Pergamon J. Aerosol Sci. Vol. 28, No. 1, pp. 23-34, 1997
Copyright @ 1996 Elsevier Science Ltd
Printed in Great Britain. All rights reserved

PIL: S0021-8502(96)00053-5 0021-8502/96 $17.00 + 0.00

MOTION OF DIFFUSIONLESS PARTICLES IN VERTICAL
STAGNATION FLOWS--1. GENERAL MODEL AND
DEPOSITION EFFICIENCY OF SPHERES

D. Broday, M. Fichman, M. Shapiro* and C. Gutfinger
Faculty of Mechanical Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel

(Received 12 June 1995; accepted 6 March 1996)

Abstract—Stagnation flows have been used in many studies as fair approximations of the flow field
toward a flat collector, suitable for calculation of particle deposition rates. In particular, several
analytical solutions for stagnation flows are widely used to model the flow over workbenches in
clean rooms, and for calculating particle deposition on semiconductor wafers. It is shown that these
solutions inadequately describe the flow velocity field either far from the collector surface or in its
vicinity. Trajectories of diffusionless particles, calculated on the basis of these solutions, yield particle
deposition efficiency as a quantity dependent on the particle initial distance (height) from the surface.

In this study a physically realistic analytical model for the stagnation flow field over a finite flat
obstacle is proposed. The flow field is approximated by a superposition of several basic solutions of
potential and viscous stagnation flows. It provides an adequate description of the air velocity both
far from and in the proximity of the surface. This flow field compares favorably with experimental
data for air velocities collected in clean rooms over workbenches.

The proposed flow field is incorporated in a general model of motion of nonspherical particles in
vertical stagnation flows over a flat finite obstacle. This model is used to simulate trajectories of
diffusionless aerosol particles, to revise theoretical results on deposition efficiencies of spherical
particles obtained in previous studies, and to establish their range of validity. Trajectories of
spherical particles are found to possess forms, enabling definition and calculation of height-indepen-
dent deposition efficiency. Calculated deposition efficiencies are compared with experimental
data on particle deposition, collected in clean rooms and during sampling. Comparable calculations
for elongated particles are presented in a companion paper (Part II). Copyright & 1996 Elsevier
Science Ltd

1. INTRODUCTION

Particle transport and deposition in stagnation flows is an important problem considered in
many applications including (i) deposition on wafers in clean rooms (Yuu and Jotaki, 197§;
Fichman et al., 1990; Peterson et al., 1988; Turner et al., 1989; Ramarao and Tien, 1989; Peters
and Cooper, 1991), (ii) filtration in granular, fibrous and nucleopore filters (Tardos et al.,
1978), (iii) particle sampling, (iv) impactors (Ranz and Wong, 1952; Lesnic et al., 1994), etc.

A usual way to model stagnation flows is to use known solutions of the hydrodynamic
equations. These solutions (Schlichting, 1987) include the potential stagnation flow field
over an infinite plate

u=ax, v=—ay, (1)

with o being the shear rate coefficient, a comparable potential flow for a plate of finite width
(Milne-Thompson, 1968) and a viscous stagnation flow over an infinite plate (Schlichting,
1987). Potential stagnation flows do not describe adequately the flow proximate to the
surface since the velocity does not obey the no-slip condition. Moreover, in the far upstream
region, the velocity field obtained for the cases of an infinite plate (viscous or potential) is
nonuniform, which contradicts the experimental observations of Jinno (1986), Pui et al.
(1990a) and Kanazawa et al. (1991). The above shortcomings have serious implications on
the particle transport and deposition, calculated on the basis of these flow fields. Definition
of the particle deposition efficiency is based upon an aerosol reference flux calculated at
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a far upstream location (height), say, y,. The nonuniformity of the velocity field, pertinent to
stagnation flows over an infinite flat plate, implies that either particle upstream (undistur-
bed) concentration or particle flux is nonuniform. As such, the calculated deposition
efficiency is height-dependent. Particle deposition rates calculated in most previous studies
(save the work of Liu and Ahn, 1987) depend on their pre-tracking location y, (Ramarao
and Tien, 1989), or on a priori knowledge of the far upstream concentration field (Yuu and
Jotaki, 1978; Peters and Cooper, 1991). The above difficulty impacts the mere definition of
the deposition efficiency as a parameter characterizing the deposition rate.

