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ABSTRACT

The Aerosol Jet® direct-write technology enables microscale printing of functional inks on various
substrates with complex shapes, which is of great interest in many applications. It deposits the ink
material in a form of high-speed collimated mist stream of fine droplets with diameters typically rang-
ing from 1 to 5 microns, through a deposition nozzle connected via mist transport pathways to a liquid
atomizer. Because the liquid atomization process often produces droplets with a wide size distribution
having diameters much larger than 5 microns, removal of large ink droplets becomes the primary task
of mist transport pathway design in the Aerosol Jet® system development, especially for printing fine
features down to the 10 micron range. In the same time, the mist transport pathways must allow smaller
droplets to pass through for desired ink material throughput. Therefore, it is important to understand
the physical principles for mist transport pathway design based on multiphase mist flow analysis. With
simplified models of particles flowing with a carrier gas in straight tubes of various inclination angles,
convenient analytical formulas can be derived (even with particle inertia effect included to describe
trajectories of large droplets), for calculating the rate of removal of droplets of given sizes due to
gravitational sedimentation as a function of tube diameter and length. Rather intricate effect of particle
inertia on gravitational wall deposition is revealed by the analytical results. For mist pathways of more
complicated geometries, an OpenFOAM® lagrangian solver is used for the mist flow simulation, to
gain insights into the wall deposition behaviour of ink droplets during mist transport from the liquid
atomizer to the ink deposition nozzle. Applications of such mist flow analysis for mist transport channel
design are illustrated with practical examples.

Keywords: Aerosol Jet®, gravitational sedimentation, mist of microdroplets, mist transport, Open-
FOAM® lagrangian solver, particle-laden flow, wall deposition

1 INTRODUCTION

The Aerosol Jet® direct-write technology enables high-resolution (e.g. down to 10 microns)
conformal printing of functional inks on various substrates with complex shapes, which is
of particular interest in additive manufacturing 3D electronics, sensors, to name a few. In
the Aerosol Jet® system (as illustrated in Fig. 1), the functional ink material is aerosolized
in a liquid atomizer, transported through channels and deposited on substrate in a form of
collimated aerosol mist stream of microdroplets with high-speed jet flow [1]. To enable
accurate control of fine feature material deposition, ink droplets of diameters ranging from
1 to 5 microns are found to be mostly suitable for Aerosol Jet® printing (under the ambient
condition with nitrogen as the processing gas) [2]. This is because droplets of too small a
size cannot be deposited by inertial impaction, whereas larger droplets of too much inertia
would not follow the aerodynamic focusing flow in the converging channel of the deposi-
tion nozzle, and rather move across streamlines to deposit onto the channel wall resulting in
nozzle clogging. Moreover, droplets of diameters greater than 5 microns may not be useful
for printing 10 micron lines due to the spread factor of individual droplet impact on sub-
strate [3].

But the liquid atomizer for ink mist generation usually produces droplets of wide size dis-
tribution having diameters much larger than 5 microns. For example, a Collison atomizer,
even with effective large droplet removal mechanism implemented, still contains droplets as
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Figure 1: Schematic of Aerosol Jet® direct-write working principle.

large as 20, 30 and even 40 microns in its mist output [4]. Thus, mechanisms for removing
large ink droplets are required before the mist enters the deposition nozzle of the Aerosol
Jet® system. This becomes one of the primary functions of the mist transport pathways
between the liquid atomizer and deposition nozzle. Actually, not only must the mist transport
pathways be able to remove undesirable large droplets but they also must allow the droplets
less than 5 microns to pass through as much as possible, when considering the ink throughput
and equipment productivity. To accomplish such conflicting functionalities, it is important to
understand the basic physical principles for mist pathway design based on multiphase mist
flow analysis.

