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Abstract

The “dispensing well plate” (DWP") method is a technique to deliver fluidic jets or droplets with volumes of several nanoliters contact
free to targets like micro well plates or slides. A cheap and simple pneumatic actuation mechanism allows for the simultaneous delivery of ¢
large number of different liquids. In this paper the dispensing dynamics of a DWP-type nanodispenser is studied theoretically. The device is
modelled using computational fluid dynamics (CFD) simulations which are benchmarked to experimental data. Furthermore an analytica
discussion is presented providing some insight into the dispensing dynamics. Based on these modelling approaches the dispensing proc:
is studied in detail. Influence of system parameters like driving pressure, nozzle size, channel layout etc. on the jet formation and dispense
volume are quantified and design rules are given to improve the performance.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction pensed. After switching off the driving pressure, the nozzles
refill again from the reservoirs by capillary forcésq. 1f)).

The massive parallel dispensing of nanoliter volumes of The DWP method is described in detail [B] along with
liquid reagents is an essential enabling technology in many fabrication requirements and experimental results obtained
modern biotechnical applications and within pharmaceutical with various prototype devices. In the remainder of this pa-
research[1-4]. The dispensing well plate (DWP) method per the working principle of the DWP method is analysed
studied in this paper from a theoretical point of view is a from a theoretical point of view.
method for the simultaneous delivery of chemical reagents
into micro well plates or onto flat substrates. A single dis-
pensing unit of a DWP-type dispenser consists of three ba-, cgp modelling
sic elements: a reservoir, a connection channel and a nozzle

chamber as depicted ifig. 1a Many individual dispens- The computational fluid dynamic (CFD) simulations of
ing units can be arranged very closely to form an array like the gispensing process presented in this section have been
demonstrated ifb]. The working principle of the dispenser . ried out using the software package ACEom CFDRC

is then as follows: Each reservoir is filled with a specific [6]. The software uses the finite volume method (F\¥])
liquid which is drawn by capillary forces via the connec- o solving the Navier—Stokes equations and applies the vol-
tion channel into the nozzle chambeéfid. 1b and §. By ume of fluid (VOF) techniqug8] to simulate the free sur-
applying a pressure pulse to the whole upper surface of theéface The aim of the simulations was to study the fluid flow
DWP, the liquid contained in the nozzle chamber is driven \yithin the system as well as the jet ejection. These quanti-
out completely kig. 1d and & Because reservoir and noz-  es are very difficult to access by experimental techniques,

zle channel are exposed to the same pressure no pressufig,; contain essential information about the dynamical be-
driven flow occurs within the connection channel. Thus es- haviour

sentially the volume confined in the nozzle chamber is dis-

2.1. Model setup

* Corresponding author. Tel#49-761-2037413; . .
fax: +49-761-20375309. For the CFD-simulations a full 3D model of one DWP

E-mail addresskoltay@imtek.de (P. Koltay). dispensing unit has been set up making use of the symmetry
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Fig. 1. Schematic illustration of the DWP working principle.

along the connection channel as displayed-ig. 2a To The boundary conditions applied to the geometry are vi-
reduce the number of grid elements—hence computing sualized inFig. 2 The upper surface and the distant end
time—the reservoir was not included in the model. This of the connection channel are defined as inlets and a pres-
is justified because the flow within the reservoir or out of sure boundary condition is applied there to drive the ejec-
the reservoir is negligible compared to the flow through the tion (arrows inFig. 29. The incoming fluid at the top inlet
nozzle. Thus the fluidic CFD model consists of the elements surface is set to supply air, while the inlet at the end of the
connection channel, nozzle chamber and orifice. Addition- connection channels is set to provide DMSO. The surfaces
ally a control volume for visualization of the ejected jet of the control volume are defined as outlets and a constant
has been added. Initially the whole fluidic part was set to pressure boundary conditio® (= 0) is applied there. All

