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Abstract – The air is modeled as incompressible flow in a ribbed channel. The existence of ribs on channel
surface causes the turbulence in flow, therefore we must solve the turbulence equations. There are previous
experimentally investigations on turbulence flow in ribbed channels. In this article, the results of numerical
simulation are compared with experimental results and the effectiveness of k-ε model in solving the problem
of micro-particle deposition with Lagrangian model is studied because of complexities of turbulent flow, the
problem is modeled both 2- and 3-dimensionally. After solving the fluid domain, the particle equations of
motion are solved separately and finally the particle deposition on channel surface is calculated. Considering
the physic and complications of turbulent flows, the results of 2-D simulation are different with experimental
results, despite of 3-D results, which are in complete accordance with experimental results.
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1 Introduction

Aerosols transfer and deposition in turbulent chan-
nels are always important and widely used in engineering
projects [1–3]. In the design of air conditioning systems,
it’s important to study the indoor air quality because peo-
ple is mostly in the indoor areas. The indoor air comes
from the out after passing through transforming chan-
nels. Considering the most human expense of their time
in indoor areas, it is very important to check indoor air
pollution for air conditioning projects. The air pollution
mostly caused by aerosols smaller than 10 μm [2] and
aerosol concentration in the air vary locally. Epidemio-
logical evidence suggests a positive correlation between
outdoor PM10 (particular matter less than 10 μm in diam-
eter) concentrations and mortality in urban areas. There-
fore it is desirable to remove these particles from air con-
ditioning systems. The most common way is to equip the
absorption filter at air flow inlet, obviously this method
needs energy [4] and it is not very effective [5].

If aerosols deposition is augmented in ventilation
channel, the effective filtration will be enhanced. The en-
hancement of small particle deposition along the length
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of ventilation duct may present an effective alternative to
filtration. The aerosol deposition augments by roughening
the internal area of channel. Also, particle deposition can
be increased by heat transfer. The later method is used in
turbine blades and nuclear reactor cooling [4]. One way
of roughened channel area is to add the ribs on channel
surface.

Although there are a few investigations on numerical
simulation of particle deposition in ribbed channels, the
turbulent flow in ribbed channels is surveyed widely by
researchers. In 2006, Liu and his colleagues used two tur-
bulence models “LES” and “RANS” in order to simulate
numerically the turbulent flow in electrical devices [6].
Also in the same year, Viswanthan and Tafti [7] mod-
eled a turbulent flow in a channel which has ribs on both
bed and ceiling of channel, they used a Detached Eddy
Simulation “DES” model. They compared the numerical
results with experimental data [8]. In 2007, Ahn et al. [9]
modeled fluid flow with ribs on both bed and ceiling of
channel by use of LES. They assumed that rotating chan-
nel is a model of cooling flow on turbine blades. Tian and
Ahmadi [10] compared the results of different numerical
turbulence models for a simple channel and confirmed the
results of k-ε model which is used by fluent software. They
can show an acceptable prediction for particle deposition.
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Nomenclature

A Area (m2)
C∞ Aerosol concentration (particle.m−3)
dp Particle diameter (m)
De Hydraulic mean diameter (m)
FL

i Lifting force
f Friction factor (–)
gi Acceleration of gravity
H Height of rib (m)
J Deposited aerosol flux (particle.m−2.s−1)
k Turbulence kinetic energy (m2.s−2)
ΔL Distance (m)
M Particle mass detected (g)
p Static pressure (m.s−1)
P Pitch length of ribbed surface (m)
ΔP Differential pressure loss (Pa)
Q Volumetric flow rate through the air

filter samplers (m3)
Re Reynolds number (–)
t Sampling time (s)
ui Phase velocity (m.s−1)
up

i Particle velocity (m.s−1)
U Bulk mean velocity (m.s−1)
Vd Mass transfer coefficient (m.s−1)
ε Turbulence dissipation rate (m2.s−3)
δ Half of channel height (m)
μ Fluid viscosity (Pa.s)
μt Turbulent eddy viscosity (Pa.s)
ρ Fluid density (kg.m−3)
ρp Particle density (kg.m−3)
¯̄τ Stress tensor (Pa)

Subscripts and superscripts
acetate acetate
filter air filter

More investigations upon ribbed channels are carried out
recently. In 2010, Ahn and Lee [11] worked on large eddy
simulation (LES) of turbulent flow and heat transfer in a
channel with both detached and attached rib array.