2 PARTICLE-LADEN LAMINAR FLOW IN A STRAIGHT TUBE
Among many possibilities, tubes of circular cross-section are the most commonly used chan-
nels for mist transport in the Aerosol Jet® system, as schematically illustrated in Fig. 1.
When flowing with a carrier gas through a tube, the mist droplets will always have a veloc-
ity component perpendicular to the gas flow streamlines, unless the gravity is absent or has
its direction perfectly coincident with the tube axis. This leads to gravity-driven droplet
deposition onto the tube wall, and the tube can serve as a ‘passive filter’ for effectively
removing large droplets. Mathematical solutions of gravitational deposition of ‘inertialess’
particles from laminar flow in channels were derived by several authors [5, 6]. Ignoring the
particle inertia effect (by setting the particle Stokes number to zero) certainly helps simplify
mathematical derivations; but the results may be inaccurate for large particles with substan-
tial mass, which are sometimes encountered in the Aerosol Jet® process. In what follows,
general mathematical formulas are derived including the particle inertia effect with nonzero
Stokes number, for examining the validity range of the theory for inertialess particles. Then
the mathematical formulas are used for predicting the pass-through rate for particles of
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various sizes for given tube diameter and length with flow rate relevant to Aerosol Jet®
printing. The analytical results can also be used for verifying numerical CFD models.

2.1 General mathematical formulas

The general mathematical formulas for particle trajectories including the particle inertia can be
derived by considering the motion of a rigid spherical particle (as a reasonable approximation
to the ink microdroplet) in a laminar gas flow within a straight tube. For a circular tube of radius
R with its axis aligned with the Cartesian z-axis which points in the direction of gas flow, and
the vector of gravitational acceleration is in the yz-plane such that g=g (ey sing + e, cosp) with
2=9.81 ms? e and e, denoting unit vectors in the direction of y-axis and z-axis, f the angle
measured from z-axis to y-axis. If the laminar gas flow in the tube is assumed well-developed,
it has only the z-component described by the Poiseuille parabolic profile with a mean velocity
of magnitude U. With velocity, length and time, respectively, measured in units of U, R and
R/U, the governing equations for the motion of a particle of diameter d and density p can be
written as

du, )
St—==U, sinp—u, , ey
dr :

du
St—==U_cosp—u_+2(1-x*—y?
dr s COSP T ( Y )

where u = dx(¢) /dt, u,= dy(z) /dr and u_ = dz(7) /dt denote x-, y- and z-components of particle
velocity,

_pucd’

St ,
18uR

2)

is the particle Stokes number (with C denoting the Cuningham slip correction factor and m
the viscosity of carrier gas) [7], and

2
.= M =St gzs—tz , where Fr denotes the Froude number 3)
18ulU U~ Fr

is the dimensionless gravitational settling velocity of the particle. Thus, there are two dimen-
sionless parameters appearing in (1), which is generally a set of nonlinear, nonhomogeneous
differential equations. The value of St describes the ratio of particle relaxation time (i.e. the
characteristic time for a particle to adjust in response to the change in surrounding gas flow)
and the characteristic time of gas flow R/U, while that of U_ the ratio of particle settling veloc-
ity and the characteristic velocity of gas flow U.

After some lengthy tedious derivations, the solution to eq. (1) for particle trajectory is
obtained as
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x(t) =x,+Stu, (1_6—1/&)
Y(6)=y,+1 U sing+St Au, (1-¢")

2(t) =z, +1 U, cosp+St Au, (1-¢ " )+
affisifi-e [ 1-(Sy e (stau o, ) -
~2St U, sing(St U, sinp—St Au,, +yo)]_ , @
~U sing(tU, sing /3-St U, sinp+St Au,, +y0)}+
+St{20,,0, sing[ 25¢ (17 ) =1 (r+25t)e ™ |-
_4[ux0 (St +x,)+ Ay, (St Auyy +, ) }[&(1 e ) e } _

— St? (“xoz +Auy()2) (1_2e—t/5t Lo 21t )}

where xo =x(0), y,=y(0) and z, = z(0) are the initial position of particle, and Auyo =y — U, sing,
Au, — U, cosp, with u , U, o and u_ denoting the particle 1n1t1al velocity components
Noteworthy here is that the nonhneanty due to the term of y*in (1) yields another dimen-

sionless parameter
2 2
r=sw, =&[LC | [St) (5)
18u Fr

which is the ratio of the particle relaxation time and characteristic time of gravitational sedi-
mentation squared. While St increases with U and U decreases with U, the value of I"is
independent of U but strongly dependent on the particle size d (to the 4 power).

