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INVESTIGATION OF A TECHNIQUE FOR CLEARING AND/OR
MODIFYING A MILITARY SMOKE CLOUD

1. INTRODUCTION

This Final Report covers the time period betueen July, 1981
and September 1983, By its nature, it can be considered as the
continuation of the two year program supported by the U.S. Army
Research Office (DAAG29-79-C-0075)., However, unlike the previous

- exploratory study, it focuses on several specific avenues of
research which were found promising during the past investigation.

The numerical model, which justifies the attention paid to
nonspherical models, was extended into the domain of high Reynolds
numbers (Re > 50) for a disk. The role of electrostatic charqe
and of thermo~ and diffusiophoretic force in the smcke particle
deposition on disks is discussed in detail. Tollowing the same
line of research, a systematic experimental investigation was
aimed to answer the question of how important is the scavenger
oscillatory motion for the particle deposition. Because of the
great importance of cylindrical and grid type scavengers their
efficiency has been checked in a laboratory wind tunnel and
compared with nautral or electrostatically charged disks.
Finally, some preliminary calculations and assessment of the
nonspherical scavenger hydrodynamic interaction and of the
potential effect of the "Scavenger Falling Zone" on the smoke
particle settling have been made.

The above outlined research and the results of investigation
are described in Chapter 2 (Theoretical Analysis, Materials and
Methods) and in Chapter 3 (Experiments with scavenger motion and
particle deposition). In Chapter 5 (Discussion of the Results)
the results of the investigation are evaluated, correlated and
compared with the data known from other studies. Chapter 6
(Conclusion) contains also several suggestions for the future
research and practical application of the main results,

This report 1is a result of the cooperation betueen two
investigators (Dr. J. Podzimek and Dr. J..J. Martin), two graduate
students (Miss S, West in 198] and 1982; Mr. Y. Liu in 19383) and
three student rescarch assistants (Mr. V, Vlojnar, A. Keshavarz and
G. Stowel. Mrs, V, Maples ably helped to prepare the manuscript
for printing.
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2. THEORETICAL AMALYSIS, MATERIALS AND METHODS
2.1 Theoretical Investigation of the Smoke Particle Scavenging

by Planar Collectors .

Most of the comprehensive studies of the droplet and particle
scavenging by planar collectors during fifteen past years have
been done by Sood and Jackson (1969), Pitter (1973, 1977), Magono,
et al. (1974), Pitter, et al, (1973), Pitter and Pruppacher (1974),
Knutson, et al. (1976), Prodi (1976), Martin (1979), Martin et al.
(1980a, 1980b, 1981), For the deposition of aerosol particles on

scavengers of utmost importance is the complex contribution of the

forces, such as inertial, gravitational, thermo- and
diffusiophoretical and electrical. Several studies have been
published on the deposition of aerosol particles in diffusio- and
thermophoretical force fields (e.g., Podzimek, 1965 Slinn and
Hales, 1971; Carstens and Martin, 1982). The general conclusion
of these studies supports the experimental evidence of a
"Greenfield gap" for particle diameters between 0.1 and 1.0 ym and
the more effective scavenging by planar collectors if compared
with the approximate same size of droplets. In cloud aerosol
scavenging by evaporating or growing elements can be influenced by
111 forces, however several of them will dominate for specific
aerosol size and nature. Brownian diffusion will affect particle
sizes below 0.1 uym. Thermophoretic force was found much more
important than diffusiophoretic at most of the natural atmospheric
conditions for submicron aerosol. However, the submicron
particles with v < 0.1 ym will suffer a reduction of their
Brownian diffusion transport by phoretic drift (Carstens and

SRR o), €0 1Y VR I AT S AT ey N S N Y TV v,

Martin, 1982). For the goals of this study dealing with clearina

% of a military smoke cloud (with smoke particle diameters bLoetween
0.2 and several pym) by solid planar scavenqers, the most important

y scems to be the electric charge eff{ect on the particle

:: collection--besides the inertial deposition and particle settling.

-

The method used for calculating the etficiency with which
spherical smoke particles are collected by an oblate spheroid is
hased mainly on the studies by Pitter ('973), Pitter and
Pruppacher (1974), Martin et al. (1980%a, 1930b) and described
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(vithout the cffect of phoretical forces) in Appendix I (the flow
field), II (the numerical technique), and ITI (the description of
particle trajectories and calculation of the collision
i efficiency). In addivion, a technique has been dnveloprd to
E Anscribe the deposition of particles in the size range N,1 L«
10 um when inertial effects, Brownian diffusion and electric
charqes are ceffective (Martin, 1979; HMartin and Podzimek, 1932),
All these mndels are based on the assumption that the collector
(scavenqger) is steadily falling in a qravitational fjeld and that
the tiny smoke particles, homogeneocusly dispersed in the air, do
not affect the or'entation of the disk (oblate spheroid) while
' impacting its surface or tlowing around, Further is assumed that
the smoke particles do not interact with other particles, cven in
a polydisperse aerosol, Under thesec conditions the set of
aquations from Appendix III (25.A; 26h.A and 29.A to 33.A) will be
. reduced hasically to one vector erquation describing the trajectory
of a smoke particle with radius Rp > 0.1 pym, the rass mp and
donsity Dp

av R 0_ . 6nuR .
m £ = mga- air,._ L (v -U) + ?e (1)
p pp l1+aKn

where Knudsen-leber correction, (l+ akn), with Kn = ﬁL (Y is the
mean free path of air molecules), and a = 1.25 + 0.44 cxp (-1.1
Kn-k), vas added for covering a wide range of aerosol particles,
Other symhols are explained in Appendix TII,

The outer forces are represented in Cq. (1) only by the

rlectric force which is due to the surface charqge on the particle,

in oblate spheroidal coordinates (Appendix 1)

. =1 1/2
?pQCsech£51n (1 Ac) )

F = - (2)
e 2 2,172,071 .. -1 7 172
Rc sech&o[l AC ) [2 n)

sin AC][sinh25+cos

From the known flow field around the thin oblate spheroid

i
]
g : Op, and on the collector, OC. One can write (Martin, et al, 1930¢)




(Appendix I and II), the particle trajectory was calculated (by
adding to the formulas in Appendix III the electric force term,
Ee)’ The particle trajectories enable ﬁhe calculation of
cc .ision efficiencies according the formula
2
E = __KEE__E . (3)
(Rc+Rp)
Its validity is limited by several important assumptions which are
discussed in Appendix III (formula 40.A)., Essential is the
determination of the largest offset distance of a particle from
the main axis alonqg which the center of collector is settling,

Yor©
radius, Rp, which affects the just "touching" particle position at

It depends, besides other parameters, on the particle

the rim of the collector (for the corresponding, ycr)'
The model for clearing the smoke cloud (with particle

concentration, n} by planar scavengers 1s deduced from the

relationship
L M(R_,t) Ko2
TR TTIe  F AR =N S g (R_,R)n(R_,t)AR_ (4)
R p’ ¢ P P
P

where KI(R .Rc) is the collision kernel defined with the known

p
collision efficiency [ as

2
Ki(Rp'Rc) = E (Rc + Rp) (v Rc -V R ) . (S)

The eg. (4) and (5) assume that the collectors have the same size
{mass accretion and shape chanqge due to the collision with smcke
particles 1s neglected) and that their concentration in the space,
NRC' is constant. Under thesc assumptions the clearing of a sncke
cloud (removal of aerosol particles) is governed by the equation

n(R_,t) = n{R_,0) exp l-f‘.(R))tl .

P P b (6)




For the sake of making the model of clearing a smoke cloud
more universal another complementary model for smoke particle
radii, Rp < 0,1 ym, was deduced, It is based on the assumption
that the deposition of very small particles on scavengers is
governed mainly by Brownian diffusion and electrostatic field.
Then the particle flux can be derived from the Fick's law (Martin,
et al., 1980c¢c)

pair ++ .. 2
pp ) Fel - Pp n ., (7)

; = nB{m 5(1-

where, B, is the particle mobility (B = (1+0Kn)(6nR u)'ll. n is
the smoke particle concentration and Dp is the particle

diffusivity in the air. The solution of eq. (7) is in oblate
spheroidal coordinates

exp{(-Besin—ltanhE)(% -sin'lacfl}-expﬂ-eesin-lAc)(% -sin'lAc)-l}

L

n

. (8)

“expl (- 38€) (§ -sin )" lAc:l}

-exp{(-Besin-IAc)(% -sin"

-
n_is the smoke particle ambient concentration, € = ng), and the

factor B = BEP/Dp (where fp is the ventilation coefficient for the

collector) is unimportant in our case. The total flux of
particles to the collector's surface, S, is

= ff D (V (9)
Jp / b p( n)

das
| C-&O
£ = &o means that the particle gradient is taken at the surface of

the collector. 1In a similar way like the deduction of eq. (5) for
A collision kernel was obtained

4n1BCR _sech§
o] (o] BC_  _ (10)

m .
(§ - sin AC) pP

Iy

p
KZ “h =

The equations described in this paragraph are used later for

the calculation of smoke particle deposition on neutral and

electrically charged ccllectors.
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2.2 MNumerical Model. Assumptions, Basic Parameters and

Results .,

Numerical model requires several sﬁronq simplifications for
economical reasons and for our not sufficient knowledge of the
very complex nature of the mechanism of particle deposition on-
scavengers, Ve don't know sufficiently the conditions of particle
sticking at the surface, which has an utmost importance for the
deposition, of particle continuity in the whole field around the
scavengers where, mainly in the case of a polydisperse aerosol,
smoke particle trajectories will cross and particle coagulation
might be effective., There is no particle interaction assumed due
to clectrostatic and phoretic forces and no rotation of nrarticles
is assumed in the steep velocity gradients close to the rim. The
calculation of the potential impact of thermo- anA
diffusiophoresis on aerosol and droplet deposition has been
published by several authors (Martin, et al., 1980; Carstens and
Martin, 1982) with the intention to describe the processes inside
and around clouds in nature. For our goals, and due to the nature
of an artificial scavenger, was assumed that we can neglect these
processes~--at least in the first approximation.

Beth formulas for collision kernel (eqs. 5 and 10) wvere taken
as the basis for tne evaluation of the smoke particle deposition
on planar scavengers (oblate spheroid with an axis ratio AC = b/a
= 0.05). The final effect was obtained as a formal addition of
both processes=--the deposition under inertial and electrostatic
forces and the effect of Brownian diffusion with electrostatic
forces. All the other assumptions (e.g., definition of particle
sticking) and the details of the numerical model are mentioned in
Append.x 111 of this report.

A wide range of collector radii was selected (RC = 50.6;
87.9;112.8; 146.8; 213.0; 289; 404; 639.2 um what corresponds to
Roc = 0.,1; 0.5; 1.0; 2.0; S5.0; 10; 20; S50). An attempt was also
made to extend the upper limit of Rec. There are, however,
considerable difficulties with a model for Re_. = 80 due to the
numerical solution converqgence and instability and the

guestionable interpretation of the creepinag tlow equation for such
a high Rec.

......
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The particles considered had vradii between 0.1 < Rp £ 0.5 um
and densities, Py 0.75; 0.85; 0.90; and 0.95 g cm °. They might
be close to the droplets forming the oil fog or originated on
highly hygroscopic nuclei (red phosphorus). For "dry" TiCl4
‘particles which have polycrystallinic nature (Figs. 13 and 14; and
spherical shape, the assumed density is probably too low.
the minimum size of smoke (foq) particulates (r

Due to

min © 0.1 pym), the
calculated diffusional particle deposition will be much smaller

than the inertial and electrostatic force contribution to the

total collision efficiency. The effect of droplet ventilation, is

included in the factor fp (eqs. 9 and 10), following the
calculation by Hall and Pruppacher (1976), however,
not very significant for our case.

its value is

€

0"

10-2

o? “100

i .
~——SPHEROID 4,§‘~~-x___,.~<—‘
--=--DROP 10 30

. SIS TIVY| B S aveTT] §
10-4 "
o2 10° 104 10°? 02 0! |

K¥ (cm?sec!)