In recent investigation, by use of fluid domain solu-
tion the micro particle equation of motion is solved in-
dependently in fluent software. For solving fluid domain
by fluent, the grid independent results for k-ε model with
different wall conditions are obtained. By use of a same
channel geometry with Lai’s experimental work, the re-
sults of numerical work are compared with experimental
data. This comparison shows the numerical simulation
capability for modeling aerosol filtering problems in ven-
tilation channels.

2 Physical model and solving method

2.1 Geometry of experimental model

For physical simulation the geometry of Lai’s experi-
ment is used [1]. In Figure 1, the experimental apparatus
and the ribs on its bed are shown. Channel cross section

Fig. 1. Ribbed channel schematic. The dashed area is test
section [1].

is 150 mm× 150 mm. The channel is consisted of ten gal-
vanized sections. The length of each section is 500 mm.
Channel hydraulic diameter is 150 mm. Each galvanized
rib has 6 mm height (H) and the pitch length (P ) between
two successive ribs is 60 mm.

The test section was located at the 10th galvanized
channel. Thereby for the inlet flow to this area the flow is
fully turbulent. As shown in Figure 1, the test section is
placed in the middle of channel and particle deposition is
measured in this section although the particle deposition
in depth is neglected. Hence, for flow simulation, first a
2-dimensional model is used. Despite of the simplicity of
geometry, the fluid flow has its complexities, which need
a great number of grid cells to be modeled. This grid
slows the solving process in order to achieve a convergent
solution. In the second step, a 3-dimensional modeling is
carried out. The comparison between 2D and 3D results
shows the importance of third dimension in this problem.

In Lai’s experiment, there are 14 ribs before test sec-
tion and it is insisted that the inlet flow, before the first
rib, is in fully developed turbulent regime. In Lai’s exper-
iments, the friction factor f , for both smooth and ribbed
surface was calculated by measuring the pressure differ-
ence across two Perspex channels and can be written as:

f =
De/4
1
2U2

ΔP

ΔL
(1)

where U [m.s−1], is the bulk mean velocity, De [m], is the
hydraulic mean diameter and ΔP/ΔL [Pa.m−1], is the
pressure loss across the length by which two Pitot tubes
are separated.

For this experiment, air velocity is 4.4 [m.s−1] and
Reynolds number is 4.4 × 104. Considering Blasius equa-
tion, the friction factor for the channel is equal to:

f =
0.0791
Re0.25

if Re=1.4×104−−−−−−−−−→ f = 5.46 × 10−3 (2)

With use of friction factor, the experimental value of pres-
sure drop per channel length can be calculated.
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This quantity is equal to ΔP/ΔL = 7.4437 [Pa.m−1]
from experimental data. This parameter is used as a cri-
terion to check the accuracy of converged results.

2.2 Governing equations (for fluid)

The air governing equation is Navier-Stokes equation
for incompressible fluid without heat transfer and con-
stant viscosity. The continuity or mass conservation equa-
tion is defined as:

∂ρ

∂t
+ ∇ · (ρ�v) = 0 (3)

The momentum equation for inertial or non-accelerating
coordinate is:

∂

∂t
(ρ�v) + ∇ (ρ�v�v) = −∇p + ∇ (¯̄τ) + ρ�g + �F (4)

In the above equation, p is the static pressure, ¯̄τ the stress
tensor [Pa], ρg and F are gravitational and external body
force, respectively.

The definition of stress tensor is as following:

¯̄τ = μ

[(∇�v + ∇�vT
) − 2

3
· ∇�vI

]
(5)

where μ [Pa.s] is the molecular viscosity and I the unit
tensor.

The second term in above equation defines the volume
dilatation effect.

The turbulence model which is used in this investiga-
tion is a k-ε 2-equational model. Standard k-ε model is
a semi-experimental model based on the transport equa-
tion of turbulence kinetic energy (k) and dissipation rate
(ε). The transport relation for k is extracted from exact
equation and ε-transport model is obtained from physical
reasons which have small similarities with exact mathe-
matical solution.

