 Indian Academy of Sciences

Sådhanå
(2020) 45:283
https://doi.org/10.1007/s12046-020-01510-2

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)
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Abstract. In this paper, the effects of channel roughness on the droplet removal efﬁciency and pressure drop
in a zigzag mist eliminator are investigated. The ﬂuid ﬂow, droplet dispersion and deposition through the
demister are modelled using a commercial Computational Fluid Dynamics (CFD) tool. The turbulent airﬂow is
simulated using two different Shear-stress Transport (SST) k-x model and Reynolds Stress Model (RSM) with
enhanced wall treatment. The Eddy Interaction Model (EIM) is also used to predict the trajectories of the
droplets in the gas ﬂow. The results show that inserting roughness increases the maximum velocity of the gas
ﬂow at the bends and enhances the removal efﬁciency with a little cost of an increase in the pressure drop for
each bend. At the velocity inlet of 2 m/s with 6 lm droplets, the pressure drop and removal efﬁciency of the
threaded zigzag demister with 5 threads increases by 22.7% and 16.08 %, respectively. Moreover, a higher value
for the ﬁgure of merit is achieved for the threaded demister compared with the smooth unit which means that the
effect of higher removal efﬁciency of the threaded unit is more pronounced than the effect of higher pressure
drop showing the advantages of adding threads in demisters.
Keywords.

Zigzag mist eliminators; CFD simulation; Roughness; Removal efﬁciency; Pressure drop.

1. Introduction
Wave plate mist eliminators are one of the most efﬁcient
devices in removing droplets from the gas streams in the
industrial processes. The two-phase model should be considered when the ﬂow passes through the zigzag parallel
plates. Due to the inertia of the droplets, they can not follow
the gas ﬂow at bends, and deviate from the ﬂow and strike
the walls. Droplets are accumulated on the walls to form a
ﬁlm which eventually drains under gravity. This type of
demisters are widely utilized in chemical and industrial
plants containing gas and vapour ﬂows where the removal
of mist is essential for several reasons. These reasons
include preventing chemicals or micro-organisms pollutant
emissions into the environment, recovering the liquid

