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This article describes the theoretical considerations, design cri-
teria, and experimental performance of a cyclone-based, liquid-
film, bioaerosol sampler. Different from conventional cyclones, this
novel sampler draws air tangentially into the bottom of a swirling
cyclone, creating a negative pressure differential which causes con-
tinuous suction of sorption liquid from its reservoir into the cy-
clone. The liquid swirls with the air vortex and rises spirally along
the sampler wall in the form of a thin film. In the presence of an
excess pressure differential, the liquid goes over the upper edge of
the cyclone (overflow mode) and flows back to the bottom of the
sampler. As a result, there is a continuous circulation of the sorp-
tion liquid in the sampler, which enhances the efficacy of capturing
viable aerosol particles from incoming air. In this study, mathemat-
ical models using simplified Navier-Stokes equations are developed
to describe the behavior of the airflow, the formation of the liquid
film, and the precipitation process of the aerosol particles. Numer-
ical solutions are presented as an approximation to these complex
air and liquid flow streams in the whirlwind cyclone. Based on the
theoretical assessment, practical design criteria for a novel sampler
were formulated and a series of prototype samplers were fabricated
and evaluated. In this report, experimental findings concerning the
thickness of the air vortex, the pressure profile in the cyclone, and
the apex height of the liquid film are presented. The results are in
good agreement with theoretical prediction. However, the theory
seems to overestimate the capturing efficiency for particles around
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the cutoff size (in the study, 1-2 pxm) when comparing with data
obtained from the experiments.

INTRODUCTION

Detection of airborne pathogenic, allergenic, and immuno-
genic microorganisms is crucial for developing an environ-
mental control program that ensures a sanitary work environ-
ment. Traditionally, microbial pollution of the environment has
been associated with emissions from operations in agricultural
farms, poultry processing plants, landfills, and waste process-
ing facilities. With the advent of biotechnology, new sources of
bioaerosol pollution have been generated from the utilization of
genetically-engineered microbial strains in producing pharma-
ceuticals, enzymes, and food substitutes (Lacey and Dutkiewicz
1994). Polluted air in this environment has been characterized
by high concentrations of microbes (up to 10% colony-forming
units per m? air), including molds, E. coli, Pasteurella, Proteus,
Salmonella, Staphylococcus, and Streptococcus, which are cul-
pable for a number of infectious and allergic diseases in the hu-
man respiratory tracts (Omelianets 1997). Evidence of microbial
contamination in medical institutions and educational establish-
ments has also attracted much attention (Lacey and Dutkiewicz
1994). These data all underlie the need for developing a compre-
hensive program to monitor bioaerosols in these environments.

Conventional approaches to detecting and quantifying
bioaerosols often rely on sampling methods using filters, im-
pingers, or impactors in which the microorganisms may not sur-
vive from the stress caused during the collection process. When
viability is an important issue, such as in the case of microbial
infection, new sampling tools are needed for adequate exposure
assessment. Methods for airborne microflora collection must
avoid undue physical stress on microbes and be gentle enough
to sustain their physiological properties. The most promising
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device in this regard is liquid absorptive samplers (Henningson
and Ahlberg 1994), which break up airborne microbes from
aerosol carriers and provide precise determination of microbes
in the form of single cells. Application of a special absorptive
liquid in this sampler ensures that microbial viability is sus-
tained. Based on the task to be fulfilled at detecting airborne
microorganisms, the main requirements for such a sampler are:

e Aspiration through the sampler of the required air vol-
ume providing control over low concentration of air-
borne microbes;

e High efficiency of capturing aerosol particles;

e Enrichment of captured particles into a small volume
of absorptive liquid;

e Maximal sustainability of the captured microorganisms
with the use of both gentle settling conditions and pro-
tective components as a part of absorptive liquid; and

e Low aerodynamic resistance of the sampler allow-
ing use of low power electric supplies and aspiration
devices.

There are many ways to capture particles in cyclone devices
(Green and Lane 1964). The reported cyclone chambers have
different mechanisms for flow twisting, e.g., tangential nozzle
or peripheral air input by slanted blades, and different ways of
air output, e.g., in the center of the chamber via flashing hole or
from the chamber periphery via tangential manifold (Licht 1980;
Stark 1990). In the case of the swirling samplers the particles
are deposited on a water surface, such as in scrubbers. These
are widely used for purification of aerosol emissions at pro-
duction enterprises, but seldom used for aerosol capturing into
a sampler because of the difficulties in microbe quantification
(Willeke et al. 1998; Birenzvige et al. 1998). In liquid aerosol
samplers, a bubbling mode of air intake and liquid interaction is
commonly used. However, on the surface of the thin films of the
air bubbles, high shear tensions lead to considerable inactiva-
tion of the settled biological agent. This is considered the main
deficiency of such type of devices. To avoid this, two consid-
erations have been made for sustaining the viability of samples
collected. First, minimal shear tensions are exerted on aerosol
particles during tangential settling in the centrifugal field. Sec-
ondly, laminar motion of liquid is applied while circulating the
particles in the sample. These conditions are realized in the de-
sign of a novel swirl sampling device, which is a part of the
original work reported previously by Sigaev et al. (2002).

LIQUID-FILM SAMPLER

The swirling cyclone-type sampler considered in this paper
with recirculating liquid film is a modified version of the sampler
invented by Olenin et al. (1977). It is based on a known principle
of producing a rotating liquid film on the inner side of a settling
cyclone by using the energy from aspirated outside air. Figure 1
shows the schematic diagram of this prototype liquid sampler
(Sigaev et al. 2001). The inlet nozzle of the sampler is inserted
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FIG. 1. Schematic diagram of a sampler with recirculating liquid film. Hc is
the actual cyclone height; H is the cyclone height measured from the nozzle
axis; R is the radius of the cyclone; r. is the distance between the cyclone center
axis and the nozzle axis; and rg is the vortex radius.

into the cyclone in such a way that its long axis is tangential to
the cross cyclone plane. The air vortex (swirl) twisted along the
cyclone perimeter has three speed vector components: tangen-
tial, centrifugal (radial), and vertical, which taken together move
the vortex in a stable spiral manner. As it will be shown below,
the vortex produces a negative pressure difference in the cyclone
center and in the area from the cut bottom edge of the nozzle to
the cyclone bottom. Due to this difference a continuous suction
of absorptive liquid is created, originating from the liquid reser-
voir at the bottom of the sampler via axial cyclone connecting
pipe, rising along the cylinder wall; thinning in the form of a he-
lical film; and flowing over the upper cut of the cyclone. Under
specific conditions a laminar flow of the film moving along the
cyclone surface and its overflow is achieved. Centrifugal forces
cause aerosol particles away from the airflow to mechanically
settle on the liquid-film surface. The trajectory of the moving
particles is nearly tangential to the film surface, which provides
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a gentle mode of particle deposition into the liquid film. The
continuous recirculation of the absorptive liquid in the sampler
cyclone increases the accumulative particle yield in the liquid
reservoir during air sampling and allows a long possible interval
of taking samples. While the airflow is drawn out of the sampler
through the upper coaxial with a cyclone manifold connected
to a vacuum pump, the liquid reservoir will be drawn out of the
sampler for microbiological analysis at the end of each sampling
run.