be filled completely with dimethylsulfoxide (DMSO)—a other surfaces are wall boundary conditions with a contact
solvent commonly used in pharmaceutical research. Theangle ofé = 35° inside the connection channel and nozzle
control volume was filled with air. chamber an@ = 110° on the nozzle plate (i.e. the surface
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Fig. 2. (a) Grid model and boundary conditions used for CFD-simulatiggp € 385um, d, = 100pm, I = 1800um); (b) measured pressure history
of a DWP prototype device and applied pressure run for CFD-simulation (straight line).
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surrounding the orifice). The contact angle on the nozzle 96-channel DWP-chip with identical dimensions has been
plate was determined by measurements using DWP proto-filled with DMSO and was actuated with the prototype
types described ifb]. These prototypes were preconditioned system described ifb]. Snapshots of the thereby ejected
by a silane treatment to enhance the contact angle. jet are displayed irFig. 3 for various time intervals after
The pressure history applied to the inlets was measuredopening of the pneumatic valves. Since it is not possible
on the actuation device used[B] to perform experiments. to determine an exact value of the beginning of the pres-
Since it was not possible to run the CFD-software with the sure run (cf.Fig. 2b the time stamp of the photographs
measured pressure profile, the pressure history has been agisplayed inFig. 3 are furnished with an estimated error of
proximated within the simulations by a straight line like +0.1ms. The small droplets visible in the experiment close
depicted inFig. 2b Before this pressure history could be to the orifice are remains of the spray generated after jet
applied the equilibrium positions of the menisci in the noz- tear off, which will be discussed in detail in the last section.
zle chamber and the orifice had to be determined in a sep- For comparison with the stroboscopic photographs also
arate simulation. This is necessary, because the liquid vol-snapshots of the CFD-simulation are displayedrig. 3
ume contained in the nozzle chamber is smaller than its ge-showing the ejected jet. Since the graphics are drawn to
ometrical volume. The actual liquid volume contained in the scale with respect to the photographs a direct comparison of
nozzle chamber depends on the curvature of the menisci athe pictures is possible. Obviously the correspondence be-
both ends as can be seenkig. 4att = 0. To determine  tween simulation and measurement is reasonable. The ejec-
this equilibrium situation a separate simulation run was per- tion speed as well as the qualitative jet shape are correctly
formed beforehand where all pressure boundary conditionsreproduced. Also the jet duration is the same within the es-
were set to zero and the simulation was run for Qu&Qun- timated error limit. Minor deviations like the larger head of
til the menisci had relaxed to a stable position. The result the jet predicted by the simulations might be explained by
of this simulation { = 0 in Fig. 4) was then taken as initial  the slightly different pressure pulse or by deviating material
condition for the transient simulation and the linear pressure data: Due to the fact that DMSO is hygroscopic it might
history was applied as described before. has changed density and viscosity slightly during the mea-
The presented CFD model consists of a structured hex-surements. Also surface properties might have changed over
ahedral grid of 65923 cells. The minimal grid distance of time, since the applied silane coatings are not very stable and
3wm occurs in radial direction along the middle axis of the the contact angle has an essential influence on the jet shape.
100pm wide orifice. At this location the grid is fine enough
to resolve all features of the jet. Typically only 8-12 compu- 2.3. Dynamics of the ejection process and proof of the
tational cells are claimed to be sufficient to resolve the flow DWP principle
profile within a channel respectively jet. Due to the size of
the CFD model and the long computing times caused by the In the previous section the externally visible part of the
VOF method a thorough grid dependence study could not bedispensing process, the jet ejection, has been discussed.
performed. Instead the model was validated by comparisonHowever, of greater interest is the dynamics inside the dis-

with experiment as described in the next section. penser which is difficult to access by experiments. The sim-
ulation displayed irFig. 4 shows the dynamics of the liquid
2.2. Validation contained in the nozzle chamber: The applied pressure drives

out this liquid creating a jet with an outlet speed of up to
In order to validate the CFD model the jet ejection 4 m/sand amoving meniscus inside the channel. The menis-
has been recorded using stroboscopic imaging: A real cus moves towards the orifice due to depletion of the nozzle

0.8+0.1 ms

I I 100 um

1 ms l 1.4 ms 1.8 ms 2.5ms

Fig. 3. Sequence of the jet ejection obtained from stroboscopic measurements (top) and CFD-simulations respectively (bottom). Both picttee series
drawn to scale (see scale in the first picture).
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Fig. 4. Depletion of the nozzle chamber during dispensing simulated by CFD.