It is often convenient to assume that u ;= Au o= Au -2 (1 - x,% - ¥,2) = 0 for the particle
to be initially at a mechanical equilibrium state in a fully developed laminar flow, to simplify
the analysis with reduced number of variables. Without loss of generality, setting z, =0 is also
desirable. Thus (4) becomes much cleaner as

x(t)=x,

y(t)=y,+t U, sing
Z (t) =t U, cosg +2{¢(1 _xol —yoz)—Z[t—St(l—e*”s’ )JX

szin(p(Fsin(p+y0)—t2Ul\, sin(p(tUS sin(p/3—l"sin(p+y0)}

(6)

For consistent analysis, it is also assumed that sing < 0, indicating that the y-component of
gravitational acceleration always points to the negative y-direction (e.g. 180° < ¢ < 360°, with
@ = 270° representing mist flow in a horizontal tube, ¢ < 270° uphill mist flow and ¢ > 270°
downhill mist flow). Thus, gravitational settling can only cause particles to deposit on the
lower half of the tube wall y = - (1 —x?)"/2,
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For a tube of length L, the value of pass-through rate or ‘penetration’ P (defined as the
fraction of particles with uniform concentration at inlet z = O that have not deposited on the
tube wall when arriving at z = L) is of great practical importance. If the particle inertia effect
is negligible, i.e. when St = 0, (4) become much simpler that an analytical formula for P can
be obtained for mist flow in a horizontal tube [5] as

le—%[(ze—l) e(1=c)+sin"z |, )
where € = (0.375 U, L)?3. Later, (7) was found to be also applicable for uphill flow in an
inclined tube of inertialess particles by replacing € = (0.375 U, L) with € = (0.375 U L
sinp)’3 /(1 +0.5 U, cosp) when cosgp < 0, but for downhill flow when cosg < 0 only approxi-
mate formula could be obtained [6].

With nonzero St in (4), it seems impossible to derive an analytical formula for P like (7)
due to the transcendental function forms. But the pass-through rate P can be computed
numerically without much difficulty by integrating over the inlet area above the curve that
initiates the so-called ‘limiting trajectories’ (defined by those particles starting at x, and y,
and arriving at y = - (1 — x%)2 at z = L), with the available analytical formulas (4) as well as
(6) implemented in a short program.

2.2 Particle inertial effect

The particle inertial effect on its moving trajectories can be easily examined with the derived
formulas (6). Shown in Fig. 2 is the contrast between trajectories of St = 0.44 (solid) and

horizontal tube (St = 0.44)

yo=1
St=0
y0=0

z

Figure 2: Particle trajectories in a horizontal tube (p =270°) of R = 1.5 mm with Q = 50 ccm
for St = 0.44 (solid) and St = 0 (dotted) with initial positions along the line
X,=7,=0aty,=1,0and-0.5, computed with (6).
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St =0 (dotted) corresponding to a particle of d =30 pm and p =2 g/cc in a flow of volumetric
flow rate Q = 50 ccm (U = 0.118 m/s, St = 0.44, U_= 0.465, I'=0.205) in a horizontal tube
of R = 1.5 mm, which are realistic parameters for Aerosol Jet® printing. Although majority
of ink droplets have d < 5 pum in Aerosol Jet® printing, droplets of d > 30 um have been
observed in the mist output from the Collison-type atomizers [4] and must be removed before
they arrive at the deposition nozzle. Those large droplets are expected to move with trajecto-
ries significantly different from those predicted for inertialess particles, as illustrated in Fig. 2.
When flowing at a rate of 50 ccm in a horizontal tube of R = 1.5 mm, those droplets of
d> 30 pm should be completely removed by gravitational sedimentation after traveling a length
of L ~5.4 (or 8.1 mm).

Because of I"in (6), the particle inertial effect at nonzero St is expected to strongly depend
on the particle size. If d is reduced to 15 um (with St = 0.11, U = 0.117, I" = 0.013), the
difference from the trajectories for St = 0 would become barely notlceable Thus, it seems to
be safe to treat particles as inertialess when /"< 0.01 as a criterion for rough estimate (for
horizontal tube).