Compared to the prototype sampler used by Sigaev et al.
(2001), improvements have been made in the present sampler
by solving the problems discovered in previous tests. When the
vortex cyclone was in operation, a small spray effect resulting
from disturbance of the liquid film could affect its laminar behav-
ior at the nozzle-cyclone connection and on the cyclone upper
sharp edge. This triggered the requirement of a highly polished
cyclone surface during manufacturing. In addition, to avoid the
sprayed liquid loss, an entrainment trap (see Figure 1) is coax-
ially installed above the cyclone edge where the drops deposit,
enlarge, and flow down to the absorptive liquid reservoir.

The report attempts to provide mathematical description of
how this vortex sampler performs. Mathematical equations are
used to identify important parameters affecting the sampler per-
formance and possible ways optimizing the design. Experiments
on aerosol capturing efficiency in the sampler are carried out and
the results are compared with those calculated from mathemat-
ical equations.

THEORETICAL DESCRIPTION OF THE CYCLONE:
FLOW FIELD AND PARTICLE TRAJECTORY

The solution of the Navier-Stokes equations is needed to
calculate the fields of air and liquid velocities in the cyclone
(Landau and Lifshits 1986). Considering the axial symmetry of
airflow in the swirling cyclone and neglecting the items with
derivatives from V), the equations in cylindrical coordinates
(o, r, z) are:

V; 19P
£ -2 [1]
r p or
aV, 9%V, V.
V-;—w = fF 2 ) 2
T 0z V( 022 r2> (2]
av; 10P 19 av, 3%V,
= y(c 2 ) B
9z p 0z ror or 922

where P is pressure, V is velocity, and v and p are medium (air)
viscosity and density. Since the air stream in a swirling cyclone
and the resultant liquid film are moving similarly, Equations (1-
3) can be considered true for both. The differences in the equa-
tions lie in different numerical values of medium viscosity and
density and different threshold conditions.

Several mathematically interrelated tasks are required to de-
scribe air and liquid flows in a swirling cyclone-type sampler. A
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precise solution for an air or liquid flow requires setting up com-
plicated initial and boundary conditions by considering flow tur-
bulence, flow-to-wall friction, and complex interaction of air and
water flows. It is, however, a practical and sufficient approach
to start with simplified process models, in which basic parame-
ters are defined under simple conditions. In this study simplified
models are used to provide an approximate description of air
vortex formation, liquid-film rise, and particle trajectory and
capture in the cyclone, respectively. Theoretical analyses are
performed and then compared with experimental data.

Airflow in a Swirling Cyclone
Formation of a Cavity in the Center of the Swirl Flow
Equations (1-3) are partial derivatives and their solutions can
be obtained by the numerical method of finite differences using
a computer. However, such a solution is laborious and is imprac-
tical for the analysis. By accepting some simplifying conditions
it is possible to find the analytical solution of Equations (1-3).
If the energy loss due to the medium viscosity is negligible,
Equations (2) and (3) can be simplified by using the Bernoulli
equation or law of conservation of energy:

v} 2

P+p—5 4o =P, [4]

and the law of conservation of angular momentum:
Vor = Vor. = const, [5]

where Py and V) are the full air pressure and velocity at the nozzle
outlet and r, is the radius of the nozzle location (determined
as the shortest distance between the cyclone center axis and
the nozzle axis) [see Figure 1]. In addition, by considering the
balance of pressure and centrifugal forces, Equation (1) can be
rewritten as:

V2
dP = p,—fpdr. (6]
Equations (4—6) are used in the cyclone theory and were resolved
by Stepanov and Zixer (1986).

Taking the differential, Equation (5) can be expressed as
Dy — —%. By substitution, Equation (6) becomes dP =
—“,Jo V,dV,. After integration, the balance of pressure and cen-
trifugal force produced by air flow is given by:

V2
P=-p++C (7]
2
where C is an integration constant.
Using Equation (5), the pressure term can be expressed as:
Vozr2
P(r)=— =
r)=-p-5

+C [7a]
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It follows from Equation (5) that tangential velocity V,,, in-
creases as radius r decreases, and from Equation (7a) that there
exists a certain value of radius at which static pressure P equals
zero, indicating that an area with zero pressure exists inside the
cyclone along its axis. This solution analysis reveals that in the
center of the swirl flow a cavity is formed in which the pressure
difference could either be zero or even negative with respect to
the ambient. Rearranging P value in Equations (7) and (4), the
following relationship is obtained:

2

V
L =P —-C 8
,02 0 (8]

which reveals that vertical velocity V, does not depend on radius
and is constant.

Thickness of the Air Vortex Layer

As described above air swirl as a vortex along the cyclone wall
and creates a pressure cavity in the center of the cyclone. The
vortex radius at which static pressure equals zero is designated
as rp [see Figure 1]. To calculate rp the following designations
are taken:

(9]

where A represents geometric characteristic of the device, R is
the radius of the cyclone [see Figure 1], and S, is the cross-
sectional area of the nozzle. The dimensionless parameter v is
introduced:

2

yo1_"3

2 [10]

The relation between A and ¢ is determined by the solution
of a transcendent equation solved by Abramovich (1944) and it
is as follows:

g 0=0V2
e

Results of numerical solution of this equation can be approx-
imated with accuracy within 1% by the expression:

(11]

¥ = 0.8778 A7059%4 [12]
where the coefficient and the exponent are determined by fitting
this inverse power-law relationship between A and . Note that
A represents a dimensionless area parameter relating the cyclone
to the nozzle and v represents a dimensionless area parameter
relating the vortex thickness (R —rp) to the cyclone, the inverse
relationship in this equation does have physical meaning as that,
at a given high airflow rate, a smaller nozzle (a larger A value)
results in a larger vortex with a thinner thickness (a smaller ¥
value).

G. 1. SIGAEV ET AL.

Comparisons among Equations (9—12) show that vortex ra-
dius, 7, is a function of cyclone radius, R, and nozzle cross
section, S, and that a larger R and a smaller S. would result
in a thinner vortex layer with a thickness of (R — rg). As an
example, for a sampler with a round-jet nozzle of 4 mm in di-
ameter (or a rectangular nozzle with a dimension of 2 x 6 mm)
and a cyclone diameter of 20 mm, the vortex diameter is 18.5
mm, i.e., the vortex layer thickness is only about 0.75 mm. This
numerical assessment suggests that the vortex layer is thin and
vortex radius makes up approximately 90-95% of the cyclone
radius. It should be noted, however, that the assessment is only
an estimation based on simplified assumptions and does not take
into account that this thickness could vary with cyclone height
and nozzle shape.

Estimation of the Maximum Pressure on the Wall
of the Swirling Cyclone

If the air viscosity is not taken into account, the Navier-Stokes
Equations (1-3) will look as follows:

V; 1P

£ = [13]
r p or

aV; 10P

AL [14]
9z p 0z

Considering that the solution of the first equation has an in-
tegration constant dependent on z and the solution of the second
one has an integration constant dependent on r, by integrating
within the vortex layer (radial direction) the complete solution
can be expressed as:

RV2(r z) V2
P(R,z):p/ %dw 'OTZ

s

[15]

The integration between » = 0 and r is excluded because there
is no vortex present and V,, = 0 in this region.

