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2—1 BE

A supersonic dichotomous sampler with a Laval nozzle was numerically
investigated into its performance either as a separator or a concentrator for ultra-fine
aerosol particles down to nano-size ranges. Influences of the impactor geometry, such as
shape of nozzle cross-section (rectangular and circular), clearance between nozzle exit
and particle collection probe inlet, and probe geometry on the separation characteristics
were simulatively investigated. The effect of sheath flow along the nozzle wall and
center on the separation characteristics and the particle wall loss were also analyzed.

The supersonic dichotomous sampler was designed to make the flow as similar
to the stagnation flow, which provided a distinct standing shock wave between the nozzle
exit and the collection probe inlet. The smaller distance from the collection probe inlet to
the standing shock wave was related to the cutoff size of particle. The sheath air flow

improved the separation sharpness and reduced the particle wall loss.

2—2 ARX
INTRODUCTION

Nanoparticles receiving increasing
attention in both technological applications
where improved measurement is needed to
facilitate process control (Akedo et al., 2003)
and environmental science. Increasing
concern over the health consequences of
ultrafine particles, and especially those in the
low nanometer size regime pose serious
measurement challenges.

The fine mode of ambient aerosol
has been shown to have serious health effects
(Spurny, 1999), and has received considerable
attention in recent years. However, in order to
assess potential health effects of ambient

nanoparticles, methods are needed to

determine their composition. A number of
online measurement methods (TOF-MS;
Phares et al., 2001; Suess et al.,, 1999) and
other technologies (e.g., Myojo et al., 2002)
have been developed to sample and perform
size resolved measurements of the chemical
composition of the ambient aerosol. Although
the number of constituents of the atmospheric
aerosol that can be positively identified by
these methods of single-aerosol-particle, the
analysis of heavy metals, water solubles,
carbon, PAHs, N-PAHs,

provides information on the emission sources

radionuclides
and potential health consequences of
atmospheric nanoparticles (Furuuchi and
Komura et al., 2002; Tang et al., 2004).
Unfortunately, due to the low mass

concentrations of these small particles, the



time required to obtain  quantitative
measurements is frequently so long that the
aerosol composition changes significantly
during the course of the measurement. One
way to overcome this limitation would be to
develop a method to concentrate the ultrafine
particles while retaining them in an aerosol
state.

Methods  that  would  enable
concentration of ultrafine particles from large
volumes of air would aid in both the
development of nanoparticle technology and in
understanding  atmospheric  nanoparticles.
Kanaoka et al. (1996, 2001) recently
demonstrated that ultrafine particles could be
collected by inertial impaction using
supersonic jets produced with a Laval nozzle.
In this impactor, the aerosol flow is
accelerated to supersonic velocities and then
impacted to the fixed collection plate. When
an obstacle such as a collection plate is placed
in the supersonic flow, a standing shock wave
upstream of the obstacle. The velocity and
direction of motion abruptly change as the gas
passes through this so-called "bow shock" and
is deflected around the obstacle, causing the
particle to experience significant inertial effect
s. Early descriptions of particle separation by
impaction in underexpanded sonic jets in a low
pressure impactor (Hering et al., 1978) noted
that the decrease in pressure caused by the
flow expansion reduces particle drag and
enhances the inertial effect. Later studies
revealed that the effect was less pronounced
than originally thought, however. Downstream
of the shock wave, the gas is recompressed to
the upstream stagnation pressure, which can
approach the pressure upstream of nozzle

entrance (Flagan, 1982, Biswas and Flagan,

1984), so the particles decelerate from
supersonic velocities in this high pressure gas
flow. de la Mora et al. (1988, 1990, 1998) have
shown how these same inertial effects have
can be used for hypersonic focusing and
impaction of ultrafine aerosol particles. The
separation performance depends on the
geometry of the impactor such as the shape of
Laval nozzie and collection plate size as well
as the distance between nozzle exit and the
collation plate (Kanaoka et al, 2001).