chamber. After jet tear off (2.5 ms after start of the dispens- the channel, while the dispensed volume reaches roughly
ing) a certain rest volume remains in the nozzle chamber. 43 nL.
When the meniscus breaks through the orifice a high speed Due to the fact, that the integral flow through the nozzle
air flow of about 70 m/s sets in which rapidly increases up reaches a plateau after jet tear off the duration of the pres-
to 180 m/s. This is due to the fact that the density of air is sure pulse is not critical with respect to the dosage volume.
approximately 1000 times smaller than the one of DMSO. Even if the pulse stays on after jet tear off the dosage volume
By this air flow the rest volume is continuously driven out hardly increases, because the flow provided by the spray
by the Venturi-effect creating a spray. This spraying has also decreases rapidly. The plateau signifying the dispensed vol-
been observed in experiments and will be discussed laterume stays stable even if the pressure head is changed. As
on in detail. Except for the spraying, the dispensing indeed can be seen ikig. 5b the pressure head influences only the
proceeds like anticipated iaig. 1 slope of the curve and thus the jet duration, but hardly the
In order to prove that at maximum only the volume saturation value and therefore the dispensed volume.
contained in the nozzle chamber is dispensed and no sub- However, in any case the geometrical volume of the noz-
stantial flow through the connection channel occurs during zle chamber (displayed as dashed lind~ig. 5) is greater
dispensing, the flow through the connection channel asthan the dispensed volume. This has two reasons: First, the
well as through the orifice have to be quantified. The to- initially contained liquid volume is smaller than the geo-
tal integral flow through the nozzle (i.e. the total ejected metrical volume of the nozzle chamber as discussed before.
volume up to a certain point in time) as well as the total Secondly a certain fraction of the liquid might remain in
integral flow through the connection channel are displayed the nozzle channel as visible Fig. 4. This rest volume is
in Fig. 5 as a function of time. It can be seen that the very difficult to predict and gives rise to the spray effect.
total integral flow through the nozzle increases quite lin- Therefore the main optimisation effort has to concern the
early after the jet has formed and reaches a plateau aftereduction of the rest volume. One simple measure to reduce
jet tear off. The integral flow through the connection chan- it slightly is to make the pressure head as small as possible.
nel during that time is one or two orders of magnitude As can be deduced frofRig. 5b), the smaller the slope of
smaller if the layout of the DWP is properly chosen (see the dosed volume the more liquid is already ejected when
Section 4for a detailed discussion) and thus negligible. In the jet tears off. Less liquid remains in the nozzle channel
the considered case less than 0.2nL are provided throughand can be transported by the spray.
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Fig. 5. Dispensed volume as a function of time. (a) As simulated with the geometry displayed. i2 (b) Simulation of a dispenser according to
Table 1driven by a constant pressuRaat
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Table 1

Typical system parameters used for computing the data displayE@ysn 7 and 8

be (um)  he (um) o (@M)  dnc (kM) hnc (M)  do (M)  ho (um)  p(MPas) 6(°) o (Nm)  p (kg/nP)  Psiar (kPa)
140 115 4000 300 1000 100 100 1.022 15 0.0725 1 20

3. Parameter studies simplest way to do so is to neglect all viscous and capillary
forces and to model the flow through the nozzle chamber
In order to study the dispensing dynamics as a function of ¢nc simply by Toricelli’'s formula[9].

the various system parameters a series of CFD-simulations F
stat

was performed using the presented model. A typical device 5~ A,
has been chosen like sketchedFig. 6 with the system

parameters listed ifiable 1 A connection channel of rect- wherePgtis the stationary driving pressurg.the density

angtl; Iartcirotshs Sglczté)d:; >Ejb|c daimd Iengdthtl)c ;srastiumed. Irn id andA, denotes the cross sectional area of the orifice. To im-
contrast 1o the & odel discussed before the upper s eprove this approximation the specific shape of the nozzle can
of the channel is considered now as wall with a no slip

bound diti e th ’ h i i be accounted for like commonly done in fluidic engineer-
ou(;]taryé con II '%nf("e' the (t:onneTchmn ¢ alnneh IS %OnSL " ing and described in detail i{®]. A dimensionless number
erec OI € seale :pm .fh (t)r?). d? nozzie ¢ Zm Zr aS/L is introduced characterizing the nozzle geometry. For all
o cicuar cross secion with th edh gvenii.Sand L O S
) . responds to a cylindrical orifice with aspect ratigd, = 1.
(denoted byPsiay) is considered to be constant. P y P 3o