Fig. 1 Calculated collision efficiency of a
thin spheroidal (full line) and spherical
(dashed line) collectors with spherical
water droplets as a function of K* = chzv .
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The electric charge effect calculation was based on the

following assumptions: only the Coulomb forces (or image forces)

are considered with the charge on the collector 0. = chpz =

2

B PLPAE . That means, the charge of the collector is proportional to

its area. The smoke particles bear one, two, three,... elementary
charges, what probably simplifies strongly the situation in a real
smoke cloud with regard to the size and art of generation of a .
smoke élobd. Neverthelesss, the electric charge seems to be an '
important factor in the evaluation of a clearing of a smoke cloud,

The results of the numerical calculation (Martin and
Podzimek, 1982) are referred to the main tasks of the theoretical
study. The first question was perhaps, whether the collision
efficiency of a spheroidal (disk) model is greater than that of a
spherical collector (liquid drop). 1In Fig. 1 is clearly shown
that differently sized oblate spheroidal collectors will have
higher collision efficiency if compared to the spherical
collector. The comparability of these measurements prompted the
introduction of the so called geometric volume swept out by the

sz. This parameter, however,

scavenger per unit time, K* = nR,
does not include any effect of hydrodynamic (phoretic and
electrostatic charge) interaction of scavengers which are supposed
to fall as single collector through the acrosol cloud., Under this
assumption, thin oblate spheroid (Ac = 0,05) is a better scavenger
for K* > 2.5 om3
ym, and density pp = 0.95 g cm”
similar to falling plate type crystals or cloud drops were
assumed, There is one order of magnitude difference between the
collision efficiencies of thin oblate spheroids and drops for Rec
> 10, when the inertial deposition of particles prevails. For Re
s 0.2, on the other hand, the diffusional Adeposition of particles

sec™) if smoke aerosol of a uniform size, Rp = 0,6
3 and scavengers with properties

overrides rhe other deposition processes and the larger surface of
tiny spherical collectors (combined with a small settling
velocity) dominates,

Figure 2 represents the dependence of collision efficiencies
on the Re_ and the radius of the aerosol particle, Rp.

with op = 0,95 g cm'3. As expected, the collision efficiency is

B e e R e Tt T o e e T N T B R T T—




dramatically increasing with Re, > 10. In this domain the effect
of inertial deposition prevails. This is featured by a typical
saddle type portion of the collision efficiency curve for particle
radii between 0.6 ym and 2,5 ym followed by a steep increase of
the collision efficiency for larger particles., For particles'with
radii Rp < 0,6 um the phoretical and diffusional deposition starts
to be effective, In mean, for the smoke particle size range
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0.5 < Rp < 2.5 um the collision efficiency is8 around 5% for Rec =
50, 2% for Rec = 20 and 1.5% for Re, = 10, The collision
efficiency at Rec » S0 for particle radii between 0.5 um and 3.0
um bearing one elementary charge was increcased three times by an
electric surface charge of Qc = 2,0 esu cm'2 on the collector.

The results of systematic study of the electric charqge effect
are plotted in Fig. 3. The collector charge was calculated
according to the formula Qc = 2 ac2 z 2Rc2 and particle charge was
equal to one elrmentary charge (4,803 x 10710
pattern in Fig. 3 reminds the complexity of the particle
trajectories calculated for a charged sphecrical collector and for
a charged particle by Zebel (1956). In the range of particle
radii between 0.1 um and 0.5 um covering the considerable part of
a Greenfie!d gap both the particle diffusion and inertial
deposition are affecting the particle impaction on collector's
surface. If the Re, were related to the steady settling of thin
oblate spheroids (CD from Pruppacher and Klett, 1978) then for Rec
> 20 the collision efficiency, E, for particle radii 0.1 ym was
one order of magnitude larger for charged particles than for
uncharged. For Rec > 20 and Rp = 0,5 um, F, was 3 to 4 times
larger than the collision efficiency of uncharged particles.

e.s.u.). The curve
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Fig. 4 The effect of dif-
ferent density of
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Pn, On the collision v
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Collector Reynolds numbers, Re, < 0.5, were fecatured by two orders
of magnitude difference in collision efficiencies for Rp = 0.1 um
and more than one order of magnitude difference if the cases of
charged and uncharged particles were compared.

Finally, in Fig. 4 are plotted the results of the collision
efficiency, E, calculations if different particle densities, p_,
and radii, Rp, are considered., The change in the density from
0.75 g cm"3 to 1.20 g cm°3 will influence the particle deposition

in a significant way for particle radii, Rp < 0.4 um, There is,

however, not a dramatic change in E-curves for particles, R_ > 0.8
um,
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3. EXPERIMENTS WITH SCAVENGER MOTION AND PARTICLE DEPOSITION
3.1 Description of the Planar Scavenger Motion,

Only several experiments with faliing planar scavengers were
made in addition to those described in the Final Report on DAAG
29-79-C~0073 (Podzimek, 198l1). They were aimed mainly to complete
the relationship between the amplitude, § , of falling planar
scavengers (disks, hexagons, squares, rectangles, etc.) and the
corresponding scavenger Reynolds number, Rec, and Wilmarth's
stability number, I. Similar study was made for the frequency of
motion of a falling scavenger, fq.

In Fig. 5 are plotted together the data for planar scavengers
falling in liquids (PD-1 to PD-6) and for disks falling in the air
as a functional relationship between the scavenger's amplitude,

100

-

"

i Fig. 5 The amplicude, §(cm), of
the settling oscillatory
motion of planar scavengers

10 — in a 1iquid (glycerol and

o water) and in the air as a

- function of Re.
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o

10 k-
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2
(cmj, and the mean Rec (Rec = /ch

+ Reyz). Pd-1 the curve is
for a disk, PD~2 for a hexagon, PD-3 for a hexagon "ventilated" in
the center, PD-4 hexagon ventilated at the rim, PD-5 and PD~-6 for
star-like models. All models (PD-1 to PD-6) were falling in the
mixture of glycerol and water. The comparison supports the
conclusions made earlier (Podzimek, 1981): ocne cannot compare the
scav:znger motion parameters deduced from observations made in
liquid and in the air. The latter are featured by a smaller
amplitude, 8, for disks falling in the air at 700 < Re < 2,500,
and steeper increase of the curve 6§ = f(Re)in the air. There is,
however, not a strong change in the wavelength of the oscillating
planar models, A{cml, falling in liquids (Fiq, G).

In the air, a falling paper disk is featured by a moderate
change of the amplitude, §, and frequency., fc, with Rec < 1,500
and a dramatic change beyond this value (Fiq. 7). The functional
relationship for the frequency fc and amplitude, 6, is reversed,
i.e. with increasing Rec the amplitude increases and the frequency
of oscillatory motion decreases, The same inverse dependence on
the Wilmarth's stability parameter for a disk, I, was found for
the frequency, fc, and amplitude, 6§, of a falling paper disk (Fig.
8)., the two curves for each dependence in Fig. 8 were obtained
from two independent sets of measurement. That reveals a
consistency in our findings in spite of a considerable scatter of
the points.,

In conclusion, the scavenger settl!ing experiments performed
in a large cylindrical settling chamher in quiescent air and in a
horizontal wind tunnel at a side wind of about 0.7 m s~ !
I[described in our previous report-Podzimek {(1981)] and completed
in this study] led to the following conclusions:s the fall of
symmetrical planar scavenqgers can be described by an "equivalent"

(lwgb|%¥g~ha:> 20 ¢ Rnc ¢ 200 with the drag cncfficient Cn =

VIR where V_ {8 the volume of the scavenger, P_ is
PerairVe ’ c ' 9eEr Te

the cross-section of the scavenger perpendicular to its trajectory

and vc is the mean velocity of the falling scavenger (collector).
The behavior of a falling disk can be sufficiently described by
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Fig. 6 The wavelength of the oscillatory motion, A(cm), of the
planar scavengers falling in the liquid as a function of Re.
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Fig. 7 The dependence of the amplitude, 6(cm), and frequency,
£(Hz), of the paper disks falling in the air as a function
of Re.
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Re, = f(Bec). relating the Reynolds, Re , and Best (Bec.

= CDBe2 numbers. Slight side wind has a markable effect on the

scavenger'

intensely
frequency
stability
inertia),
disks can

Rer, leads to the higher frequency, f

s behavior, when the scavenger starts to oscillate
(Rec > 90). Then the amplitude, wavelength and

of motion are functions of Rec(Bec) and of Wilmarth's

parameter, I, (related to the moment of scavenger's
Further was found that the frequency of oscillating
reach several units or tens of Hz and that a higher,

e’ of oscillatory motion,

This dependence cannot be, however, expressed by a simple monotone

increasing function.

Fig.

0.100
I fe \ ]
o.0i10 -
000! - 1 \
A Il 1 1L L ot
o 2 ) s RCH
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8 The dependence of the amplitude, 6(cm), and frequency,
f(Hz), of the paper disks falling in the air as a
function of the Wilmarth's stalility number, I.
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3.2 Wind Tunnel Experiments with Smoke Particle Deposition on

Model Scavengers,
3.2~1 Wind Tunnel,
After several modifications the current set up of the

particle deposition experiments is presented in Fig. 9. The
scavenger model is placed in the test section (15) of a laow
velocity wind tunnel (7) (Turbofan-Scott Fngineering Science,
Model 9005) with the measuring section diameter of 13.2 cm. The
air velocity is regulated by a propeller (higher velocities), by
the fume hood (8) and by the mixing chamber fan, where the clean
outside air is mixed with a known aerosol flow (6). For most of
the experiments titanium chloride aerosol was used. Only several
experiments have been done with red phosphorus smoke. Titanium
chloride (TiCl4) aerosol was produced by the passage of the dry
nitrogen gas from the container (1) throuqh a humidifier (2) into
a generating flash (3) where ‘I‘iCl4 reacted with water vapor.

After removing the excess water from the aerosol-gas mixture, the
droplets and particles came into the two electric furnace system
(4 and 5) operated at temperatures around 700°C. The homogenized
aerosol was vented further into the mixing chamber (6) where it
was put in charge equilibrium in a cylindrical particle
neutralizer with Kr-85 before entering the wind tunnel. The
air-aerosol flow passed in the wind tunnel (made of plexi-glass)
through two flow straighteners before reaching the test section
and before entering into the fume hood (8). Measurement of air
velocity profile in the test>section has been done with the aid of
a hot wire anemometer which was cross calibrated with the pressure
transducer (16). This instrument was afterwards used for the mean
velocity measurements based on pressure difference in two openings
ahead and behind the test section. Relatively a wide section of
almost constant velocity was reached in the middle of the test
section (approximately 4 cm with the mean velocity error of + 5%
of the mean velocity)., There the models were usually placed. The
models fixed on a rigid wire were exposed to the aerosol flow in
the center of a test section (15) in steady position ot

oscillating about the perpendicular direction or about an angle of

» e

- e W I 3
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10° or 20° in reference to the main flow, The frequency of
oscillation with a preselected amplitude (usually + 10°) could be
adjusted between several Hz and several tens of Hz with the aid of
a vibrating mechanism (14) and its power generator (12).

The details of the device for model vibration and charging
are seen in Fig, 10, The model (3) is suspended--approximately in
the center of the test section--on wire fixed on a metallic rod
which is set into oscillating motion (along its main axis) by a
level (2) which is connected with an electromotor (l1). Changing
the position of the level (2) on the arm fixed on the rod with the
model and varying the revolution rate of the motor (1), one can
change the amplitude and frequency of the oscillatory motion at a
preselected mean angle of attack of plate type model. The models
of different material were "charged" to a chosen potcntial
difference (1 kV, 2kV, 5kV, 8kV) by a generator (7) connected with
the rod on which the model (3) is suspended. Electrical) charging
of the model has been done in two different ways: model was
permanently connected with the generator during the experiment and
the model was charqed only for 3 sec at the beginning of the
experiment, In order to obtain more uniform field and to avoid
the cffect of high polarized charqges on the plexiglass wind tunnel
walls (5) a grounded brass thin sheet was put around the test
section (6). The -.zutralized aerosol samples for laser cavity
aerosol spectrometer (ASAS 300A) are taken through a 10 cm long
and 0,3 cm inner diameter metailic tube (4) connected by a 60 cm
long and 0.6 cm inner diameter wide taygon tube.

Under normal conditions the tunnel was running at velocitics

1 and 3,00 ms-l. Most of the measurements were

between 0.25 ms
performed at 1.0 ms"1 for comparability reasons and becausz this

velocity is very close to those measured with papcr models freely
falling in the settling chamber. The exposure (sampling) time wvas
2 min. Only exceptionally, a sampling time of 5 min. was sclected

for higher accuracy of particle counting and better

reproducibility of measurements. During this time all ecffort has

been Jdone to keep the output of the aerosol generator constant.
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Fig. 9 Arrangement of the wind tunnel experiments: 1~ nitrogen container;
2- humidifier; 3- TiCl, aerosol generating flask; 4 and 5- elec-
trical furnaces; 6- air mixing chamber with Kr-85 neutralizer;

7- plexiglass wind tunnel with 13.2 cm; 8- fumehood; 9, 10 and 11-

" Laser Cavity Aerosol Spectrometer ASAS-300A (laser, electronic
part, printer); 12 and l4- generator and model vibrating device;
13 and 15- electrostatic charge generator and model holder.

Fig. 10 Model Vibrating Device: l-electromotor; 2- adjustable level for
model vibration; 3- model; 4- aerosol sampling tube; 5- wind tunnel;
6- grounded retallic sheet; /- electrostatic charge generator.
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3.2-2 Aerosol Generation and Measurement

The generation of smoke aerosol by reaction between TiCl4 and
water vapor and the production of red phosphorus smoke has been
described earlier (Podzimek, 1981)., However, the reproducibility
of the experiments required to control well the state of the
-aerosol coming out of the generator (in Fig. 9: the generating
flask, 3, with two stage furnace heatinq, 4 and S5 or the
neutralizer, 6, with the diluting system). The aerosol, which was
not sufficiently dried or shattered in the furnaces showed
irreqular spots and often on metallic plates the corrosion effects
(Fig. 11). At a low incidence angle of the electron beam in the
SEM the particles are clearly non-spherical in all particle sizes
what is documented in the low magnification photoqraph (Fig. 12).

During the past two years a standard technique was
~laborated, which enables to produce "dry" spherical particles
(after the reactoin of TiCl4 with water vapor). 1t consists
essentially in removing the excess of wator in the tubes and
increasing the furnace temperature above 700°C. The second
furnace (5 in Fig. 9) should have the temperature approximately
50°C higher for making the aerosol less polydisperse (probably
through large particle shattering). The undiluted deposited
aerosol has aftervards spherical shape (Fig. 13). After diluting
the aerosol in the mixing chamber (6 in Fig. 9) with clean air
(laboratory air cleaned in an absolute filter system) and sending
the acrosol through electric charge neutralizer (Kr-85) the
deposited particles had a spherical shape (Fig. 14)., Finally we
reached the mode of smoke aerosol production which remained steady
for more than 30 min.