The dichotomous sampler has been
regarded as a continuous size classifier or
concentrator of aerosol particles (Chen et al.,
1985; Loo et al.,, 1988; Chen et al.,, 1994,
Masuda et al., 1979, 1984, 1986; Marple et al.,
1995, 1995; Pakkanen et al., 1995). Sioutas et
al. (1994, 1996, 1997, 1999) have used a
dichotomous sampler system as an ambient
aerosol concentrator for animal exposure
studies to probe health effect of directly
sampled ambient particles. Ondov et al. (1996)
developed a condensing dichotomous sampler
sampling ambient PM to monitor the
concentration and chemical components with
high time resolution. The present authors have
proposed a “supersonic dichotomous sampler”
that incorporates supersonic flow into a
dichotomous sampler to enable continuous
high speed separation of aerosol nanoparticles,
and have explored the performance of the
device (Kanaoka et al., 2000; Furuuchi et al.,
2001, 2002, 2004). Those studies noted that
artifacts due to condensation or evaporation of
semi-volatiles and water vapor in the
supersonic flow could become an important
issue in ambient sampling (Furuuchi et al,
2004). Experimental investigations of a

supersonic dichotomous sampler with a



different geometry have been reported by Chen
et al.(2001) , Poshin et al.(2002) and
Pui(2004).

In  this  study, the supersonic
dichotomous sampler with a Laval nozzle was
numerically investigated to probe its
performance as a separator and a concentrator
for ultra-fine aerosol particles down into the
nano-size ranges. The influence of the sampler
geometry, including the shape of nozzle
cross-section (rectangular and circular), the
clearance between nozzle exit and collection
probe inlet, and the probe geometry, on
separation characteristics were explored. The
effect of sheath air flow was evaluated in
regard to the separation characteristics and the

particle wall loss.

NUMERICAL SIMULATION
Geometry of the Supersonic Dichotomous
sampler

The supersonic dichotomous sampler
consists of a Laval nozzle and a collection
ptobe. The Laval nozzle was used to produce a
controlled supersonic flow. By adjusting the
length and width, different sizes of nozzles can
be designed to produce supersonic flow.
Figure 1 shows the two geometries of
supersonic dichotomous samplers studied here:
(a) type-A: a wide flat impaction plate, with a
collection probe inlet at the center of the plate,
that has been designed to obtain a flow similar
to that in a plate impactor; (b) type-B: a
sharp-edged collection probe to allows rapid
expansion of the flow around the collection
probe. Both sampler types can be configured
with rectangular (slit-type) and circular cross
section nozzles. The slit-type nozzle can be

easily scaled up to obtain high flow rates. The

circular nozzle is expected to provide greater
inertial effects due to the rapid expansion of
flow downstream the nozzle exit that should
lead to a smaller cutoff size. The corners of the
collection probe in the type-A sampler are
rounded to minimize. separation of the
boundary layer.

The Laval nozzle was designed to
accelerate the flow up to Mach 2 at the nozzle
exit, using the following equation (Sabersky et
al., 1999; Kanoaka et al., 1996):

y+1

- 2(y-1)
é‘-:L L(1+L1M2j ! (N
4 M |y+1 2

where A*, 4 and y are the cross-sectional area

of nozzle at the throat, the cross-sectional area
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Figure 1. Calculated geometries of supersonic dichotomous
sampler.



through which the flow passes with Mach

number M, and specific heat ratio, respectively.