Since the CFD-simulations are extremely time con- Thus the approximation fogpc reads:

suming—a typical dispensing process like showrrig. 4 2 Pstat

requires several days computation time on a state of the®nc ~ 11Ao

art PC—a faster and simpler modelling approach would be

beneficial for engineering purposes. Such a model can alsoDue to the fact that viscous dissipation and capillary forces

provide more insight into the dependence of the dosagetend to reduce the flow in realitigs. (1) and (2¥ield upper

volume on the various model parameters. Therefore we estimates of the mean flow encountered in the real device.

have derived analytical approximations to describe the flow In order to assess the significance of liquid supply from

which are compared subsequently to full CFD-simulations. the reservoir, the flow occurring in the nozzle chamber needs
to be compared to the flow through the connection channel

3.1. Analytical approximation ¢c. The dispensed volume can be considered to be limited by
the geometrical volume of the nozzle chamber onlyni >

As we have seen, the dispensing dynamics of the DWP ¢c. In this case no significant flow from the reservoir takes
device is quite complex. Nevertheless, the flow through the Place during the dispensing and not more liquid than initially

orifice respectively nozzle chamber can be considered ascontained in the nozzle chamber is dispensed. To obtain an
quite constant during the major part of the dispensing time estimate if this condition is indeed fulfilled, the flow through

before the jet tears off. Especially if a constant pressure pulseln® connection channel can be calculated as follows: Since
is applied (cf.Fig. 55. Thus the flow through the orifice the connection channel is much smaller and longer than the

nozzle chamber viscous dissipation cannot be neglected. It
can be modelled by a constant fluidic resistaRgeof the
connection channel. For example for the case of an open
channel (like studied in the previous section) a formula given
in [10] can be applied. For the case of a closed rectangular
channel the well known formula appli¢bl]:

le(hche) 2
h3bg
The flow through the connection channel is determined by
this resistance and the pressure difference between both of

@)

@)

can be very well approximated by a stationary flow. The

A

hd

RCZST]

@)

its ends.

AP
<« — 4
d" do= "o (4)

Fig. 6. Sketch of the considered DWP dispensing unit and corresponding 1N€ pressure differenc&P can be considered as indepen-
parameters. dent of the driving pressuf@siz: which is applied equally to
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both ends of the channel. The difference is essentially causedbefore jet tear off) is compared to the analytically calcu-
by the capillary pressurBcap created by the meniscus re- lated stationary flow. As expected the analytical approxima-
siding in the nozzle chamber. Neglecting surface forces in tion provides a good upper estimate for the flow through the
the reservoir and dynamical effects at the junction for the nozzle. The dependence of the flow on individual parame-
moment, the capillary pressure in the equilibrium situation ters is correctly reproduced: quadratic dependence on nozzle

reads diameter, reciprocal square root dependence on density etc.
4o The CFD-simulations prove, that parameters not accounted
Peap= d—0089 (5) for in the analytical approximation like viscosity and surface
ne tension do only weakly influence the flow in the considered
whereo is the surface tension argdthe contact angle. parameter range.

Setting AP = Pcap we approximate the flow through the One of the most relevant figures in designing a DWP is
connection channel during dispensing by the same flow the residual flow through the connection channel compared
which takes place during self priming of the nozzle chamber. to the flow through the nozzig/fc. If this normalized, rel-

P ative flow is sufficiently small and if the nozzle chamber
o~ 2P (6) is completely depleted after dispensing, then the dispensed
Re volume corresponds essentially to the volume initially con-