*For correspondence

droplets dispersed in the air stream as the water required in
cooling towers applications.
In that regard, researchers mainly focus on improving
droplet removal efﬁciency and reducing the system pressure drop. As known, high-pressure loss leads to the lower
airﬂow rate and consequently higher required fan power
which results in lower overall efﬁciency of systems. Different aspects of the ﬂuid ﬂow and droplet motion have
been considered by researchers. There have been different
experimental and theoretical studies to improve the performance of demisters in the literature [1–5]. They have
investigated several phenomena including pressure drops,
efﬁciency, fouling and ﬂooding resistance and overall
removal efﬁciency. Moreover, the optical techniques such
as Laser Doppler Anemometer (LDA) and Phase Droplet
Anemometer (PDA), are used to measure the velocity and
droplet size distribution to measure the removal efﬁciency
experimentally. In 1986, Burkholz [6] presented a theoretical model for predicting the removal efﬁciency of
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zigzag mist eliminator based on the efﬁciency of each bend.
The efﬁciency of each bend was deﬁned by considering
drag forces acting on a droplet versus the centripetal forces.
In 1996, Gillandt et al [7] used commercial software
(FLUENT) for the gas ﬂow simulation inside the mist
eliminators by low Reynolds k - e turbulence model. In
1996, Wang and Davies [8] used the PHOENICS code to
investigate the effects of ﬂow velocity and bend angle on
the separation efﬁciency and pressure drop of two-dimensional ﬂow. They reported the droplet trajectories, as well.
In 1998, Wang and James [9] employed the CFX code
along with another home-developed code to simulate the
turbulent ﬂow ﬁeld and the droplet trajectories. They
reported the calculation capabilities in predicting the variation of removal efﬁciency for small droplet sizes. In
another study, they employed Eddy Interaction Model
(EIM) Model and its reﬁnements to investigate the effect of
the turbulence on predicting the droplet dispersion and
deposition in a zigzag demister [10]. Galletti et al [11] in
2008 showed the superiority of a low Reynolds turbulence
model such as SST k - x over the Standard k - e model
due to its eminence in predicting the ﬂuctuations of velocity
in the near-wall region. In 2010, Rafee and Rahimzadeh
[12] used a developed computer code to predict the primary
turbulent ﬂow ﬁeld and modiﬁed eddy-interaction model to
predict the liquid droplet dispersion and deposition. They
improved the mean velocity proﬁles and removal efﬁciency
discrepancies by imposing the Enhanced RSTM with wall
reﬂection effects. In 2010, Rafee et al [13] showed that the
droplet distortion is quite negligible which guarantees no
droplet break up.
To prevent re-introducing the droplets into the ﬂow,
zigzag mist eliminators equipped with drainage channels
were considered in some studies [14–16]. Using these
drainage channels increased the removal efﬁciency, however, it was associated with an increased pressure drop. In
2013, Estakhrsar and Rafee [17] analysed the channel
drainage effect and its size in the application of wavy-plate
demisters employing different RSTM and SST k - x turbulent ﬂow models. They showed the signiﬁcant impact of
Eddy lifetime constant in modelling turbulent ﬂow which
was veriﬁed against experimental data. Furthermore, they
claimed that by the correct usage of Eddy lifetime constant
in different turbulent models, an accurate prediction of the
particle separation efﬁciency can be achieved. They
showed that the existence of drainage has a great impact on
particle separation devices when the drainage’s length is
more effective compared with the drainage’s width. In
2016, Estakhrsar and Rafee [18] investigated the effect of
wave-length and the number of bends in zigzag and the
wavy-plate demister with drainage in the ﬂow direction.
They used the RSTM turbulent model and showed that by
using more number of bends with drainages, the lower ﬁlter
size is required to reach a similar separation efﬁciency.
However, due to using drainages, a higher pressure drop in
the ﬂow direction was imposed. In 2016, Lei et al [19]
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numerically studied on droplets separation in a zigzag
demister with one-way coupling for particles transport
equation. They investigated the effect of coalescence on the
separation efﬁciency of the droplet and showed its crucial
role in the demister performance.
In addition to the pure numerical studies, some researchers
have investigated the performance of demisters both experimentally and numerically. In 1991, Verlaan [20] investigated the effects of geometry conﬁguration on the gas ﬂow
and droplet separation efﬁciency using the k - e turbulence
model in ‘‘PHOENICS’’ and validated results by performing
some experiments. The restriction on the maximum liquid
loading and re-entrainment phenomenon was also discussed.
If the liquid loading is too high, ﬁlm drainage cannot be
performed well and small droplets may be generated due to
the breakup and re-entered into the gas ﬂow at the higher
velocities [21]. In 2002, Azzopardi and Sanaullah [22]
experimentally presented the fundamental quality of re-entrainment formation. In 2011, Banitabaei et al [23] experimentally studied the pressure drop in different plate spacing
and also air speed in wavy-plate mist eliminators. They
showed by reducing plate spacing to a speciﬁed amount, the
pressure drop reduces. After the speciﬁed value, reducing the
plate spacing causes a higher pressure drop in the ﬂow
direction. The lowest pressure drop was related to 0.24 plate
spacing. In 2017, Xu et al [24, 25] numerically and experimentally investigated the performance of wavy-plate mist
eliminator in a porous environment to increase the efﬁciency
of particle separation. k - x (SST) turbulent model was used
to model the ﬂow and Discrete Phase Method was applied to
model the particle transport and deposition. Random circles
were generated in the numerical model to simulate the porous
environment in the 2-D dimensional conﬁguration. Numerical results showed that the particle separation efﬁciency
increases by increasing the porosity in a constant number of
pores per inch; however, the separation efﬁciency increases
by reducing the number of pores in a constant porosity. The
pressure drop in the ﬂow direction increases for a higher
porosity and pore density. The experimental study showed
similar results as the numerical study.
Based on the literature review, although some studies
regarding the performance of wavy-plate demisters have
been conducted, a ﬁnned wavy-plate system has not been
investigated. Therefore, in this paper, the effect of artiﬁcial
wall roughness on the performance of zigzag mist eliminators is investigated. The results are compared with the
zigzag demister with a smooth wall. The effect of different
ﬁn number on the particle separation efﬁciency and the
pressure drop is also investigated in this study. The simulations of the primary ﬂow ﬁeld and the discrete phase are
carried out by using the commercial software ANSYS
FLUENT. The SST k - x turbulence model is applied as a
low Reynolds model to simulate the ﬂow pattern. The
velocity ﬂuctuations are calculated by means of the Discrete Random Walk (DRW) model. As mentioned by [26],
the ﬁnest eddy lifetime constant is founded, which gives the
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closest results to the experimental data. It should be noted
that the effect of roughness in turbulent two-phase gasliquid ﬂow in a corrugated demister on both pressure drop
and deposition efﬁciency has not been studied previously
which was investigated comprehensively in this study
considering two different turbulence models of RSM and
k - x (SST).
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Ck ¼ l þ