Practically all evaluations of the deposited aerosol have
been done at a magnification of 1,000 x or in the optical or
scanning clectron microscope. For some special studies of
particle deposition (e.q. along the rim) higher magnification was
used combined often with coating of the specimen by gold. The
standard procedure used for the evaluation in an optical
microscope was to measure a strip in the middle of the disk's

surface and to count all particulates with radii Rp < 0,7; 1.4;
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Fig. 11 TiCl, particles deposited

Fig 12 TiCl, particles deposited
on brass substrate (SEM, on brass substrate (SEM low
Mag 1850 x) beam incidence angle, Mag.

1100 x)

Fig. 13 TiCl, particles deposited on Fig. 14 TiCl, particles deposited on
glass coated with gold (SEM,

plass coated with gold (SEM,
Mag. 3700 x) Mag. 740 x)
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2,1 pm at a magnification of 1,000 x on both sides of the diaks
center, This enabled to judge the potential unsymmetry of the
aerosol deposition and, if there was any, to correct it., For the
calculation of the disk's collection efficiency it was assumed
that the surface of the disk is covered uniformly with a central
concentration symmetry by the deposited particles, The same
procedure was applied for t"e particles deposited on the revese
side of the disk. More detailed particle size distribution was
used in the evaluation of scanning electron microscopical
photographs, especially if large mgnification (e.g. 5,000 x) was
used. Scanning electron microscope, combined with x-ray spectrum
energy analyzer, was also used for checking the selected particle
composition which was very important while checking if the stage
of "dry" T1C14-Tio2 particles was reached (large amount of Ti and
little of C1 - Fig. 15).

Monitoring of the aerosol concentration and the size
distribution has been done with the laser Cavity Aerosol
Spectrometer ASAS-300A (Particle Measuring Systems, Boulder). The

monitored volume in the instrument is 0,13 cm3 s'l at a total

sampling volumetric flow rate 5.0 em® s~ 1. After the new
calibration the instrument covers the particle size ranges between
0.157 ym and 3.00 pm. This span is divided into foutr subranges
(0.157 - 0,336 ym; 0,284 -~ 0,748 um; 0,355 - 1.160 ums 0.639 -
3.000 ym) each of them containing 15 size points on the
distribution curve., DNue to the different mean size intervals in
different particle ranges it was necessary to normalize the data
for obtaining a total particle size distribution monitored during
each experiment on the four channels successively. 1In the final
stage of developing the best way how to generate a steady
concentration of TiCl4 smoke aerosol the concentration of the
aerosol fluctuated not more than + 20% during one specific
experiment. The size distribution of particulates in individual
size ranges (referred to the total number of particulates in each
range) is represented in Figs. 16, 17, 18 and 19 and the

normalized integrated smoke particle size distribution is plotted
in Fig. 20, It is clear that the individual size ranges do not
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overiap well and that a considerable deviation of the total
(normalized) distribution curve from the ideal log-normal
distribution curve happens in the domain of the very small and
-large particulate sizes.

The aerosol size spectrum steadiness is well documented in
Fig. 21 where during almost one hour the TiCl4 aerosol was
produced in the same way. At the beginning of the seriecs mainly _ o
the small size ranges (III and IV) show considerable deviations
from the log-normal distribution curve. After 15 minutes the
samples (No. 2, 3 and 4) show a high stability and reproducibility
of small particle fraction which includes about 70% of all
particulates., After 40 minutes the large particle fraction starts
to be unstable, probably due to the fact that additional water
vapor was injected into the generating flask and aerosol became

partly wet (curves 5a and Sb - for S5b the true size scale is
plotted in um),

CONMAND: IDENT 3

QUALTTATIVE CLEKENT THENTIFICA) (ON X-hAT |DENI-3K/10
SARPLE 1517102 9N AU OUALITATIVE ELENENT 1DENVIFICATION
’
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All LA NA LB2
CU KA POSSIPLE TUENTIFICATION
AL KA AU LA MA
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1 1,784 409 §1 ra 1 1.487 1440 AL KA
3 2.144 18419 AU KA H 1,781 403 81 Ka
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Fig. 15 Element identification of the substrate with the deposited TiCl, particles
(no Cl was identified in this particular sample by the x-ray energy
spectrum analyzer).
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Fig. 20 Integrated TiCl, particle cumulative size distribution
(ASAS8-300A aerosol spactrometer).

-

e el R S N VA N U T S P P P B | - e

IS I T Y 2N VR RN L R I I B N}




91683
25 |-
R 2.0
1.5
ob
o8k
°
o ®
86 00 .o
°
80 00 o ®
°
3 o0.0f o® o
°
2 ool ‘o
&
@ Q
I
: b ool o
| e oo lLL 44 L 1 l
. 10 30 80 70 90 99 99.9 %

Fig. 21 Structural changes of the generated TiCl, aerosol. Time
interval between la, lb and Sa, 5b was 3 min., between 1l-2,
2-3, 3-4 and 4-5 approximately 8 min.
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3J.2-3 Scavenger Model Preparvation,

Models for free fall experiments and their production werve
described in the earlier reports (Podziﬁek, 1981), WVind tunnel
experiments have been done with small disks, cylinders and grids
of different materials. '

Systematic measurements of deposited 'NCI4 particles have
been performed with uncharged disks made of plexiglass or glass.
Most of the plexiglass models had diameters of 0.50 cm and
thickness of 0.05 cm. They were cemented to a wire which,
together with a holding rod, could be set into an oscillatory
motion in the center of the tunnel's test section. Glass disk
(with especially sanded rim) had the diameter of 0.45 cm and the
thickness of 0.10 cm, They were suspended in the same way like
plexiglass models. For studies with charged models, their surface
including the epoxide connection was coated by a thin layer of
gold, Glass models were also used for the study of the effect of
model oscillation on particle deposition.

Brass disks of 0.66 cm in diameter and 0.075 cm {n thickness
were used mainly for particle deposition on charged models,
However, the deposited "wet"” particles left very often irregular
spots on their surface (Fig., ll) revealing a chemical reaction
between ‘r£C14 smoke particle and the substrate., For this reason
the dielectric disks coated by gold were preferred for systematic
measurements. Cylindrical models were made of wires or rods of
different diameter and material (PVC, plexiglass, stainless steel,
glass. During exposition there were attached to a specific holder
in the wind tunnel's test section, which enabled their easy
removal or fixing, Special holder was made for the study of two
hydrodynamically interacting models.

The evaluation of deposited smoke particles in an optical
microscope did not require special tools. 1In the scanning
electron microscope, however, the exposed model had to be mounted
on a special stage which enabled to scan with a simple
manipulation the front and back side of a scavenger.,
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3.2-4 Deposition of Smoke Particles on Planar Scavengers .

Systematic measurements of the deposited smoke particulates
concentrated on simple geometrical forms of collectors such as
planar scavengers (disks), cylinders and grids. Planar scavengers
vere selected for the following reasons: referring to the same
scavenger main cross-section thin oblate spheroid (disk) has much
higher collection efficiency compared to a sphere (Martin and
Podzimek, 1982), Referring to the unit of mass of the (dispersed
scavengers this advantage of planar scavengers is even more
expressed. The hydrodynamic interaction of planar scavengers and
their "falling scavenger zone effect” is more accentuated in the
case of disks if compared with spheres. Finally, the theoretical
models exist for the comparison of calculated and measured
collection efficiencies of disks,

Experiments with falling scavengers in a cylindrical tank and
in a horizontal wind tunnel (Podzimek, 1981) indicated that one
should concentrate on paper disks (easy production, economic
reasons) having approximate size of several mm to 1 cm. Their
fall velocities ranged between 0,25 m sl and 1,5 m 8”1, Several
of them (the larger sizes) performed slight oscillatory motion
(several Hz to 70 !iz) and few of them did tumble. For wind tunnel
investigation, which was preferred for the longer exposure time
and higher reproducibility of measurements, the disks were made of
different material as described in 3,2-3. 1ln total 36 systematic
measurements were made with stationary disks, 17 with oscillating
disks and 46 with electricaliy charged disks.

Deposition on stationary disks (Fig. 22) was featured by
large scatter of data, probably due to the very difficult control
of the state of generated smoke particles which passed through the
Kr-85 neutralizer before reaching the tunnel's test section, In
mean, the highest collection efficiency (around 1.2%) showed the
plexiglass disks (0,5 cm in diameter) at 1 m s'l, slightly lower
efficiency (around 1.0%) had plexiglass disks at 0,25 m a1 ana
the lowest glass disks (0.5 cm in diameter) at 1 m sl Always

along scratched places or lines on a plexiglass surface was
observed higher deposition of smoke particles and aggreqgate
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formation. Considering the ReC of the disk (320 for 1 m s"l and
80 for 0.25 m s~1), one can conclude from Fig. 22 that the
cglculated collision efficiencies (according to the model
described in Sectjon 2) are almost one order of magnitude higher
than the measured data. ’

A typical particle number distribution along the disk's
radius is presented in Fig, 23 (R = 1 is the rim and R = 15 is the
center of the (disk). On the obverse (front) side of the quiescent
disk particles with the radius Rp < 0.7 ym have a very significant
maximum close to the rim and almost half of this peak
concentration in the center (particle numbers are plotted in
relative units). Particles with 0,7 < R_ < 1.4 um had a
significant peak close to the rim with an almost flat curve
(number of deposited particles per unit of surface) toward the
center of the disk., On the disk's reverse side the peak of the
deposited particle curve was shifted a little from the rim towards
the center and most of the samples showed a secondary maximum
about the middle of the radius. This secondary maximum was
comparable with the primary peak in 40% of samplings and in two
cases it overrode the maximum at the rim, The mean ratio of the
number of deposited particles on the front and back side of the
stationary disk was 0.936 with the standard deviation from the
mean value of ¢ = 0,135,

The oscillating disk (glass disk diameter 0.45 cm, Re_ = 280)
with the amplitude of oscillatory motion + 10° and frequency 10 lz
(Fig. 24) showed in mean a ratio between particles deposited at
the obverse and reverse side 0,913, This ratio was 0,745 for a
frequency of 60 Hz, In total, the oscillating disks were featured
by a higher deposition of particulates on the reverse side of the
model (Nob/Nrev = 0,846 with a standard deviation of 0.065). :

A typical particle deposition pattern for oscillating fre-
quency 10 Hz is in Fig., 25. 1In spite of large deviation from this
pattern in individual samplings, the highest deposition on the
disk's front side was close to the rim (R = 1) for Ry < 0.7 um,

On the back side, however, the deposition was high and uniform on

the whole surface. The deposition of particulates with 0.7 < Rp <
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Calculated collision ef-
ficiency (dashed lines)

for an oblate spheroid
(Rec; Ao = 0.05) and smoke
particles of radius,

[pm]. Measured data on a
stationary disk in the wind
tunnel are compared.

Number of deposited par-
ticles in relative units
counted along the radius

of a quiescent glass disk

(1 is the disk's rim),
Langerge particles (dashed
line), small particles (full
line). Ri » 0.25 ¢em, V =
0.25 m s~4,
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Fig. 24 Oscillating disit in the
wind tunnel test section .
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1.4 ym does not show any dramatic change across the whole front or
back surface. '
The comparison of the calculated collisjion efficiencies for a
steady falling oblate : pheroid (with the axis ratio of 0.05) with
the measured collection efficiencies for an oscillating disk is
made in Fig. 26. In 8spite of the higher measured total collection
efficiency for oscillating disks, there is still a considerable
difference between the calculated and measured efficiencies. The \
latter are usually several times lower than the calculated data.

OSCILLATING 0ISK
RH.sD05%

i
|
' Fig. 26 Calculated collision
E . efficiency (dashed lines) l
S for an oblate spheroid
S (Req; Ac = 0.05) and |
S smoke particles of radius,
Ressg. Rp {um] in comparison with |
- b meagured particle deposition
008 .- i . on oscillating disks (R, = ‘
’ 20 - 0.25 cm, Re, = 80; a = !
) , = + 10°). i

~
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3.2-5 Deposition of Smoke Particles on Charged Disks,

The electric charges of the aerosol particles and/or of the
collector affect strongly the particle deposition. In general,
there is a very limited possibility to control the electric
charging of smoke aerosol. Usually, a TiCl4 particle

concentration around 10% cm”3 exists at the outlet of the second
furnace (No, 5 in Fig. 9). During several seconds of the aerosol

passan.: through a 1.27 cm I.D. tygon tube, particles coagulate,

deposit on the tube's wall and exchange their electric charges.
One can assume that the aerosol is almost in charge equilibrium
after passing into a Kr-85 neutralizer where clean air is used for
aerosol dilution ia the ratio 4:1 (nitroger with aerosol). This
explains the fact that neither the smoke .erosol size distribution
nor the number of deposited particles on a scavenger were markably
affected by the 10 mCi neutralizer before advancing into the wind
tunnel. Several experiments with smoke particles not neutralized
did not deviate much from the deposition of neutralized aerosol at
flow speed 1.0 m s71.