The transport equations for standard k-ε model are:

∂

∂t
(ρk) − ρ

∂xi
(ρkui) =

∂

∂xi

[(
μ +

μt

σk

)
∂k

∂xi

]

+ Gk + Gb + ρε − YM + Sk (6)
∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[(
μ +

μt

σε

)
∂ε

∂xi

]
+ G1ε

ε

k

× (Gk + C3εGb) − C2ερ
ε2

k
+ Sε

(7)

Gk is the turbulence energy generation due to mean ve-
locity gradient; Gb the turbulence energy generation due
to buoyancy; Ym is related to dilatation in compressible
turbulence; C1ε, C2ε, C3ε are constants; σk, σε are turbu-
lence Prandtl numbers for k and ε, respectively; Sk, Sε

are source terms which can be added to equations in cer-
tain problems for k-ε model; the turbulent eddy viscosity
μt [Pa.s] is defined as:

μt = ρCμ
k2

ε
(8)

In the above equation, Cμ is constant.
The constants in this model are obtained by experi-

ments on air and water as follow:
⎧⎨
⎩

C1ε = 1.44
C2ε = 1.92
Cμ = 0.09

and
{

σk = 1.0
σε = 1.3

After solving fluid turbulent flow, the micro particles are
added to flow. The particle motion equation or discrete
phase is studied with a Lagrangian view point. This equa-
tion which is basically the force balance for particle is
written in Cartesian coordinates as below:

dup
i

dt
= FD (ui − up

i ) +
gi (ρp − ρ)

ρp
+ FL

i (9)

where ui [m.s−1] is the phase velocity, up
i = dui/dt

[m.s−1] the particle velocity, gi the acceleration of grav-
ity, ρ and ρp [kg.m−3] are fluid and particle densities, re-
spectively. FL

i represents the components of all additional
external forces acting on the particle which consider the
lifting force in this case. FD(u − up) is the drag per unit
particle mass, which is given by:

FD =
18μ

ρpd2
p

CDRe

24
(10)

In the above equation, μ [Pa.s] is the fluid viscosity, and
dp [m] the particle diameter, Re, the relative Reynolds
number defined as:

Re ≡ ρdp |up
i − ui|
μ

(11)

For submicron particles (100 nm−1 μm), FD can be writ-
ten as:

FD =
18μ

ρpd2
pCc

(12)

In equation (12), Cc is the Stokes-Cunningham slip cor-
rection factor that can be computed from:

Cc = 1 +
2λ

dp

(
1.257 + 0.4 exp−

(
1.1dp

2λ

))
(13)

where λ is the molecular mean-free path of the gas. The
lifting force FL

i is given by:

FL
i =

2Kν1/2d
ij

Sd(dlkdkl)1/4

(
uj − uP

j

)
(14)

where K = 2.594 is the constant coefficient of Saffman
lift force. The term (ρp/ρ) is so-called the particle-to-fluid
density ratio and noted as S · dij is the deformation rate
tensor given as

d
ij

=
1
2

(
∂ui

∂xj
− ∂uj

∂xi

)
(15)
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Fig. 2. Geometry of 2D and 3D models.

Fig. 3. Generated grid for 2D model.

2.3 Grid generation

For geometrical simulation two models are created
separately in Gambit software. Figure 2 shows these two
models.

As shown in Figure 2, at the channel end, the
added zone is considered in order of avoiding recircu-
lated flow. For the 2-dimensional model, a structured
grid with 132 800 elements is created. The grid quality
is acceptable with a maximum equi-angle skew 0.07 and
maximum aspect ratio 4.32 finally. The results grid inde-
pendency is proved by comparing the results with results
associated to two different grids (one with 309 600 ele-
ments and other with 218 016 elements). Figure 3 shows
structured grid for 2D model. It is obvious that grid lines
are more compressed near the walls because the flow com-
plexities after the ribs.

The grid of 3-dimensional model is like the 2D model
in grid quality and grid lines density. 3D grid has 3 280 640

3D-rectangular elements. 98.63% of elements have the ac-
ceptable aspect ratio (between 1 and 5). The maximum
aspect ratio is 6 because of grid span in depth direction.

The velocity condition at inlet is defined by use of
the UDF (User Defined Function). In this code the fully
turbulent developed flow is defined as [12]:

u = U ×
(y

δ

)1/7

(16)

The flow is fully turbulent when δ is equal to the half of
channel height. Also the equation for k and ε associated
for fully turbulent flow is defined by this UDF. The outlet
boundary condition is the pressure outlet condition.

In the following, the grid independent results for both
2D and 3D models are presented and particle deposition
results are compared with experimental ones.

3 Results

3.1 Fluid domain

In the first step, the fluid domain is solved. The con-
vergence criterion for each case is iteration independency.
The outlet relative pressure for all cases is considered to
be zero. According to experimental results, the pressure
drop per unit length is 7.4437 Pa.m−1, therefore by us-
ing channel length, the pressure at the inlet boundary
is determined. To obtain the inlet pressure in numerical
results, the area weighted average of static pressure is
calculated. Note that the outlet static pressure is zero;
hence the calculated quantity is the total pressure drop
in modeled channel.

