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1. Introduction

Abstract. This work investigates the turbulent flow and particles deposition in wavy duct
flows. The v2f turbulence model was used for simulating the turbulent flow through the
wavy channel. The instantaneous turbulence fluctuating velocities were simulated using
the Kraichnan Gaussian random field model. For tracking particles in the fluid flow, the
particle equation of motion was solved numerically. The drag, Saffman lift, Brownian,
and gravity forces acting on a suspended particle were included in the particle equation of
motion. The effects of duct wave amplitude and wavelength on deposition of particles of
different sizes were studied. A range of waves with different amplitudes and wavelengths
was simulated. The particle tracking approach was validated for turbulent flow in a flat
horizontal channel, where good agreement with previous studies was found. The presented
results showed that the duct wavy walls significantly increased the particle deposition rate.

(© 2019 Sharif University of Technology. All rights reserved.

ducts with smooth and rough walls and concluded that
the deposition rate increased as the roughness height

In the last three decades, understanding particle dis-
persion and deposition has attracted considerable at-
tention due to its numerous industrial, environmental,
and biological applications. Many researchers have
worked on computational modeling of dispersion and
deposition of particles in the past. Wood [1] evalu-
ated turbulent deposition in duct flows with smooth
and rough walls. Fan and Ahmadi [2] and Li and
Ahmadi [3] investigated particle deposition in vertical
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increased. Tian and Ahmadi [4] compared different
models for simulating particle deposition in turbulent
duct flows and pointed out the issues with some of the
models used in commercial codes. Zhang and Chen [5]
simulated the flow field using the v2f turbulence model
and reported particle movements using a modified
Lagrangian approach. Gao and Li [6] studied particle
deposition in vertical square ventilation duct flows
and reported that the gravity would contribute to the
effect of the Saffman lift force. Sun et al. [7] studied
particle flows in a 90° bend using the Lagrangian-
tracking model and included the particle-wall collision
effects; they made reasonable predictions of particle
distribution and deposition in the bend. Gao et al. [§]
used the RSM, RNG k — ¢, and SST k£ — w models
as well as the Lagrangian particle tracking method
for evaluating particle deposition. Majlesara et al. [9]
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analyzed particle deposition in an inclined turbulent
channel flow. They evaluated the instantaneous ve-
locity field using the Kraichnan Gaussian Random
field model. Generally, investigations into turbulent
flows in wavy channels have attracted considerable
attention.

Cherukat et al. [10], Yoon et al. [11] and Errico
and Stalio [12] simulated the turbulent flows in chan-
nels with wavy walls using the Direct Numerical Sim-
ulation. They reported the details of dynamics of fluid
flows for different wave amplitudes. Lu and Lu [13]
numerically compared the particle deposition rates in
turbulent duct flows with smooth wall and those with
ribbed wall. They found that the deposition rate of par-
ticles was enhanced by surface ribs, especially in turbu-
lent eddy impact regimes. Lu and Lu [14] investigated
the effects of surface rib shapes on particle deposition
in turbulent dust flows utilizing the Reynolds Stress
Transport Model (RSTM). They concluded that the
square-shape ribs led to the maximum enhancement
of particle deposition rate compared to the other rib
shapes.

Ni et al. [15] studied particle deposition in liquid
flows in a horizontal channel. They concluded that
both the wall roughness and thermophoresis had a
significant impact on deposition rate of fine parti-
cles. Wang et al. [16] studied particle deposition in
a ventilation duct with a convex wall cavity. They
found that the deposition rate considerably increased in
wall cavities. Dritselis [17] studied particle deposition
in a turbulent channel flow with rough walls. It
was shown that particles accumulation in the near-
wall region was significantly affected by the roughness
elements. Dritselis [18] reported on the enhancement
of deposition rate of particles in turbulent channel
flow with a ribbed wall. The increase in particle
deposition was related to the direct inertial impaction
and interception mechanisms. Li et al. [19] performed
direct numerical simulation of polydispersed particle
deposition in low-Reynolds-number turbulent flows.
They indicated that for particles larger than 10 pum,
the gravity was the main deposition mechanism for
Re < 6000. Ho et al. [20] studied particle deposition in
wavy channels and concluded that windward surfaces
were the main deposition regions. Gu et al. [21] used
a stochastic model for simulating particle transport
and deposition in wall-bounded turbulent flows. Lu
et al. [22] numerically investigated the deposition of
monodispersed particles in turbulent duct flow and
included the thermophoretic force. They found that for
particles smaller than 10 pym, the thermophoretic force
had significant effects, while for particles larger than
10 pm, it was negligible. Wang et al. [23] performed a
large eddy simulation of deposition and resuspension of
5 to 500 pm particles in turbulent duct flows. For 5 pm
particles, the deposition rates on all the walls (ceiling,

vertical walls, and floor) were similar and increased
with the flow Reynolds number.