; Charging of dielectric or metallic collectors up to 8 kV has

been done by an electrostatic generator connected with the model
suspended in the central part of the tunnel's test section.
Models were permanently connected with the generator during the
sampling (usually 2 min,). The charge of S kV transferred to the
model for 3 sec at the beginning of the experiment was neutralized
soon s0 that the effect of electric charge on the acerosol
deposition decreased markably after several tens of seconds (in
Fig. 27 marked by circles) at a mean aerosol concentration of
16,000 cm™ 3. In order to control better the electrostatic field
around the collector and to avoid the effect of induced
electrostatic charge on tunnel's wall, the wall in the test
section was covered by a thin grounded brass foil, In this
arrangement a potential ditference of 1 kV imparted to the models
corresponds to the potential gradient of 1360.48 V/cm (4,4896
esu/cm) at a distance of 0,25 ¢m from the disk's rim (a
cylindrical model for field calecalation was used), to 581.60 v/cm
(1.9193 esu/cm) at a distance of 0.75 cm, 373.89 V/cm (1.,2338
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esu/cn) at 1.75 cm and 198.45 V/em (0.6549 esu/cm) at 4.75 cm. At
S kV one has a field gradient of 6852.4 V/cm (22,6129 esu/cm) in a
distance of 0.25 cm from the disk's rim, These high pctential
gradients causc an anomalous-chain type-smoke particle deposition
which will be discussed later.

Figure 27 summarizes the results of most of the experiments

_which have been performed with charged collectors. 1In the same

diagram are plotted the calculated collision efficiencies (srve
Section 2) for oblate spheroids (AC = 0.05) with Rec ranqging from
0.1 to 50. 1In addition, a curve for a spheroid with Rec = 50 and
an electric charge of 2.0 esu cm"2 is showing a potential effect
of a charged collector on the aerosol particles bearing in their
majority one elementary charge. Eighty percent of the 46
experiments have been done with glass disks 0.45 to 0.50 cm in
diameter and 0.10 cm in thickness. MNine qlass disks were coated
by gold which ensured electric conductivity of their surface.
Several experiments have been done also with plexiglass disks and
brass disks (which, unfortunately, showed often chemical reaction
between TiCl4 particles and the surface). The measured mean
collection efficiencies from the Fig. 27 for three main sizes of
smoke particulates are plotted for different voltage differences
in Fig. 28, It is apparent that the 5 kV voltage difference shows
a markable effect on small particle (dp < 1,4 ym) deposition and
almost ro effect on the deposition of particles with dp > 1.4 ym,
The collection efficiency for particles with dp < 0.7 ym increases
from its value of 2.5% for 1 kV pctential difference to 10.8% for
5 kV and then rfdrops to 5.5% for 8 kV. The number of pavrticulates
(counted on both sides of a disk) can be easily underestimated in
the case of the potential difference of 8 kV, As was mentioned
earlier, the very high potential gradients close to the disk's
surface cause the aggreqation of partici.ates, wvhich are very
difficult to count individually. Low airflow velocity of 0.25 m
s-1 does not change dramatically the dependence found for the
velocity of 1.0 m s}, This supports the hypothesis that inertial
deposition does not play a dominant role in the mcchanism of small

particle (dp < 1.4 um) removal for similar conditions.

M e
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Another important paramecter i{s the ratio of the disk's
collection efficiency on the front and back side (Fig. 29),.
Bearing in mind that each point in Figs; 28 and 29 is a mean only
of three pairs of measurements with + 20% of data scatter, we can
conclude that only in the case of particles iarger than 1.4 um’
there is an apparent effect of inertial forces on the particle

deposition on the obverse side of a disk at a velocity of 1l m s i,
The number of particles deposited along the disk's radius, R, (R =
l refers to the rim and R = 12 to the center) shows the prevailing
deposition (in relative numbers) close to the rim, especially at a
velocity of 0.25 m s™! gor very small particles (Figs. 30 and 31).
There is also some evidence that in mean the small particle (dp <
1.4 um) deposition un the disk's reverse side prevails,

The evaluation of the number of deposited particles on the
obverse and reverse side of a disk--especially at high voltage
differences--is hampered by the large clusters of particulates and
by the deposition of particulates at the rim. Occasjionally was
found more than 50 individual particles in a large cluster at AV >
5 kV. DBecause there was some evirdence that the large clusters are
relcased from the dielectric (plexiglass) tunnel wall, care was
takan to check its cleanness before each set of experiments, In
spite of that,one was able to observe ofte: chain-like structures
on the disk's surface (fFigs., 13, 32, 33). An attempt was made to
evaluate the individual particles forming chains of more than five
particles., Due to this counting uncertainty, one can expect in
mean deviations of =-20% from the real counts,

The deposition of particles at the rim was investigated in a
scries of measurements in the electron microscope. Because of the
inhomogeneous particle deposition and oriented chain formation
along the rim of dielectric models, the cxperiments inclu‘led only )
the glass models (with well-defined edge) coated by qold, 1In Figq.

34 arc shown the deposited 'I‘iCl4 particles at the cdge of a
charged disk with diameter of 0,45 cm., The particle numbers are
plotted in counts per 45 x 17.% um2 arean so that 22 pictures were
taken in the SELM at a magnification of 5,000 x across the edge of
1 mm thickness, The highest particle deposition is in the middle

o e P e T N R e L T B e S T s T Dy R S 2 e SO e S R e S




0r

30

w0}

Lot

200}

180}

100

80

"RONT si0g

ve 028 m/y
8.0 av

Fig. 30

N
~ -~ 0716
\—r"‘—~§-,/ ”\\ 'I‘&\,’-~-
tprecizeogeicanerttitee geet ., 148
L]
GACK SIDE
«07
—
TN~ ST or-14
- e N -~ -
\\// R
. . . veeer 1.4:2.0
— b Gl " Lo o0enss’’
lltcl.‘r."Oun.
FRIONT
ve LOm/s
8.0y

Fig. 31

~—

37

Number of deposited
particles in.relative
units measured along
the radius of a charged

.glass dilk_(R? = 0.225 cm).

1 48 the d1sk's rim.

Small particles (full line),
large particle (dashed
line). V = 0.25 m s~1;

$.0 kv,

Number of deposited par-
ticles in relative units
messured along the radius
of a charged glass disk
(R, = 0,225 cm). 1 is
thé disk's rim. V =

1.0 m s~1; 5,0 wv.
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Fig. 32 Chain~like aggregates of TiCl, particles at the rim of
a glass disk coated with gold (5.0 kV, Magn. 3200 x).

Fig. 33 Chain-like aggregates of TiCl, particles at the rim of
a glass disk (K. = 0.275 cm) coated with gold (8 kV,
Magn. 4000 x).
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Fig. 34 Number of deposited TiCl, particles at the rim of a glasse
disk coated by gold. Each point corresponds to o area of
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after being exposed for 2 min. to TiCla aerosol.
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of the edge. If all particles found in the chain-like aggregates

at the side of a rim of a disk “"charged"” with 5 kv (Fig. 35) were

counted as individual particles, the total number of deposited

aerosol increased almost 1008, These facts must be considered if

one confronts the results of the numerical models for smoke

particie deposition with the measurement, or if one tries to .
1hcréase'the'scavenging efficiency'oflplanar scavengers,

Another set of experiments was aimed to determine whether the
dielectric charged models (glass) coated by a metal (gold) have in
mean higher collection efficiency than models of pure glass. The
models were glass disks (of 0.45 cm in diameter) divided into one
half which was coated by gold and the other half which was left
untreated. Both halves vere "charged” in different experiments
with 1 kv, 5 kV and 8 kV. Unfortunately, the particle evaluation
in the SELM was much more reproducible in the case of the coated
half than on the glass surface. llevertheless, the number of
particulates in different positions on the disk's surface shows
that a "charqge" of 1 kV does not change much the pattern of
deposited particles on both compared halves. "Charging” the disk
with 5 kV and 8 kV led to the preliminary conclusion that larger
particle counts were found in mean at the rim of the uncoated half

than on the coated one (Nun/Nco = 1.133)., On the plain disk's
surface this relationship was reversed (Nun/Nco = -0,594, so that
in mean no dramatic change due to the induced charqges on
dielectric disks was found. The experiments of this kind will
continue. '
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3.2~6 Deposition of Smoke Particles on Cylinders,

In total, twenty-one experiments hgve been done with TiCl’4
particle deposition on dielectric and metallic cylinders in the
domain of Rec ranging from 3.4 to 44.0. Two of the series had to
be rejected for the high contamination of the PVC materials by the
unknown compound of Ti as was demonstrated clearly by the x-ray
spectrum energy analyzer, Practically all evaluations are
referred to charged models because for uncharged models the
estimated collection efficiencies were below 0.1% in the domain of
Rec used. Also, the applied technique of photographing the
deposits on five different sites around the cylinder did not
enable to obtain statistically significant results in case of
uncharged cylinders. One series with a systematic investigation
of particles deposited on two uncharged glass cylinders (3.63 mm
in diameter) which vere hydrodynamically interacting was made,
however, with a long exposure time (5 min.).

The cylinders were attached in a horizontal position to the
rod, which was used for the exposure of planar models, and exposed
for 2 minutes at flow speed of 1 m s'1 in the central part of the
tunnel's test scction to the smoke. The number of deposited
particles in the size ranges dp smaller than 0.35; 0.703 1.05;
1.40; 1,753 2.103 2.45 and 2,80 um were evaluated from the
scanning electron microscope photographs, Usually, five pictures
(magnification 1000 x) around the half circumference of the
cylinder were taken and the assumption was made that the aerosol
is continuously distributed around the cylinder and that the
deposit is symmetrical with respect to the horizontal plane. In
the case of cylinders with diameters larger than 3.0 mm several
more pictures were taken. However, the system of taking the
photographs at angles 0°, 45°, 90°, 135° and 180° with reference
to the direction of the undisturbed airflow was maintained.

Smoke particle deposition on charged metallic cylinders
(brass cylinders with diameters from 0.051 cm to 0.3937 cm) which
were permanently connected with the generator supplying voltages
between 1,0 kV and 8,0 kV can be summarized in the following way:

the collection efficiency of a brass cylinder 0.2362 cm in




42

_BRASS CYLINDERS
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diameter for TiCl4 aerosol with parameters described in paragraph
3.2-2, increased with increasing electric charge (Fig. 36). This
dependence was linear for particles with dp < 0.7 um,

Considerable deviations were found for large particles (d_ > 0,7
um). In the lower diagram in Fig. 36 is represented the collection
efficiency of the same brass cylinder ("charged" to 5 kV) in
dependence on the Rec of the cylinder. For small particles there
is a decrease in collection efficiency from a value of more than
4,0 for (Re = 3.4) to 2.5 (for Re = 3,40), Large particles are
again deviating from this rule., That can be explained by a
statistical error of particle counting. Usually several hundred
of particles were counted on the five phctographs taken around the
cylinder's circumference in comparison to only several tens of
large particles. 1In spite of these uncertainties some specific
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Fig. 37 Deposition of TiCl, particles, (R,) around a brass cylinder
(R% = 0,118 cm, Rec = 15.75). Pictures were taken at 0°,
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features of the particles deposited on the brass cylinder

0.236 cm in diameter "charged" to different potentials can be

found. The front surface at 1 kv around the stagnation point is
characterized by a high deposition of particles with diameters d

> 1.05 ym (Fig. 37) and low concentration of very small

particulates. Just the opposite situation is found on the back of .
the cylinder. The samples taken at the "charge" of's kV and 8 kV

strongly accentuate this dependence (Figs. 38 and 39), 98% of all

o 8kV
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Fig. 39 Deposition of TiCl, particles, (Rp), around a brass cyl%nder
(R. = 0.118 cm, Re, = 15.75). Pictures were taken at 0°, 45°,
909, 135°, 180°, and 315° angles. Cylinder "charge" 8 kV.
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particulates which deposited at 5 kV around the bhack stagnation
point (and B1% at 8 kV) have diameters qp < 0.7 um, There is,
however, an indication that at a very high "charge" (8 kV) the
deposition of very large particulates (dp > 1.40 ym) is
increasing. At the extreme tangential points of a cylinder with
the flowfield in all evaluated seven cases there was a dominating
peak (around 45% of all particulates) corresponding to the
particle size 0,35 < dp<0.70 um,

. The data will be completed by more measurements in the domain 5
of low "charges" and will include alsc the systematic measurements >
with dielectric cylinders. With the data now available, one can y

only make some qualitative estimates anrnd speculate about the

relationship to several models describing the particle deposition
on charged cylinders (e.g. Zebel, 1956). However, the cffect

seems to be significant although less important if compared with 3
charged disks. The most spectacular is the interaction of &
inertial and electrical forces in particle deposition on the front ;
and back side of the cylinder.

Several measurements have been made with dielectric charged v
cylinders (glass tube, dc = 0,359 cm; glass rod, dc = 0.315 cm; ;
ceramic rod, dc = 0.396 cm; plastic rod-PVC, d, = 0.660 cm and ?

plastic rod-unknown composition but contaminated with Ti

containing substances, dC = 0,318 cm). The results of these few .
measurements are contained in Table 1I.

TABLE T )

a_ "'

Material (em) Re  E, (8] Eg<0.7m Eg0.7m

Glass tube 0.359  23.93 2.567  2.372 3.442 !