Furthermore, the shear rate, a, appearing in potential and viscous stagnation flow-field
approximations derived for infinite plates [see equation (1)] remains as a free parameter,
which cannot be determined from the flow equations (Schlichting, 1987). On the other hand,
this shear rate affects particle trajectories and their deposition efficiencies (Ramarao and
Tien, 1989). This makes it difficult to interpret the calculated results. Attempts to choose this
shear rate parameter in several partical situations are so far devoid of physical rationale
(Peters et al., 1989; Strattman et al., 1988).

One of the objectives of this series of papers (see also the companion paper Broday et al.
(1996) below referred to as Part IT) is to resolve the above difficulty. Specifically, we define
and calculate deposition efficiencies of diffusionless particles as height-independent quantit-
ies. Towards this goal we propose an approximation for the stagnation flow field over a flat
obstacle of a finite size (i.e. a collector), which adequately describes the velocity field both in
the vicinity of its surface and in the far upstream region. This flow field does not contain
undetermined coeflicients and enables a systematic investigation of the effects of the flow
parameters and geometry, as embodied in the characteristic Reynolds number.

The proposed flow field is used to calculate the trajectories and deposition efficiencies of
diffusionless spherical and elongated micron-size particles on a flat plate. Specifically, in this
contribution we formulate a general model of motion and deposition of axisymmetric
elongated particles in viscous flows under the influence of gravity. Deposition efficiencies
are calculated for spherical particles for a wide range of sedimentation velocities. This range
covers various applications including contaminant deposition in clean rooms and atmo-
spheric sampling. The results are compared with the data calculated in previous works for
viscous and potential-type stagnation flows, in order to quantify the error stemming from
the use of these flow fields for calculation of the deposition rate.

In Part I1 trajectories and deposition efficiencies of elongated particles are calculated. The
results are discussed in relation to various applications, including particle deposition in
clean rooms.

2. AIR FLOW VELOCITY FIELD

Consider a two-dimensional undisturbed (uniform) flow with speed U, over a flat
workbench of width 2L (Fig. 1). The velocity field is approximated by a superposition of
three two-dimensional basic flows:

u(x, y) =u, — u, + ug, (2)

where u, is a viscous stagnation-point flow (Schlichting, 1987), u,, is a potential stagnation-
point flow, and u; stands for a potential flow perpendicular to a plate of finite width 2L
(Milne-Thomson, 1968). All the quantities appearing above are made dimensionless using
the length L and the speed U as the characteristic length and velocity, namely X = Lx,
¥y = Ly, ¥ = Uy, §i; = Uu,, wherein all dimensional quantities are marked by a tilde “~”. In
the coordinate system shown in Fig. 1, the velocity terms in equation (2) are expressed by

u, = xf'é, — Re~12fé,, (3a)
u, = x&, — y&,, (3b)

y T\ . . b T\ .
u = Vi(x, y)[cos(yl — -2—2 + E) €, — sin (}'1 — ?2 + E)ez:l, (3¢c)
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Fig. 1. Schematic of streamlines and particle trajectories in a stagnation flow over a flat surface.
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Re = UL/v is the flow Reynolds number, and f = f{( yv/ig) is a solution of the pertinent
Falkner-Skan type problem (Schlichting, 1987). The velocity components in equation (2)
are matched in the sense that

u,—u, asy-— oo, (4a)
u - u, asx,y—0 (4b)

Variations of the velocity with the height y, as well as the velocity due to each term on the
right-hand side of equation (2), are shown, for x = 0, in Fig. 2. The flow field (2)-(4) has the
following specific features: (i) The viscous part of the flow, u,, is an exact solution of the
Navier-Stokes equations, and, as such, is valid for all values of Reynolds number,
Re = UL/v. (ii) For high Reynolds number flows (Re > 1) the flow has a clear boundary
layer character. The dimensionless thickness of the hydrodynamic boundary layer scales as
0/L = 2.4/Re'/?_(iii) In the vicinity of the workbench mid-plane, i.c. in a region extending
not too far from the stagnation line, equation (2) reproduces the exact solution u, by virtue
of the corresponding matching condition (4b). In fact, the x dependence of the mismatch
u; —u; at y = 0 serves as a criterion for the domain of validity of equation (2). Since we are
not interested in the region close to the edges (x = +1), the resulting approximation (2)
appears adequate near the wall. (iv) Due to condition (4a), the velocity field (2) reproduces
asymptotically u, far from the wall—a region where the flow is asymptotically uniform and
its streamlines are asymptotically vertical (see Fig. 2). (v) Calculations show that the flow
field (2)4(4) has a similarity property; namely, the streamlines possess the functional form