2.3 Particle pass-through rate in a horizontal tube

In a typical setting (cf. Fig. 1), there is always certain length of horizontal channel for mist
transport from an atomizer to deposition nozzle in the Aerosol Jet® system. As suggested by
(7), the pass-through rate of particles of a given size is determined by the tube radius R and
(dimensional) length L* (= L R) along with U or the mist flow rate Q (= = R?> U). Listed in
Table 1 are computed numerical values of particle pass-through rate P in a horizontal tube of
R = 1.5 mm and (dimensional) length L* = 50 mm at various flow rate Q ford =1, 3, 5, 8 and
12 um with p =2 g/cc, with that calculated according to (7) for inertialess particles given in
parentheses for comparison.

Even for particles of d = 12 um at Q =400 ccm (U, = 0.0094 and I" = 0.0054), the com-
puted value of P is only less than one percent greater than that predicted with (7), which is
consistent with our suggested criterion of I" < 0.01 for negligible inertia effect. If d is
increased to 30 um (with Q = 400 ccm, St = 3.512, U, = 0.0581, I"= 0.204), the computed
value of P is 0.190 (for L* = 50 mm) whereas that predicted by (7) would be 0.134, indicating
a significant inertia effect when 7" >> 0.01. With 4 = 20 um (St = 1.565, U_= 0.0581,
I"=0.204), the computed P is 0.563 and that of (7) is 0.536. Thus, the inertia effect for par-
ticles of d < 20 um is not expected to be overly important (because /" gets close to 0.01). For
complete removal of droplets larger than 20 um at Q = 400 ccm, either increasing the tube

Table 1: Computed values of P in a horizontal tube of R = 1.5 mm and (dimensional) length
L* =50 mm at various Q for particles of d=1, 3, 5, 8 and 12 um with p =2 g/cc.

QO (ccm) d=1 3 5 8 12 (um)

25 0.975 0.809 0.527 0.061 (0.060) 0

50 0.987 0.902 0.746 0.425 (0.424) 0.015

100 0.994 0.950 0.868 0.686 (0.685) 0.373 (0.369)
200 0.997 0.975 0.932 0.835 (0.834) 0.655 (0.651)
400 0.998 0.987 0.966 0.916 (0.915) 0.820 (0.816)
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length to L* = 150 mm (with R = 1.5 mm) or increasing R to 4.5 mm (with L* = 50 mm) can
be effective.

A tube of L* = 50 mm is not very long, but almost half of the 5 um droplets will be lost by
deposition on the wall (while no droplets of d > 8 um can pass through) at low flow rate of O
=25 ccm. If longer tube must be used, e.g. due to hardware configuration limitations with a
particular application, a tube of smaller R should be used for the low flow rate fine-feature
printing. As suggested by (7), the value of the dimensionless variable ¢ is mostly determined
by d*> C R L*/ Q, which is especially accurate for the case of horizontal tube when particle
inertia is negligible. Thus, the value of P is expected to remain the same as long as the value
of &> C R L*/ Q is fixed. This fact is illustrated by Table 2 where the values of P for a given
particle size remains the same as that in Table 1 when R and Q are both reduced by a factor
of 0.5 (with L* fixed at 50 mm). A slight change of P for d = 12 um can be attributed to the
inertia effect. For the same R and L* in Table 2, particles of d = 8 um has P ~ 0.01 at
Q=11 ccm, while those of d =5 um will have P become ~0.01 when Q is reduced to 4.3 ccm
(~ 11 * (5/8)% ccm). Such a trend of the ‘cut-off’ droplet size decreasing with reducing Q has
been taken advantage of in the Aerosol Jet® printing practice to enable finer feature print
with smaller droplets by reducing the mist flow rate Q using the same mist-transport hard-
ware setting.

2.4 Particles moving uphill in a near-vertical tube

For convenience of containing liquid ink in the atomizer, the generated mist is usually
extracted in an uphill flow channel (as illustrated in Fig. 1). When using an ultrasonic atom-
izer in the Aerosol Jet® system, the mist first enters a near-vertical pick-up tube in the
atomizer chamber, moving upward for a length about 60 mm before bending to a horizontal
channel. The pick-up tube is usually set at about 10° off vertical (for good reasons), with a
radius R =3 mm.