. Glass rod 0.315 21,00 3,878  4.448 1.870 ‘
Ceramic rod 0.396  46.40 5.628  6.176 3,552 L
Plastic rod-PVC 0.660 44,00 9.202  8.430  11.817
Plastic rod-white 0.318 21,20 5.590 9.003 0.867 !
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As was mentioned earlier, the results of the deposition
measurcment on the plastic white rods are rather questionable due
to the Ti contamination. Because all c?linders were exposed in 1
1 aerosol flow and "charged" with 5 kV the collection
efficiencies, E(%), can be compared. The maximal efficiency
showed PVC rod, in spite of its lowest Stokes number. Small and

ms

large TiCl4 particles were collected well especially on the
microscopical unevenesses and hair-like structure of its surface.
The same effect one observed on the ceramic rod, where many of the
smoke spherical particles wecre deposited among the micrcscopical
grains on the rod surface. Apparently an induced charge effect on
the uneven surface plays an important role in particle scavenqging.
The nuabher of deposited particles on glass tube and rod did
override slightly the efficiency of a brass cylinder (for 5 kv and
dc = 0,394 cm it was E = 2.364). Few measurements do not permit
to explain the difference between the collection efficiency of a
tot * 3.878%) and glass tube (E 2.567%) with
almost the same diameter.

glass rod (E tot
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3.2-7 Deposition of Smoke Particles on Grids,

The deposition of micron and submicron smoke particles on
mesh typs models and fine fibers has been suggested in our
previous report (Podzimek, 1981). Ultrafine particles might be
scavenged in this way very effectively due to the large surfacé
exposed to BRrownian diffusion and larger particles by inertial
deposition due to the high Stokes number if the scavengers would
fall sufficiently fast. In the domain of Greenfield gap (0.2 < dp
< 1.0 un) where most of 'I‘iCl4 particles exist, the potentially
most effective mzchanism seems to be the deposition in

electrostatic fields. Therefore several pilot experiments have
heen performed with charged metallic scavengers
(electron-microscopical grids, mesh 300, diameter of 0.3 cm and

thickness of 0.00127 cm) which were exposed to 1 m s.l

a=rosol
flow in the wind tunnel. The disk's main plane was perpendicular
to the airflow and its charge was selected from 1 to 8 kV.

In Figs. 40 and 41 are plotted some preliminary results of
particle counting on the rim (wider ring around the grid. The
numbers correspond to the counted particles of a specific size in
one photograph the surface of which corresponds to an area of the
grid's rim of 92.1 x 67.7 um, Position 1 is the outer, and 4 or
S the inner edae of the rim. The evaluation was performed only
for the frontal side of the grid. For 1 kV charge there is a high
deposit on the outer edge of the rim where 43 individual particles
with dp < 0.7 ym were found in picture No. 1. However, in Fiq., 40
were not plotted the particles forming chains perpendicularly
oriented towards the surface along the edge. A rough estimate of
the number of particulates in these chain-like aggrecgates reveals
that they are composed of more than 137 particles whereas in the
five pictures across the grid's rim were found 107 particles. Duc
to the clectrostatic field around and inside the qrid with respcct
to the grounded shielding at the wall, not many agqregates are
found on the inner edge of the rim and on the qgrid inside.

Similar picture of dJdeposited particles was found for 5 kV (Fiq.

41) with the only difference that the agqregates found at the

outec edge were numerous, however, shorter if _ompared to those at
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Fig., 42 Deposited TiCly, particles at the edge of an ELM grid
“charged" with 5 kV (Magn. 1000 x).

Fig. 43 Deposited TiCl, particles and aggregates on the ELM -
grid "charged" with 5 kV (Magn. 500 x).
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1 kV (Fig. 42)., More little aggregates were also found along the
inner edge of the Fim'in comparison to the sample of 1 kV (Fiq.
). I S

An attempt was made to calculate the scavenging efficiency of
a grid type model using the same procedure as deacribed in
paragraph 3:2=4 ‘and 3.2-5 except the reference cross-section of - -
the grid. That was obtained by subtracting from the circle's area
(with nRz = 0,0707 cmz) the "empty" ventilated area (approximately
0.0451 cmz). ‘The total collection efficiency of a grid charged to
1 kV was 5,21% for smoke particles with dp < 0.7 ym, 1.97% for 0.7
< dp < 1.40 um and 0.41% for 1.40 < dp < 2.10 ym, For the same
particle size ranges and for a "charge" of 5 kV the efficiencies
wvere 5,64%, 2,83% and 1.18%, Compared to the values of E for a
charged dielectric disk (5 kV) with Rc = 0,225 cm (Fig. 26), one
finds the collection efficiency of the grid charged to 5 kV very
alike if very small particles are considered. For particles with
dp > 0.7 ym the collection efficiency of a charged grid (5 kV) is
lower that of a charged disk. A potential difference of 1 kV
makes the collection efficiency of a grid superior to that of a
dielectric disk. This opens a new avenue of research with the
final gcal to find grid type scavengars (made of cheaper material
than ELM grids) which could be easily charged and bear the
electric charge for sufficiently long time.
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4. POTENTIAL EFFECT OF THE FALLING SCAVENGER ZONE
4.1 Effect on the Smoke Cloud Dynamics,

The effect of falling scavenqgers on the smoke cloud is
explained by the drag exerted by the scavengers on the air with
smoke particles. This drag, which many authors consider as
equivalent to the scavenger weight, creates an air motion inside
of the smoke cloud, which affects like a feedback the scavenger
settling and smoke particle deposition. Most of our thoughts on
this line are based on several articles and reports published
mainly in cloud physics literature (e.g. Clark and List, 1971;
List and Clark, 1973; Girard and List, 1974; Girard and List,
197%).

The “"first approach” system of equations can be based on the
following assumptions and scenario of a model experiment:

a) A homogeneous and monodisperse smoke cloud is confined to a
space of 1200 x 1200 x 200 m3 with a "frictionless wall" on the
top and at the side (Fig. 44). Smoke particles are assumed to

zs 200m

ik o 16/ —
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\

10 grid points
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20 grid points 40 grid points
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Fig. 44 Scheme for the modeling of falling scavenger zone effect.

travel with the air due to their small size (dp = 0.6 um; pp = 1.0
g cm'3, or Pp = 2,09 cm'3). As pilot study a two-dimensional
model with 1200 grid points seems to be very useful.
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b) Above the 200 m high smoke layer is temperature inversion. g% -
- 10°C/100 m or =0,6°C/100 m 4{in the smqke layer prevails.

. ¢) -Planar scavengers are assumed to be of the same size and mass
and will be released in a uniform way just above the smoke layer
and will settle in guiescent atmosphere (no horizontal wind). "The
main parameters of some paper scavengers nelected from our
previous experiments are presented in Table II. o

TABLE II
_ Cross Settling
Type of Diameter Thickness Section Mass Velocity
Scavenger Material [=m) [cm) [cm2) (g) [ems™1] Cp Re
disk paper 0.86 0.018 0.584 0.0056 125.0 0.950 672
disk paper 1.90 0.018 2,840 0.0284 134.0 0.876 1,612
square paper 0.90 0.018 0.810 0.0082 131,0 0.915 736
square paper 1.40 0.018 1.969 0.0193 132.0 0.896 1,475
hexagon paper 0.87 0.018 0.583 0.0054 129.0 0.922 723
hexagon paper 1.72 0.018 2,750 0.0277 120.0 0.923 1,410

Selecting the first type of scavenger (paper disk with dc =
0.86 cm), one would assume the scavenger mixing ratios e.g.,q, =
0.01; 9, = 0.03; q4 = 0.07; and; q4 = 0,15, wvhat corresponds to
the scavenger concentration 1,786 scav/1 g air, 5.357 scav/l g
air, 12,500 scav/l g air, and 26.786 scav/l g air (1 g air = 0.773
liter). For diffevent types of scavengers in Table II were
calculated from a simple momentum equation the relaxation times to
show after what time the released scavengers will resume a steady
settling velocity, VCT‘ One can assume that all of the mentioned
models will settle in 1 second at a velocity within 0.95 VCT and
VCT if the scavengers will not intereact hydronamically.
d) The basic system of equations have to include the momentum
equation which for the case of constant mixing ratio of smoke mass

and scavenger mass can be expressed in accordance with Girard and
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List (1975) in the form

oy

— )
3t + VeV = = DOVP - g(B - pcp) + v-utvif . {11)

v is the velocity vector, ¥ is the momentum vector (e.q.,po 3); P..
is the air density in the isentropic base state (with the
potential temperature 6 = const.); P = p /O ’ WIth p the
- - pressure deviation of the perturbed state; B = o 0 v/ 8 + With Ov'
the virtued potential temperature deviation; cp = pac + pap, is
the total density of scavengers, Pac’ and of smoke particles,

Pap’
expressed as (q/cm3

airl Ve is the dynamic eddy viscosity
featuring the main state of the turbulent atmosphere (y, = C2A2-
lefl1/2; 0.2 < c <0.4; A = grid interval; |Def]| is the momentum
deformation tensor.

The thermodynamic equation can be simplified in comparison
with Girard and List (1975) model which is considering the phase
transition of water. Therefore, assuming no physico-chemical
intereactions hetween smoke and scavenger, an isentropic basic
state, the entropy transport equation may be written as

(o %]

g e .

3t + Vegv = ¢ (RsVs) . (12)
s = B + c&%p with @ being a factor describing the heat released
or absorhb~d per unit smoke particle density in the air and

temperature. The eddy entropy exchange coefficient, Kg s is

0

assumed to be proportional to ut.
The transport equation .for smoke and scavenger substance is

based on the following equation for smoke particles

dp P ) -

ap , v. - O, ap " ac (13) »

3t v oapv v Kaprap + K(RC,RP) m -;zr ]

In eq. (13) mp, pap' ar~ the mass and the density of a smoke é
particle in the air, m. is the mass of a scavenger and Ka is a .

turbulent exchange coefficient for the smoke particles in the air,

1t is further assumed that the smoke particles are moving with the

air, are not evaporating, and their deposition on the qround is
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not influenced by the substrate, The scavenging term is not
included in any of the previous studies of falling precipitation
zones and requires a more detailed analysis: the simple form of

the collection kernel K(Rc, Rp) is

2
) = EW AR, + R)TUV, =V ) (14)

K(RC,R ¢ op

P

if the smoke aerosol is monodisperse and all scavengers of the
same size. The collection kernel will resume, however, a very
complicated form if the side wind will affect the motion of a
scavenger.

For the scavengers one assumes that scavengers do not
interact among themselves. Their position in space, ¥, and their
mass per unit volume, Mc are changing according to the equations

-
Dr _ o2 > - 15)
16

DM D(M _m ) (e
C C C

bt = T Dt

->

(r,t) .

B is the substantial derivative, vV is the vector of the flow

?teld, Gc'represents the settling scavenger velocity vector, Nc'
is the total number of scavengers per unit volume of air and m. is
the changing mass of the collector. The basic assumption is that
the initial position, ;o’ and the mass Meo = Heo M 2re known at
the time to" ‘

The last equation which completes the system of equations
(11) to (16) is the continuity equation

VeV =0 . (17)

Following the suggestion by Girard and List (1975), (17) is for
numerical solution replaced by a combination of eq. (11) and
(17)-special type of Poisson equation

9 3 -
v poAP = -ggg(B-pcp) + Ve [=V-Vv+Teuyv] . (18)
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Numerical solution to the system of cquations (l1) to (18)
~ for a two-dimensional case is discussed in detail by Girard and
List (1975) and by Clark and List (1971) for a simplified model.

_ There are, however, two basic differences in the suggested model:
our model includes the coagulation term in eqg. (13) which affects
all equations of the mixed Lagrangean-Eulerian system. On the

e other hand, it does not include the evaporation-condensation terms
of the Girard-List model. - ' ' .

e) Several parameters in the system of equations will require a
special investigation such as the turbulent exchange coefficients.
The kinematic eddy viscosity of 500 m? sec 'l_would be a suitable
value for starting the study of its reclationship to the eddy
entropy exchange coefficient, Ks' and to the smoke particle
turbulent exchange coefficient, Kap' An open question remains the
turbulent dispersion of the settling scavengers. Girard and List
{1975) assume for instance a smooth settling path of drops of 0.78
mm radius. However, this assumption must not be necessarily valid
for non-spherical scavengers, such as disks, which are much more
sensitive to turbulent flow fluctuation. Also, largely unknown is
the interaction of smoke particulates in the down draft with the
substrate of a specific roughness and the potential re-entrainment
of particulates once deposited on the ground.
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4,2 Estimates of the Potential Effects of the Falling

Scavenger 2Zone on the Scavenging of Smoke Particulates.

Becaugse of the limited time available for the whole program
and lack of financial sypport of the expensive program of a
numerical solution to the sustem of equations in paragraph 4.1,
only an estimate of the potential effect of the falling scavenger .
zone was attempted. For this aim the available articles, mainly
by Clark and List (1971) and Girard and List (1975), were used.
The main difference hetween the Clark-List and Givrard-List
two-dimensional models is the neglection of the complex

thermodynamic process, as has been described earlier in the
Girard-List model, and substituting the corresponding egquations by
the conservation of enerqy equation

9 1, .2
3t ff[i(u +w2) + ggz]dxdz = -ffgqvc dxdt -

- ou, 2 Ju, 2 3w, 2 dw, 2 (19)
vtff[(ax + (az) + (3;) + (35) )] dxdz .

q is the mixing ratio of smoke particles and scavengers in dry air
[kg/kg] and vt the air kinematic viscosity in the energy
dissipation term.