According to Equation (5), distribution of tangential velocity
in the gap between the vortex boundary and cyclone wall is
inversely proportional to the radius:

VO I'e

Vo(r) = [16]

However, taking into account that the thickness is small and
the r value used within the region of integration is practically
equal to cyclone radius, the tangential velocity inside the gap
can be considered constant.

By assuming that the energy loss due to the medium viscosity
is negligible, the solution of Equations (4—6) shows that the
vertical velocity in the gap between the vortex boundary and the
cyclone wall is constant and equal to:

(17]
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where Q is the total airflow rate (air consumption) and is equal
to VoS, (see Figure 1).

By taking into account Equations (16) and (17), Equation (15)
for airflow pressure on the swirling cyclone wall is integrated
and expressed as:

V02r3< 1 1 p0?

Prmax(R) = p - —> e
2 3R (e )T

(18]

Note that Equation (18) is obtained under an ideal situation
without considering the energy loss due to the viscous medium
and results in the maximal pressure (Ppax) on the wall of the
swirling cyclone. This pressure is a function of the airflow rate
and geometric sizes of the cyclone and the nozzle. However, in
a real-life situation with viscous air and liquid, it is evident that
airflow velocity decreases as it moves upward in the cyclone
and values of a constant vertical speed and a maximum pressure
are only applied at the near-bottom area of the swirling cyclone
near the nozzle outlet. In this area the airflow pressure is equal
to the hydrostatic pressure of the liquid column of water film,
and vice versa, in the presence of liquid film along the cyclone
wall, liquid-film elevation (Hp) equals airflow pressure (Ppax)
in millimeters of water column. Hp is an important parameter
in sampler design because it provides information on the maxi-
mum height the vortex-created liquid film could reach along the
cyclone wall. In reality, a cyclone of a height close to Hz would
be fabricated to achieve a stable laminar liquid flowing over the
cyclone top so that recirculation of liquid between the reservoir
and the cyclone chamber could take place prior to sample anal-
ysis. Note that if the cyclone height is higher than Hp then the
liquid film would not flow over the cyclone and recirculation
would not occur properly. Considering that the design intent of
a swirling sampler is to provide a continuous liquid film for cap-
turing biological agents in the air for subsequent analysis, it is
therefore our intention to operate liquid in an overflow mode.

Airflow Field and Particle Trajectory in a Swirling Cyclone

Based on that described above, a maximal height of the liquid
rise can be estimated by using Equation (18) with a uniform pres-
sure in mm water. Further reasoning is based on the following
assumptions:

1. Static pressure on the cyclone wall decreases linearly with
respect to the height;

2. Tangential airflow velocity amounts to zero when the height
is more than the maximal point of liquid-film rise; and

3. The thickness of the air vortex layer remains the same through
the cyclone height and equals the initial value.

To make expressions meaningful and easy to relate, the posi-
tion where the central point of the nozzle resides is considered as
the starting point (vertically) in the cyclone and thus designated
as z = 0 in the cyclone. Considering the first model assumption,
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static pressure to the swirling cyclone wall equals:

P(z) = PHIB.X<1 -

atz > Hp,

i)atz<HB, and P(z) =0,
Hp

[19]

where z is the vertical distance from the nozzle and Hp is the
maximal point of liquid-film rising from z = 0, calculated by
Equation (18). This designation of z is important and will be
discussed later in this section.

The relationship between Py and initial air tangential speed
V ¢(0) could be approximately correlated as Py & ’;—g; ~ w,
in which pressure and velocity are in quadratic interdependence.
Considering Equation (19), the tangential velocity is expressed

as:

Vo(2) = V,(0), /1 — Hi atz < Hp, andV,(z) =0,

B

atz > Hp, [20]

where V ¢(0) is the initial air tangential velocity at the central
point of the nozzle location (z = 0).

Equation (20) is true for the region where positive pressure
P (z) exists, i.e. within the vortex. For the region with a zero or
negative value of P(z) air tangential velocity equals zero.

Similarly, on the assumption of the Bernoulli equation
(Equation [4]) and Equation (20) the vertical velocity is ex-
pressed as follows:

V.(2) = V,(0) /HiB, atz < Hp, andV.(z) = V,,(0),

atz > Hpg. [21]

It should be noted that the location of z = 0 is not vertically
situated at the same level as the bottom of the cyclone, but rather,
it is higher than the bottom by a given distance (= He — H;
see Figure 1). This relation is important when discussing z-
value with respect to parameters such as the cyclone height,
H, or the maximal height of rising liquid film, Hg. Although
Hc is the actual cyclone height in fabrication, H and Hp are
mainly used in the equations for mathematical simulation. In an
actual cyclone, the region between the nozzle exit and cyclone
bottom is crucial for forming a stable circulating liquid film.
If this distance is too long, neither liquid suction nor liquid-
film formation process would take place. On the other hand,
as the distance is too short, the liquid film formed would be
too thick and unstable. Preliminary results from some prototype
designs indicate that this distance, H- — H, should not be more
than 5-10 mm so that an unstable liquid film resulting from
air turbulization of the near-bottom liquid layer can be avoided,
especially under high air velocities at input flow rates of 60—
80 I/min.
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Airflow Trajectory in the Swirling Cyclone
To calculate the spatial trajectory of the airflow the expression
for tangential velocity can be represented as:

RYY _ V,(0) /1 [22]

dt " Hp

where ¢ is the angle in radians.
Integrating the equation results in:

t
Z
R<p=/V(0) 1— ——dr
o 7 Hpg

Using the relationship of dt = dz/V.(z), the variable is changed
and the expression becomes:

Z\/I_HLB z z
Ro=| Y _"ar—Hy | (-2
0 /= Hp Hp
Hp

H
+TB|:% + arcsin (2Hig — 1>i|

The diagram of airflow lines calculated by Equation (23) is given
in Figure 2.

Since the term R¢ represents the spatial displacement of spi-
ral airflow along the wall surface, the curve in Figure 2 relates the
spiral distance to a given height (in units of Hg) and thus reveals
the airflow trajectory. Because V. increases, but V,,, decreases
with z (Equations [20] and [21]), the slope of airflow trajectory
increases with z and the angle of inclination is approximately
45° when z = 0.5Hp. Assuming that the cyclone height H is
equal to the liquid rise Hp, the number of airflow revolutions
in the swirling cyclone can be determined by substituting ¢ =
27N and z/Hp = 1 in Equation (23):

(23]

_ ! TV(t)dt— !
T 2tR Jy ¥ " 27R ),

Hy qu (2)
V.(2)

_HB
" 4R

z

[24]

where T is the time needed for the airflow to reach the maximal
rising point of liquid film. This expression indicates that the

1

0.8
£ 0.6 -
N

0.4

0.2 -
0

0 02 04 06 08 1 1.2 14 16 1.8 2
Rlp/HB

FIG. 2. The results of calculation of average trajectory of airflow lines in the
swirling cyclone.
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number of revolutions in the cyclone is determined only by the
geometrical dimensions of the swirling cyclone and does not
depend on the geometrical dimensions of the nozzle. In addition,
it shows that the airflow trajectory is about one revolution when
the cyclone height is approximately twice of cyclone diameter.
In this study the ratio of Hg/R has kept ~4—6 as one of the
criteria in designing and fabricating compact samplers and, as a
result, N is approximately one revolution.