As shown in Fig. 3 with a flow rate of 50 ccm (U = 0.029 m/s), it is difficult for a particle
of d = 30 um to move with the upward gas flow due to the fact that U_ cosp = -1.831 while
the peak gas velocity is 2; only those particles located around the tube center can be pushed
upward by the gas flow. But the particles also move laterally at the same time, due to the
nonzero U_ sing; as soon as getting outside the central region of the tube, they will move
downward against the gas flow. In fact, particles of d = 25 pm (U, cosp = -1.273) can only
penetrate a short length (~1.5 mm), whereas those of d = 20 um (U, cosp = -0.816) can pen-
etrate about 21 mm. Particles moving uphill in a near-vertical tube generally exhibit rather
complicated trajectories, with downward motion near the tube wall and upward motion when
in the tube centre.

Table 2: As table 1 but for R = 0.75 mm and (dimensional) length L* = 50 mm.

QO (ccm) d=1 3 5 8 12 (um)

5 0.939 0.560 0.066 0 0

10 0.969 0.765 0.439 0 0

25 0.987 0.902 0.746 0.425 (0.424) 0.016 (0.015)

50 0.994 0.950 0.868 0.686 (0.685) 0.377 (0.369)
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Figure 3: Particle trajectories in a near-vertical tube (p = 190°) of R = 3 mm with Q =50 ccm
for d =30 um (St = 0.055), 25 um (St = 0.038) and 20 um (St = 0.024) with initial
positions along the line x, = z, =0 at y, = 1, computed with (6).

The computed values of P for R =3 mm and L* = 60 mm are given in Table 3 with various
flow rate Q. Larger particles are more difficult to carry by the gas flow and have lower pass-
through rate P. With reducing Q, for printing finer features with the Aerosol Jet® process, the
pick-up tube naturally removes undesirable droplets of sizes larger than the print feature size,
serving as a passive filter according to the mist flow rate Q similar to the situation of mist flow
in horizontal tube.

The comparison with the inertialess result (in parentheses) in Table 3 appears quite inter-
esting, with (7) overestimate P at lower Q while underestimate P at higher Q. This is because
each of the three parameters St, U_and ["varies with @ or U differently, with St proportional
to U, whereas U_ inversely proportional to U and /" independent of U.

Table 3: As table 1 but for R =3 mm and L* = 60 mm for uphill flow (¢ = 190°).

O(cem)  d=1 3 5 8 12 (um)
5 0.9479 0.572 0 0 0
10 0.9738 0.787 0.416 0 0
25 0.9895 0.915 0.768 0.404 (0.409) 0
50 0.9947 0.957 0.885 0.706 (0.707) 0.335 (0.340)
100 0.9974 0.979 0.942 0.854 (0.854) 0.671 (0.672)
200 0.9986 0.989 0.971 0.927 (0.927) 0.837 (0.837)

400 0.9993 0.995 0.985 0.964 (0.963) 0.919 (0.918)
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2.5 Particles moving downhill in a near-vertical tube

Before entering the deposition nozzle, the mist typically flows downward in a near-vertical
mist feeding tube (cf. Fig. 1). Although it is theoretically desirable to have the mist feeding
tube connecting the deposition nozzle oriented vertically for symmetric mist distribution,
slight imperfection always exists in reality. The formulas (4) can be used for evaluating the
rate of wall deposition of particles moving down in a near vertical tube, which can be useful
for setting the mist transport tube design tolerance.

Table 4 shows that some particles will always deposit on the tube wall even with fairly
high pass-through rate P in a near-vertical tube with downhill flow. At a given flow rate Q,
larger particles are more likely to deposit on the tube wall. To reduce the amount of ink drop-
let deposition onto the near-vertical mist feeding tube wall in a downhill flow before entering
the deposition nozzle, it is important to consider keeping the tube as vertical as possible and
removing large droplets through the uphill flow in atomizer pick-up tube and the flow in
horizontal portion of the mist transport channel prior to entering the mist feeding tube in the
Aerosol Jet® system.

