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Abstract

The quantitative information gained from detailed studies of particle deposition in ducts is important, for example, to evaluate human
exposure to particles within buildings, implement cleaning strategies for ventilation ducts and also understand particulate deposition in the
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espiratory tree. For this purpose, an experimental study for aerosol particles of diameters ranging from 8.1 to 23.2�m was conducted in
urved bifurcating ventilation duct. At the bend segment of the duct, the particle size, bend angle, curvature ratio and Reynolds nu
erosol deposition significantly. On the other hand, tests conducted on the bifurcating segments show that deposition increases
ize and Reynolds number. Accumulation of particles occurs mainly around the bend segment and the ridge of carina of the bifu
ll segments of the duct models, particle deposition is found to be enhanced with increasing humidity which increases from 66 to
lose the saturation). A physical interpretation of the results obtained is also presented.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Particle deposition is of interest to a broadly different ar-
as[1,2]. Aerosols have been identified to come from various
ources: environment, equipment activities, smoking, cook-
ng, etc. Malfunctioning of semiconductor[3], erosion in ma-
hinery[4] and health effects[5] are some of the important
roblems caused by deposition of particles. Inhaled particles
an deposit in the respiratory tree[6] and trigger significant
ealth problems. These problems can be more serious for
eople already suffering from respiratory diseases, such as
llergy and asthma and cardiovascular problems[1]. More-
ver, the presence of particles in air may produce irritation
f eyes, nose and throat[7].

∗ Corresponding author. Tel.: +351 266 744616; fax: +351 266 702306.
E-mail address:afm@uevora.pt (A.F. Miguel).

Air-conditioning ducts are used in modern buildings w
the objective of providing fresh air to indoor environme
control indoor air temperature and, in some cases, al
control indoor pollutants. These ducts play a crucial ro
maintaining indoor air quality in large buildings. Their i
proper functioning may lead to a variety of problems. Aer
particles can deposit in and re-suspend from the duct sur
Re-suspension of particles may expose building occupa
high levels of particle concentration. Besides, deposited p
cles are known to form a favourable environment for bac
and fungi growth in presence of water[1,8]. Such growth ma
lead to: (i) enhancement of bio-aerosol concentrations w
the ducts and (2) release of some chemical compounds
as aldehydes into the air stream[9]. Both cases contribute
a deterioration of indoor air quality.

Recently, aerosolized sealant particles have been us
eliminate air leakages in large duct systems[10]. The parti-
cles are injected in air with a high level of humidity so t
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Nomenclature

Cd aerosol concentration downstream (m−3)
Cu aerosol concentration upstream (m−3)
d duct diameter (m)
dp particle diameter (m)
D diameter of the curve (m)
De Dean number
L duct length (m)
Re Reynolds number
s deposition parameter (m−2)
up terminal velocity of particle (m s−1)
U air velocity (m s−1)

Greek symbols
α curvature ratio
η deposition efficiency
Θ bend angle
λ the coefficient takes values either 1/3 or 3/7

depending on flow regime
µ dynamic viscosity of air (Pa s)
ρ air density (kg m−3)
ρp particles density (kg m−3)
ζ̇ number of particles caught per bend area and

second (m−2 s−1)

they deposit in the crack and seal the leak. To ensure that
sealant particles reach the intended sites of action, the dose-
prediction of the particles is required in this application.

The transport of aerosol particles has not only an exclu-
sive application in engineered duct systems. During inhaling,
the gas mixture and particles transported through the respi-
ratory tree may deposit on the duct walls. The importance of
understanding particle deposition and retention in the airway
system cover the following[1,6]:

(i) Assessing the health hazards of particles: some particles
may be captured in the conducting region of the airway
system (upper region of respiratory tree), but other parti-
cles may reach the gas-exchange surface of the alveolar
region. A number of occupational diseases are directly
linked to deposition and retention of inhaled particles
such as coal, silica, and asbestos. Besides, aerosol par
ticles may damage the mucus layer which covers the
conducting region and works as a clearance mechanism
for particles.