= = £(y, yo. Re), (5)

X 0
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Fig. 2. Comparison between the vertical velocity components at x = 0 for different stagnation flow

fields, Re == 6700. Solid line—the proposed flow field (2)+4), dashed line—potential stagnation flow,

B—viscous stagnation flow, @—potential flow over a plate of finite width, A—the experimental
data of Hayakawa et al. (1986), O-—the experimental data of Fujii et al. (1988).

which, for a given Reynolds number, defines a universal streamline passing through the
point (xg, yo).

Matching of the flow-field components in equation (2) enables determination of the
characteristic shear rate parameter x [cf. equation (1)]. Indeed, expression (3b) yields
2 = U/L, which accords with a conjecture of Strattman et al. (1988) on this matter. On the
other hand, the choice (for clean room conditions) of Ramarao and Tien (1989) of x = U/H,
where H 1s the vertical distance between the workbench and the air flow distribution plate,
is clearly incorrect.

Experimental investigations of the flow field in clean rooms had been focused mainly on
streamline visualizations. Velocity measurements in clean rooms are rare and data are
presented in a form which does not enable quantitative comparison with calculations.
Figure 2 shows a comparison of the vertical velocity component calculated from equations
(2)+4) at the centerline of the workbench, with laboratory measurements performed over
a suspended wafer inside a flow chamber (Hayakawa et al., 1986; Fujii et al., 1988). The flow
arrangement in these experiments is three-dimensional axisymmetric and, hence, does not
correspond to the present two-dimensional approximate solution (2). Nevertheless, the
comparison in Fig. 2 shows that the flow field (2)—(4) represents well the measured velocity
at the center of the workbench in the far region. Far from the surface, the propsosed flow
field is as close to the experimental data of Hayakawa et al. (1986) as the potential flow over
a strip of finite width. It is clearly seen that both the potential and the viscous stagnation
flows do not represent well the above measurements. The disagreement between the
theoretical and experimental results, in the vicinity of the collector surface, may be
attributed to (i) the three-dimensional flow geometry effects which are known to reduce the
velocity over that in a two-dimensional configuration, (ii) experimentally uncontrolled
thermally-induced secondary effects resulting from upward convective motion, and (iii)
experimental errors in the measurements method as discussed by Hayakawa et al.

We will show below that in close vicinity of the collector surface, particle motion is
dominated by gravity rather than by the local flow. Thus, particle trajectories are vertical in
that region. Therefore, accurate description of the flow field very close to the deposition
surface is practically unnecessary.

3. PARTICLE EQUATIONS OF MOTION

For dilute aerosols, particle trajectories may be calculated by neglecting (i) inter-
particle hydrodynamic interactions, (ii) the Basset and added mass forces, (iii) particle-wall
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hydrodynamic interactions, and (iv) short-range dispersion forces. The last two assumptions
are normally used when studying the deposition of spherical particles. They are known as
Smoluchowski-Levich approximations used for formulating boundary conditions for par-
ticle concentration on a wall. The validity of these assumptions for nonspherical particles is
discussed in Part I

Particle motion and deposition may be modelled by calculating their trajectories in the
flowing air. For this purpose, one requires expressions for the forces and torques acting on
the particles. In contrast with spheres, for nonspherical particles both translational and
angular motions should be considered. Moreover, viscous hydrodynamic interactions, as
well as several deposition mechanisms, e.g. those caused by interception and external forces,
depend on particle shape and orientation.