lt
rk

ð3Þ

Cx ¼ l þ

lt
rx

ð4Þ

G~k and Gk as representative of turbulence kinetic energy are
calculated as:
G~k ¼ minðGk ; 10qb kxÞ

2. Governing equations

Gk ¼ qu0i u0j

In the following sections, the governing equations of the
applied turbulence models and the EIM model are
represented.

The geometry of wave plate demister consists of some
bends which cause the recirculation formation in the ﬂow
pattern. In this study, the SST k - x model and Reynolds
Stress model with enhanced wall treatment are utilized to
solve the airﬂow ﬁeld equations. These models have been
employed widely in the literature for different turbulent
ﬂows applications and are among the most common turbulent models [27, 28]. For the mist elimination application, RSM model previously used by the authors in a nonthreaded demister showing good results compared with the
experimental data [13]. In this study, the SST k - x model
is also employed to compare the results with the RSM
model with enhanced wall treatment. The SST method has
the advantage of blending the robust and accurate formulation of the k - x model in the near-wall region with the
free-stream independence of the k - e model in the farﬁeld [25]. Therefore, in both employed models in this
study, the near-wall region is modelled accurately to better
simulate the droplet deposition in the near-wall region.
2.1a SST k - x Model: The shear-stress transport (SST)
k - x model was developed by [29]. This model is formed
by converting the k - e model into the k - x formulation
to accurately simulate the near-wall region and the freestream independence of the k - e model in the zones which
are far away from the walls.
The turbulence kinetic energy, k, and the speciﬁc dissipation rate, x, are obtained from the following transport
equations:


o
o
o
ok
ðqkÞ þ
ðqkui Þ ¼
Ck
þ G~k  Yk ð1Þ
ot
oxi
oxj
oxj


o
o
o
ox
ðqxÞ þ
ðqxui Þ ¼
Cx
þ Gx  Yx þ Dx
ot
oxi
oxj
oxj
ð2Þ
The effective diffusivities of k and x are:

ouj
oxi

ð6Þ

andGx as representative of the production of x is:
Gx ¼

2.1 Turbulent airﬂow ﬁeld

ð5Þ

a
Gk
mt

ð7Þ

2.1b Reynolds Stress Model: In the Reynolds Stress
Model, the Reynolds-averaged Navier-Stokes equations
by solving the transport equations for the Reynolds
stresses, together with an equation for the dissipation
rate. The transport equations and coefﬁcients of the
Standard RSM model are given by [30] and [31].
General transport equation of the RSM model is
expressed in equation (8). The values of u, Cu and Su are
described in table 1.


o
o
o
ou
ðquÞ þ
ðquk uÞ ¼
Cu
ð8Þ
þ Su
ot
oXk
oXk
oXk
The turbulent viscosity (lt ) is computed by the following
equation where, Cl ¼ 0:09 and turbulent kinetic energy k is
obtained through taking the trace of Reynolds stress tensor,
as shown in equation (10) [32].
lt ¼ qCl

k2
e

ð9Þ

1
k ¼ ðR11 þ R22 þ R33 Þ
2

ð10Þ

where R11 , R22 and R33 are the normal Reynolds stresses.
The stress production term is:

Table 1. Values of u, Cu and Su in general transport Equation.
Equation

u

Cu

Continuity
Momentum

1
Ui

0
l

Reynolds Stress
TKE Dissipation rate

Rij
e

l þ rlkt
l þ rlet

Su
0


op
þ oxo j qRij
 ox
i

Pij þ uij  eij
e
k ðC1e Gk  C2e qeÞ
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ouj
oui
Pij ¼ q Rik
þ Rjk
oxk
oxk

ð11Þ

In this study, the enhanced wall treatment in the near-wall
modelling is adopted in which, it combines a two-layer
model with the enhanced wall functions which increase
the accuracy of the model in the near-wall region where
droplets are deposited [33]. The RSM model with the
enhanced wall treatment is called Enhanced RSM model
in the study.
The numerical results of the discussed equations are then
used as the input for droplet motion calculation, as follows.