(ii) Optimal delivery and evaluation of therapeutic effects
of pharmaceutical aerosol particles by inhalation (in-
halation route drug delivery) in order to reach the pre-
determined sites in the lung: inhalation of drug aerosol
deposited directly to airway target areas results in a re-
duction of the adverse reactions in the therapy of asthma,

The extrathoracic region (i.e., airway passage from the
nares to larynx) provides heat and moisture to the inhaled air
to near body temperature and near water saturation[11].

Aerosol deposition and distribution in ducts can be stud-
ied analytically, numerically or experimentally. The use of
analytical methods is restricted to simple configurations and
they, in most of the cases, suffer from not realistic assump-
tions[1]. Numerical studies are general and accessible. Nu-
merical investigations were performed for the aerosol deposi-
tion in straight ducts and bends (see[1,12,13]). Experimental
studies are more expensive and difficult to perform but they
provide crucial data to validate analytical and numerical in-
vestigations, as well as they make possible to derive empirical
relations that are easy to employ.

A small number of experimental investigations devoted to
aerosol particle deposition and distribution in ducts can be
found in the literature. Among them, Montgomery and Corn
[14] studied the deposition of particles (0.44–2.16�m) in a
circular tube of diameter 150 mm in turbulent flow condi-
tions. Saldo et al.[15] and Muyshondt et al.[16] investigated
deposition in ducts with different diameters (up to 200 mm).
Particle deposition in square and rectangular ducts was stud-
ied elsewhere[17–19]. Pui et al.[20] and MacFarland et al.
[21] have evaluated deposition in 90◦ bends for Reynolds
numbers between 102 and 104. Kim et al.[22] reported exper-
i tion
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mental studies on particle deposition in a single bifurca
uct. Recently, Lai et al.[23] investigated the particle dep
ition along a rib roughened duct under turbulent conditi

Real ventilation systems consist of a large duct that br
everal times into successively smaller diameter ducts t
iver air to a variety of locations within the building. Ho
ver, experimental data for aerosol transport and depo

n multi-bifurcated ducts is not found in the literature. F
hermore, we have also noticed that no investigations ad
he effect of air humidity upon particle deposition. Howe
t is known that high humidity has a strong influence u
eposition of particles in air filters[24,25].

This work focuses on aerosol particle deposition
ouble-bifurcating duct with a curved entrance. This d
onfiguration can be found in many industrial applicatio
ome instruments and also in the upper region of respir
ree[1,11]. The aim of the current study is to perform qua
ative studies on aerosol particle deposition and distribu
or the duct configuration with various curvature ratios
end angles under different levels of air humidity.

. Materials and methods

The experiments were carried out with the following
ectives:

Assessment of the aerosol particle deposition in diffe
segments of the duct (Experiment #a).
Qualitative investigation of the distribution of particles
posited within the duct (Experiment #b).
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Fig. 1. Schematic representation of ventilation duct model.

The experimental approach taken in this study involves
forcing air with suspended particles through the model and
the measurement of the particles deposited within the model.
The following section summarizes the experimental setup
and the procedure used in the study.

2.1. Experimental description

The duct model used for both experiments (#a and #b) is
shown inFig. 1. The setup to create necessary conditions in
the experiments is also shown inFig. 2. Clean air (i.e., air
free from particles) kept in an acclimatized container [A] at
26◦C (±2◦C) and relative humidity of 66 and 95% (±4%)
was pumped at different flow rates into the model by control-
ling the rotational speed of the centrifugal fan [B]. Alumina
particles, commercially available in a wide range of sizes,
were distributed by a particle disperser [C] into the centre of
the inlet duct model, in the opposite direction to airflow [D].
Monodisperse particles were used with a geometric standard
deviation less than 1.2 and diameters ranging from 8.1 to
23.2�m.