Aerodynamic Resistance of Particles and Particle
Capturing Efficiency

With the above description on the formation of the cavity
and derivation of air vortex, pressure diagram, and airflow tra-
jectory in a swirling cyclone, we now focus on the aerodynamic
behavior of the particles entrained in the airflow of the cyclone.
The inertial properties of aerosol particles moving in vortex air
stream can be assessed with an initial condition that the particle
tangential velocity at the nozzle section is equal to the air ve-
locity and the velocities in radial and vertical directions equal to
Zero.

Farticle Radial Velocity

According to Hinds (1999), aerosol particles moving in a
curvilinear air flow are influenced mainly by two forces: cen-
trifugal force and aerodynamic resistance (Stokes drag force).
For a small particle, gravity can be neglected and aerodynamic
resistance, F', depends on particle velocity and surface area:

F =CpS,V;p/2,

where Cp is the drag coefficient, p is the air density, and S,
and V), are the cross-sectional area and the velocity of the parti-
cle. The aerodynamic coefficient depends on particle Reynolds
number, Re,, = pVpdp/u, where d, is the particle diameter
and p is the air viscosity. For Re, < 1,Cp = 24/Re. Assuming
a particle has spherical shape and laminar movement in radial
direction the following equation can be expressed in cylindrical
coordinates:

Wy _ V2
m T =m R 3mpd,Vp,,
where m is the particle mass, V,,; is the particle radial velocity,
and V, is the air tangential velocity. The cyclone radius, R, is
used for the centrifugal force calculation because the trajectory
of initial particle flow in a cyclone is determined by the whirl-
wind trajectory at r, the vortex radius, which makes up 90-95%
of cyclone radius, R, described above.

The solution of the simple differential equation for radial
velocity of particles V,, is:

V2d, 3 ud
L pPr 1 —exp _ 2Ky Ly
18Ru m

= Vp,r,st[l - CXP(_f/T)]

[25]

Vp.r(t)
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where p, is the particle density and 7 is the particle relaxation
time (= m /3w udp).
The stationary solution of the equation is:
Védgpp ~ V;(O)dép,7
18R 18R

p.r,st = [26]

The relaxation time for aerosol particles is smalland att = 3t
particle velocity in a whirlwind is practically equal to its station-
ary value (Hinds 1999). Thus, the stationary value of particle
radial velocity (according to Equation [26]) could be used to a
high accuracy for particle precipitation calculation.

Farticle Capturing Efficiency
To calculate the particle capturing efficiency in the liquid film
the following assumptions are made:

1. At ¢t = O particles are uniformally distributed through the
section between the vortex radius and cyclone wall;

2. Air flow is laminar;

3. Particle velocities by ¢ and z axes are equal to corresponding
constituents of airflow velocity according to Equations (20)
and (21). Particle velocity by r axis is determined by
centripetal force impact on a particle and calculated by
Equation (26).

4. Once the particles are in the liquid film they are considered
captured.

Capturing efficiency, 1, can be determined by:

t
PV a(®)dt
n="0 2 porst(®) , ifn <1,

R—rp (7]

andn =1lasn >1.

where ¢, is the time of particle staying in the cyclone. Taking
into account that tangential velocity of air (particle) depends on
z[Vyp () = V,(2) and dz = V.(z)dt], capturing efficiency can
be determined by the following expression:

Hg Vprsi(2)
) Verw@dt = " e
a R — Ip o R — rp
andn=1lasn>1

, ifn <1,
[27a]

where V,,.,(z) and V .(z) are expressed in Equations (26) and
(21), respectively.

Dependence of tangential velocity V,,, on z in Equation (26)
is calculated by Equation (20). Since the height of the swirling
cyclone, H, is equal to or slightly less than the maximal point of
rising liquid-film, Hp, the integral with analytical expressions
for radial and tangential velocity amount to:

Hpg ) 3 2
/ Mdz = 2BHp <i> _ —BHB(L)
0 Vz(2) Hp 3 Hp
4

= -BHjp,
321

3| Hs
2

0

(28]
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Vw (O)d;; Pp
where B = —¢ m

Substituting the relation of i and rz/R (Equation [10]) and
the equality of V,(0) = Vy = Q/Sc into Equation (27a), the
expression of 1 (n < 1) becomes:

2Qd2p,Hp
nn <1) == :
27TR*Se (1 = 1 = 9)

[29]

Taking into account that (1 — (1 — )!/?) can be closely ap-
proximated by using analytical expression similar to that shown
in Equation (12), it is related to A as follows:

1—/1—¢ =0.4914A70616

where the coefficient and the exponent in this inverse power-
law relationship are obtained by fitting the inverse power-law
relationship between A and 1 — (1 — ¥)!/2. The final formula
for capturing efficiency is

0. ISIQd,%,OpHB (%)0.6169

R2S .1

nm<1)= , [30]

where (1, Q—air viscosity and flow rate, d,,, p,—particle di-
ameter and density, R—radius of the swirling cyclone, Hp—
maximum liquid rising height, r.—radius of the nozzle loca-
tion, and S.—cross-sectional area of the nozzle. To maximize
the particle capturing efficiency of the swirling sampler, the max-
imal point of the liquid-film rise, Hp, is normally close to the
height of the cyclone, H (~ Hp) [see Figure 1]. Thus, analyti-
cal expression connecting capturing efficiency of particles in the
swirling cyclone and its geometrical dimensions is obtained and
the efficiency is proportional to d12,, 0, and Hpg, and inversely
proportional to R%. Because it is assumed that once the particles
are drawn into the liquid they are captured, no properties associ-
ated with the liquid (e.g., density, viscosity, and surface tension)
are shown in the equation.

Besides the total particle capturing efficiency, it is also impor-
tant to have the information on the amount of particles captured
in different parts of the swirling cyclone. Without considering
the integration in Equation (28), the capturing efficiency on co-
ordinate z is determined by the following expression:

nen <D =8Hs2( =) = 2(ZN | k= rp
Hy 3\ Hy

= F(z/Hp)BHp /(R —rp), [31]

where F(z/Hp) is a simplified function of z/Hp; B is a constant
related to the properties of the particle and the medium defined
in Equation (28); and (R — rp) is the vortex layer thickness.
The analytical expression for particle settling density in the z
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FIG. 3. The results of calculation of F(z/H B) function and its derivative.

direction is expressed as follows:

dn(z)  BHp“eMw B(1- )

dz - (R —I'B) - (R _rB)\/HT

Differential dependence of capturing efficiency on z is pro-
portional to the derivative of F(z/Hp) function. Diagrams of
these functions are given in Figure 3. Differential dependence
shows that the major part of aerosol particles are captured in the
first part of the swirling cyclone independent of particle size and
airflow parameters.