The trajectory of each droplet is determined by integrating
the equations of motion. The equations of motion for a
small rigid particle in a non-uniform ﬂow were ﬁrst
developed by Maxey and Riley [34]. This equation shows
the balance between the droplet inertia and the external
forces acting on the droplet. The equation of droplet motion
is deﬁned as follows [35]:



 gx qp  q
dup
¼ F D u  up þ
þ Fx
ð12Þ
qp
dt
where Fx is an additional acceleration term due to the
forces such as virtual mass, thermophoresis,
Brownian


([36, 37]), Saffman’s lift [38]. FD u  up is the acceleration due to drag force which is deﬁned by [37]:
18l CD Re
qp dp2 24

ð13Þ

where Re is the relative Reynolds number which is calculated as [39]:


qdp up  u
ð14Þ
Re ¼
l
According to [40], the drag coefﬁcient, CD , is calculated as
expressed in equation (15), where the Reynolds number,
Resph is deﬁned based on the sphere diameter with the same
volume.

24 
b3 Resph
2
CD ¼
þ
1 þ b1 Rebsph
Resph
b4 þ Resph

ð15Þ



b1 ¼ exp 2:3288  6:4581/ þ 2:4486/2
b2 ¼ 0:0964 þ 0:5565/


b3 ¼ exp 4:905  13:8944/ þ 18:4222/2  10:2599/3


b4 ¼ exp 1:4681  12:2584/  20:7322/2 þ 15:8855/3
ð16Þ
The shape factor, /, is stated in equation (17).

/¼

s
S

ð17Þ

The turbulent dispersion is calculated by using the instantaneous gas ﬂow velocityu, instead of the mean ﬂuid phase
 in the trajectory equations (Equation (12)).
velocityu,
u ¼ u þ u0

ð18Þ

The Lagrangian integral timescale, TL , is stated in
equation (19) where CL is the model constant [41]. It is
noteworthy that no universal value for CL has been
found yet, and its value is typically in the range of 0.2
to 0.96.
TL ¼ CL

2.2 Turbulent Dispersion of the droplets

FD ¼

(2020) 45:283

k
e

ð19Þ

The random velocity ﬂuctuations of u0 , t0 , and w0 are
deﬁned by equation (20). When the Reynolds stress model
is used, the RSM ﬂuctuating velocities are directly evaluated in the RSTM model. However, for k - e and k - x
model, the three components are assumed to be equal and
pﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
given as u02 ¼ t02 ¼ w02 ¼ 2k=3.
u0i ¼ 1

qﬃﬃﬃﬃﬃﬃ
u02
i

ð20Þ

The term of eddy lifetime is calculated as a random variation about TL in equation (21) where r is a uniform random
number between 0 and 1.
se ¼ TL logðr Þ

ð21Þ

The droplet eddy crossing time is expressed in equation
(22). The droplet is assumed to interact with the ﬂuid phase
eddy over the smaller of the eddy lifetime and the eddy
crossing time. When this time is reached, a new value of the
instantaneous velocity is obtained through applying a new
value of 1 in Equation (20).
"
!#
Le

ð22Þ
tcross ¼ s ln 1  
s u  up 

3. Geometrical description
Figure 1 schematically represents the cross-section of the
idealized zigzag demister proposed for this study.
The geometrical details of the demister are listed in
table 2 which is identical to the one studied by [4]. Two
straight channels with the same width of the demister are
introduced at the inlet and outlet of the demister.
Two different threaded zigzag demisters are studied
including three and ﬁve ﬁn numbers in comparison with the
smooth wall unit. Figure 2 displays different proposed
cases side by side.
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Figure 1. The geometry of the zigzag mist eliminator.