The shape of the nozzle was designed based
upon experimental observations of separation
in a slit-type Laval nozzle (Kanaoka et al,,
2001).
Sheath Air Flow

Previous studies of low velocity
(subsonic) dichotomous samplers (sometimes
called a "virtual impactor") does not produce
size cuts that are as sharp as (Conner, 1966;
Yoshida et al.,, 1978). Some of the coarse
fraction, which ideally would exit the
dichotomous sampler through the collection
tube, is retained in the major flow or deposits
on the wall. At the same time, small particles
in the flow near the center of the nozzle that
ideally would be excluded from the
concentrated sample are carried with the minor
flow through the collection probe. Thus, the
separation efficiency cannot be reduced below
the ratio of the sampling flow rate to collection

probe to the total flow rate. The separation

Hy

W :
i : Aerosol
| 1 Cleanair
!
Nozzle center : Nozzle exit
— W

Figure 2. Sheath airflow along the nozzle center and wall
where the thickness H; and H, of clean airflow are defined at
the nozzle throat.

efficiency is further reduced, and the cut-off
size is increased by eddies. Particle flow near
the wall increases the particle wall deposition
of particles around the probe inlet (Masuda et
al.,, 1979, 1988). Masuda et al. (1979, 1988)
achieved much sharper separations
dichotomous sampler by introducing these
clean sheath and core air flows into in both
circular and rectangular jet designs.
(Masuda et al., 1988).

In the present study, the effectiveness of
the addition of sheath flows of the particle-free
clean air along the nozzle wall and center as
illustrated in Figure 2. The clean sheath air has
the thickness of H; in the nozzle center side
and H, in the wall side. In the circular nozzle,
an annular aerosol flow surrounded by the
clean air was introduced to the nozzle. H; and
H, was adjusted in the rage <W,/2 and
corresponding ratio of the sheath flow rate
Oshearr 10 the total flow rate Q. was in the
range 0.2-0.8.
Calculation Procedures

Two-dimensional calculations  were
conducted for the calculation domain shown
by hatched areas in Figure 1 using FLUENT
ver.6.02, where the fluid was assumed to be
viscous and compressible. The k-£ model was
used to describe the turbulent dissipation (Shih
et al, 1995)

geometries simulated and boundary conditions

The dimensions of the

are summarized in Tablel. Figure 3 shows the
mesh network consisting of ca. 40000-60000
cells in all cases. The explicit and segregated
computational scheme was employed for the
steady state calculation. The calculation was
terminated when relative changes in all
variables after each calculating iteration

become less than 5 x 10°. At the inflow and



outflow boundaries of the calculating area,
pressure and k&, &conditions are set. The
turbulent length scale is equal to 0.07L, where
L is the reference dimension of either the
width of throat, collection probe or major flow
outlet.

The flow rate ratio Quinor/Quoar Was
adjusted by changing P, the probe outlet
pressure: Ouinor/ Qi increases as decreasing
Pinor. Since the adjustable range of Pmor t0
obtain the standing shock without a reverse
flow from the probe outlet is not so broad even
for the same nozzle cross-sectional geometry,
the difference in the range of P, Was rather
large  between the  different nozzle
cross-sectional geometries.

Particle trajectories were calculated using
a user-defined function, in which Cunningham
correction factor C. was expressed as a
function of pressure and temperature inside
the calculation element including a particle by
the equation by Allen et al (1982) as follows:
C. =1 +di{2.34+1.05exp(— 0.39d, / A)}

P
(-) (2)
where d,, is the particle diameter and 4 is the

mean free path of air molecule determined

SRR

IBE":‘
,Ea
[
-
o3| i
.
il
Ffie
Mg

Tt
=]

Agr s :

Symmetrical axise

Figure 3. Mesh network for calculation

from the following equation (Willeke, 1976):

101300 T .1+110.4/293.15
P 29315 1+1104/T

(km) 3)

where P is the static pressure and T is the

A =0.0665-

temperature. And the drag coefficient for
spherical particles expressed by the following

equation was used (Haider et al, 1989):

Cp =22 (140.1806Re , )+ ——i2]
Re, 777 1+ 6880.95/Re,
u—vid
N o
7
4)

where Re, is the particle Reynolds number, u
is fluid velocity, v is particle velocity and u is
fluid viscosity.