When considering the particle ‘precipitation efficiency’ E = 1 — P, the rate of particle wall
loss E is also significantly affected by the off-vertical tilt angle (described by the value of f).
For example, the value of E for a 45° tilt tube (¢ = 315°) would become about 5 times that
with ¢ = 350°. On the other hand, the value of E can be reduced by a factor of 0.4 for ¢ = 355°
from that with ¢ = 350°. Thus, keeping ¢ as close as possible to 360° (perfectly vertical) can
be quite effective for minimizing the amount of particle wall deposition with the downbhill
flow in the mist feeding tube.

3 MIST FLOW IN A TURNING CHAMBER OF COMPLEX SHAPE

In reality, the mist transport pathways in Aerosol Jet® system often consist of portions
with complex shapes wherein the particles undergo curvilinear motions, for which the
straight tube model becomes inapplicable. For analysing mist flow in passages of complex
shapes, the OpenFOAM® CFD Toolbox (cf. www.openfoam.com/documentation/) is used
to construct numerical models. Within the framework of OpenFOAM®, a lagrangian solver
is implemented by adding a basicKinematicCloud class to the transient incompressible
flow solver pimpleFoam (using a merged PISO-SIMPLE algorithm for solving the tran-
sient Navier-Stokes equations), which allows simulation of various particle-flow
interactions.

Table 4: As table 1 but for R = I mm and L* = 50 mm for downhill flow (¢ = 350° without
data in parentheses because no exact formula for St = 0 is available)

QO (ccm) d=1 3 5 8 12 (um)
5 0.9882 0.908 0.762 0.464 0.058
10 0.9941 0.953 0.876 0.706 0.414
25 0.9976 0.981 0.949 0.875 0.735
50 0.9988 0.990 0.974 0.936 0.861
100 0.9994 0.995 0.987 0.967 0.929
200 0.9997 0.998 0.993 0.984 0.964

400 0.9999 0.999 0.997 0.992 0.982
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To verify correctness of the lagrangian solver implementation, mist flow in a circular hori-
zontal tube of R = 1.5 mm and (dimensional) length L* = 50 mm is computed at Q = 100 ccm,
to compare with the corresponding analytical results in Table 1. For particles of d =1, 3, 5
and 8 um with p =2 g/cc, the OpenFOAM® computations yield P =0.989, 0.918, 0.818 and
0.621, respectively (which are comparable to 0.994, 0.950, 0.868 and 0.686 in Table 1). The
slight reduction of computed P seems to be a result of using the patch injection model for
particle introduction to a plug (uniform) flow at the tube inlet in the OpenFOAM® simula-
tion, whereas the analytical formulas are derived by assuming the fully-developed parabolic
flow throughout the entire tube.

As an example, the mist flow turning chamber in which the horizontal channel flow turns
into downward vertical channel flow may take a configuration, as shown in Fig. 4, where the
ink material deposited due to large droplet removal in the horizontal channel and chamber
wall is prevented to flow downstream to the deposition nozzle, by having the vertical mist
feeding tube inlet protruding above the chamber floor. The immediate engineering design
question is by how far the protrusion may go before losing too much desirable small mist
droplets (e.g. those with d in the range of 1 to 5 wm) due to inertial impaction when particles
undergo curvilinear motion [7].

The mist flow turning chamber shown in Fig. 4 consists of a vertical downstream tube of
inner radius 1.5 mm concentrically positioned in a cylindrical chamber of radius 3.5 mm and
height 9.0 mm, with a (de-featured) straight rectangular horizontal channel having a height of
3.0 mm and a width of 5.0 mm attached to the chamber side wall. The vertical tube has its
inlet protruding out 2.0 mm above the floor of the chamber and lower surface of the rectan-
gular horizontal channel. With a mist flow rate of Q = 120 ccm for particles of density p =2
g/cc and d ranging from 1.0 to 5.5 um injected with a Rosin-Rammler distribution from the

outlet

Figure 4: Mist flow of Q = 120 ccm simulated with OpenFOAM® for a mist flow turning
chamber wherein the mist particles move (left to right) from a horizontal channel to
a vertical (downward flow) mist feeding tube, with particles and carrier gas
streamlines displayed in a snapshot with ParaView (a multi-platform data analysis
package). The 3D mesh is generated with the blockMesh utility included in the
OpenFOAM® package.
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Table 5: Computed values of P at various mist flow rate Q for the mist flow turning chamber
shown in Fig. 4 with the vertical tube protrusion of 4 = 1, 2, 3 and 4 mm above the
chamber floor.