Table 2. Geometrical details of zigzag mist eliminator.
Thickness
0.5 mm

Bend angle (a)
33. 1

Wavelength (k)
50 mm

Width (w)
299 mm

Number of bends (n)
7

Spacing (s)
0.008

Figure 2. Different conﬁgurations of the threaded zigzag mist eliminator compared with the smooth wall unit in one bend.

4. Numerical simulation
In this study, the gas velocity inlet to the channel range
from 1 m/s to 5 m/s which correspond to the Reynolds
number of 1,095 to 5,476. Launder and Spalding [42]
presented that the turbulent pipe ﬂows with Reynolds
numbers less than 2 9 104 are considered as the low
Reynolds number ﬂows. So, based on the considered range
of the Reynolds number in this study, low Reynolds number
turbulence models should be considered when the ﬂow ﬁeld
in the boundary regions plays the most important role.
Therefore, the simulation of this problem was carried out
with SST k - x model and RSM model. In this study, the
ﬂow inside the demister was considered 2D due to the large
height to width ratio of the geometry. the outlet pressure is
assumed to be equal to the ambient pressure (check Zamora
and Kaiser [43]). Moreover, the no-slip condition is used

for the walls. The boundary conditions are shown in
ﬁgure 3.
Demisters mostly operate for droplet size range 1-30 lm.
In this study, uniform diameter (monodispersed) distribution of the droplets is injected at 50 nodes of the inlet on
500 tries with the mean gas velocity at the demister inlet.
The calculations are conducted as the one-way coupling
between droplets and ﬂow ﬁeld with no droplet-droplet
interactions due to the low concentration of droplets.
Therefore, it is assumed that the airﬂow carries the droplet
but the effect of droplets on the airﬂow is negligible. Rafee
et al [13] conﬁrmed in such cases, small droplet distortion
takes places; therefore, the droplets can be assumed as
spherical droplets. Besides, as mentioned by other
researchers ([2, 10, 11, 15, 44, 45] droplet which hit a wall
in such conditions, will be removed from the ﬂow and
adhere to the wall. These adhesions may lead to erosion,
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Wall with no-slip condition

Velocity
inlet

Pressure
outlet
Droplet
injection

Figure 3. The schematic diagram of the ﬂow domain with boundary conditions.
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Figure 4. Details of the generated mesh at the bends.
Figure 5. u-component of the velocity after the second bend of
mist eliminator with inlet gas velocity of 5 m/s.

corrosion and fouling of demister surfaces. Therefore, ﬁlm
deposition is not considered in this study. It should be noted
that the focus of this study is on the modiﬁcation of the
performance of the mist eliminator using threads employing
Eulerian-Lagrangian method. Computer simulations of
airﬂow and droplet transport and deposition in such a
device can help the designers to improve the removal
efﬁciency of the mist eliminators and/or reduce the pressure
losses. Therefore, the assumption of not considering ﬁlm
deposition is valid dealing with studying the performance
of the mist eliminator.
The objective of this study is investigating the effect of
threaded zigzag plates on the performance of the demister.
In this paper, roughness is simulated by inserting three and
ﬁve square threads along the length of the demister.
Schematic details of these threads and generated grids are
shown in ﬁgure 4. The strategy of mesh generation is creating quadratic mapped mesh as much as possible. To
capture boundary layer formations, ﬁner grids are created in
the near-wall regions.
A series of numerical simulations with different cell
numbers of 172016, 267002, and 419903 prove how generously the mesh was generated to have a grid-independent
solution. As shown in ﬁgure 5, the proﬁles of u-component

as an example of velocity after the second bend of the
smooth demister for inlet gas velocity of 5 m/s for different
generated mesh are similar using enhanced RSM model.
These results prove that the solution is mesh-independent
according to the velocity proﬁle.
Table 3 presents the removal efﬁciency for 6 lm droplet
diameter as well as the pressure drop for the smooth
demister for different number of cells. As shown, the differences between the results of different cases with various
cell numbers for both pressure drop and removal efﬁciency
are less than 0.2% which shows the grid-independent from
the cell number. Therefore, the case with the cell number of
172016 is selected for further analysis.