Here, we formulate equations of motion for homogeneous particles, which may generally
be prolate or oblate spheroids of revolution, moving in a shear flow. Let such a prolate
spheroidal particle with semi-axes a; =a3 =4, a, =!>a and mass m be placed in
a laminar vertical stagnation flow over a workbench of size 2L (Fig. 1). The particle motion
is modelled by the Lagrangian equations (Goldstein, 1980), with all dimensional quantities

.

marked by a tilde “~7,

d ~

—=F g 6
mdt h+mg7 ()
~de® . ~
I~ {a) =T, ™

where ¥ 1s the translational velocity of the particle center of mass, expressed in an inertial
coordinate frame, F, and T, are viscous hydrodynamic force and torque acting on the
particle, g is the gravitational acceleration, and @ is the particle angular velocity. The torque
T, and the inertia matrix T appearing in equation (7) are both computed with respect to the
particle center of mass, which in the present case is also the centre of hydrodynamic reaction
(Happel and Brenner, 1983).

The equation of translational motion (6) is written in an inertial (laboratory) coordinate
frame X (ey, €5, €3) in which the particle translational velocity ¥ is measured. The rotational
equation of motion (7) is written in a particle-fixed (noninertial) coordinate system
X'(e}, e, e3) in which the inertial matrix T is constant. The coordinate systems X and X’ are
related by the Euler angles (¢, 0, ) via the equation

X' = AX, (8)

where A is the directional cosine matrix. The particle angular velocity is related to its
orientation by means of the equation

® = (¢, 0, ). 9)

The viscous hydrodynamic interactions of a particle in a dilute suspension are usually
calculated using Stokes flow equations and assuming a quasi-static particle motion. These
assumptions are valid for small particle Reynolds numbers, Re, = a|@ — ¥|/v, where |ii — V|
is the particle speed with respect to air of kinematic viscosity v, flowing with a local velocity
il. Brenner (1964) showed that the hydrodynamic force F, and torque T, acting on an
arbitrary particle in a general Stokes flow @, can be calculated by series expansion in terms
of increasing orders of the derivatives of . We use this series expansion (referred to below as
the “generalized Faxen law”) up to terms of the order of (a/L)*:

Fo = uA 'KA[(@@ — ) + £ D], (10)
Ty = u[Q(R x 1) — Q&3] (11)

In the above equation p is the dynamic air viscosity, and K, Q, and Q are particle
hydrodynamic translational and two rotational resistance tensors, respectively. Expressions
for these tensors are listed in Appendix A.
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The operators D? and ‘R, appearing in equation (10) and (11), are generalized Laplacian
and rotor operators written in the particle-fixed coordinate system. For ellipsoidal particles
these operators are (Brenner, 1964)

~, , 07 0
D?=dal—s5, R=a—e¢, (12a,b)
0X{ OX;
where a;, 1 = 1,2, 3 are principal particle radii. Application of these operators to the velocity
field in equations (2)—(4) yields
- 0 ¢ .
D% = By 15 s = Efludh fi < a:k> (13a)
~ 0 ou
Rxa= (E”Fj‘, e;) X ﬁkek E A Ankgjnl 6‘;[’( ef, (13b)
1X;

where E;; = a;a;0;;, 0;; is the Kronecker delta, #; is the ith component of @, &;j is the
permutation tensor, and e;, €; (i = 1,2, 3) are unit vectors of the coordinate systems X and
X', respectively. Expressions (13a,b) are written in inertial and particle-fixed coordinate
systems, respectively, in accordance with the corresponding resistance terms in equation
(10) and (11} required in equation (6) and (7).

In the particular case of a spherical particle, one needs only the translational equation of
motion (6) to calculate the particle trajectories. This equation may be rewritten in a dimen-
sionless form, with time normalized by L/U, spatial location x of the particle center of mass
(x = xe; + ye,) normalized by L and velocities normalized by U, to obtain

2

d*x o’ R
Stﬁ ={u—v)+ szu — Ngé,. (14)

In the above, ¢ = a/L is the ratio of particle to flow characteristic lengths, Ng = mg/6nuaU
is gravitational parameter, and St = mU/6nualL is the Stokes number.

4. DEPOSITION EFFICIENCY OF SPHERICAL PARTICLES

In the absence of particle rebound, the deposition efficiency on a region between the
coordinates x,; and x, (e.g. a wafer) is defined as

JarJy(x )y =g dx
(xwz xwl)]yao

(15)

n=

where j, is the vertical component of the particle deposition flux towards the region, and
Jyve 18 the vertical particle flux in the undisturbed region (y = y,), taken to be independent
of x.