In spite of dif{ferent geometry of their two~-dimensional model
(40 km x 10 km, collectors confined to 3 km x 3 km space were
released at 8 km altitude) and dimensions of the spherical _
scavengers (e.g. R, = 0.078 cm with V_ % 6 m s™'), several '
important conclusions are made.

From the study by Clark and List (1971) one learns that the
convective velocity of the scavenger zone (equal to the excess of
the observed air velocity over the scavenger terminal velocity)
depends not only on scavenger loading (mixing ratio) but also on

the terminal velocity of scavengers. The importance of loading

decreases with increasing scavenger velocity. The difference in
for g = 0.01 and q = 0.038

convective velocity surpasses 1 m s :
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and V_ = 4 m s”l. For Vo = 1.5 m s™" the convective velocity
difference for q = 0.01 and g = 0,03 is comparable with the
scavenger scttling velocity. The internal circulation in the
falling zone redistributes the scavengers in such a way that for
times larger than 200 sec (not applicable to our case) a double
minimum in the horizontal profile of the air's vertical velocity
forms. At the same time the horizontal advection of the falling

1

scavengers affects the scavenger distribution and leads, after a
long time to the scavenger deficiency near the axis of symmetry.
Girard and List (1975) found a very interesting coupling between
the positions of the updraft centers and warm air regions
(amplitude of the centers are out of phase).

In conclusion, it seems that the investigation of falling
scavenger zone is a very important subject which might change
considerably the calculated and measured collection efficiency of
scavengers. Due to the relatively low altitude (200 m) of the
smoke layer, the scavenger dispersion will not be very
significant, and for the same reason, the thermodynamic effect can
be probably neqglected.
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5. DISCUSSION OF THE RFSULTS

Theoretical studies concentrated mainly on the following
points: are the planar scavengers (collectors) more efficient
than the spherical collectors if the same mixing ratio (g or kq of
collectors per 1 g or 1 Kg of air) is taken as a basis for the-
comparison? (lhat is the mean total collision efficiency of
‘neutral thin oblate- spheroids colliding with neutral aerosol
particles in dependence of particle size and Reynolds number, Rec
(referred to oblate spheroid)? What is the mean total collision
efficiency of a charged planar collector with a charged aerosol
particle?

The first question is answered positively in this report and
documented in a special article by Martin and Podzimek (1982). 1In
the latter work was also shown that the Brownian diffusion
dominates the capture of smoke particles with Rp £ 0.01 um and the
inertial deposition prevails at Rp > 0.1 um. The oblate spheroid
has an axis ratio of 0.05 and Rec ranging from 0.1 to 50.0. Figqg.
1 clearly demonstrates how for the same Rec (referred or to the
main semi-axis of a prolate ellipsoid or to the radius of a
sphere) and uniform aerosol (Rp = 0.6 ym and op = 0,95 g cm°3) the
deposition on planar scavenger dominates. However, for a specific
K’=nR2ch'(the gecmetric volume swept out per unit time) the ratio
will reverse. These findings are supported by many field
observations (e.g., Itagaki and Koenuma, 1962; Podzimek, 1965;
Carnuth, 1967; Reiter and Carnuth, 1969; Podzimek, 1970; Magono, et
al., 1974; Magono, et al., 1975; Graedel and Francy, 1975) and by
laboratory studies (e.,g., S5ood and Jackson, 1969; Sasyo 1971;
Knutson, et al., 19763 Yue and Podzimek, 1976; Prodi, 1976).

The mean values of the collision efficiencies plotted in Figqg.
2 represent only the contribution of the smoke particles
transported about an oblate spheroid (Ac = 0.05) under the

influence of cuter forces and at the given qeometry of particle
interaction. The model includes the field on both sides of the
scavenger. The collision efficiency curves are featured by a
competetion between the settling rate of the oblate spheroid, 1its
hydrodynamic effect and the smoke particle size. This leads to a
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saddle shape of the collision efficiency line for Rec > 10, The
steep increase of the collision efficiency for the small particle
sizes in the Greenfield gap (0,1 < Rp < 0.5 um) is caused mainly
by phoretical forces which are surpassed by inertial forces for R
> 2.0 um. One cannot compare this dependence with the "classical"
diagram of theoretical collision efficiencies calculated for a
micron~size droplet colliding with a spherical collector (e.g..,
Pruppacher -and Klett, 1980, p. 481). For the purpose of this
study-scavenging of smoke particulates with median sizes between
0.4 and 1.5 um - essential is the fact that planar scavengers are
attaining the high collision efficiency (saddle of the curve) in
this size range.

There are, howvever, several important problems which have to
be studied before one could be satisfied with the existing
numerical models for the determination of collision and collection
efficiencies of planar models. One of them was successfully
investigated in this study: the effect of smoke particle density
on the collision efficiency of a planar collector with a tiny
spherical particle (Fiq. 4). This effect, which is the result of
particle inertia and flow field about the collector, can represent
an increase in collision efficiency of 28% if one compares the
particle (Rp = 0.3 pm) with a density of P, = 1,20 g em™3 with
another particle of 0, = 0.95 g em™3 and considers an oblate
spheroid with A, = 0.05 and R, = 50.6 um. This result supports
and extends the earlier study by Martin,et al. (1980). Another
important problem seems to be the improvement of the current
procedures for calculating the collision efficiencies, which are
based on several not sufficiently investigated assumptions. Among
them belong the use of the ventilation coefficient, the
superposition scheme in calculating the total ecffect of different
outer forces on the particle deposition and the very general
question of the justification of the use of particle continuity
equation--discussed partly by Volschuk (1971)--for the particle
impaction and removal. Finally, applicability of creeping flow
equation for Rec > 10 should bhe investigated.

The clectric charge effect was investigated under the
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-assumption that only Coulomb type forces are effective between
collector and smoke particle. 1In Fig. 27 the calculated collision
efficiency curve is plotted for an oblaée spheroid with Ac = 0.05
and'Rec = 50 bearing an electric charge of 2.0 esu cm.2 colliding
with aerosol particles charged with one elementary charge. The
collision efficiencies are several times higher if compared to
qeutral-particles and--in the range of particles with Rp =2 0.1
ym--the difference makes almost one ordert of magnitude. There are
no theoretical studies in the literature which would deal with a
model similar to that presented in this study except those which
were published in co-authorship of investigators participating in
this project (Martin, et al., 1981; Martin and Podzimek, 1982).
Due to the lack of comparison with other investigations one can
conclude that--based on this study--the electric charge will be
one of the domirating parameters in smoke particle scavenging by
planar collectors if one will be able to put a high charge on the
collector and maintain it for sufficiently long time,
Experimental investigation of the planar-scavenger motion
focussed in this study on the comparison of the data on
oscillatory motion of planar bodies in liquids and in the air, on
the parameters featuring the fall of paper planar models in the
air and on the hydrodynamic intereaction of several planar
scavengers falling close to each other. The detailed evaluation
of all the measurements with falling paper models in the air
complete the previous study by Podzimek (1981)., This study
stresses the original conclusion about the comparability of
observations made in liquids and in the air, provided that the
corresponding ReC will not surpass 700 (Podzimek, 1982; Podzimek
and Martin, 1982) and that the main parameters of similarity
(Re,Be) are the same, The obtained settling velocities =2.g., for
disk are in good agreement with Schiller (1932), Willmarth, et al.
(1964), Podzimek (1969), Jayaweera and Cottis (1969), List and
Schemenauer (1971). Beyond the value of Re = 700, vhen the disks
start to oscillate markably, it is impossible to use any

measurements in liquids for an observation in the air.

In this study was related the amplitude and frequency of the
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oscillating paper disks to Reynolds numbers (Rec) and Wilmarth's
stability numbers (I). Below Rec = 1500 the amplitude of the
disk's motion moderately increased and the frequency of the disk's
sWwinging decreased with increasing Re (Fig. 7). For Re, > 1500
the same dependence was markably magnified. A similar picture was
obtained for the relationship between the amplitude and frequency
of the disk's oscillatory motion in the air and the Wilmarcth's
stability number. In a perfect analogy to the ReC = 1500 we found
that at I > 0.005 starts the dramatic change in the investigated
relationship. These results are not in disagreement with a
recently published study on the motion of free falling ellipsoides
(Stewart and List, 1980). Vlith regard to the relatively
insignificant increase of collection efficiency by swinging
disk-like scavengers and the optimum scavenger size between 2 mm
and 10 mm, one will try rather to seek other mecans of effective
scavenging than enhancing the oscillatory motion of a scavenger
(clectric charge, grid type models, etc.).

The hydrodynamic interaction of several scavengers released

simultaneously was limited to the analysis of 15 pairs of planar
scavengers rrnleased simultaneously and photographed at
stroboscopic illumination (Podzimek, 198l1), Some of the important
conclusions are: symmetrical scavengers (disks, squares,

‘ hexagons, stars) of the same size start to interact

; hydrodynamically on a distance less than three diameters (for 1500

’ < Roc < 3700) if one of the scavengers is in the wake of its

precursor, and on a distance less than one diameter if the

‘::
E
|
i

scavenger is at the side of the other. The effect of this
interaction is the amplification of the swinging motion, and

usually, the change of the direction of the mean trajectory of
just touching scavengers of several degrees. From the 15
evaluated pairs of settling scavengers it was hard to establish a
picture of a general validity because of the large scatter of
data. This observation does not support the hypothesis pronounced
earlier (Podzimek, 1969) that planar models of the same size can

interact during their fall and form a stable confiquration.
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Similar agqregates >f the planar models (disks, hexagons) formed




62

only in liquids and usually the stable "butterfly" aggregates vere
observed on unequal plates (Podzimek, 1965).

The experimental study of the smoke particle deposition on
disks in the wind tunnel was featured by a better stability of.
TiCl4 aerosol parameters (not chanqing considerably almost for 30
‘min.), by a good control of electrical prqperties of the aerosol
and scavengers and an improved evaluation in an optical and SELM
microscope if compared with the technigue described in the
previous report (Podzimek, 1931). Deposition on stationary disk
models at airflow velocities of 0.25 m s"l or 1.0 m s™! and Rec
between 80 and 320 showed that in mean the total collection
efficiencies of disks (Ac = 0,05, R, = 2.25 to 2.50 mm) for the
emoke aerosol (Rp = 0.3 uym) ranged from 0,70 to 1.20%. Higher
collection efficiencies were found in mean on plexiglass models,
lower values featured glass ary metallic models. The decposition
of small particulates (Rp < 0.35 uym) on the back side of the
models overrides or is comparable with the deposition on the front
side [(N__/N__) = 0.986 with a standard deviation ot 0.135]. The
peak in particle number curve close to the rim of the front side
is shifted towards the center on the back side, Often a secondary
maximum in the particle distribution curve on the back side was
observed in agreement with the earlier findings (Podzimek, 1970).
Particles with Rp > 0.35 uym are collected more on the disk's front
side due to their qreater inertial mass. This pattern of
deposited particles is rather insensitive to the increase ot Rec
from 80 to 320.

Swinging models were investigated at 10 Hz and 60 Hz
frequencies and at the amplitude of + 10°., Several trials were
made with models oscillating arounada the mean angle of attack of
10° or 20°, Most of the experiments done at Rnc 80 or 320 with
diclectric disks showved that on the front side is lower particle
deposition in comparison to the back side. From the evaluation of
rev) 0.846 with a
standard deviation of 0.065 for small particulates, There is a

5 sets of measurements the ratio of (ﬁ;b/n

noticeable effect of the higher frequency on this mean ratio. It
decreased from 0.913 for 10 Hz to 0.745 for 60 liz. Figure 25
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shows also the markable difference in particle deposition on the
front and back (reverse) side. The more uniform and high
deposition on the back side contributes.mainly to the higher
scavenging (collection) efficiency of the oscillating disks if
compared to the stationary scavengers. For a glass disk 4.5 mm in
diameter the mean total collection efficiency, E, was slightly
over 0.7% for quiescent models, 1.09% for scavengers oscillating
at 10 Hz and 1.42% for 60 liz.

The electric charge effect was studied with disk cylinder and
grid type models. Models of scavengers were made of electric
conductive and dielectric materials and most of the experiments
with disks (Fig. 27) have becn done at a flow speed of 1.0 m s~
and charging electrode permanently connected with the model. The

1

charge imparted to the scavenger was high and corresponded to the
potential difference of 1; 2: S and 8 kV referred to the grounded
brass sheet around the tunnel wall. To the potential difference
of 1 kv (5 kV) corresponds to a charge of 0.568 esu (2.863 esu) on
the glass disk of 4.5 mm in diameter.

Mean collection efficiency of glass disks, on which particles
with Rp < 0.7 pym were decposited, was 2.69 for 1 kV potential
difference, 5.45 for 2 kV and 9.53 for 5 kV. These values
represent a mean of four individual measurements at least. They
are much higher than for neutral scavengers and are comparable
with the calculated collision efficiencies of a charged spheroid
with an aerosol particle bearing one elementary charge. The
model, however, is based on several idealized assumptions, such as
the constant charge of the scavenger and coulombic force between a
charged particle and a collector. Other forces, such as
electrical image force between a charged particle and neutral
collector (and vice versa), the influence of an outer uniform
electric field and the electric dipole interaction force between
neutral particles, both being polarized in a uniform external
field, are not considered yet. A systematic measurement in the
near future will i1nclude also the measurement of electric cnharges
on individual particles., The assumption of one elementary charge

on each particle which passes through a neutralizer is probably
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unrealistic, A simple model of particle charging in a bipolar
atmosphere (e.q. Keefe et al,, 1959) assumes that 13,3% of the
aerosol with Rp = 0.5 um will be neutral, 25.3% will bear one
elementary charge (e), 21.4% will have 2e, 16.2% 3e and 10.9% de
etc. Future research should include some of the mentioned '
processes discussed in detail by Kraemer and Johnstone (1955),
-Zebel (1965, 1969), Davies (1973) and Nielsen and Hill (1976a,
197Gb).