In this study, simulations of micro-particle de-
position in turbulent flows in wavy ducts were pre-
sented. The fluid flow was simulated using the ANSYS-
FLUENT software by the v2f turbulence model. The
fluctuation velocity field was generated by the Kraich-
nan Gaussian Random field model. Lagrangian particle
tracking approach was used and the particle deposition
velocity as a function of particle relaxation time was
evaluated. The simulation results were compared
with the available experimental data and reasonable
agreement was found.

2. Turbulent flow field

The mean fluid flow was evaluated by solving the
coupled continuity and Reynolds Averaged Navier-
Stokes (RANS) equations as well as the energy equa-
tion. Details of the governing equations may be found
in Fluent manual; they are not reported here for
the sack of brevity. It is known that the turbulent
flows in the near-wall region are strongly anisotropic.
Therefore, it is important to use a turbulence model
that accounts for the anisotropy effects, especially near
the wall. The simplest model that accounts for the
turbulence anisotropy is the v2f model introduced by
Durbin [24], which solves three transport equations for
turbulence kinetic energy, k, turbulence dissipation, ¢,
and variance of fluctuation velocity normal to the wall,
v'2, and an elliptic equation for the relaxation function,
f. Following Majlesara et al. [9], the turbulence kinetic
energy, k, and the wall-normal stress, v'2, are used for
simulating the instantaneous turbulent velocity field.

Small particles movements through turbulent
flows are influenced by the instantaneous fluid velocity.
In this study, for generating the instantaneous velocity
fluctuations, the continuous Gaussian random field
model of Kraichnan [25] is used. The non-dimensional
form of Gaussian random field is given as:

n=1
T ; w (kn) sin (kn:v +wyt )}7 (1)
where:
i) =Gxhn  @w(R)=&xk @

and incompressibility is ascertained by:

B it (ln) = w3 (Ra) = 0, (3)
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where C_,: , &, and the frequencies, w,,, are selected from
a population of zero-mean, unit-variance Gaussian ran-
dom numbers. Here, k_n) is a random vector whose com-
ponents are also zero-mean Gaussian random numbers
with the variance of 0.25. In Eq. (1), the dimensionless
parameters are defined as:

" =1t/ty, ul* =l Ju*, (4)

where w7 is the instantaneous velocity. Here, the
length, time, and velocity scales of turbulence are
respectively lo, tg, and u*. According to Davies [26],
for a duct flow, Iy = 0.1h(2Re)"Y/8, t; = -2, and

A

" =a/ly,

shear velocity, u* = %}';, are used. Here, u,, is
average velocity in the duct, h is the channel half-
width, Re = =" and 7, is the wall shear stress

v

obtained from the simulations evaluated by the v2f
turbulence model.
Majlesara et al. [9] suggested using:

e (7) = 2(14;—172), e (T)= Vo2 (5)
Here, e,(7) and ey(7) are root mean-square tur-
bulence fluctuations in the stream-wise and normal
directions. Using the expression of Kraichnan [25]
given by Eq. (1) and turbulence intensities given by
Eq. (5), the velocity fluctuations in stream-wise and
normal directions are generated. That is:

ul = ul*e;(x). (6)

Then, instantaneous velocity is obtained as:
where u) is fluctuation velocity and @, is mean flow
velocity. The instantaneous velocity is used in the

particle equation of motion and the corresponding
particle trajectories are evaluated.

3. Lagrangian particle trajectory analysis

3.1. Particle equations of motion
The Lagrangian equation of motion of a particle sus-
pended in a fluid is given as:

3 up) N 9i(pp — Pr)

dui _1CpRe, (uf
dt 1 24

7 7

Pp
+ni(t) + Fri, (8)
dl’i 0
dt =u;, (9)

where u? and uf are, respectively, the particle and
the instantaneous fluid velocities. The left-hand side
of Eq. (8) represents the particle acceleration, and the
first term on the right-hand side is the drag force. Here,
7 is the particle relaxation time and Cp is the drag
coefficient. The drag coefficient, Cp, is given as:

24
OD = Riep for Rep < 17 (10)
24 0.687
CD:R— (140.15Re, ") for 1<Re, <400, (11)
€p
i . . . .
where Re, = dplu —ui] Here, v is the fluid kinematic
viscosity.