As particles pass through a shock wave,

they are injected into a subsonic flow at

Table 1 Dimensions of supersonic dichotormous samplers and boundary conditio
Nozzle georetry type-A type-B

W, (mm) : 1

L, (ram) _ 10
LG 2
L) ' s

R (m) | - : 15
Rz 15

R (ram) R+D

8§ (e - 581114 u
Wiy s
B . 689 K
W, (ram) 32 3

D (e sEALle 14

Static pressure at nozle
throat Py,
Static pressure of major

foweit
Static pressure of minor
flowexit P,...
Twbulence intenéity o
inlet and outlet (%)
Tuwbulent flow length

3.2~22kPa 32~32kPa

5%

: 0.07L (L:conesponding boundary scale)

Indtial particle veloctty (anfs) Sonic velocoty at nozzle throat




supersonic velocities, so the compressible flow
effects need to be taken into account, i.e., Cp =
Cp(Rep,, M,), where M, is the particle Mach

number defined by Iu—vi/a where a is the

local 1976;
Flagan, 1982; Biswas et al, 1988; Oskouie et
al., 1998, 2002). Henderson (1976) proposed

to use the following equations for the drag

sound velocity. (Henderson,

coefficient as a function of Re, and M,
M, <
-1
3.65-1.53T, R
Cy =24 Re+ Ri4.334| 2EZIBL /T N o f 5247 R8e
1+0.3537, /T, R

vend] 05M, 4.5+0380.03Re, + 0.48,[Re, )
i ,]Rep 1+0.03Re,+0.48,/Re,

M
+[l —exp(— R £ H~O.6R
ep

+0.1M,7 + 0.2M,,“}

)

1.75>Mp>1
4

Cp=Co(1.0Re, )+ g(M,, ~1.0J¢,(1.75,Re, )~ C,1.0.Re, )]

(6)

M, 2175

12 12 :
M T
0.9+0'31}+1.86—" 2+*27+@ s —1—4
M} Re R RI\T) R

P

Cp=

(7

where R is the molecular speed ratio equal to
Mp 7/2 , T, is the temperature of -particle,

which is assumed to be isothermal, and Ty is
the gas temperature. The particle trajectory
was calculated in the flow field, neglecting
both the influence of particle motion on the
flow field and the Brownian motion. Particles
having sonic velocity along the nozzle axis
were released at the nozzle throat. Results

evaluated using Eqgs.(2) and (4) for the particle

drag were those using

Eqgs.(5)-(7). Variables of the flow field, such as

compared with

pressure, temperature and velocity, used to
calculate the particle motion were those in

each element where a particle locates.

RESULTS AND DISCUSSION

Influence of Sampler Geometry on Flow
Field

Figures 4 and 5 show the local Mach
number distribution inside the type-4 sampler
for rectangular and circular nozzles with a
clearance to nozzle width ratio of S/W=1.6,
respectively. The profile of static pressure P
normalized by the ambient pressure Py is also
plotted in these figures. The flow accelerates to
the supersonic velocity at the nozzle exit, and
then continues to accelerate as it expands into
the low pressure region. The flow velocity then
abruptly decreases in front of the collection
probe inlet where the standing shock wave leads
to a discontinuous increase in the static pressure.
The distance of the standing shock from the
collection probe inlet is reduced by the
continued expansion of the jet downstream of
the nozzle exit. Since the larger expansion is
obtained for the circular nozzle, the flow
produces a higher axial velocity rapidly and a
standing shock wave closer to the probe inlet
than the rectangular nozzle. As the deflected
flow expands radially outward, it again
accelerates to supersonic velocity, as observed
by Flagan (1982) in simulations of low pressure
impactors operated with sonic jets. The
rectangular nozzle sampler shown in Figure 4
has the flow rate ca. 107 m*/min, where T is the
nozzle depth in meters while the circular nozzle

sampler (Figure 5) has ca. 8x10”m*/min. Since



Local Mach number :D
35

increase T up to 0.1-0.2 m, the rectangular agsA
30 (Rectangular)

there may be no technological difficulty to

nozzle has a large advantage in the flow capacity

to realize the sampling rate of 1-2m’/min.,

20 SIWE1 6

provide adequate pumping capacity is available. v@wwl:;z 012
ool Mdna=U.