The velocity of air pumped into the duct model [E] was
measured by a calibrated fan [F] placed behind the air sup-
plying fan. The aerosol particle concentration at the different
segments of the duct models was obtained by means of a par-
t ment
t

und
e

2.2. Bifurcating duct with a curved inlet

The experiment #a was conducted in the double-
bifurcating duct models shown schematically inFig. 1. These
models have the inlet segment curved 0◦, 30◦, 45◦ and 90◦
with horizontal. All ducts were made of Mylar (polyester),
the inlet tube is 40 mm in diameter and 400 mm in length (L0).
At each paring node the duct diameter and length presented
the following relations:

di+1

di

= 2−λ (1)

Li+1

Li

= 2−λ (2)

wheredi andLi are the diameter and length of each of the
two ducts that converge into the duct of diameter and length
di+1 andLi+1, respectively. The coefficientλ depends on flow
regime and should be taken as 1/3 and 3/7 for fully developed
laminar and turbulent flow, respectively. The relations (1)
and (2) represent the optimal size step (change in diameter
and length) at each pairing node such that the global flow
resistance is minimized[1,26,27].

The experiment #b was conducted in a single bifurcating
duct model with the inlet segment curved by 90◦. The model
was cut lengthwise and opened in order to cover its interior
w d in
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icle size spectrometer which also allows the measure
he aerodynamic diameter of the test particles.

Additional details of setup and procedure can be fo
lsewhere[24,28].

Fig. 2. Schematic representation of the setup.
ith a very thin polyester film. Then, the duct was teste
he setup shown inFig. 2. In this experiment, monodisper
uorescent latex particles having a diameter of 10.5�m were
sed.

After the experiment, the polyester film was carefully
oved and cut into pieces of 50 mm× 50 mm. The particle
eposited onto each piece were counted by means of a
escent light microscope.

.3. Evaluation of flow characteristics and aerosol
eposition

The particle deposition at different segments of the
odels was determined by measuring the aerosol conc

ion upstream (Cu) and downstream (Cd) the segment. The
he deposition efficiency (η) was determined according to

= 1 − Cd

Cu
(3)

eynolds number (Re) was used to characterize the fluid fl
egime in straight ducts and defined as

e = ρUd

µ
(4)

hereU is the air velocity,ρ the density andµ the dynamic
iscosity of air.

Fluid flow in bends develops a secondary vortex ca
he double-eddy or Dean’s effect which occurs in a p
erpendicular to the main flow[29]. The central part of th
ow that has a higher velocity than in the peripheral is
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viated under the centrifugal force and displaces the slower
part of the flow to the center of curvature. Then, a secondary
cross-flow (perpendicular to the main flow) emerges there.
This secondary flow is present in both laminar and turbu-
lent flow provided that the duct is significantly curved. The
strength of this secondary flow depends on the ratio of the
curvature of the bend to the tube diameter, flow velocity and
fluid properties. A visualization of these phenomena is avail-
able elsewhere[30,31].

Dean number is generally used to characterize fluid flow
regime in bend ducts and defined as[32]:

De = Re
√

α (5)

with

α = d

D
(6)

whereα is the curvature ratio,d the tube diameter andD the
diameter of the curve.

For the inlet bendedΘ with the horizontal (Fig. 1), the flow
is controlled by two parameters: Reynolds number and cur-
vature ratio. For a constantα, the centrifugal force increases
with fluid velocity and therefore enhances the secondary
flow.

Particles travelling in the fluid stream are mostly retained
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Fig. 3. Measurement locations for the particle number concentrations at the
segments of the duct models.

which indicates that the deposition efficiency depends on the
characteristics of the bend and particle (d, D, ρp, dp), and
fluid velocity (U).

3. Results and discussion

Experiments were performed by measuring the particle
concentrationsCu andCd at different segments of the duct
models (Fig. 3).

To find out the deposition of particles at the bend segment,
the particle concentration was measured at 1 and 2 (i.e.,Cu1
andCd2). The effects of bend angle, curvature ratio and Dean
number upon the deposition efficiency of particles is depicted
in Figs. 4–8. Four observations based on these figures follow:

• Deposition efficiency increases with the size of particles.
Due to inertia, large aerosol particles hardly adjust them-
selves to abrupt change in the flow trajectory that occurs
in the duct bends and they are intercepted by duct wall.