Considering that the height of the swirling cyclone H is close
to Hp, in practice H can be used in the above expressions.

(32]

Calculation of Particle Capturing
Total Particle Capturing Efficiency

Capturing efficiency of particles in a swirling cyclone is de-
termined using Equation (30). Given a fixed H = 50 mm and
different combinations of air flow rate, Q, and cyclone diameter,
2R, capturing efficiencies of particles at various sizes are shown
in Figure 4(a) and 4(b), which illustrate curves with a general
trend of exponential increase with respect to particle size fol-

) Cyclone diameters:

Capturing efficiency,n

Particle diameter, um

lowed by a plateau. The results show that particles >2 um are
100% captured independent of swirling cyclone dimensions and
airflow rate, while the efficiency of capturing particles < 2 um
depends on both the cyclone dimensions and flow rate. These
are expected since, at a higher flow rate (in (b) with a fixed cy-
clone diameter) or a smaller cyclone diameter (in (a) with a fixed
flow rate), the cyclone would operate at a higher velocity and,
consequently, the particles would possess a higher inertia in the
swirling chamber and result in ahigher capturing efficiency in
the cyclone.

Particle Capturing Efficiency at Different Height
of the Swirling Cyclone

Using Equations (31) and (32) the particle capturing effi-
ciency can also be determined at different heights, z, of the
swirling cyclone. Figures 5(a) and 5(b) show calculated results
for monodisperse aerosols at certain airflow rates and particle
sizes. The curves illustrate a general trend similar to that of
dF /dz in Figure 3. The differential efficiency data, in relative
values, indicate that particles are mainly captured in the region
of the nozzle exit. That is expected since the air velocity and
the corresponding centrifugal force are maximal near the nozzle
opening at the bottom of the cyclone.

EXPERIMENTAL RESULTS AND DISCUSSION

Experimental Installation

Based on the information from the theoretical predictions
and practical considerations described above, prototype sampler
used by Sigaev and his coworkers (2001 and 2002) is shown in
Figure 6 with a schematic similar to that shown in Figure 1.

Figure 7(a) illustrates the experimental setup used for inves-
tigating the airflow pressure profile, the liquid-film formation,
and the particle capturing efficiency in cyclones. The sampler
in this setup is different from that shown in Figure 1 as that
the upper part of the sampler body and the entrainment trap
were excluded. In addition, the liquid was supplied through a
pipe connected to an external reservoir rather than from a liquid

. Airflow consumption:
— 1.0
3
S 0.8 4
3 = 30 Ipm
£ 06 -
o —— 401Ipm
£ 04
3 ....... 60 |pm
& 024
O
0 T T )
0 1 2 3

Particle diameter, ym

FIG. 4. Particle capturing efficiency in the swirling cyclone calculated under (a) different cyclone diameter 2R (Q = 60 1/min) and (b) different airflow rate Q

(2R = 20 mm). Cyclone height H is 50 mm and nozzle diameter is 4 mm.
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FIG. 5. Differential efficiency of particle capturing in the swirling cyclone calculated under (a) different particle sizes d;, (Q = 60 1/min) and (b) different airflow
rates Q (dp = 1 um). Cyclone height H is 50 mm and diameter is 20 mm. Nozzle diameter is 4 mm.

FIG. 6. Photograph of a typical swirling sampler with recirculating water film.

reservoir inside the sampler body as shown in Figure 1. In this
setup different devices were installed for different experiments,
e.g., micromanometers for pressure measurements and paper
slides for visualizing the traces of particle deposition profiles,
respectively.

To maintain a consistent parametric study throughout the ex-
periments a set of base values for the sampler was selected as
2R =20 mm, He = 55 mm, Q = 60 1/min with a rectangular-
jet nozzle dimension of 2 x 6 mm or round-jet nozzle of 4-mm
in diameter. To provide a sufficient airflow through the sam-
pler, the inlet nozzle was connected to a mixing chamber where
aerosol generated from a nebulizer was diluted with clean air
from an air compressor. Such a combination of two airflows was
needed because the flow rate from the Collison nebulizer (MRE
CN24/25, BGI Inc., USA) was only 815 1/min, which required
an air compressor to supply diluting air to make up a total airflow
of 30—80 I/min under the demand of a vacuum pump, attached
to outlet nipple of the sampler.

Airflow Pressure Profile in the Cyclone

A prototype sampler fabricated according to the base values
was used to examine the pressure profile in the cyclone. The
cyclone height and diameter were 60 mm and 20 mm, respec-
tively, and the inlet nozzle was either a rectangular (2 x 6 mm)
or a circular (4 mm) jet which was tangentially introduced into
the cyclone with a distance of 15 mm from the cyclone bot-
tom. As the cyclone is rather small, quantitative measurements
of whirlwind parameters, i.e., pressure and velocity, at specific
locations of the cyclone could have considerable distortion. To
resolve this, thin-walled brass or glass tube probes of 0.8-mm
diameters were used. To be specific, a movable probe (connected
to mP1) was used in one experiment and two stationary probes
(for mP2 and mP3) sealed into cyclone wall at different heights
were used in the other experiment. Transmitted by means of
the probe, air pressure inside the cyclone was measured using
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micromanometers mP1, mP2, or mP3 (MMA-3 model, “Ural-
electropribor,” Yekaterinburg, Russia). Whirlwind parameters in
the cyclone were studied either with or without liquid film. When
liquid film was needed, the cyclone bottom was connected to an
external reservoir with absorptive liquid containing distilled wa-
ter and 5-10% glycerin. Use of glycerin decreases considerably
evaporation of absorptive liquid while it’s recirculating in the
device.

Airflow impact pressure profile was determined using the
mobile sonde connected to mP1. The sonde was placed in the
swirling cyclone parallel to the wall and its location was varied
at various heights and radiuses. No liquid was used. Table 1
presents data of airflow pressure evaluation with mobile sonde
along cyclone wall from its upper cut to inlet nozzle axis for
45 mm depth. The sonde was moved in 4 sites along the perimeter
of cyclone as shown in Figure 7(b) and the measurements in
cyclone crosscuts 1-3 and 2—4 at different heights are presented
in Table 2.

Pressure readings taken near the swirling cyclone wall depend
on the measuring position with respect to the nozzle (i.e., z-
value). Data from Tables 1 and 2 point out that most of the
area inside the cyclone has a negative pressure relative to the
ambient. In addition, data in Table 2 suggest that, as the air
flow exits from the nozzle at point 1, swirling counterclockwise
(Figure 7b) and upward along the cyclone wall, there exists
an air sheath of positive-pressure, which is located adjacent to

(a) Schematic diagram of the setup for different experiments; (b) Top-view of points for pressure measurements using a mobile sonde connected to mP1.

the circumference of the wall. This zone originates near the
bottom of the cyclone (z = 0) close to the side where point 2
is located and covers a sheath with a 2-mm width and a 10-mm
height (z = 0-10 mm). As the airflow swirls upward (z = 15—
25 mm), this positive-pressure sheath moves along to point 3.