Figure 6(a), (b) and (c) respectively Poand P=1X10%

1.0 PrlPm0.218

shows the local Mach number distribution for
a collection probe width W./W of 1.3, 1.6 and
1.8 mm at S/W =2.2. The geometry and

==

0.0

position of the standing shock wave are
affected by the nozzle width. When W/W is

less than 1.6, flat standing shock wave is

PiPa (-)

formed; however, for W,/W=1.8, the standing
shock wave almost disappears. This may refer

to that there is a critical W,/W for the shock

Prnod Po=0.218

formation, above which the flow around the W ()
collection probe inlet is similar to the flow Figure 4. Distribution of fluid local Mach number and the
reduced static pressure P/P, along the nozzle center (type-4,

impacting  flat plate. In the following rectangular nozzle), where P, is the ambient pressure and z/W

calculations, W./W = 1.2 was used to obtain is the distance z from the nozzle throat normalized by nozzle
width W.
the standing shock. The critical W./W value
may be affected by the nozzle geometry and Local Mach number —>
8.0

flow condition and will be discussed in the pe:A

{Circular)
future work.

For different clearance-nozzle width ratios N St s
S/W, Figure 7(a) and (b) show the Mach number 30 Wgn=12
L QunalQns=0.12
along the celnterline, M, for Quino/Qioar= 0.12 ' P PR1X103
Pred P=0.032

and 0.23, respectively, where O, is the total

flow rate and Q,,ino- is the flow rate through the o C:_Z/ . :

collection probe. In the calculations, the ratio 0.6 §.:

Ouminor/Oioir Was adjusted by changing Ppiner to o5 i 5

obtain a given value. The position of the 0 ™ § é

standing shock wave moves closer to the nozzle S Z: § %

exit as S/W decreases. A big difference in the o i E B IPy=0.032
position of the standing shock wave due to the 0 P

collecting flow rate ratio could be seen at S/W=1. et :,W(.s) TR

At Quinor/Qrora = 0.12, the standing shock wave Figure 5. Distribution of fluid local Mach number and the

locates almost at the nozzle exit, disturbing the reduced static pressure P/P, along the nozzle center (type-4,

. circular nozzle), where Py is the ambient pressure and z/W is

flow inside the nozzle. the distance z from the nozzle throat normalized by nozzle
width W,

The sharp-edged collection probe has



some possibility to provide a rapid expansion
of flow. With Figure 8(a) and (b) showing the
local Mach number profiles in the type-B
nozzles with rectangular and circular nozzles,
respectively, the position of the standing shock
wave inside the circular nozzle sampler is
similar to the type-4 sampler. The geometry of
the standing shock wave is clear cut and the
flow after the collection probe is sufficiently
decelerated. Contrarily, the standing shock
wave inside the rectangular nozzle is distorted,
resulting in disappearance of similarity to the

stagnation flow.

tvpe-A{Rectangular)
(@ Wdw=1.3

rv{%ch number
4

StW=2.8
QrinodQus=0.23

1 W2

4 (b) Wefw=1 86

3 o

4 2 / Siw=28

. Qmsod Qua=0.23
1
0 e —_—

3
K " Siw=238
QusofQue~=0.23
1
0 _r-”_“'__ — o

Figure 9 shows the axial velocity
distribution inside the Laval nozzle normalized
by the axial velocity at the nozzle center Uy
and the nozzle width Y,. at the distance z
from the nozzle throat normalized by the
nozzle width W. The normalized velocity
decreases near the wall similarly at each
distance z/W, indicating the boundary layer
development, which leads to the lower inertial
effect and the particle wall loss. Although the
influence of the boundary layer may differ for
different designs of nozzle, the importance of
the boundary layer development should be
noticed. This problem could be solved by
supplying some clean air flow along the nozzle

wall as shown in later.
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Figure 7. The Local Mach number distribution along the

A ; . ; v JW
Figure 6. Influence of the collection probe width W/l on the nozzle center in relation S/W.

formation of standing shock wave.