The second term on the right-hand side of Eq. (8)
is the gravity force (including buoyancy), where py and
pp are, respectively, the densities of air and particle.
The last two terms on the right side of Eq. (8), namely
ni(t) and Fp;, are, respectively, the Brownian and the
shear induced lift forces per unit mass.

The particle relaxation time is defined as:

SdI%Cc
T= g (12)
where S is particle to fluid density ratio and C. is the
Stokes-Cunningham slip correction factor given as:

2\ —1.1dp
Co=1+=2 (1.257 +0.4e 5 ) . (13)
dp
Here, X is the air mean free path.
As noted before, particles in a shear field expe-
rience a lift force perpendicular to the flow direction.
The Saffman [27] shear lift force is given as:

f !
FLi:1.615pr0‘5d§(u{—uf) “sign ( . > ,(14)

where the term (Z: is the shear rate (note that only
the near-wall lift with i =1 and 7 = 2 is used).

The amplitude of Brownian force modeled as
white noise process is given as [3]:

1/2
71'50
() =Gi | —~ ; 15
win =6 (50) (15)
where the spectral intensity of the noise is given by:
216vkT
So=——r——- 16
0 2 pd;s2C, (16)

In Eq. (15), G; is picked at every time step from a
population of zero-mean Gaussian random numbers
with unit variance. In Eq. (16), k = 1.38 x 10723 J /k is
the Boltzmann constant, 7' is the absolute temperature,
and d, is the particle diameter.

3.2. Particle deposition

Particles transported by turbulent flows in channels
are deposited on the walls due to turbulence and other
forces. The rate of particles deposition depends on par-
ticle size and density and the intensity of turbulence.
The dimensionless form of the deposition velocity is
defined as:
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J
Oou* '

ul = (17)
Here, J is the flux to the wall, Cj is the particle
concentration, and u* is the shear wvelocity. Note
that + superscript indicates the wall units, implying
that the quantity is non-dimensionalized using u* and
kinematic viscosity v. In Lagrangian particle tracking
approach, the non-dimensional deposition velocity may
be evaluated by the use of the equation suggested by
Li and Ahmadi [3]. That is:

Ng/th
No/yg

ug = (18)

Here, N, particles are injected randomly within the
distance of y; from the wall and Ny is the number
of deposited particles in time duration, /. The time
duration ¢} is selected when the slope Ny/t} reaches
a constant.

4. Results and discussion

In order to study the effects of amplitude and wave-
length of the sinusoidal waves on particle deposition,
different 2-dimentional wavy wall channels were sim-
ulated. In order to reach fully developed condition
for flat horizontal channel and quasi-fully developed
condition for wavy horizontal channel, and to omit the
entrance region effects, turbulent flows were simulated
in channels that were 0.02 m in height and 1 m in
length. However, particle tracking was performed
in the last 40 cm of the channels, as illustrated in
Figure 1.

4.1. Fluid flow

To test the accuracy of the computational model,
turbulent flow in a 2-dimensional channel with flat
walls was first simulated. The flat channel was 2 m

|

0.02m

y=2cm

(b)
Figure 1. (a) Schematic of the segment of the wavy

channel that is used for particle tracking (vertical scale is
enlarged). (b) Schematic of one wave.

long with a height of 0.02 m. Particle transport and
deposition were studied in the last 0.4 m of the channel,
where the flow was nearly fully developed. The flow
mean velocity was 5 m/s with Re = 6850. No-slip
boundary condition was applied to the lower and upper
walls. For the case of a flat channel, the symmetry
boundary condition was used in order to reduce the
number of grids and simulation time.

A computational grid with 13,800 cells was used.
The grid near the wall was finer than that in the core
region. The distance of the first grid from the wall
was 0.1 mm, corresponding to y* = yu*/v = 1. The
mean velocity and turbulence kinetic energy profiles
that were used by Tian and Ahmadi [4] were applied
in the present work as the inlet boundary condition for
the duct flow.