Putting together the approximations for the flow through the tained in the nozzle chamber. In this case the accuracy of
nozzle chamber respectively the connection channel giventhe dispensing is mainly determined by the tolerances of the
in Egs. (2) and (6}he ratioc/énc can be calculated. As micro fabrication process. Since these tolerances are typi-
explained before this relative flow should be as small as pos-Cally very small the accuracy can be excellent and homoge-
sible to obtain a good correspondence between the geometnous over all dispensing units of a DWP (f3]). However,
rical volume of the nozzle chann®eomand the dispensed it has to be pointed out that the accuracy is reduced, if an
volumeVy. In the framework of this approximation the dis- uncontrollable rest of liquid remains in the nozzle cham-

pensed volume is given by ber. Thgrefore this rest vo!ume has to be.reduced as much
as possible by an appropriate nozzle design. In the case of
Vd = (¢nc + ¢c)td (7) a vanishing residual flow through the connection channel
) L i the driving pressure head and liquid properties are of mi-
where the dispensing tintg can be estimated by nor importance which provides additional robustness to the
geom method.
d= Pre — de In Fig. 8the relative flow through the connection channel

is displayed as a function of the main system parameters
Here the smaller sign needs to be applied because the volumess calculated fronEqgs. (2) and (6) The comparison with
Vgeom defined by the geometry of the nozzle chamber is an CFD data shows that the analytical approximation provides a
upper estimate of the liquid volume initially contained in the good upper estimate for the relative flow. It turns out that the
nozzle chamber like explained $ection 2 The dispensing system parametets, | andPsiathave the greatest influence
time might also further be reduced by a rest volume which on the residual flow and should be “sufficiently large” to

potentially remains in the nozzle chamber. THegs. (2),  reduce it. In other words the orifice should be not too small
(6), (7) and (8)provide an upper estimate for the dosage and the driving pressure and resistance of the connection
volume to be expected. channel should be sufficiently high.

Obviously several effects are not considered in detail in  As indicated before, the liquid’s viscosity and density are
the presented approximation like for example the influence of minor importance in the studied parameter range which
of the rest volume of liquid in the nozzle chamber, the spray- is reflected by the analytical approximation as well as by
ing after jet tear off or the time dependence of the flow. The CFD-simulations. Only the surface tension has a consider-
presented formulas nevertheless do provide additional in-able influence on the residual flow. However this effect is
sight into the dispensing process by highlighting the mutual |argely overestimated by the analytical approximation. This
dependencies between certain system parameters. is due to the fact, that the exact curvature of the menis-

cus which defines the capillary pressure is quite crudely
3.2. Discussion of the CFD-simulations and comparison  approximated. According to CFD-simulations the variation

with the analytical approximations of surface tension causes a relative flow change of maxi-
mum 5% in the considered parameter range. Thus the DWP
Based on the initial parameter set givenTable lindi- method can be still regarded as greatly media independent

vidual parameters have been varied separately and their inin the studied range of liquid properties. As far as the qual-
fluence on the flow through the nozzle has been studied. Theity of the analytical approximations is concerned it can be
results of the CFD-simulations and the analytical approxi- concluded that the estimate for the flow through the nozzle
mation according t&q. (2)are summarized iRig. 7. There channel (2) is exact in terms of providing an upper limit for

the time averaged flow obtained from the CFD-simulations the flow. The presented CFD-simulations prove that also the
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Fig. 7. Flow through the nozzle as function of various system parameters as calculated with the analytical model (line) and CFD-simulations driven by
constant pressure (squares).

approximation of the flow trough the connection channel dressed in the following. The main factors influencing the
(6) is well applicable to estimate the residual flow from the dispensing performance of the DWP are

reservoir for engineering purposes. In combination with the ) ) )
approximation for the dispensing time (8) an upper estimate ® The flow through the connection channel during dispens-

for the dosage volume can be easily calculated for any given M9 o
design. e The rest volume remaining in the nozzle chamber at the

end of the dispensing event;
e The spraying after jet tear off.