Particle

Trajectory and

Separation
Characteristics

Figure 10 illustrates particle trajectories
inside the sampler for different inertial
parameter @' (S/W=1.6) defined as Eq.(8)

(Biswas et al., 1984):

2
- ppUdp C

AT e

¥

where U is the velocity along nozzle axis at
the nozzle exit, fluid viscosity x and mean free
path A were calculated for the condition at the
collection probe exit taking into account the
measurable stagnant condition (Flagan, 1982).
As the value of inertial parameter increases,
particles are concentrated along the nozzle

center and, even more, on the collection probe.
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Figure 8. Local Mach number distribution in the type-B
impactors with different cross sections.

Particles impacting the wall are regarded as
“deposited”. Figure 11 shows the fractional
collection efficiency A7 of particles for the
rectangular nozzle with S/W as a parameter.
Particles flowing through the collection probe

are defined as

“collected” while

ones

impacting the inner wall of the collection

probe are defined as “deposited”. The
1
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Figure 9. The fluid velocity U along the nozzle axis
normalized by U, at the nozzle center in relation to the
position Y in the nozzle cross section normalized by distance
Y,.ax from nozzle center to nozzle wall.
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Figure 10. Trajectories of particles with different inertial
parameter.



collection efficiency of each size of particle
was evaluated from the initial position at the
nozzle throat giving the limiting trajectory.
The cut-off
independent of S/W excepting S/W=1 but the

inertial parameter -is almost
efficiency curve becomes steeper for smaller
S/W. Similar but slightly scattered results with
S/W were obtained for y and A at the ambient
condition, which can be also the representative
1982).

Further decrease in S/W may lead to an

of the stagnant condition (Flagan,
increase in disturbance of flow inside the
nozzle by the standing shock wave. As shown

in Figure 12 for smaller QO,inor/QOroral, the trend

with S/W is same to the larger collecting flow
rate. As shown in Figure 13, the collection
efficiency curve for the circular is rather
complicated. A jump appearing around @' ~
0.5 is caused by the deposition of particles
with corresponding size are collected on the
inner wall of the collection probe. Such
deposition can be suppressed by the sheath
flow as also shown in Figure 13. The cut-off
172

@'° value for non-sheath air condition is

around 0.5, slightly smaller than the

rectangular nozzle, giving a smaller cut off

size.
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Figure 13. Fractional separation efficiency 47 of particles in
relation to the inertial parameter ¢"? and influence of sheath
flow (type-4, circular, WJW=1.2, OuinolOroar70.12,
Oshean! C101a=0.65).



Influence of compressibility is discussed
in Figure 14, where collection efficiency
curves for different nozzle cross-sections are
compared between those using Eqs.(2) and (4)
and ones using Henderson’s equations. The
difference is very small for the rectangular
nozzle while for the circular nozzle, higher
collection efficiencies of particles were
evaluated in the range of inertial parameter
(pm =1 ~ 4 using Henderson’s equations. This

can be related to the fact that the particle Mach

number keeps around or exceeds unity even
when a particle is passing through' the
collection probe. This is because of the higher
inertial effect in the upstream of the shock and
the lower pressure downstream the standing
shock. Contrarily, in the rectangular nozzle,
the particle Mach number exceeds unity only
when a particle passing through the standing
shock.