5. Results and discussion
The pressure drop and removal efﬁciency of the threaded
zigzag demisters are studied in the following. For each
section, at ﬁrst, the code is veriﬁed by comparing with
different studies in the literature and then the effect of
adding threads are discussed compared with the smooth
case.
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Table 3. The effect of cell numbers on the removal efﬁciency and pressure drop of the demister.
Number of cells
Removal efﬁciency for 6 lm droplet diameter
Pressure drop

5.1 Pressure drop
To verify the code, in ﬁgure 6, the predicted pressure drop
using different models are plotted against the inlet velocity
of the airﬂow and compared with the numerical results of
Rafee et al [13]. Rafee et al [13] employed standard and
enhanced RSM model to simulate the airﬂow and pressure
drop in zigzag demisters and presented that both standard
and enhances RSM models can predict the ﬂow and pressure drop in zigzag demisters; however, the enhanced
method presents more accurate results compared with the
standard method. As shown, both the SST k - x and
Enhanced RSM models employed in this study show good
agreement with the results of Rafee et al [13]. Compared
with Rafee et al using enhanced RSM model, the maximum
difference of 7.5% for the SST k - x and 7.2% is achieved
for the enhanced RSM models which happen for the highest
studied velocity. Therefore, according to the pressure drop,
the veriﬁcation study shows that both SST k - x and
enhanced RSM models are capable to predict accurate
results.
Performance of a demister is deﬁned by two parameters:
pressure drop of the gas ﬂow across the equipment and
droplet removal efﬁciency. By passing the gas ﬂow through
the wave plates, a recirculation zone is formed after each
bend which reduces the channel effective width for the gas
ﬂow. This width reduction leads to the acceleration of the
gas ﬂow and drops the static pressure of the ﬂow (according
to the Bernoulli’s equation). Figure 7 displays contours of
velocity magnitude and streamlines of the airﬂow at the gas
bulk velocity of 2 ms-1, for SST k - x and Enhanced
RSM turbulence models in demisters with smooth and
rough walls. As shown, the predicted recirculation area
differs for different proposed conﬁgurations. As displayed,
roughness decreases the effective passage width and boosts
the maximum gas velocity at the bends. In addition, as
shown in this ﬁgure, a larger dead zone is predicted by SST
k - x model. This over-prediction can be justiﬁed by the
fact that turbulent ﬂows near the walls are naturally anisotropic. In other words, the calculated RMS ﬂuctuating
components using enhanced RSM model result in more
reasonable amounts in comparison with SST k - x model
[13, 41].
The pressure drop for various velocities of the
demister with smooth and rough walls are listed in
table 4. In general, the RSM model predicts a higher
pressure drop compared with the SST k - x model,
especially for the threaded cases. By increasing the

172016
75.72
131.635

267002
75.8
132.01

419903
75.9
132.5

number of threads and velocity of the gas, a higher
pressure drop occurs in the unit due to the ﬂow resistance made by the treads. At the gas bulk velocity of 5
m/s, for the threaded case with 5 threads, the pressure
drop is 34% more than that of the demister with smooth
walls using enhanced RSM model.