4. System optimisation The flow through the connection channel and the rest vol-
ume in the nozzle chamber need to be as small as possi-
After having studied the dispensing dynamics in detail ble. Otherwise both can introduce systematic errors to the
the optimisation of the dispensing performance will be ad- dosage volume. In case of a non-negligible flow trough the
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Fig. 8. Relative flow through the connection channel as function of various system parameters as calculated with the analytical model (line) and
CFD-simulations (squares).

connection channel the dosage volume is higher than the4.1. Design rules

volume initially contained in the nozzle chamber. It is lower

than the anticipated volume if a significant residual volume 4.1.1. Influence of connection channel and nozzle size
remains in the nozzle chamber. Both of these effects are It has been mentioned before, that in order to obtain good
unwanted, because they create a dependence of the dosageecuracy the orifice diameter, the resistance of the connec-
volume on actuation parameters and liquid properties. Thetion channel and the driving pressure should be “sufficiently
flow through the connection channel depends essentially onlarge” to reduce the residual flow. To quantify this statement
the viscosity, while the residual volume is influenced very we consider the relative flow as obtained with the analytical
much by surface tension. Finally the reduction of the spray approximations (2) and (6):
effect also requires a negligible residual volume: If only few & P 1

. Sy . . . . C cap

liquid is contained in the nozzle at jet tear off only a little ¢rel = — =~ RA 5P
spray is generated by the inevitable high speed gas flow af- ne cAo v/(2/p) Pstat
ter jet tear off. Summarising all these statements following In the framework of the presented approximations the chan-
design rules can be given to optimise the performance. nel resistance, the orifice diameter and the driving pressure

(9)
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than the resistance of the nozzle, keeping in mind that es-
pecially the orifice area is of importance and not its length
(which also enters into the resistance).

To illustrate the importance of a proper layout of the con-
nection channel, the dispensing dynamics of a pathological
example of a dispenser is givenfig. 10 If the resistance
of the connection channel is not sufficiently large (e.g. due
to a large cross section and small length), the time scales
for refilling and dispensing are not separated. Fast refilling
takes place during the dispensing and the nozzle is never de-
0.004 pleted. After an initial decent the liquid meniscus rises again
and finally reaches the upper end of the nozzle chamber.
From this point on the jet is supplied completely from the
R *A_ [Pas/m] connection channel. Thus the dosage volume is not limited
by the volume initially contained in the nozzle chamber and
the dispensing continues as long as the pressure is applied.
The dispensed volume as a function of time does not reach a
can be designed explicitly according to formula (9) to com- plateau like in the proper case showrFigs. 4 and Svhich
pensate for a given capillary pressure which drives the refill- makes the dispensing less accurate and strongly dependent
ing process. The value ¢%.ay/R: defines a capillary driven  on the driving pressure.
flow rate responsible for the refilling of the nozzle chan-
nel. This flow rate must be much smaller than the flow rate 4.1.2. Dosage rate
through the nozzle. In other words, the time scales for jet The dosage rate (or repetition rate) of a DWP device is
ejection and for capillary refilling have to be sufficiently sep- mainly limited by the capillary refilling time, i.e. the time it
arated to minimize the relative flow. In particular formula takes capillary forces to refill the nozzle via the connection
(9) states that this separation of time scales can be achieveaghannel. This refilling time can be approximated by
in principle for any design by simply selecting a suitable Re Re
high driving pressur®stat Irefill = P—Vd N5 Vgeom (10)

In order to verify the simplifications made within the an- cap cap
alytical formulas it is illustrative to plopc/¢nc according to Reducing the refilling time by decreasifiy/Pcap contra-
formulas (9) oveR:*A like displayed inFig. 9. This curve dicts the requirement set by (9) to reduce the residual flow.
can be compared with CFD-simulation where once the ori- Here a trade off is required which also involves the orifice
fice aread, and the other time the channel resistaReg@re diameter determined bg,. Unfortunately the orifice diam-
varied. If the approximation according to formula (9) would eter cannot be increased arbitrarily since the capillary forces
be exact the CFD-results obtained in both cases had to beat the orifice need to be able to prevent the device from drip-
identical. Fig. 9 highlights that this is definitively not the  ping, and therefore the orifice cannot be “too large”. Which
case, but the approximation holds quite well in terms of pro- size of orifice is indeed affordable is a very complex prob-
viding an upper estimate for the relative flow. In the consid- lem depending on liquid properties, orifice geometry and
ered parameter range the capillary forces are indeed domi-surface properties; parameters which are difficult to control.
nating the flow through the connection channel. Therefore Therefore it is best practice to fix a certain orifice geometry
the design rule to adapt channel resistance and orifice areat defined surface properties which prevents dripping reli-
according to the capillary pressure holds quite generally. As ably and then design the nozzle to hold a certain volume (i.e.
a rule of thumb it can be stated that the fluidic resistance of fix h,c anddnc). The connection channel finally can then be
the connection channel should be at least five times greateroptimised according to (9).