Figure 15 shows the relation between the
cutoff inertial parameter 401/2(50%) size and
the distance z; along the nozzle center between

the collection probe inlet and the standing
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may be important to design so as to efficiently
The

difference due to the compressibility is clear as

expand the flow after the nozzle.
seen the collection efficiency curve in Figure
13.
Effect of Sheath Air Flow on Separation
Performance and Particle Wall Loss

In Figure 16, the collection efficiency
curve in the case of particle free clean air
supplied along the wall and center of nozzle is

shown. As can be seen by comparing Figures

11 and 16, the sharpness of separation curve

increases by supplying the sheath flow while
remaining the cut-off inertial parameter almost
un-changed. The influence of sheath flow rate
ratio Qurean/ Grorar 1S shown in Figure 17, where
the total flow rate Q.4 is kept constant and
the sheath flow thickness defined as Figure 2
is set as H)=H,. Lager Queamn/ Oromat 1€2ds to the
sharp separation while the flow rate of aerosol,
which is important to obtain the larger
capacity of separation, decreases. For the
circular nozzle, although H;#H, for different
Oshean! Qrorats  the in Quean! Qrotal

improves the sharpness of separation as similar

increase
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to the rectangular nozzle.

Figure 18 shows the wall loss of
particles inside the rectangular nozzle sampler
plotted against the inertial parameter for
different clearance ratio S/W, where only the
wall loss due to inertial impaction was
accounted. The wall loss increases around the
cutoff inertial parameter and the clearance
seems to have only some small influence on
the particle deposition. As shown in Figure 19,
the particle wall loss decreases especially
around the cutoff inertial parameter when the
sheath flow is used. The type-B samplef with a
rectangular nozzle shows some higher portion
of particle wall loss because the flow pattern is
far from that of the stagnation flow as shown
in Figure 8. Figure 20 shows the wall loss
inside the circular nozzle sampler. Coarse
particles with larger impaction parameter are
apt to hit and deposit on the inner wall of
collection probe. This is the reason why the
decrease in the collection efficiency curve for
the circular nozzle is observed. The sheath
flow along the nozzle-centerline can reduce

such fraction.

Figure 17. Influence of sheath flow rate ratio Ogeqn/Ororr ON
the fractional separation efficiency An of particles (type-4,
rectangular, W/ W=1.2, Ouinor! Ciar=0.23, sheathed).
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CONCLUSIONS
Flow and particle motion in the
dichotomous

supersonic sampler  was

simulatively  investigated in terms of

influences of nozzle geometry and operational

conditions. Following conclusions could be
drawn from achieved results:

1) The standing shock wave can be formed in
front of collection probe inlet by adjusting
out flow pressures of the supersonic
dichotomous sampler.

2) Under the limited condition that the
standing shock is formed without any
reverse flow from the collection probe
outlet, a rapid expansion of flow was found
to be effective to reach some higher inertial
effect. The smaller cut-off inertial parameter
and the higher separation sharpness may be
obtained as the position of the standing
shock wave moves closer to the collection
probe inlet.

3) The fluid compressibility affects the
separation performance when a particle
keeps the Mach number greater than unity
after passing through the standing shock.

4) The separation performance is improved by
supplying a sheath air flow along the nozzle
wall and center line. The particle wall loss
decreased when the sheath flow was used.

5) The nozzle geometry, which provides the
flow similar to the stagnation flow at the
collection probe inlet, is important for

better

achievement of a separation

performance and less particle deposition.
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Run | Run 2 Run 3 Run 4 Run 5
Total flow rate (/min) 1.0 1.0 1.0 1.0 1.0
Ar gas flow rate (//min) 0.2 0.2 0.2 0.2 0.2
Air flow rate (//min) 0.8 0.8 0.8 0.8 0.8
Temperature of furnace reactor, T, (*C) 1000 1050 1050 1050 1050
Temperature of TTIP, T, (C) 70 75 70 65 40
Residence time inside furnace reactor (s) 0.106 0.11 0.11 0.11 0.11
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