5.2 Removal efﬁciency
To verify the simulation results, the predicted removal
efﬁciencies using various turbulence models are compared
with literature results (the numerical simulations of Wang
and James [10] and Rafee et al [13] and the experimental
data of Phillips and Deakin [4].
Rafee et al [13] investigated the possibility of re-entrainment by using a proposed formula for liquid ﬁlm
thickness deﬁned by James et al [44] for the gas velocity of
5 m/s and mean droplet size of 12 lm. They showed that
the re-entrainment is negligible for this study. Zamora and
Kaiser [43] showed the sensitivity of the predicted results
of removal efﬁciency to the values of CL. Here, various
values of CL were tested. Finally, the values of 0.15 and 0.1
for SST k - x and enhanced RSM models were chosen to
obtain the appropriate predictions of the droplet removal
efﬁciency, Although as reported by Hamedi Estakhrsar and
Rafee [26], there is no constant optimum value of CL– for
all range of the gas velocity.
The predicted droplet removal efﬁciencies using SST
k - x and Enhanced RSM models are plotted in ﬁgure 8
against the droplet size and for the inlet velocities of 2 and
5 ms-1 and compared with the experimental results of
Phillips and Deakin [4].
As shown in this ﬁgure, the numerical results predicted
by SST k - x model are in better agreement with the
experimental results than the RSM model. Furthermore, the
results obtained by Enhanced RSM model predict the same
trends for the removal efﬁciency curves as those found by
the previous numerical results. The drawback of this model
is its failure in the prediction of removal efﬁciencies of
smaller droplets. The principal forces applied to the droplets are the drag forces. The velocity ﬂuctuations will play
a more important role in changing the droplet direction. If
the ﬂow velocity ﬂuctuations are not predicted correctly,
the obtained values of removal efﬁciency will have some
discrepancy in low droplet diameters. Hence, the SST
k - x model gives relatively more accurate results in the
presented work than the enhanced RSM model.
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Figure 6. Contours of velocity magnitude and streamlines of the airﬂow after the ﬁrst bend for an inlet bulk velocity of u = 2 m/s in the
mist eliminator using the k - x model with (a) Smooth walls, (b) Rough walls (5 thread) and using RSM model with, (c) Smooth walls
and (d) Rough walls (5 thread).

Table 5 represents the predicted removal efﬁciency of
the zigzag mist eliminators for 6 lm droplet diameter
obtained by numerical simulations presented in this study
and other numerical studies in the literature, in comparison
to the experimental data. In Phillips and Deakin’s work [4],
the performance of a demister was determined by taking
successive measurements of the absolute droplet numbers
using a wavy demister [46]. The demister was tested at the
gas velocities of 1 m/s, 2 m/s and 5 m/s. This study
employed several times in the literature to verify the
numerical model against the experimental data [9, 11, 47].
For the ﬂow velocity of 1 m/s, the ﬂow is laminar and
both models cannot predict the removal efﬁciency very

well (the results of SST k - x model is closer to the
experimental data). For moderate velocities, the k - x
model determines more realistic results and the enhanced
RSM model cannot provide reasonable results. For higher
velocities, both SST k - x and enhanced RSM can predict
reasonable results compared with the experimental data;
however, the SST k - x model predicts more accurate
results compared with the enhanced RSM method. It should
be noted that, as presented for the examined velocities, the
enhanced RSM model predicts a higher removal efﬁciency
compared with the k - x model and also the standard RSM
model reported in the literature. Furthermore, the deviations
between the other numerical studies in the literature and
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model is represented in table 6 (note that the SST k - x
model provides more accurate results compared with
enhanced RSM model especially for lower diameters of the
droplets in lower inlet velocities of the gas). It can be seen
that for inlet velocities of 1 and 2 ms-1 and droplet diameters less than 12 lm, it will cause more than 10%
enhancement in the removal efﬁciency. Likewise, it doesn’t
cause a dramatic enhancement for the inlet velocity of 5
ms-1.
The same results for enhanced RSM model are given in
table 7. This model predicts more enhancements for a
wider range of velocity and droplet size. It should be noted
that there is a low discrepancy between the results of 3 and
5 threads, which declares that this number of threads seem
to be efﬁcient.

160
k-omega (Present Work)
Enhanced Reynolds Stress (Present Work)
Enhanced RSM (Rafee)
Standard RSM (Rafee)

140

Pressure Drop (Pa)

120
100
80
60
40
20
0

1

2

3

4

283

5

Inlet Velocity (m/s)

5.3 Figure of merit

Figure 7. Pressure drop values in comparison with numerical
results of [13].

experimental data are also high especially for low Reynolds
number and as presented, the SST k - x model employed
in this study can better predict the removal efﬁciency even
at low Reynolds number. For moderate and high velocities,
the deviation between the results of the k - x model and
experimental data is lower than that using other turbulent
models as presented in table 5. It should be noted that for
low Reynolds number, the accuracy of the turbulent models
is low which has been faced as a great challenge in the
selection of the turbulent model [48].
Inﬂuences of inclusion and variations of the roughness
on the eliminator efﬁciencies are displayed in ﬁgure 9 for
different velocities of 2 m/s and 5 m/s for both SST k - x
and enhanced RSM models. As shown, roughness improves
the demister performances from the droplet elimination
perspective with a small penalty in pressure drop of the
system. Furthermore, the results of threaded cases with 3
and 5 threads are almost the same with a negligible higher
efﬁciency for the case of 5 threads.
Percentage enhancement of the predicted removal efﬁciency of the eliminator with rough walls using SST k - x