• Particle deposition increases with increasing bend angle
and the Reynolds number. In bends, the emergence of cen-
trifugal forces generates a secondary cross-flow that en-
hances aerosol particle deposition. A substantial amount

F of
0

n bends. The variables relevant to particle retention ar
o-called characteristic deposition parameter (i.e., the
er of particles in characteristic dimensiondp that each sec
nd get attached to the bend surface[33]) and the termina
elocity of particles in the centrifugal field. According
his we consider that particle deposition,ζ̇ = η/A, defined
s the number of particles caught per bend area and
nd (m−2 s−1) could be related with: deposition parame
(m−2) and terminal particle velocity,up (m s−1). By invok-

ng Buckingham’sΠ-theorem we conclude that the parti
eposition,̇ζ, is of the form:

= ζ̇s1/2

up
(7)

hereΠ is a dimensionless group.
As the deposition parameter is given by[33]:

= 1

ddp
(8)

nd the terminal velocity for a particle in a centrifugal fi
y [1]:

p = ρpd
2
pU2

9µD
(9)

heredp is the diameter of the particles andρp the particles
ensity. Substituting Eqs.(8) and (9)into Eq.(7), we obtain

= ΠAρpd
1/2d

3/2
p U2

µD
= ΠReAρpd

3/2
p U

ρd1/2D
(10)
 ig. 4. Particle deposition efficiency in a 30◦ bend for the curvature ratio

.05 (�) and 0.1 (�). The volumetric flow rate is 1.86× 10−2 m3/s.
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Fig. 5. Particle deposition efficiency in a 60◦ bend for the curvature ratio of
0.05 (�), 0.1 (�) and 0.25 (©). The volumetric flow rate is 1.86× 10−2 m3/s.

Fig. 6. Particle deposition efficiency in a 90◦ bend for the curvature ratio of
0.05 (�), 0.1 (�) and 0.25 (©). The volumetric flow rate is 1.86× 10−2 m3/s.

of fluid (i.e., air and particles) is moved from the centre of
the duct to the wall, therefore facilitating the interception
of particles by the wall.

• η decreases with increasing curvature ratio. As inlet tube
diameter was fixed (40 mm), the enhancement of curvature
ratio leads to a smaller path length of the air containing the
aerosols. As a result, less collector surface is available for
aerosol particles and therefore, less deposition occurs.

Regression analysis of the results presented inFigs. 4–8
shows that the deposition efficiency can be fitted with an
equation of the typeη ∼ dn

p wheren takes value between 1.4

Fig. 7. Particle deposition efficiency in a bend with the curvature ratio of
0 ◦
B

Fig. 8. Particle deposition efficiency in a bend with curvature ratio of 0.25.
(Bend angle is 60◦:Re= 1423,De= 711 (♦);Re= 3116,De= 1558 (�). Bend
angle is 90◦: Re= 1423,De= 711 (�); Re= 3116,De= 1558 (�).)

and 1.8. This tendency is different to that suggested by Pui
et al.[20] (they suggest thatη varies exponentially with the
diameter of the aerosol particles) but is in agreement with Eq.
(10). Our results are also different to those given by Pui et
al. [20]. They have found no effect of Reynolds number and
the curvature ratio on particle deposition. In this matter, our
results agree with Eq.(10) and also with numerical results
obtained by several authors (see for example[13]).

Notice that, the results presented inFigs. 4–6clearly reveal
that, for bend angles less than 30◦, the curvature has a small
effect upon deposition of aerosol particles.

Tests conducted on the bifurcating segments yield the re-
sults shown inFigs. 9 and 10. Particle deposition at the first
and second bifurcations (Fig. 3) was obtained by measuring
particle concentration at 2 and 3 (i.e.,Cu2 andCd3), and 3 and
4 (i.e.,Cu3 andCd4), respectively. For all cases,η increases
with the particle size and Reynolds number. The reason is
that, large particles and particles animated of large veloc-
ities experience difficulty to adjust their trajectories to the
abruptly changing streamlines in the neighbourhood of the
carina. Therefore, the probability of hitting the duct walls is
greatly enhanced.