Figure 2 compares the simulated velocity profile
of flat channel with those of Philips et al. [28] and
Majlesara et al. [9] as well as the standard near-wall
linear and log profiles given as:

+ + f T <11.225
U Y ory" < (19)
ut =1

sn(Eyt)  for yt >11.225
where £k = 0.42 and F = 9.81. As it is observed in
Figure 2, the prediction of the present model is in good
agreement with the simulation of Philips et al. [28],
but there are some small deviations from the standard
wall function and the earlier study of Majlesara et
al. [9]. This points to some limitations of the present
v2f turbulence model.

Figure 3 compares the predicted non-dimensional
Root Mean-Square (RMS) fluctuation velocities with

VA 2
the earlier simulations. Here, U+t = Y= and
vVt = @, where angular bracket stands for

I

25 -
Present work
Eq. (19)
— + = Philips et al. [28]
20 | | = = Majlesara et al. [9]

0 - - —1 - — T
1 10 100

Figure 2. Comparison of the mean flow velocity obtained
by the present v2f simulation with the standard wall
function given by Eq. (19).
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Figure 3. Non-dimensional RMS fluctuation velocities in
stream-wise and wall normal directions for fully developed
channel flow with flat walls.
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Figure 4. Comparison of the values of o' T predicted by
the v2f turbulence model with the results of the DNS by
Moser et al. [29] and v'" = 0.008y™2 by Ounis et al. [30].

expected value and u* is the shear velocity. This figure
shows that turbulence fluctuation intensity in the flow
direction is much larger than that in the perpendicular
direction, especially in the near-wall regions. It is also
observed that there is a good agreement between the
present simulation, the Direct Numerical Simulation
(DNS) of Moser et al. [29], and the RSTM results
of Tian and Ahmadi [4]. As it is expected, in the
core region of the turbulent channel flow, fluctuation
velocities tend to be isotropic, while in the near-wall
region, they are highly anisotropic. The present v2f
model seems to properly predict the sharp increase in
the stream-wise fluctuation velocity from core region
of the channel to the wall vicinity and then, its rapid
decrease to zero on the wall.

Figure 4 compares the non-dimensional RMS
fluctuation velocities in the normal direction near the
wall obtained by the v2f turbulence model with those
by DNS proposed by Moser et al. [29] and the equation
v+ =0.008y12 suggested by Ounis et al. [30] based on
their DNS. It is seen that the prediction of the model
is in general agreement with the DNS results.

To provide an insight into the time evolution

- M e

0 100 150 200 250 300 350 400 450 500
¢t

0 50 100 150 200 250 300 350 400 450 500
¢t

Figure 5. Time variations of the simulated instantaneous
velocity versus non-dimensional time at different locations.
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Figure 6. Variations of shear stress along the channel
length; mean velocity = 5 m/s, A = 62.8 mm.

of the fluctuation velocities, two sample-simulated
instantaneous velocities at y* = 7 and yT = 200 are
shown in Figure 5. It is seen that the Kraichnan model
provides rather smoothly varying velocity fluctuations.
As expected, the intensities of the velocity fluctuations
in stream-wise and vertical directions at the channel
center (y* = 200) are comparable, whereas in the near-
wall region (y* = 7), the magnitude of v’ is noticeably
smaller than that of u'. It is also observed that the
intensity of stream-wise velocity fluctuations in the
near-wall region is much higher than that in the core
region.

For the wavy wall case, the wall shear stresses
for different wall wave amplitudes are evaluated and
the results for the last 40 cm of the channel are shown
in Figure 6. In this figure, a and A are, respectively,
the amplitude and the wavelength of the wavy wall.
Unless stated otherwise, the wavelength is kept fixed
at 0.0628 m in this study. It is seen that the wall
shear stress roughly varies periodically. Also, a larger
amplitude of the wavy wall leads to higher amplitude
of the wall shear stress. In addition, for larger wall
amplitudes, secondary fluctuations in the wall shear
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Figure 7. Comparison of variations of wall shear stresses

for different amplitude waves versus x in one wavelength,
A =62.8 mm.

Wall shear stress (Pa)

stress appear that could generate negative wall shear
stress in certain areas, perhaps due to the formation of
recirculating flow regions.