TABLE 1
Pressure evaluation with mobile sonde near swirling cyclone
wall
Distance Pressure, Pa
from nozzle
axis, mm Point 1 Point 2 Point 3 Point 4
45 200 150 120 160
40 120 10 95 120
35 50 -25 110 100
30 —80 50 80 150
25 -85 100 100 20
20 —45 10 160 —120
15 -30 -10 100 —-120
10 —60 50 —100 —40
5 —-170 450 —100 -90
0 —200 300 —270 -50
=5 —330 —550 —500 200
-7.5 420 300 —500 —420
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TABLE 2
Pressure evaluation on 1-3 and 2—4 profiles depending on sonde distance from cyclone wall

Pressure distribution on profiles (1-3)
Sonde coordinate from point 1, mm

Pressure distribution on profiles (2—4)
Sonde coordinate from point 2, mm

Height
from nozzle 0 1 2 10 18 19 20 0 1 2 10 18 19 20
axis, mm (center) (center)
Pressure, Pa Pressure, Pa
45 200 50 0 —60 0 40 120 150 40 0 —60 0 40 160
30 —80 -95 —100 —100 0 20 80 50 20 0 —100 0 40 150
15 —-30 —* — —125 0 30 100 -0 - - =125 — — -=120
0 —200 — — —120 0 — =270 300 60 0 120 — — —50

*Pressure readings at — were negative but not determined.

Then, at z = 25-35 mm, it enlarges gradually to include the
area where point 4 is located and eventually, near the top of the
cyclone (z = 40—45 mm), merges into the side with point 1 and
its cross-sectional area becomes a ring with a thickness of 2 mm.
These data suggest that the pressure diagram of airflow inside
the cyclone has a characteristic of a helical profile with negative
pressure in the center along the cyclone axis. Zero-pressure area
shows the boundary position of air stream distributing along
swirling cyclone wall, which can approximately be mapped from
the data in Table 1. Figure 8 presents the diagram of positive
pressure area along the swirling cyclone wall calculated by Table
1 data. Displacement in the tangential direction along the wall
was calculated by R¢, where R is the radius of the cyclone, and
@ is the angle in radians (e.g., /2 for point 2 and 7 for point
3). The data show that airflow is distributed along the swirling
cyclone wall with an inclination angle of about 45° atz = H/2
(H ~ Hp), which corresponds well to the calculated result by
Equation (23) (presented in Figure 2) even though the curve
does not have the exponential feature as presented in Figure 2.
Nevertheless, the vortex trajectory in the cyclone makes up less
than one round (i.e., at z = H, L < 27 R), which is confirmed
by calculations in Equation (24).

60 7
50 -
£
E 40 -
g —&— Upper bound
S 30 -
2 Whirlwing
» 20 Hc midpoint
x
T 10 -
N
—&— Lower bound
0 < T ]
1// 20 40 60
LU . A
=20 - ® -axis displacement, mm
FIG. 8. Airflow positive pressure area borders constructed by Table 1 data.

Note that the pressure measurements listed here are limited by
the size (i.e., 0.8 mm) of the sonde used in the study. According
to Equations (10-12), for a cyclone with a nozzle diameter of
4 mm (assuming a round-jet nozzle) and a body diameter of
20 mm, the vortex diameter is 18.5 mm and the calculated air
vortex layer thickness is only 0.75 mm. Because the size of the
moving sonde is 0.8 mm, i.e., more than the vortex thickness,
pressure reading presented in Tables 1 and 2 may not be suitable
to use for vortex parameters calculation on the basis of earlier
obtained expressions for mathematical models. As an example,
at the cyclone top (z = 45 mm), data in Table 2 show that
positive pressure area characterizing vortex is less than 2 mm
wide at every observation point 1-4. This indicates that g /R is
approximately 0.8, different from the value of 0.9-0.95 based
on the numerical assessment described above in Equation (12).
This discrepancy could be partly because of a big sonde size
as well as modifications required in the theoretical equation.
Based on the data from Tables 1 and 2, the vortex has a helical
characteristic and its thickness (R — rg) is not a constant as
assumed in the equation and, in fact, varies with the height z.
Nevertheless, theoretical predications provide an understanding
of the potential mechanisms involved and guidance to the design
parameters required for a desired sampler.

Airflow Static Pressure and Tangential Velocity
Measurements on the Cyclone Wall

Besides mapping the pressure profile inside the cyclone, static
pressure was measured using two micromanometers mP2 and
mP3, shown in Figure 7a. As described before, two manifolds,
each with a 0.8-mm diameter, were soldered-in at two heights
(z = 15 mm and 30 mm) transverse to the wall of the swirling
cyclone. Figure 9 uses the same data to relate the square root
of static pressure to the corresponding flow rate in the cyclone.
The linear correlation agrees well with the expression of PooQ?
in Equation (18). In addition, the figure shows that, at a given
flow rate, the static pressure at z = 15 mm is higher than the
pressure at z = 30 mm, indicating that static pressure, as well
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FIG. 9. Relationship of flow rate and static pressure measured on the cyclone wall at the height of 15 and 30 mm.

as tangential velocity, decreases with increasing height on the
cyclone wall (Equations [19] and [20]).

Height of Liquid-Film Rise in the Cyclone

The stable formation and optimal rising of the liquid film
in the swirling cyclone are essential prior to investigation of
particle capturing in the sampler. Experiments were conducted
with liquid (distille The stable formation and optimal rising of
the liquid film in the swirling cyclone are essential prior to in-
vestigation of particle capturing in the sampler. Experiments
were conducted with liquid (distilled water containing 5-10%
glycerin) to establish stable recirculation of the liquid film and
then determine the maximal height of the rising liquid film at
different flow rates. For the first part of the study, airflow was
introduced through the cyclone to create the air vortex and liquid
film. Different flow rates were examined to identify a range of
flow rates that provide stable films. For identification purposes,
the airflow was controlled so that the liquid film could reach
as high as possible but was confined in the swirling cyclone
without flowing over the cyclone top. Cyclones of a fixed height
(He = 55 mm), a fixed nozzle diameter (= 4 mm), and various
sizes of cyclone diameters (=16-24 mm) were used. Table 3
presents the range of flow rates that provided stable liquid film
for each cyclone. By substituting mean flow rates and cyclone
dimensions into Equation (18), the maximal heights of liquid-
film rise (in mm H,O) at different flow rates were calculated
and compared with the physical height of the cyclone, namely
55 mm. Results in Table 3 indicate that the experimental data
agree well with theoretical predictions especially for cyclones of
20-24 mm diameters and operated at a flow rate around 50 I/min.
The results suggest that, for the cyclones tested, the critical flow
rate to establish a stable liquid film and its maximal height seem
to relate to the cyclone diameter. For a cyclone with a diameter
of 20-24 mm, a flow rate around 50 I/min result in a stable film

at a height of ~55 mm around the cyclone top, meaning that the
liquid film could overflow and recirculation would take place.
However, for a cyclone with a smaller diameter, its stable film
would only occur at a lower flow rate with a larger maximal
liquid-film height as compared to the calculations. It could be
caused by the fact that centrifugal forces created by circulating
liquid film were not considered for calculations, which needs
individual research. Generally, the results obtained with use of
suggested simple model for liquid-film height calculation are
close to experimental data and indicates that some relationship
may exist among the cyclone diameter, height, and flow rate to
formulate optimal dimensions for samplers with stable swirling
operations. This information is important when considering an
improvement of the cyclone design.