The data presented inFigs. 9 and 10show that the variation
of deposition efficiency with particle diameter is of the form

F ocal
R

.1. (Bend angle is 60: Re= 1423,De= 450 (♦); Re= 3116,De= 1000 (�).
end angle is 90◦: Re= 1423,De= 450 (�); Re= 3116,De= 1000 (�).)
ig. 9. Particle deposition efficiency at the first bifurcation for different l
eynolds number (Re= 660 (�), Re= 1422 (�), Re= 3151 (©)).
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Fig. 10. Particle deposition efficiency at the second bifurcation for different
local Reynolds number (Re= 503 (�), Re= 1066 (�), Re= 2335 (©)).

η ∼ dn
p where the exponentn is between 1.5 and 2.9. Besides,

particle deposition at the first bifurcation is higher than that
in the second bifurcation. This is due to the fact that the
second bifurcation has geometric characteristics (diameter
and length) smaller than those of the first bifurcation (see
Eqs.(1) and (2)). Consequently, the surface area of the duct
available for aerosol particles in the second bifurcation is
lower and therefore, deposition efficiency is lower too.

The influence of relative air humidity on the deposition
efficiency is shown inFigs. 11–13. In all segments of duct
models particle deposition is found to be enhanced when
the humidity increases from 66 to 95%. The increase in the
deposition efficiency varies between 10 and 35%. When the
humidity is near saturation, the particles that hit the duct walls
are more likely captured. This is consistent with other results
that found that particles adhesion to surfaces increases with
the air humidity[24,34].

Local particle deposition patterns (experiment #b) within
the bifurcation duct flow having an inlet curved with 90◦ is
reproduced inFig. 14. The plot reveals that the major parti-
cle accumulation occurs around the bend inlet segment and
in the carinal ridge. This can be due to inertial effect, i.e.,
larger particles hardly adjust their trajectories to the abruptly

F 60
b
0
h

Fig. 12. Effect of air humidity on particle deposition efficiency at the first
bifurcation for different Reynolds numbers:Re= 650 (humidity 66% (�),
humidity 95% (♦)), Re= 1422 (humidity 66% (�), humidity 95% (�)) and
Re= 3151 (humidity 66% (©), humidity 95% (×)).

Fig. 13. Effect of air humidity on particle deposition efficiency at the second
bifurcation under different Reynolds numbers:Re= 503 (humidity 66% (�),
humidity 95% (♦)), Re= 1066 (humidity 66% (�), humidity 95% (�)) and
Re= 2335 (humidity 66% (©), humidity 95% (×)).

changing streamlines close to the inlet curvature near the ca-
rina. Therefore, the probability of hitting the duct walls and
being captured for a large particle is greatly enhanced. Be-
sides, secondary foci of deposition are visible after the main
deposition area at the part of the bend and following the cari-
nal ridge at the bifurcation but on the opposite side of the
duct. We think that these foci may be due to eddies occurred
in these locations[31].

Fig. 14. Schematic representation of the sites of major accumulation of
particles within a single bifurcating ventilation duct with the inlet segment
curved to 90◦ (α = 0.25).
ig. 11. Effect of air humidity on particle deposition efficiency in a◦
end for the curvature ratio of 0.05 (humidity 66% (�), humidity 95% (♦)),
.1 (humidity 66% (�), humidity 95% (�)) and 0.25 (humidity 66% (©),
umidity 95% (×)). The volumetric flow rate is 1.86× 10−2 m3/s.
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4. Conclusions

This paper presents new experimental results for the
aerosol particle deposition in double-bifurcating ventilation
ducts with a bend inlet. Experiments were conducted with
monodisperse particles in the 8.1–23.2�m size range. We
found that the aerosol deposition is greatly influenced by the
particle size, geometric characteristics of the duct (curva-
ture ratio and bend angle, bifurcations), air humidity level,
in addition to the Reynolds number. Besides, major particle
accumulation occurs around the bend inlet segment and also
in the carinal ridge. The discussion of the results obtained is
made on physical grounds.

The importance of the present study is two-fold: (1) allows
a better understanding of aerosol particle deposition in ven-
tilation ducts and provides useful information for the design
and maintenance of such duct systems; (2) the experiments
with a high level of humidity may also contribute to: (i) effi-
cient use of the technique to eliminate air leakages from large
duct systems through aerosolized sealant particles[10], and
(ii) understanding process of aerosol deposition in the upper
region of respiratory tree[1].
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