Figure 7 compares the details of the trend of wall
shear stress variation for one wavelength (0.644 m <
z < 0.707 m) in channels with different wave am-
plitudes. It is observed that by increasing the wave
amplitudes, variations of wall shear become more com-
plex and regions with negative shear stresses appear.
This is because as the amplitude increases, a strong
adverse pressure gradient appears that leads to flow
separation and formation of recirculating regions. In
these regions, with reverse flows, the wall shear stress
becomes negative. At the points of separation and/or

1.2 2a/X = 0.0318

S
o,
S
"0.00 0.50 1.00
(y—a)/H
1.75
1.50 2a/X = 0.0955
1.25
1.00
2 075
S
0.50
z=0.644
0.25 ©=0.707
©=0.770

-0.25
0.0 0.2 0.4 0.6 0.8 1.0

(y—a)/H

reattachment, the velocity gradient and the wall shear
stress become zero.

Figure 8 shows the non-dimensional mean stream-
wise velocity profiles in turbulent wavy channels with
2t =0.0318 (¢ = 1 mm, A = 6.28 mm), &* = 0.0637
(¢ = 2 mm, A = 628 mm), and ¢ = 0.0955
(e = 3 mm, A = 62.8 mm) at three consecutive cross
sections at crests of the top wall waves. The case of
2 =02 (¢ = 2mm, A = 20 mm) is also added for
comparison with the cases that the wavelength of the
wall is much shorter. It is seen that the mean velocity
is not symmetric and is fuller near the lower wall at
the crest of the wave; also, it is generally lower in the
trough of the wave on the upper wall. For larger values
of 27“, the stream-wise velocity is negative near the
upper wall due to the formation of recirculating flows
in the troughs. Figure 8 also shows that the velocity
profiles in the consecutive sections are nearly the same
and the flow is in the quasi-fully developed condition
in the stream-wise direction. Note that for the channel
with ¢ = 0.2 (¢ = 2 mm, A = 20 mm), it is not
necessary to lengthen the channel, because the quasi-
fully developed condition is reached in the channel of
0.4 m length.

Figure 9 shows the velocity contour in four chan-
nels with different amplitudes and wavelengths. It

2a/\ = 0.0637

U/Un,

0.00 0.50 1.00
(y—a)/H

UJUn

770.00 0.50 1.00
(y—a)/H

Figure 8. Dimensionless velocity profile versus dimensionless distance from wall.
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Figure 9. Velocity magnitude contours in wavy channels

with different amplitudes and wavelengths: (a)

22 =0.0318, (b) 3* = 0.0637, (c) 2* = 0.0955, and (d)
=0.2.

[

by
is observed that for small values of a—”, the velocity
contour, similar to that in the straight channel with
high velocity in the core region, sharply approaches
zero at the wall. For increasing values of 27“, low-
velocity regions in the concave parts of the wall are
formed, which could contain recirculating flow fields.

2235

These trends can be more clearly observed for 27“
0.0955 and, particularly, 27“ =0.2.

Figures 10 and 11 show the RMS fluctuation
velocity profiles versus the distance from wall at the
trough and crest of the lower wall, respectively, in the
wavy wall channels. It is seen that the RMS velocities
reach their peak values near the wall and then, decrease
toward the core. For low wave amplitudes such as
2 = 0.0318, the RMS velocity fluctuations are similar
to those for flat channel shown in Figure 3. With
increase in the wave amplitude and wavelength, the
fluctuation velocities in both directions increase. The
direct numerical simulation results of Cherukat et
al. [10] for turbulent flow over the trough and crest
sections are shown in Figures 10 and 11 for comparison
with the present simulations for the case of 27“ =0.1
(¢ = 1 mm, A\ = 20 mm). The experimental data
of Hudson [31] are also shown by symbols. It is seen
that the results of the present simulation are in general
agreement with the experimental data and earlier DNS
study of Cherukat et al. [10]. There are, however, some
differences between the present v2f simulations and
the earlier DNS and experimental studies, which are
perhaps due to the differences in geometry. Figures 10
and 11 also show that by reducing 2* (reducing the
wave amplitude or increasing the wavelength), the peak
of the RMS fluctuation velocities reduces and location
of the peak moves further from the wall, especially at
the trough of the walls. In addition, it is observed
that both Urms/Um and Vrms/Um in the trough and
crest sections of the wall have approximately the same
maximum values. Both Urms and Vrms reach their
peak values at the points closer to the wall at the crest
than at the trough of the wall.

Close examination of the flow streamlines near the
wall shows that the flow in the wavy channel with the
small value of amplitude ratio of 27“ = 0.0318 does not
produce circulation regions. This is due to the small
amplitude of the wave and absence of flow separation.