TABLE 3
Maximal water-film heights for cyclones of various design and
operating parameters. Both the cyclone height and the maximal
height of the water film were distances from the bottom of the

cyclone

Parameters Values
Cyclone diameter, mm 16 20 24
Nozzle diameter, mm 4 4 4
Cyclone height, mm 55 55 55
Air flow rates that provide 37£5 48+£3 53+4

stable recirculating water

film, I/min
Maximal liquid-film height, 45 56 53

mm, calculated from
Equation (18)*

*Only the mean flow-rate value that provides stable water film was
used in the calculation.
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The second part of the study was to conduct experiments so
that maximal heights of liquid-film rise could be quantitatively
measured. Based on the information obtained above, a cyclone
with a diameter of 20 mm, a height of 55 mm, and a nozzle of 2 x
6 mm was selected (the advantage of using a thin-plate nozzle is
described below). The experimental setup for this study is sim-
ilar to that shown in Figure 7a with the bottom of the cyclone
placed in a water reservoir except that the micromanometers
were detached and there was no paper slide. Manifolds with
a diameter of 0.8 mm were soldered-in to the cyclone at two
heights (z = 15 and 30 mm), with which thin transparent tubes
were connected. The other ends of the tubes were fixed much
higher than the cyclone body. When air was drawn through the
cyclone, liquid vortex was created along the wall and a little
amount of liquid was flowing into the transparent tubes. The
height of the liquid rise corresponds to the static pressure of lig-
uid on the cyclone wall, which, in turn, is equal to the airflow
static pressure on the liquid-film regardless of the manifold’s
location. This means the maximal pressure (or maximal height
of liquid film) can be experimentally determined by summing
up the height of the sonde position (z-value) and the height of
liquid-column in the tube connected to the sonde. This applies to
conditions under which no liquid can flow over the cyclone top.
In a situation when overflow does occur, the maximal height of
liquid rise would be close to but slightly higher than the height
of the cyclone. Table 4 shows experimental measurements of
liquid-film rise and their comparisons with theoretical predic-
tions calculated from Equation (18) under the conditions with

TABLE 4
Comparison of maximal liquid-film heights between
measurements using soldered-in sonde tubes and predictions
calculated from Equation (18). Swirling cyclone has the
dimension of diameter 20 mm, height 55 mm, nozzle 2 x 6 mm

Air flow rate (I/min) 40 50 60
Maximal liquid-film 31.8 50.3 72.9
pressure (in mm
H,O0) calculated by
Equation (18)
Liquid height in tube 13 32 41
z =15mm
(experiment)
Maximal liquid rise 28 47
based on the tube z =
15 mm (experiment)
Liquid height in tube 2 17 26
z =30 mm
(experiment)
Maximal liquid rise 32 47
based on the tube z =
30 mm (experiment)

55%

55%

*Liquid went over the top of the cyclone (overflow mode).
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and without liquid overflow. At 40 1/min the measurements of
liquid rise depend on the sonde position with a better agree-
ment occurring at a higher position. As the flow rate increases to
50 I/min, the measurements do not depend on the sonde position
and are lower than the predicted value by about 3 mm. Con-
sidering the assumptions made in the equations and limitation
used in the liquid measurements, these are good agreements and
imply that it is a good model to use for predicting rising liquid
height. Table 4 also presents a liquid overflow case when the flow
rate was operated at 60 I/min. Although the maximal liquid-film
rise is predicted to be about 73 mm, the measurement was only
55 mm, slightly above the height of the cyclone.

Experimental Study of Particle Settling in Different
Swirling Cyclones by Visualization Method

Having examined the airflow pressure profile and liquid-film
formation in the cyclone, the focus was then shifted to investi-
gate the behavior of aerosol particles in the sampler. A special
technique was developed for qualitatively studying the spatial
particle trajectory in a cyclone by visualizing the imprint show-
ing the deposit of fluorescence-tagged particles. For this, color-
stained particles were used, no liquid was applied, and a precut
sheet of finely porous paper was pressed to the wall of the dry
cyclone throughout its height and perimeter except for the area
around the input nozzle. Considering that, in the swirling sam-
pler, aerosol particles would be settled and submerged into the
liquid as they touched the liquid film on the cyclone wall, the
produced imprint on the paper slide would show qualitative spa-
tial distribution of particle deposits even without liquid film. The
experimental scheme is presented in Figure 7 without the three
micromanometers and the liquid reservoir. A Collison nebulizer
containing 10% aqueous glycerol solution with 2% methylene
blue stain was used for aerosol generation. Once the aerosol gen-
erator started, a clear imprint was observed on the paper showing
the form of the air stream in the cyclone and the resultant particle
deposit on different parts of the cyclone.

Although prototype samplers of various dimensions and flow
rates were used, general profiles of the imprints look similar
qualitatively. Figures 10 and 11 present two typical imprints
showing particle traces from two different nozzles. Although the
results are only qualitative, the deposition pattern in Figure 10
seems to illustrate a more developed thin air-sheath than that
in Figure 11. This indicates that while the rectangular nozzle
(2 x 6 mm) delivered a developed air sheath, the round nozzle
(4 mm) yielded a gradually developed point stream, suggesting
that the former could provide a more stable particle-entrained
air stream.

Neither figure reveals a spiral deposit as that when discussing
the airflow pressure in the cyclone. Rather, both imprints show
a form of a cone-shape deposit originating from the nozzle exit
with a big dark spot located opposite to the nozzle. Since poly-
disperse aerosols were used in the experiments, the dark spot
could be the deposit of large methylene blue-tagged glycerol
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10 mm

FIG. 10. The imprint of stained particles settling in the swirling cyclone using
a rectangular nozzle. Note that the cut around the nozzle causes the missing
sections in the imprints. (Cyclone diameter is 20 mm, height is 55 mm, nozzle
dimension is 2 x 6 mm. Air consumption is 80 1/min.).

10 mm

FIG. 11. The imprint of stained particles settling in the swirling cyclone using
acircular nozzle. Note that the cut around the nozzle causes the missing sections
in the imprints. (Cyclone diameter is 20 mm, cyclone height is 55 mm, nozzle
diameter is 4 mm, and air consumption is 80 1/min.).

G. 1. SIGAEV ET AL.

particles as a result of impaction, in concurrence with the high
fractional deposition efficiency shown in Figure 5. Small par-
ticles followed the vortex and then deposited by proportionally
scattering to the sector boundary. The angle of inclination of
the imprint sector is about 45 degrees, which provides similar
analysis to that in Figure 8. Based on this, the most effective
precipitation region for particles in the cyclone may be located
within an area where cyclone height equals to the diameter. This
is different from the theoretical analysis predicted from Equation
(23) since the trace of airflow stream would have an exponential
increase with the height z. However, to provide a high particle
capturing efficiency, it is reasonable to have a cyclone whose
height (H) is greater than its diameter (2R). By reviewing the
assessment on liquid-film rise (previous section), cyclones hav-
ing aratio of H /2R between 2.3-2.8 seem to yield stable liquid
films. This would coincide well with the discussion on Equation
(24), in which H/R has kept to be ~4—6 as one of the design
criteria.