For diffusionless spherical particles, the integral in equation (15) may be replaced by
a comparable integral at a far upstream location in terms of particle limiting trajectories.
The latter begin at points (xq;, vo), terminate at points (x,;, ), i = 1, 2, and clearly do not
intersect. Therefore, all particles passing the plane y = y, in the interval xy; < x < X,
deposit on the collector. In view of the above, one gets the following simple expression for
the deposition efficiency:

Xo2 — Xo1 (16)
Xw2 — Xwi

An alternative expression for the deposition efficiency can be obtained in terms of the
deposition velocity, defined as

jy|v=¢7
N s ( )
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where N is the concentration in the undisturbed flow. In cases where j, in equation (15) is
independent of x, as in viscous or potential stagnation flows (Yuu and Jotaki, 1978;
Ramarao and Tien, 1989), the deposition efficiency # becomes

g va
= = : 18
1 Uyly=y, U + mg/6bmpua (13)

The right-hand side of equation (18) may be simplified for small particles by neglecting in
the denominator the settling (sedimentation) velocity which is much smaller than the
undisturbed air velocity (Liu and Ahn, 1987). In this case n = v4/U = Ng, and the depo-
sition is due to gravity only. The range of validity of this approximation is discussed in the
next section.

It has been shown both for the potential stagnation flow (Yuu and Jotaki, 1978) and for
the viscous stagnation flow (Ramarao and Tien, 1989) that trajectories of spherical particles
are characterized by similarity property in the sense that they may be described by the
equation

Y% Xo. o) _ 5<i> - &0, "

Yo Xo

where £({) is a normalized universal trajectory. Using equation (19) one can rewrite the
deposition efficiency (16} in the form

n==2, (20)
xW

which is independent of the collector size. This means that for given particle physical
parameters and an initial height y,, only one particle trajectory in the potential or viscous
stagnation flow fields should be calculated for determination of the deposition efficiency.
However, particle deposition efficiencies determined for these flows with the help of
equation (19) are yo-dependent. Therefore equation (19) cannot be used for stagnation flows,
which are uniform far from the surface. As such, no universal trajectory of the form (19)
exists for particles moving in the flow field (2)—(4).

Since equation (14) with the velocity field (2)—-(4) cannot be solved analytically, numerical
simulations of particle motion are done in order to find the pairs x,; for given x,; (i = 1,2).
The objectives of the simulations, except from calculating deposition efficiencies for spheri-
cal particles, are: (i) Verify whether a universal trajectory exists for the vertical stagnation
flow (2)—(4). (1) Investigate the circumstances, in which one can calculate the deposition
efficiency # via equation (16) as a height-independent quantity. (i) Revise the previous
results obtained for the deposition efficiency and establish their range of validity. The results
of the simulations are described in the following section.

5. RESULTS AND DISCUSSION

The translational equation of spherical particle motion (14) was integrated numerically
with the following initial condition

t=0  x=xq, y=yo, X=0, y=0,],-,. (21

Simulations were terminated when the sphere touched the deposition surface, namely where
y = 0. The comparable criterion for termination of the simulation for nonspherical particles
is more complicated and is discussed in Part II. The computations were performed on
a Silicon Graphics workstation using the ACSL ver. 10 ODE solver. Three different
algorithms for numerical integration were checked, namely Gear’s stiff variable step
and variable order, Adam-Multon’s variable step and variable order, and Runga-Kutta—-
Frehdberg’s variable step and fifth order. All the algorithms yielded close results which
coincided to within four significant digits.
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Particle universal trajectory. Simulations of particle trajectories were performed for
various particle initial locations (xg, yo). Particle trajectories calculated for different x,
{xo < 0.05) were compared, and a universal trajectory was found in the form

P x )
Q = ; :f( y7 yO; Sts Ng: RC) (22)

0

This functional form of the universal trajectory is characteristic of the flow field (2)-(4),
which has straight vertical trajectories far above the surface. It does not hold for the
classical stagnation flows near infinite plates.