Urms/Um

0.0

0.2 0.4 0.6

y+ a (cm)

0.8 1.0

2a/\ = 0.0318, vaf — .- 2a/A=0.1, v2f o 2a/\=0.1[22]
2a/\ = 0.0637, v2f 2a/X = 0.1, DNS [10] 2a/A = 0.2, vaf
2a/\ = 0.0955, v2f )
E
=
gy
wn
B
>

0.4 0.6
y+ a (cm)

0.8 1.0

0.2

Figure 10. Non-dimensional fluctuation velocity intensities in stream-wise and wall normal directions at the trough of the
lower wall for quasi-fully developed wavy horizontal channel flows.
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Figure 11. Non-dimensional fluctuation velocity intensities in stream-wise and wall normal directions at the crest of the
lower wall for quasi-fully developed wavy horizontal channel flows.

2a _
byl 0.0637

Figure 12. Recirculation region in the concave region of

. . 2a
the wavy wall for large 5*.

However, the streamlines shown in Figure 12 indicate
that when the amplitude increases to 27“ = 0.0637
and 0.0955, a circulation region in the trough area
is formed. Figures 6 and 7 show that in these cases,
parts of the trough region experience negative wall
shear stress due to the flow separation and formation
of recirculating regious.

4.2. Particle trajectory analysis

A homemade MATLAB code for particle tracking in
the wavy channel has been developed and used in
the present study. The new code solves the particle
equation of motion, including the drag, Brownian,
gravity, and Saffman lift forces. To check the accuracy
of the MATLAB code, the case of a flat horizontal
channel is first simulated. The data for the turbulent
flow field are exported from the ANSYS-FLUENT code
and used in the particle trajectory analysis.

Five thousand particles were injected randomly
across the channel within the distance of 0.0015 m
(corresponding to y* = 30) from the bottom wall of
the flat channel. The initial velocities of particles were
same as those of the fluid at the points the particles
were injected. The resulting particle trajectories were
analyzed and their deposition velocities were evaluated.
The results are plotted in Figure 13 and compared
with earlier results and empirical model predictions.
In the present simulations, the flow shear velocity in
the flat horizontal channel is «* = 0.3 m/s. This
figure shows that the deposition velocity follows a V-
shape curve, with high deposition rate for very small
particles due to Brownian motion, decreasing with size

10

0.1

® Present study-flat channel
=== Wood [1]
Fan & Ahmadi [2]

0.0001 3
~ O P ¢ Majlesara et al. [9]
= i O Montgomery and Corn [32]
Kvasnak et al. [33]
0.00001
0.0001 0.01 1 100

Figure 13. Variation of non-dimensional deposition
velocity versus non-dimensional relaxation time in a
horizontal flat channel.

to a minimum of about 6 x 107° for 7T = 0.006.
Then, it sharply increases with increase in particle
relaxation time due to the turbulent inertia impaction
and gravitational sedimentation. Figure 13 also shows
that the predicted non-dimensional particle deposition
velocity agrees with the empirical equations of Fan
and Ahmadi [2], the earlier simulation of Majlesara et
al. [9], and the experimental data of Montogomery and
Corn [32] and Kvansak et al. [33].

Particle deposition velocities in the horizontal
wavy channel with A = 62.8 mm for wave amplitudes
of a =1, 2, and 3 mm are evaluated. For the wavy
channel, again, 5000 particles (the same number as that
for the flat channel) were injected across the duct near
the wall. In the channel with 2% = 0.0318 (a = 1 mm),
the flow was rather smooth and particles were injected
within the distance of y* = 30 (y = 0.00163 m) from
the wall, whereas in the other two channels with wave
amplitudes of @ = 2 and 3 mm, particles were released
within the distance of y© = 45 from the wall. The
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Figure 14. Distribution of particles in wavy wall channel
with 22 =0.0318 (¢ = 1 mm).
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Figure 15. Non-dimensional particle deposition rate on
wavy walls with different values of wave amplitude for the
wavelength of A = 62.8 mm.