A CFD Simulation R varied
O CFD Simulation A, varied
Analytical approximation

0.20 1 u

0.15 1

0.10 4

0,/6,.[]

0.05

T T T T 1
0 2000 4000 6000 8000 10000

Fig. 9. Relative flow as given by formula (9) compared to CFD-
simulations.
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Fig. 10. CFD-simulation of a design with an insufficient resistance of the connection channel leading to a refilling of the nozzle chamber dusimg dispen
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Fig. 11. (a) Simulated rest volume of the optimised design at jet tear off. (b) Integral flow through the nozzle for the optimised design and a design
according toTable 1(doted line).

4.1.3. Jet quality and residual volume with orifice diameter of 10Q0.m which is usually sufficient
The optimisation of the jet quality is the most complex to prevent dripping of water or DMSO based solutions from
problem in designing a dispenser according to the DWP silicon orifices. The geometrical volume of the nozzle has
method since it can only be handled by a full CFD treat- been set to 72nL and the productRf«A, corresponds to
ment. The CFD calculations are complicated due to the two 4 Pa s/m. The devices has been simulated by CFD at a con-
phase flow including surface tension and the large density stant driving pressure of 20 kPa using water as dispensing
difference between the dispensed liquid and the driving gasliquid. The results of the simulation are displayedrig. 11
(typically air) of about a factor of 1000. An exact analysis The graphs reveal that the flow is slightly accelerated com-
therefore is out of scope of this paper. Nevertheless somepared to the reference case (Table 1) and that the rest
basic design rules can be given which reduce the sprayingvolume is reduced by approximately 5nL. Thus less liquid
after jet tear of and improve the jet quality. is transported by the spray. Furthermore the geometric limit
First of all the rest volume of liquid contained in the noz- (dashed line) is almost reached. Therefore less liquid re-
zZle at jet tear off has to be as small as possible. The fewer lig-mains in the nozzle chamber when the pressure is switched
uid is contained in the nozzle when the high speed gas flow off and the dispensed volume corresponds better to the geo-
sets in the less can be transported by the spray. To reduce thenetrical volume than for the reference design with a sudden
rest volume obviously a more streamlined nozzle geometry contraction in the nozzle.
is required. Second the pressure difference between nozzle
and ambient needs to be as small as possible at jet tear off to
achieve lower gas flow rates. And finally the pressure must 5. Summary
be switched off as soon as possible after jet tear off, to re-
duce the gas flow to a minimum. This requirement however  The dispensing dynamics of a DWP-type nanodispenser
is very hard to meet since the flow rate through the noz- was analysed in detail using CFD-simulations and analytical
zle is especially sensitive to viscosity. Thus different liquids considerations. A CFD model of the dispenser was devel-
take different times to accomplish the dispensing process.oped and validated by comparison with experimental data.
A time controlled pressure pulse with fixed duration might Based on the CFD model the working principle of the DWP
therefore influence the accuracy and media independent permethod has been proven and a parameter study has been
formance if the switching time is set too short. In this case performed. It turned out that the dosage volume is greatly
the nozzle might not be depleted completely. On the other independent of liquid properties and actuation parameters if
hand, if it is set too long the spraying is not sufficiently the system is properly designed.

reduced. Design rules have been deduced how to construct and op-
erate the dispenser to achieve better performance. In this con-
4.2. CFD-simulation of an improved design text the main optimisation potential is related to the residual

flow during dispensing and the spraying of liquid after jet

Based on the design rules given in the previous section antear off which degrades the jet quality. The reason for this
improved design of a DWP dispenser has been developedspraying is the rest volume contained in the nozzle cham-
The improved design consists of a tapered cylindrical nozzle ber which is driven out of the nozzle by the high speed air
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flow after jet tear off. An optimised design with reduced rest
volume and therefore better jet quality was proposed.
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