Vertical tube protrusion &

QO (ccm) 1 (mm) 2 (mm) 3 (mm) 4 (mm)
30 0.891 0.862 0.852 0.814
60 0.946 0.930 0.922 0.917
120 0.962 0.958 0.955 0.943
240 0.977 0.970 0.969 0.952
360 0.978 0.973 0.970 0.949
480 0.977 0.968 0.965 0.937

inlet patch (of the rectangular horizontal channel), this configuration of a mist flow turning
chamber allows a particle mass pass-through rate P of 95.8% (which is quite acceptable)
despite some irregularities of the flow field in the chamber.

For convenience of comparison, Table 5 shows the computed values of pass-through rate P
at various mist flow rate Q for the mist flow turning chamber configuration in Fig. 4 with the
vertical tube protrusion of & = 1, 2, 3 and 4 mm above the chamber floor. In a wide range of
Q (from 30 to 480 ccm), the value of P seems to be rather insensitive to the vertical tube
protrusion &, though with a gradual declining trend. The least variation of P appears between
h =2 and 3 mm. The general trend of gradually reduced P with decreasing Q correlates to the
increased time for gravitational sedimentation of particles prior to entering the vertical mist
feeding tube. There is no noticeable inertial impaction loss of particles even at Q = 360 ccm,
but at Q =480 ccm the sign of decreasing P due to impaction loss emerges. Noticeable inertial
impaction of particles on the chamber wall seems only to appear at Q > 480 ccm (St > 0.12 for
d=5 um).

If every dimension of the computational domain in Fig. 4 is reduced by a factor of 0.5,
which is quite straightforward with a parameterized blockMeshDict file, we obtain P = 0.969,
0.960, 0.954 and 0.951 for £=0.5, 1.0, 1.5 and 2.0 mm at Q = 30 ccm (comparable to the case
of O =120 ccm in Table 5 for similar flow velocity), respectively. At Q = 60ccm, we have
P=0.975 and 0.970 for h=1.0 and 1.5 mm. Even at Q = 6 ccm, the value of P for 4= 1.0 mm
is still 0.818 and P =0.811 for 4 = 1.5 mm. Inertial impaction of particles on the chamber wall
and ceiling could become quite noticeable at Q =240 ccm (St ~ 0.12 for d = 5 um, especially
for 4> 1.0 mm). Thus, we can come up with a feasible design of mist flow turning chamber with
a similar geometry but two different sizes: one for mist flow rate Q > 60 ccm (with 2 =2 mm as
in Fig. 4), and the other for Q < 120 ccm (with 4 = 1.0 mm and every dimension reduced by half),
to adequately cover the mist flow rate range of 5 < Q <500 ccm for typical Aerosol Jet® printing
of features from ~10 pm to ~1000 wm (1 mm).

This computational case for the mist flow analysis exemplifies a practical approach for
Aerosol Jet® printing system design and optimization, without being bogged down too much
by lots of details.

4 SUMMARY
To facilitate effective design and optimization of mist transport pathways for the Aerosol
Jet® direct-write system, a set of multiphase flow models has been established by using both
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analytical formulas, whenever which can be derived, and numerical computations with solv-
ers implemented in the framework of OpenFOAM® CFD Toolbox. The analytical formulas
shown in this work for particle trajectory when moving in straight circular tubes allow exam-
ination of the nonzero St effects relevant to large particles, extending previous results based
on inertialess particle assumption. The results show that the effects of particle inertia can
manifest rather complicated trends, due to the interplay of three different dimensionless
parameters: St, U_and I'. The straight tube analytical model is useful for estimating the mist
transport channel length and cross-section area in the Aerosol Jet® system design. For por-
tions with more complex geometries (e.g. the mist flow turning chamber shown in Fig. 4), analytical
formulas are difficult to derive and numerical computational models are resorted to. The CFD
simulations of mist flow can offer insights into detailed mist particle behaviour and flow
structure that are often difficult to visualize with available laboratory instruments. The
numerical results, in combination with analysis based on physical principles, can be used for
exploring various design concepts and for design optimization, as part of our virtual engineering
practice.
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