This research calls attention to the particle depositoin at
the charged disk's rim which, especially for rough surfaces,
represents an extremely effective scavenging site. There is some
evidence that long chain aggregates of smoke particles form
preferentially at 1 kV and 8 kv, while at S kV (on a glass disk)
were observed many, but shorter aggqregates. The analysis and
explanation of the bizarre structure of the chain-like agqregates
(larqe sphere connected with another by a tiny sphervical particle)
and the task to contro)l the aggregate formation represent one of
th2 most challenging fields of this investigation., Most of the
aggregates are formed at the rim and on the front side of a
charged scavenger, while the majority of particles smaller than
0.7 um is deposited on the back side (Fig. 29).

Cylindrical models have been electrically “charged” to the
same potential differences like the disks. The collection
efficiencies increase with the cylindev's charge and decrease with
cylinder's Rec (Fig. 36). For Re, = 3.5 the mean collection
efficiency for a brass cylinder exposed at an air velocity of 1.0
m s-l was 4,0%, Particle deposition around the cylinder's
circumference (Figs., 37, 38, 39) follows the scheme predicted by a
numerical model developed e.q., by Zebel (1969) if one bears in
mind that the cylinder is directly charqed (Zebel assumed that
dielectric cylinder had a surface charge distribution according to
the polarizing ficld parallel to the main airflow). The surface
charge on a mectallic cylinder of 0.8593 esu/cm2 (corresponds to 1
kV in Fig. 37) caused a subhstantial difference of deposited
particle pattern on the front (windward) side of the cylinder and

on its back side. The former is feratured by small numhers of
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smoke particles (Rp < 0.35 um), by a maximum for 0.35 < Rp < 0.70
um and by relatively high counts of part@cles with Rp > 1.05 um.
Around the line of symmetry on the back side, the relationship is
just reversed., One finds a similar situation at a potential
difference of 5 kV (which corresponds to the surface charge of
4,3281 esu/cmz): only the ratios are magnified (Fig, 38).
- The results of the experiments with smoke particle deposition
on grid type scavengers indicate one of the most promising lines
i of research in the future. Grid type scavengers, which were

modeled by ELM grids, represent very effective collectors for all
particle sizes, Electric charge contributes favorably to the
particle capturing mainly around the scavenger's rim and also
inside on the grid (Figs. 40 and 41). The scavenging efficiencies
are comparable or higher than those of solid planar models
(several percent for 1 kV and more than 5% for 5 kV). Another
favorable factor for increasing the collection efficiency of the
grid type scavengers is the potential use of grids made of charged
fibers (e.qg. Davies, 1973, p. 106-110) or fibers which consist of
dielectrics (usually polymers) carrying a strong positive and
negative electric charqe (FiltreteR; J. vanTurnhout, et al., 1978).
Currently tests are prepared with these materials together with
another "self-charging" filter material rames Poly-Mag 80 (Piper
Industries, Inc., Clarendon, Ark.).

Due to the relatively shallow layer of smoke cloud above the
qround in our scenario of the application of scavenger technique,
the falling scavenger zon- effect can be considerably simplified
if compared to the model by Clark and List (1971) or Girard and

. List (1975). One can probably neglect the large scale dynamics
and thermodynamics, which was used for the explanation of the
precipitation distribution and its effect on the air circulation,
and concentrate on the dynamics of the scavenger zone. This has
an utmost importance for calculating the scavenger motion and
interaction with the smoke particles, The change in scavenger
relative velocity might affect stronqgly the scavenging effect,
actually lowering the collection efficiency of scavengers. Rough

estimates made in this preliminary study indicate that the effect
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is not negligible at assumed parameters and that more effective
scavenging can be attained if the scavengers will be dropped
subsequently in smaller quantities,
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6. CONCLUSION

The two year effort of investigating the clearing of military
smoke cloud with scavenging technique concentrated on the
numerical modeling of the scavenging of smoke particulates by a
planar scavenger (neutral or charged oblate spheroid) and on the
analysis of the frece falling model motion for the suitable

‘simulation of the scavenging in a laboratory wind tunnel.

Laboratory wind tunnel experiments included the deposition of
TiCl4 particles on stationary, oscillating and electrically
charged models, Systematic measurements were performed with
disks, which were compared with the calculated deposition on
oblate spheroids, cylinders (rods) of different material, and on
grids, The study of the falling scavenger zone effect was limited
to the analysis of the equations governing the impact of the
falling scavengers on the air motion and to the assessment of how
this induced air motion might affect the scavenqing efficiency.
Our independent program, which should include in addition particle
coagulation terms, was not started for two reasons: it would be
too expensive and the results of a complex program would be
probably insignificant with regard to the limited depth of a smoke
layer and the assessments made in this report.

The most important findings of the two year program can be
summarized as follows:

1) Theoretical analysis and numerical program which included
the effect of inertial, phoretical and electrical forces showed
that a planar scavenger is more efficient than a sphere (referred
to the same swept out air volume and particle sizes typical for a
military smoke cloud).

2) Humerical calculation predicts the mean collection
efficiency of a thin oblate sphercid colliding with smoke
particles Rp = 0,3 ym) to be between 0,5 and 1.5% for scavengcr
Reynolds number 2.0 < Rcc < 20.0 and around 4.0% for Re = 50,

3) Mumerical calculation predicts the mean collection
efficiency of a charged thin oblate spheroid colliding with smoke
particles (Rp = 0.3 pym) to be around 14% for Rec = 50.

4) 1llumerical calculation stresses the importance of smoke
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particle density (which is not sufficiently known) for the
7 calculation of collection efficiency.
o _ ~S) Analysis of stroboscopic records of falling paper disks
leads to the conclusion that around Re_ = 700 the disks start to
oscillate with a frequency between 7 and 10 Hz, At higher Rec a
superimposed frequency greater than 50 Hz was occasionally .
‘observead. - -

6) Amplitude and frequency in the domain of Re for disk's
oscillatory motion are related to the Rec and to the Wilmarth's
stability number (I). Amplitude increases with increasing
pacameters Rec and I, and frequency decreases.

7) Scavengers (disk, square, hexagon, triangle, star)
interact effectively on a distance of less than one diameter wvhile
falling in the air. The result of the interaction is the
accelerated motion and change in the scavenger trajectory. Stable
configuration of joined scavengers after the contact--as observed
often in liquids--has not been found in the air.

8) Collection efficiencies of stationary disks deduced from
the measurements of smoke particle deposition in a wind tunnel are
in the range of 0.5 and 2.0% for 80 < Re_ < 320 and particles
typical for smoke cloud. The deposition of particles with Rp <
0.7 ym on the back side of the disk overrides in mean that on the
front side,

9) Collection efficiencies of oscillating disks (10 Hz, 60

Hz) for Rec > 300 surpass slightly those for stationary dJdisks.
Smoke particle deposition pattern is featured by lower deposition
on the front side and higher and more uniform counts on the back -
side,

10) Collection efficiencies of electrically charged disks
were around 3% for a potential difference of ! kV and more than 5%
' for 5 kV and 8 kV at 80 < Rec < 320. Exceptionally metal coated j
glass disk showed collection efficiency targer than 20% for a !
typical smoke aerosol. There was no larqe difference in

cnllection efficiency between disks made of Adielectric or metallic
material,

)
N l1) Large number of particles is deposited along the rim of
[
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charged models, Rough surface, especially of diclectric
materials, represents the site of maximal particle deposition.
particles form both long chains and large afgqreqates contain--at
potential differences larger than S kV--often more than 50
individual particles,

12) Deposition of smoke particles on charged cylinders m&de
of different material was featured in mean by lower collection
efficieny if compared with the same volume of air swept out hy a
charged disk. Experiments with charged brass cylinders for Rec =
15.75 showed a clear dependence of the collection efficiency on
the clectric charge. For 5.0 kV potential difference was
demonstrated how with increasihg Rec the total collision
efficiency is decreasing. High deposition was found on charqged
cylinders made of plastic materials (e.g, PVC}, especially those
with a rough surface.

13) High collection efficiencies were found during
experiments with charged grids. Surprising enough was the fact
that for 1 kV on an ELM grid the collection of smoke particles was
comparable in mean with that of 5 kV. One can speculate about the
effect of the electric field around the grid and inside at the
effectively ventilated sites.

This research report represents a sincere effort of two
investigators and their students to find the most effective way to
remove the particulates from the smoke cloud and transport them in
a short time to the ground. The most significant results
mentioned above are directly related to the specific points in the
"Statement of Work: (DAAK1l1-81-C-0075): Our points 1 and 5 to 13
are referring to point (1) of the Statement; our points 6 and 7
concentrate on points (2) and (3) of the Statement; our point 13
refers to point (4); our points 1 to 4 comply with point (5) of
the Statement; points 7 and 8 to 12 are retated to (6); our
paragraphs 4.1 and 4,2 concentrate on points (7), (8) and (9) of
the Statement (with the limitation of the effort mentioned above);
our points ! to 3 and 5 to 13 cover the task under point (10) and
our progress reports, publications and papers presented at the csL*
Scientific Conferenceon Obscuration and Aerosol Kesearch comply

with point (11) of the Statement.

—
Known as the U.S. Army Chemical Research and Development Center
(CRDC) in July 1983 and the U.5. Army Chemical Research, Development
and Engineering Center ({(CRDEC) in March 1986,
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APPENDIX 1
CREEPING VISCOUS FLOW EQUATIONS
FOR AN OBLATE SPHEROID
According to Happel and Brenner (1965) the flow around an
oblate spheroid can be best described in oblate spheroidal coordi-
nate system which transforms the cylindrical coordinates, x, y,
into spheroidal r~ordinate system, §, n. Because of the axial

symmetry one car. -~ idle the problem like a two-dimensional trans-
formation in a complex plane (Fig. Al)
z + iy = ¢ sinh (§ + in) (1.A)

with the azimuthal coordinate in both systems ¢. c > o is a
parameter which has to be selec'ed

so that £ will remain constant on

the surface of the spheroid ({ =

Eo). Bearing in mind the ranges of Kf/,,,————j;-._\\\\
spheroidal coordinates (0 < § <« — L
A = - 7
wy 0K n< m 0 < ¢ < 21) one can ¢ N 7
write Co AN /’,
’)'(t.n)
/
/
/
/
N
/
]

z = c sinh § nos n; y = ¢ cosh § sinn
and

2 * 2

2 + s |
) P p) : (2.A)

c“sinh®r c cosh‘&

M. r o aphevold surfaces the ares ratio A, = ét s tanh ﬂo and for

) n
Wdeoraator (L= f o, =5 ), € n R, Rech for

urthor procedure iw based on Pitter's (1973) interpretation
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of Happel and Brenner's (1965) transformation with the metric
coefficients

hg =h = (c?(sinn? ¢ + cos 2n)17V/2 2 ‘
(3.M)
: L
h¢ 1/(c cosh § sinn) = y
Using the standard approach of vector field analysis for *he new

coordinate system with the unit vectors, 35. ;n' 3¢, one deduced

the following relationships:
Equation of continuity (for an incompressible flow and { = £ (1),
n(2), v(3)]

- 3 2 h,v
Veve hhhy L == () =0 (4.3)

with the stream function ¢ defined as

a——tp

V-;ﬁwi , (5.A)

From the last ralationship the velocity components can be defined

as
E y an ! n Yy (GGA)

Equation of the vorticity of the flow is defined as

- Ind »>
wesV XV sh hnh¢ °E/h£ n’My €

3

2 QA (7.M)
E m FY

2 4

Vﬁ/hﬂ vn/hn V¢/h¢
If one ronsidaers the form of on opcrator Ez in oblate spherodial

coordinates

APPENDIX 1
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i . . . 2 2
2 1 3 3 3 )
E‘y = (s + —s = tanhé -5-— - cotn r] Y _
éz(sinhzﬁ + coszn) 352 3n2 ¢ ' {E.A)

the eq. (7.A) can be written in the form
5 £
¢ Y
With the aid of the introduced parameters and operators the
Navier-Stokes equation can be arranged for the steady state, vis-
cous, inconpressible and axisymmetric flow from its original foru

(9.A)

-+
w =

VoV = - %vp + Wi (10.2)

into an equation more suitable for numerical solution. Using the
operator V x twice on the eq. (10.A), one obtains

Vx (Vxo) =vx (Vxa) - (11.A)
Because é
2 2
» + h3E% _ =+ h3IE ;
I XxXuwe 95 (¥ -Eﬁl Gn (y ) !

the right hand sido of eq. (l1.A) can be written in the form

2,52 . gl
7x (0 x D) =3, TAEML L3 BR L a2

The left hand side of eq. (11,A) can be rearranqged, considering

Vx o= o (hat E—2.}-') + 3, (ngt %;*)
' y

- W W

- -

in the form

APPENDIY 1
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2 2
S+ + 2,9 3y ETy, _ iL _ﬂ
7 x (Vxw) = e¢h [35(3n :;r) 3 3E ;jg . (13.A)
With the aid of the Jacobian operator
. 20 3F _ 3y 3F
JC.n (v, F) 9t on  3In 3¢E
> > E ‘1’
and the scalar vorticity from egq. (9.A) § = e¢w =5
the egq. (11.4) will take the final form
2 h2
ES(g,y) = 5= 0. o (W,E/y) . (14.7)

Equation (14.A) is usually solved in nondimengional form.
The transformation is done by means of ratios to semi-major axis
length, (Rc), the velocity of fluid at infinity, U, and the kine-
matic viscosity,v., Then

R_E
[
R U

C* = é% = gechf_ s Re*" = l—%—:
* =« X ‘s gech £_ cosh& sinn .
Rc o]
In thie way the eq. (14,A) will be rewritten in the form

L
Ez(c*y‘) - 5%_ coshf sinn

J (U, 0*/Y*)15.A)
lechco(linh £ + co|7;7 &/n

Another arrangement of eq. (15.A) can be done by introducing two
modified (nondimensional) vorticities, F* =sg*/y*, C*sf*y*", what
yields tor Ezw'-o‘

2., . Re* coshfsinn
S

g— g, VAR L (16
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APPLNDIX 2
NUMERICAL SOLUTION OF NAVIER-STOKES EQUATION
FOR AIRFLOW PAST AN OBLA?E SPHEROID

The procedure adapted in this work is that of Pitter (1973)
with some slight modification for Re > 20 or for differently
gshaped rim of the disk. :

In essence, finite-difference technique with a grid in oblate
spheroidal coordinates was used. The two dimensional grid (sym-
metrical along the axis in the direction of the flow) has a finer
mesh near the spheroid. The normal step was set at 0.1 for Ag
(labeled in the numerical program as A), 6° for 4An (labeled as B)
(0 <n<n). The index I was used for the polar angle, n, and J for
the radial coordinate, g. J = 1 was set for ¢ = £o’ the surface
of the spheroid.