It is logical to model this problem 2-dimensionally be-
cause the problem parameters do not vary considerably
with depth direction. But there are main differences be-
tween 2D and 3D flows. For example, in 2D problem the
effect of two lateral walls and the corner effect at inlet are
neglected. As a result, it is expected that the 2D calcu-
lated pressure drop is less of the 3D problem result.

For the k-ε turbulence model, the Enhancement Wall
Treatment (E.W.T.) is chosen. This model is the best one
for the y+ associated to generated grid (0 < y+ < 50).
For the 2D model, the pressure drop per unit length
is 5.5329 Pa.m−1 for RNG k-ε model. Moreover the recir-
culation length after the rib is important for this problem.
In the following, the velocity contours are shown for the
range of stream function 0–2.0. In Figure 4 the end part
of the grid or test section is drawn. From 2D results the
length of recirculation zone after the rib is 4.52 times of
rib height.

For the 3D model with standard k-ε turbulence model,
also the Enhancement Wall Treatment is selected (0 <
y+ < 50). For grid independent solution, the pressure
drop per unit length is 7.1566 Pa.m−1. The pressure con-
tours and velocity vectors on middle plane in depth di-
rection are shown in Figures 5 and 6. The length of recir-
culation zone after the rib is 5.38 times of rib height.
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Fig. 4. Streamlines in test section for 2D model.

Fig. 5. Contours of static pressure on the middle surface in
depth direction for 3D model.

Fig. 6. Velocity vectors on the middle surface in depth direc-
tion for 3D model.

As it was expected, the 3D model not only calculates
greater pressure drop than 2D model, but also the calcu-
lated length of recirculation zone is much greater for 3D
model.

Fig. 7. Aerosol deposition velocity in ribbed channel for 2D
model.

3.2 Aerosol deposition

Because the flow is turbulent, we need a model to ex-
ert the turbulence diffusion effect to the problem. In this
investigation, a Stochastic Tracking model is used. The
Stochastic Tracking model (Random Walk) contains the
turbulence instantaneous velocity fluctuation effect on the
particle trajectory by use of stochastic model. For solv-
ing particle motion in Lagrangian viewpoint, the Saffman
lift force is active and Stokes-Cunningham drag law is
selected.

The mass transfer coefficient (deposition velocity)
Vd [m.s−1], is the key parameter to be determined. Aerosol
deposition velocity is as follow [12]:

Vd =
J

C∞
(17)

In the channel, J [particle.m−2.s−1] deposited aerosol flux
on channel area and C∞ [particle.m−3], aerosol concentra-
tion in free stream air, were evaluated from the following
equations:

J =
Macetate

Aacetate t
(18)

C∞ =
Mfilter

Q
(19)

where Macetate, Mfilter are the particle mass detected on
the acetate and air filter paper samples respectively, t [s]
is the sampling time, Aacetate [m2] the area of the acetate
simple and Q [m3] is the volumetric flow rate through the
air filter samplers [13].

In Figure 7, the numerical results of 2D models are
compared with Lai’s experimental results for particle
with 4.5 μm diameter and Figure 8 shows the same results
for 3D model.
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Fig. 8. Aerosol deposition velocity in ribbed channel for 3D
model.

4 Discussions and conclusion

In this investigation, the importance of third dimen-
sion in numerical simulation of turbulent airflow in ribbed
channel is reviewed. However the turbulence models can
be exerted to 2D problems in commercial software, but
because of 3-dimensional nature of turbulence, the 3-
dimensional modeling can give better results. The dif-
ference of results for two models is 22% in the length
recirculation zone after the rib. This recirculated length
is measured experimentally 6 ± 0.7 of rib height [6].
The 3-dimensional model with a k-ε turbulence model
predicts this length in the range of experimental data.
On the other hand the pressure drop per unit length
is 7.1566 Pa.m−1 for 3D model and 5.5329 Pa.m−1 for
2D model. From Lai’s experimental results this parameter
is 7.4437 Pa.m−1. Therefore 3D model result has 3.85%
error and 2D model result has 25.67% error.

Also comparing Figures 6 and 7, the 3D model has bet-
ter prediction in aerosol deposition rather than 2D model.
The greatest error in deposition velocity is 3.85% for 3D
model and 25.67% error for 2D model.

Finally we can conclude that the 2D model results
have greater error than 3D model, because the span
of channel is finite. However 2D model is preferred
for study the physics of flow because it needs less time

to execute the calculations. With use of a suitable bound-
ary condition the k-ε model can result in accurate answers
for turbulent flow in ribbed channel and also for particle
deposition in these flows.
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