and ]
V;jUiN; = 5[(9 x v)-n+ grad |v|? - n]. (13)
With the use of terms (12) and (13), equation (11) can be, after minor arrangements, written
as
olIl;; . R 2
JTUi dV = / {(77T —207) (2 x V) -n + (np — fr)grad [v|* - n — —k‘)v} ds —
v 0x; s 3

_ﬁT/ Q-QdV. (14)
14

From equations (5) and (7), the following formula for dissipation function can be derived

T Ol
2D = / Hiijmj dS - / V; dv. (15)
s v 0x;
With the use of terms (6) and (13), the first term of formula (15) can be converted to
2
/Hiijmj dsS = /nT[(Q x v)-n+ grad |v|* - n]dS — / gkv -ndsS. (16)
s s s

The final formula for dissipation function is obtained by substituting terms (14) and (16) into
formula (15). After simplification, the formula for dissipation function can be written as

2DT:m[/XLQdV+/gmdwFqms+2/ﬁ)xw-n&ﬁ. (17)
\%4 S S

The dissipation function is obviously dependent on the mean value of turbulent viscosity,
however, its influence will not play a major role in areas near fluidic diodes. Similar point of
view is also taken on the influence of the term with the volumetric integral. The last two terms
of dissipation function will have a dominant influence on the function of fluidic diodes when the
fluid will be entering or leaving the area of the diodes. The vector product of €2 and v is related
to the creation of spiral vortices, which are defined by the following equation

Qxv=0. (18)

In that case, fluid will flow through the diode with a strong rotational component, which can be
used for increasing as well as decreasing flow rate through the diode.
The essential influence on the performance of diodes has the integral

/grad [v]* ndS. (19)
5
Its value can be easily influenced by various designs of both the inlet and the outlet of a diode.

6. Conclusions

A new design of a valveless piston pump for macro scale was presented. Characteristics of the
pump were computed using CFD simulations in ANSYS Fluent software. The dependence of
volumetric efficiency on the amplitude and frequency of piston movement and backpressure
was investigated on a simplified 2D geometry model of the pump. Piston motion was simulated
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by a time-dependent velocity inlet boundary condition placed at the end of the cylinder. The
pump achieved volumetric efficiency of 22.6% at frequency 40 Hz and amplitude 0.03 m. The
dependence of volumetric efficiency on the value of backpressure was examined at frequency
40 Hz and amplitude 0.021 m. With increasing value of backpressure, the volumetric efficiency
was rapidly decreasing. At value of 1 000 Pa of backpressure the pump had 0% efficiency.

Qualitative analysis of the dissipation function was carried out in order to better understand
the principle of the pump. The result of the analysis shows that the dissipation can be significantly
increased/decreased if spiral vortices are created near fluidic diodes. This analysis will be used
in future research to increase the pump efficiency and to raise the value of backpressure applied
on discharge pumping.

Future work will also focus on further CFD simulations with complete 3D geometry with
piston motion simulated by a dynamic mesh. This approach should provide more accurate
results.
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