Several examples of the partial derivations and of the opera-
tors are taken from the Pitter's study (1973):

3t |

- qL(IIJ'l'l) ; MI,J'].) (17.A)
(1,d) A

2
n2

2

Q

| . G(I+1,J) - 2G(1,J) + G(I-1,J)
(1,3) %

|

(18,A)

Q)

From the eq. Bzw = G and solution for y(1,J) was obtaired

-p"”(m) = (%— AZBZ/(A2+82)]{¢1“(I,J+1) [1-%— A tanhE(J)/Azl + ,

" w"(:,a-l)[(1+§ A tanh (J)/A%) + w“(1+1,a)((1-% B rotn(I)/B%] + (19.A)

+ wn(I-l,J)(ll+% B cctn(l)/le) - ucchzeo(linhzﬁ(J) + coahzn(I)G"(I,J) .
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The superscripts, n + 1, n, are introduced for describing the
iteration steps. Eq. (l6.A) (the asterisks are omitted) was used
for deducing G(I,J)

l 2

ghtl >A"B /(A +B% )) %Gn(I,J+l)[l-%A tanhg(J)/Azl +

(1,3) = [3A

+ G™(1,3-1) [(1+3A tanhe(@)/A%) = 6P (1+1,9) (1-1B cotn(1)/8?) +
(20.A)

+ 6"(1-1,3) 11438 cotn(I)/B?] - (Re sechf_coshf(J) sinn(1)/(8AB}] x
x (67 (1,3+1) ™ (1,3-1) 1 (F™ (141, 3) -F" (1-1,3) 1 - (4™ (141,3) -
- ™ (1-1,3)] [Fn(I,J+1)-Fn(I,J-1)ﬂ}

The eq. (20.A) serves for the deduction of F because of the rela-
tionship F = G/y2,

One assumed that along the main axis of symmetry and at the
spheroid surface the stream function is constant (zero) f.e,, vy =0
for n= 0 and N = 1 and for £ = £+ Outside of the sphe»oid'
boundary, there was a free flow valocity, i.e. ¢y ®= 1/2 sech? 5
cosh? £, sin? n(I) for ¢ =5 what implies no vorticity (G = 0).
Also, along the main axis ot-symmetry there is G = 0, The condi-
tions on the sphercoid surface (no flow through the surface, no
slip) led to the equation of vorticity at the spheroid's surface

couh2€ 3
G(I,1) » — {&
sinh & + cos n(I) A
f=t, (21.A) :
2
3%y w B9(1,2) - w(L,3)
ag? ™

(Jwl)
Because of the variability of the vorticity on the spheroid sur-
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face, the G is re-evaluated before every iteration.

Relaxation of stream (¢) and vorticity (G) fields is based on
Pitter's detailed analysis (1973) and Vico's (1971) studies of the
stability and the speed of convergence of the solution to similar
equations, The approach is based on some kind of "first approach"
analytical solution (e.g., Oberbeck) for a specific Re. Trials for

- convergence have been done for a similar Re in a numerical model
using the scheme for residual calculation

n+l

vRa,an = ™, - vaL,a ™ aL,n

(22.A)

n+l n+l

cR1,7) = 16™Y(1.9) - ¢, 916 1,

The data was plotted into two field regions and from the first
checkboard region, with the data updated according to

v,a) = v, + a(z,N R,

(23.A)
Gn+1

(I,3) = 6™(1,3) + y(1,06%(1,3
were determined the data for the second region by an iterative
‘ procedure.

Parameters a, Y are essential for stability, speed and con-
vergence of solution., They have been discusced in detail by Woo
(1971) using a scheme developed by Russell (1962). Finally, when
the rasiduals were within a certain limit (0.018), the fields were
considered convergent for this specific numerical procedure, Rus-
sell's (1962) analysis justified for a a value of 1,3036, however,
for vy = due to the difficulties related to the relaxation of vor-
ticity - it varied connidei ably following the relationship

r
l+[%(P2+Qle/2

Y(IIJ) - {24.MN)

whare 0,00 < [ ¢ 2,0 and
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Pitter (1973) used also several other techniques for checking
the steep convergence of solution. One of the techniques was sug-
gested by Woo (1971) which was based on creating some artificial
instabilities (multiplying the relaxation factors aand y by 20th
iterations) and investigating the convergency or divergency of the
solution. This was accompanied by the study of the accuracy of
the converged solution, for which Pitter (1973) used the pressure
distribution and the determination of the pressure drag and fric-
tion drag coefficients,.

Attached i{s the computer program for the viscous
incompressible flow past a thin oblate spheroid flow chart,
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APPENDIX 3
CALCULATION OF SMOKE PARTICLE MOTION
AROUND AN OBLATE SPHEROID AND THE
DETERMINATION OF THE COLLISION EFFICIENCY
If the collector and the spherical smoke particle are set-
tling in the quiescent air, their motion--under the assumption of

a very slow acceleration--can be deduced from the following basic
equations

->

av

P
C o F(y-_2ir, _1m v -n (25.A)
meaT m.9(1 b ) 7 CpeReRoH (Y, Up)
.air Pair -1 v U
mp-d-te m q(l o o) = § CppRe RV =U) . (26.A)

VC,UP and 60,6p are the velocities of the collector (oblate spher-
oid) and of the particle and the velocities of the air induced by
the collector and by the particle. R_,m_ are the radius (main

¢’'Vc
half axis) and the mass of the collector; Rp.mp the radius and
mass of the smoke particle and, CDc'Rec' and, CDP,ReP, are the

corresponding drag coefficients and Reynolds numbers. g is the

acceleration in the gravitational field) Patr’ Per pp are the air,

collector and particle denaities, y is the coefficlient of air dy-
namic viscosity.

Choosing for reference guantities V_, = | Gcwl’ R, and for
time t* the time corresponding to the passage of the ajir (parti-
cle) with the velocity ch the distance R, one can write the eq.

’ (25.A) in the nondimensional forms as

*
dv nair

qor = (-3 - ZcpRe it (U -Tn (27.A)
C
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In eq. (27.A) V * w Vv Upr = Tyvg o 3 =3 R/Voeli t* = b V
/R Pyt uR /(m ).
Equatxon sim11ar to (27 A) can be deduced for acceleration of the
smoke particle. With the addition of two vector equations for ve-
locities of the collector and smoke particle a complete set of-
eight equations (for x- and y- components) describing the forces

acting on the bodies and their velocities is established. This

number can be, however, reduced if one considers the following re-
lationships:

(28.A)

ch .
—a—x = - C (VCY-UPY) =0 ’

where C1 = g(1- air) and Cy = 7Cphe Re, u. The asterisks for
dimensionless quantitias (as in eq. 27 A) were omitted. Further,
one can assume that the much larger collector (scavenger) steadily
falling down (in the z-direction) will not deviate much from the z
axis (d & 0y L is the y-component of a radius vector r ).
Therefore, the five following equations will describe the scaven-

ger and smoke particle behavior:

dz (29.A)

At " Yps .

4av
z (30.M)
R R R
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> A (31.A)
t 12 4
av
—a%x = - C4(pr-Ucy) (32.A)
drcz
= - l , (33.A)

Pair, . ¢ wpeon The vertical and
on 1 “q ppecHe ¢ n

horizontal distancepbetween the centers cf oblate spheroid and
spherical smoke particle is

where C3 = 5(1 -

Az = r -r ;1 Ay = ¢ -r  ®r (34.A)

The air flow field velocities are calculated in accordance
with formulas dedu~ed in Appendix 1 and 2.

U . - 3 _B_ﬂ - jl_(I-l,J) "J’(I'Pl,J) 350A)

(
an 2B 000575000lh£ sinn(linhzs + co;zn)l/i

h 3y y(I,J+1) - ¢(I+1,T
U . - [ T—V! (360,\)
n Y 5% 2A lecﬁ}zoc0|h5 sinn(sinh®f + cos®n)

The not abbreviated system of eight equations would, however, te-
quitre a knowledge of the velocities around spherical smoke
particles, “pz' “py' Ancording to Pitter (1973) a cylindrical
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coordinate system was preferred for the calculation of upz, uPy in
that case. This required the transformation of oblate sphercidal
components to cylindrical coordinates following the equations

UE coshf cosn - U sinh§ sinn

_2_)1/2 ’ (37.A) ™

U =
(sinﬁzk + cos ' n

2

U
v, = =
y

ginhf sinn + Un cosh§ cosn

- . (380A)
(sinh2£ + cosznil/z

The transformation between the two coordinate systems has been
done according to the general relationship

(35.A)

The integration scheme outlined in this section required sev-
eral checking of the accuracy and stability--which strongly atfect
the calculation of particle trajectory and collision efficiency of
the scavenger (Pitter, 1973; deAlmeida, 1976, 1977)., For most of
these calculations Hamming's predictor-corrector-modifiar method
with Runge-Kutta method (for starting the inteqration) was used, )
The integration subroutine used is named HPCG (IUM Manual H20~
02053, System/360 Sclentific Subroutinae Packaqe).

Other procedures were necessary for terminating the trajece
tory of particles which hit or miss the collector. In essence,
the spherical particle did hit the spheroid at the moment when the
digtance, D, botween the collector's surface and the canter of tho
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particle was equal to the particle radius. This required to solve
the equation (Pitter, 1973)

dD—l. i - 2 i - =
) ([sin 8 cos 6 (1 Ac ) + Acy sin 6 xcos ) =0 .

Equally, the calculation of particle trajectory was terminated one
semi-major axis length behind the collector. No wake capture was
found for large smoke particles,

R Collision efficienéies were determined by_a trial method.
Two offset positions, Yiow and Yhigh were selected (initially 0.0
and 1.0) and according to hit or miss situation new positions were
finally found, Yo for a specific size of particle.

The collision efficiency, E, for a specific smoke particle

with the radius, R, which was deposited on a thin (A, = 0.05)

P
oblate spheroid of, R, is

2 *2
ny y
E = °‘47,= cr 5 . (40.A)
n(Rc+Rp) (1+p)

Usually the offset critical distance, y'cr is nondimensional (y”cr

= _C) and the ratio of particle radius to collector semi-axis (p = BE)

c
as well,

In our calculations following data were assumed: collector
radius from RC = 50,6 ym to Rc 3 639.2 uym collector density [
0.90 g cm™3, particle size 0.1 < R, ¢ 5.0 um), particle density
from, P_ = 0.75 g cm > to o_ = 1.20 g em™3, air density Pair =
1.23 x 1073 g em™? and dynagic viscosity of air p = 1.667 «x 1074
poise., Usually the calculation started at a position of 50 col-
lector semi-major axis lenqgths upstream from the oblate spheroid.

The computer program for the calculation of the smoke

patrticle deposition on a thin oblate spheroid is attached.
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COMPUTER PROGRAM FOR THE CALCULATION OF THE

SMOKE PARTICLE DEPOSITION ON A THIN OBLATE SPHEROID

Collision Efficiency Program Flow Chart

Read 3 ffelds

(1) §(R) flow

(2) a, vapor density
(3) B, tempersture

}

Choose particle size initialize vy = y' e (Rer)
(r) trajectory z=z' = -5R
E'= 0

force
i Calculate force at — 5 @'/
position (x,y)

Fy fluid £(0)
F; phoretic g (a,R)
Fy electric

1

Calculate new position

(x,y) after time St E
2 - 1/m(r10F2+F3) %
v e ‘aft
- it
IVY

LK1
t

efficiency
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