initial distribution of particles in the wavy wall channel
with 2¢ = 0.0318 (¢ = 1 mm) is shown in Figure 14.
Since wall shear stress and shear velocity varied on
the surface of wavy channel, the effective shear velocity
based on average wall shear stress along the entire
channel was used in the present study. For different
wavy wall channels, the deposition rates of particles
predicted by the present v2f model are shown in
Figure 15 and compared with the earlier experimental
data and the predictions of empirical equations. It
is seen that for large particles with 7+ > 10, the
dimensionless deposition velocity is somewhat higher
than that for the flat channel. This is because in
this size range, inertia and gravity markedly affect
the deposition velocity, and the majority of particles
are deposited irrespective of the nature of the wall
waviness. For particles with 0.1 < 7T < 10, however,
the effect of wall waviness is very important. As the
amplitude of the wall waviness increases, the particle
deposition sharply increases compared to the flat wall
due to impaction process. For 7+ < 1, the curvature
of the windward face of the channel wall causes the
particles to get close to the wall and the interception
and diffusion mechanisms lead to particle deposition.
Figure 15 also shows that the rate of particle deposition

3
1

1
-3

y (mm)

Figure 16. Locations of deposition of particles on the
wavy wall of the channel.

generally increases as the wave amplitude increases for
a fixed wavelength of the channel wall.

Deposition locations of 50 pm particles, which
have a density ratio of S = 2000, on one wave cycle
with different amplitudes are shown in Figure 16. It
is seen that most of these relatively large particles are
deposited on the windward region of the wave due to
the impaction process. This region also has positive
values of wall shear stress.

Figure 17 shows the number of deposited particles
at times ¢ and ¢t*. In reporting the number of deposited
particles at ¢, it is observed that the slope of the curve
generally increases as the wave amplitude increases for
a fixed wavelength or wavelength decreases for a fixed
amplitude. That is, increasing the roughness increases
the deposition rate (there is an exception for a = 2 mm
and ¢ = 3 mm due to the formation of recirculation
regions). However, in presenting the number of de-
posited particles at the dimensionless time ¢, the slope
of the curve decreases as amplitude increases for a fixed
wavelength, which is because of the sharp increase in
the average value of the wall shear (for « = 3 mm and
A = 20 mm, 7, = 0.6 Pa; and for a = 3 mm and
A = 62.8 mm, 7, = 0.04 Pa; also, t* = tu* /v). For
a fixed length scale, however, Figure 17 shows that Ny
increases as the wave amplitude increases.

To understand the effect of variation of wave-
length on particle deposition, the deposition rates
of particles for different channels with fixed wave
amplitude of 3 mm and different wavelengths are
investigated, and the results are shown in Figure 18
and compared with earlier results. It is seen that
by decreasing the wavelength, the particle deposition
velocity, u}, decreases. As mnoted before in the dis-
cussion of Figure 17, the decrease is because of the
high value of the mean wall shear stress, 7,; but, in
fact, the total deposition rate increases by decreasing
the wavelength. Figures 15 and 18 for the variations
of deposition velocity show that the rate of particle
deposition increases as the ratio of 27“ increases. This
is consistent with the known fact that the deposition
on rough wall channels is higher than that in smooth
channel [2]. That is, the wall waves act as surface
roughness.

5. Conclusions

In this study, the turbulent flow conditions and particle
deposition in a wavy channel flow were studied. Par-
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Figure 17. Number of deposited particles versus time.
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Figure 18. Effects of variation of wall wavelength, A, on
particle deposition velocity (wave amplitude of a = 3 mm).

ticular attention was devoted to the influence of the
wavy wall on deposition rate of particles. Different
wall wavelengths and wave amplitudes were consid-
ered. To simulate the turbulent flow field through the
wavy channels, v2f turbulence model was used. The
Kraichnan Gaussian Random Field model was used for
simulating the instantaneous velocity fluctuations.
The main conclusions of the study are:

- The v2f turbulent model is capable of predicting
the anisotropic features of turbulent flow in wavy
channels;

- In order to obtain sufficiently accurate flow profiles,
it is necessary to use very fine mesh near wavy walls
with y* of about 0.2;

- Wavy walls cause significant variation of the wall
shear stress, which could become negative due to the
formation of recirculation regions;

- The deposition rate of particles with 7+ < 10
significantly increases with increase in the wall wave
amplitude for fixed wavelength;

- Non-dimensional deposition velocity of particles
with 77 > 10 moderately increases with increase
in 2a/\ due to the dominance of inertia and gravity
effects;

- For fixed wave amplitude, decreasing the wavelength
increases the deposition rate;

- Changing the wall wave amplitude markedly affects
the deposition rate when the wavelength is constant;

- As the particles become larger, the dependency of
their trajectory on the geometry diminishes.
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