For given nondimensional parameters St, Ng, Re, all trajectories described by equation
(22) coincide in the {-y plane (except, maybe, a vertical trajectory segment in the undistur-
bed far region). Trajectories which start from different y, coincide (in the disturbed flow
region) with a relative accuracy of no less than 10~ *. As such, the dependence of { upon y, in
equation (22) is unimportant. Note that the universal trajectory is found only for those
particles which deposit on the collector. The range of x, for which the universal trajectory
(22) exists depends directly on the particle Ng parameter. That is, for heavier particles
equation (22) holds for a wider range of x, than for lighter particles. For example, in order
that equation (22) would hold for a 10 ym aerosol particle placed in a flow of U = 0.3 ms ™!,
X, should be smaller than about 0.05; for a 1 um aerosol particle placed in the same flow,
X, should be less than about 5x 10~ % This is, for small (but still diffusionless) aerosol
particles the xo-domain of validity of equation (22) is directly proportional to the square of
the particle radius (see also the following paragraphs). One can directly verify that the
universal trajectory in the form (22) allows to use equation (20) in calculating particle
deposition efficiencies instead of equation (16).

Ramarao and Tien (1989) calculated trajectories of diffusionless particles in viscous and
potential stagnation flows. They found that the effect of gravitation is to increase the
deposition flux on a surface facing upward. Their results are valid for particles with
St < 0.01, where the effect of inertia is negligible. That is, particle trajectories are governed
only by Ng. The motion of very large particles, characterized by St > 1, is governed by St as
a sole parameter, whereas the effect of gravity is negligible. This conclusion has also been
drawn by Tardos et al. (1978) for filtration of micrometer particles by porous filters and by
Ranz and Wong (1952) for aerosol motion in impactors.

Figure 3 shows trajectories of particles with small inertia (St < 0.01). In the absence of
gravity, particles move along the flow streamlines. The effect of gravity is seen to affect the
trajectory only in the vicinity of the collector surface, where it forces the particles to deviate
almost vertically downward. Heavier particles (characterized by larger Ng) begin their
terminal downward motion closer to the centerline. This behavior is characteristic of all
viscous flows adjacent to a solid surface.

In conditions typical for clean room flows, i.e., Re ~10%, the length of the final vertical
segment of particle trajectories exceeds the interception distance ¢ by a factor of about 1000.
This implies that gravitation serves as the sole particle trapping mechanism and that the
geometric interception is unimportant. This is true when the particle size is much smaller
than the collector size, as is typical during contaminant deposition in clean rooms,
atmospheric sampling, and separation by impactors (Ranz and Wong, 1952). For flows
characterized by high velocities and small collector size (e.g., in gas compact heat exchange-
rs), the above estimates may not be valid. Such flows may be approximated by pure
potential flows, wherein interception may affect the deposition (Yuu and Jotaki, 1978). This
also happens in the collection of coarse particles by fibrous filters (Matterson and Orr,
1987).

Our calculated results allow systematic analysis of the effect of the collector size L and
flow speed U on particle trajectories and deposition mechanisms via altering the value of
Re. With all other parameters fixed, increasing the flow Reynolds number helps particles to
approach the collector due to increased air inertia, albeit in a manner which does not affect
their final deposition sites. The latter appear to be almost indepencent of Re and hence of
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Fig. 3. Effect of the sedimentation velocity on trajectories of spherical particles, x, = 0.001,
yo = 10, Re = 6700.

the flow field at least in the range 10 < Re < 10*, which accords with the conjecture of Liu
and Ahn (1987) on this matter. One way to rationalize this result is to note that particle
deposition efficiencies are unaffected by changing air viscosity (e.g., which may be caused by
temperature changes).

Deposition efficiencies: Figure 4 shows a comparison of the deposition efficiency cal-
culated via equation (20) and (22), with the results of Liu and Ahn (1987) and Ramaro and
Tien (1989). Liu and Ahn (1987) calculated particle deposition velocities under the sole
influence of the gravitational force. In this case equation (18) yields the relation

n = Ng, (23)

which is shown as a dashed line in Fig. 4. One can see that this expression agrees with the
present calculations for Ng < 0.2. In that range of Ng, equation (23) is shown to agree with
the experimental data of Pui et al. (1990b) collected in a flow chamber and used to study
deposition of micron particles in clean rooms. However, for large values of Ng, neglecting
the settling velocity in the denominator of equation (18) leads to a significant overestima-
tion of the deposition efficiency. Explicitly, one can show that # — 1 as Ng > 1, which was
obtained by Ramarao and Tien (1989) who used equation (16) for the deposition efficiency.
However, their deposition efficiencies depend on the particle initial height y, since they used
viscous stagnation flow over infinite plate, which is not uniform far upstream. For Ng > 5
the difference between the present results and those of Ramarao and Tien (198%) amounts to
15-20%. Therefore the correct choice of the flow field in calculating deposition efficiencies is
most important for large particles (i.e., Ng > 1).