Experimental Results of Aerosol Particles Collected
in Swirling Samplers with Recirculating Water Film

Research was carried out to study the capturing efficiencies
of monodisperse fluorescent latex microspheres (Duke Scien-
tific Corporation, Palo Alto, CA) in the swirling sampler. The
microspheres have a density of 1.05 g/cm? and nominal diam-
eters of 0.5, 1.0, 2.2, and 3.0 um, respectively. The overall di-
mensions of the sampler body are 115 mm in height and 64
mm in diameter. The cyclone has a diameter of 20 mm and a
height of 55 mm. The tangential inlet is in the form of a2 x 6
mm planar slot. The flow rate used was 60 1/min. The capturing
efficiency was evaluated as the ratio of microspheres captured
in the sampler to total microspheres in the device and on the
backup filter in its outlet nipple. The amount of microspheres
in each sample was indirectly determined by analyzing the flu-
orescence intensity of the sample using a spectrophotometer
(SF-56A, LOMO, St. Petersburg, Russia). The methods are de-
scribed in detail in Feather and Chen (2003) and Chen et al.
(2004). Different flow rates were used in the study and only
the data obtained at 60 1/min are presented here for comparison
purposes.

By plotting in Figure 12 the experimental data of the captur-
ing efficiencies it is clear that this sampler does not have a very
sharp cutoff characteristics and its 50% cutoff size is about 1 um,
different from the cutoff size of 0.5 um predicted from the the-
ory. In addition, there exists discrepancy between the empirical
data and the theoretical curve (Equation [30]) around the particle
separation zone (0.5-2 pum). Nevertheless, the associations of
capturing efficiency and particle size seem to follow the similar
trend for both data sets. The possible reasons for the discrepancy
could be partly due to simplification of the basic mathematical
expressions describing airflow in cyclone and partly resulted
from assumptions that all aerosol particles at the nozzle exit
possess the same trajectory and are completely captured once
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FIG. 12. Capturing efficiencies of monodisperse latex particles in the swirling
sampler. The data points were experimentally obtained and the curve was theo-
retically calculated using Equation (30).

they are in the liquid. Although simplified Navier-Stokes equa-
tions allow for airflow description in cyclone without consider-
ing the interaction of liquid-film swirling stream with cyclone
wall and moving swirling airflow, the tradeoff is the discrep-
ancy caused by neither setting complicated initial and boundary
conditions, nor considering flow turbulence, flow wall friction
and complex interaction of air and water flows. In practice, the
radius R used in the calculation could have been smaller de-
pending on the thickness of liquid film. Although there is no
mathematical analysis on the thickness, experimental observa-
tion shows that the thickness varies along the height (0.8—1.0)
mm up to z = 0.5H and reduce to (0.5-0.8) mm at the top,
z = H). By taking into account the film thickness it would
somewhat diminish the discrepancy in the efficiency. In addi-
tion, the air stream in the cyclone as observed in the visualiza-
tion study was not as steep as that shown based on the model
and thus the particles moving along the air stream could have
followed the streamlines and not been deposited in the liquid
film. As the air stream in the cyclone makes no more than one
revolution, some aerosol carry-over could occur especially from
the jet border zone. Furthermore, besides the factors mentioned
above, particles captured in the liquid film and then in the liquid
reservoir were found to be trapped and attached to the surface
of the sampler body and never be analyzed. This amount could
vary between 5 and 25% of the total depending on the size of
the particles and how the liquid was treated and delivered for
analysis. This phenomenon of particle loss can be reduced by
adding a small amount of surfactant in the liquid, as well as mod-
ifying the shape of the bottom plate connected to the discharge
pipe.

Overall, the mathematical model developed has a realistic
estimate of the 50% cutoff size (approximately 0.5-1.0 um)
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and an accurate trend in terms of particle capturing. While the
capturing efficiencies for particles >2 pum and <0.5 pum are
reasonably well predicted, those for particles between 0.5 and
2.0 um are greatly overestimated. These results indicate that the
equations in 30-32 require revisions (based on empirical data)
to have better estimate on the actual capturing efficiency. Since
most indoor environments have reported to have bacteria of 0.5
to 30 m and fungi spores of 2 to 30 ©m (Reponen et al. 2001),
this device is suitable for bioaerosol sampling with the feature
of maintaining microorganism viability.

SUMMARY

1. A theoretical and experimental study of airflow peculiarities
in swirling samplers was conducted. Theory predicts that,
in the cyclone, there is a whirlwind vortex and its diameter
makes up 90-95% of the cyclone diameter. As a result, a
cavity consisting of negative or zero pressure is formed at
the center of the cyclone. Within the cavity, there is zero
airflow speed. With simple assumptions, the theory reveals
that the whirlwind is of helical character with the number
of revolutions determined by the cyclone geometry and not
depending on inlet airflow parameters. Experimental results
agree with predictions very well in that negative pressures
were measured inside the cyclone especially along the central
axis. The air vortex creates a thin, spiral layer of positive-
pressure region adjacent to the walls. The layer thickness
varies with the height and, at the top of the cyclone, its value
is approximately 80% of the cyclone diameter.

2. Equations have been formulated to predict the maximal
height of liquid rising in a cyclone. For this study, experi-
ments were specially designed to provide stable liquid films
and data were obtained using measurements of static pressure
of water (in mm H,0) on the cyclone walls at given heights.
Results indicate that some relationship may exist among the
cyclone diameter, height, and flow rate to provide an optimal
set of cyclone dimensions with stable liquid-film formation.
With the formation of stable films, there are very good agree-
ments between theoretical predictions and experimental data
in determining the maximal liquid-film height.

3. A technique for visualization of particle settling in swirling
cyclones was developed using methylene blue-tagged parti-
cles. Experimental data show that the majority of particles
were settled near the nozzle. The deposition patterns, al-
though only qualitative, seem to suggest that a rectangular
nozzle provide a more stable air stream than a round nozzle.
The angle of ascent of the deposited particle trace was about
45 degrees independent of cyclone dimensions and flow rate,
indicating that the most effective particle capturing region
could be designed with a cyclone height at least equal to the
diameter. However, by reviewing the assessment on liquid-
film rise, a more conservative approach was selected to have
the height to diameter ratio kept to be 4-6 in the prototype
design. This coincides with the theoretically proposed value
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and would result in about one revolution of particle trajectory
in the cyclone.

4. A simple mathematical model was developed to calculate
the particle capturing efficiency in the liquid film along the
cyclone wall. Although high efficiencies are predicted for
particles greater than 1 ;um, experimental data obtained from
prototype samplers exhibit lower values for particles smaller
than 2 um. The discrepancies were partly due to the sim-
ple assumptions made in the theory, the particle-trapping
hotspots that occurred in the prototype sampler design, and
the methods used in sample delivery and analysis. Improve-
ments will be made in all these categories to provide a better
particle capturing characteristic in the final device.
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