In clean rooms, particles may be generated in the course of activities performed within the
room itself. Sometimes large particles, characterized by Ng > 1, may be found. Such
particles are much larger than those which normally penetrate through the HEPA filters. As
a matter of fact, Gill and Dillenbeck (1989a, b) found defects in integrated circuits, caused by
the deposition of contaminants of sizes of about 40 um. A sphere of this size has a typical Ng
value of about 0.6, a value for which the deposition efficiency calculated in the present study
already differs from that calculated by Ramarao and Tien (1989) by 7% and from that
calculated by Liu and Ahn (1987) by 60%.

Large values of the sedimentation velocity Ng may be found in other applications such as
sampling from (almost) still air by means of gravitational settling, i.e., sampling aerosols in
the ambient atmosphere. The experimental data of Ralph and Barrett (1984), related to
ambient atmosphere sampling, are plotted in Fig. 4. A good agreement with our theoretical
curve is achieved both for low and intermediate values of Ng.
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Fig. 4. Deposition efficiency of spherical particles vs dimensionless settling velocity Ng. Thick

line—present results, thin lines—calculations of Ramarao and Tien (1989), dashed line—calcu-

lations of Liu and Ahn (1987). The experimental data of Ralph and Barrett (1984), relevant to

atmospheric sampling, are plotted as filled squares. The region corresponding to small Ng is zoomed

to show a comparison with the experimental data of Pui et al. (1990b), marked by filled circles, which
are relevant to particle deposition in clean rooms.

6. CONCLUSIONS

A physically realistic velocity field (2)-(4) is proposed for modelling aerosol deposition in
vertical stagnation flows. This velocity field reproduces (i) the far (undisturbed) uniform
velocity far from the collector plate, and (ii) a boundary layer type flow near the collector
surface. This flow field allows determination of a universal particle trajectory in the form
(22) for spherical particles. Calculations of deposition efficiency » for spherical particles
show that it is independent of both particle initial height over the collector and its initial
axial location. In application to contaminant deposition in clean rooms, this means that
1 depends neither on the wafer size nor on its location on the workbench.

Deposition efficiencies calculated for inertialess particles (St < 0.01) agree with the
previous results of Liu and Ann (1987) and Ramarao and Tien (1989) for Ng < 0.2. For
Ng — oo, which represents gravitational settling of large particles in slow air flow, the
deposition efficiency tends to unity. This is in contrast with the results of Liu and Ahn
(1987), which yield that » indefinitely grows with Ng. The geometric interception is shown to
be ineffective as a capture mechanism for ¢ < 1. The flow Reynolds number does not
influence significantly the deposition efficiency for Re < 7000, which is the range typical for
clean room conditions.

The present calculation of the deposition efficiency is shown to describe satisfactorily the
experimental data for spherical particle capture controlled by gravitational settling.
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APPENDIX A: HYDRODYNAMIC RESISTANCE COEFFICIENTS OF
SPHEROIDS

The quantities K, €,, and Q, here in a dimensional form, are the particle hydrodynamic translational and two
rotational resistance tensors (Brenner, 1963, 1964), given in the particle-fixed frame by

eje; e)e’ e3e"
K=16n|——— +—2 ——— |, (A1)
x +ayxy oy +aze, x4+ azos

2 2 2 2 2 2
. a3 +a; as + aiy , ay + a3
Q= 167 €1€h — — + €263 — 5 + e4es — — | (A2)
asn, + ajus a3 + aja, ajo, + azo;
16n eje; ere) esel
Q= 2 st 2, T2 2 ’ (A3)
3 |asxs +azny  azoy +ainy  ajeg + azx;

where y and «; are

= da » da
1=J — xfj . i=1,23, (A4,5)
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and A(2) is

AQ) = J(@E + )@ + )@ + 4). (A6)

Note that for either orthotropic particles or bodies of revolution, these three tensors have zero off-diagonal
components. For a prolate spheroid, with the axis of revolution coinciding with the e/, direction in the particle-
fixed frame, these expressions are given in the form
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