To evaluate the overall performance, a parameter called
ﬁgure of merit Q is deﬁned involving both removal-efﬁciency and pressure-drop [49]. Q. is used to eluate the ﬁlteration performance as [50]:
Q¼

LnðPÞ
Dp

ð25Þ

where P is the penetration and is equal to:
P¼

particle concentration downstream of the filter
ð26Þ
article concentration upstream of the filter

So that the penetration is equal to 1-(removal efﬁciency/
100).
Figure 10 illustrates the ﬁgure of merit for the proposed
cases for the particle diameter of 6 lm for different
velocities using SST k - x model. As presented in table 4,
integrating threads in the demister results to a higher
pressure drop. Moreover, the removal efﬁciency also
enhances in a threaded demister as presented in table 6.
Therefore, there is a trade-off between the pressure drop
and removal efﬁciency. As shown in ﬁgure 10, by
employing threads in the demister, a higher value is
achieved for the ﬁgure of merit for all the studied velocities

Table 4. Pressure drop values for a demister with smooth and rough walls.
Inlet Velocity
Turbulence model
Pressure drop (Pa)

SST k - x

Enhanced RSM

Wall
Smooth Wall
3 Thread Rough
5 Thread Rough
Smooth Wall
3 Thread Rough
5 Thread Rough

Wall
Wall
Wall
Wall

1 (m/s)

2 (m/s)

5 (m/s)

6.724
6.843
6.927
7.062
7.906
8.12

24.876
26.094
26.408
23.849
28.278
29.266

151.897
162.858
164.858
131.635
168.134
176.56
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Figure 8. Calculated removal efﬁciency of the mist eliminator with smooth walls in comparison with the earlier numerical and
experimental works for the inlet velocity of (a) u = 2 m/s (SST k - x), (b) u = 5 m/s (SST k - x), (c) u = 2 m/s (Enhanced RSM) and
(d) u = 5 m/s (Enhanced RSM).

Table 5. Predicted removal efﬁciency of the zigzag demister for 6 lm droplet diameter.
Inlet Velocity (m/s)
Turbulence models
Experimental Data (Phillips and Deakin [4])
k - x (present work)
Enhanced RSM (present work)
Standard RSM (Rafee et al. [13])
Enhanced RSM (Rafee et al. [13])
STD k-epsilon (Wang and James [10])

1

2

5

4.88
15.79
38.78
29.89
20.39
27.08

28.69
26.20
56.01
49.00
50.50
55.90

71.42
74.21
75.72
66.59
77.91
75.99
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Figure 9. Comparing Removal efﬁciency of the mist eliminator with the smooth and rough wall for the inlet velocity of (a) u = 2 m/s
(SST k - x), (b) u = 5 m/s (SST k - x), c) u = 2 m/s (Enhanced RSM) and d) u = 5 m/s (Enhanced RSM).

Table 6. Percentage of increase in predicted removal efﬁciency of the demister with rough walls using SST k - x model.
u = 1 (m/s)
d (lm)
2
4
6
8
10
12
14

u = 2 (m/s)

u = 5 (m/s)

3 thread

5 thread

3 thread

5 thread

3 thread

5 thread

75.82
35.64
27.31
21.56
15.48
11.00
7.02

77.39
39.14
31.11
26.83
18.98
12.19
9.19

34.85
45.38
42.08
30.11
12.07
3.32
0.85

44.16
51.29
45.42
34.37
19.31
11.11
3.12

11.09
5.08
4.86
3.38
0.70
0.04
0.00

9.12
6.75
5.13
5.53
1.96
0.03
0.00
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Table 7. Percentage of increase in removal efﬁciency of the demister with rough walls using enhanced RSM model.
u = 1 (m/s)

u = 2 (m/s)

u = 5 (m/s)

d (lm)

3 thread

5 thread

3 thread

5 thread

3 thread

5 thread

2
4
6
8
10
12
14

103.10
76.68
53.22
42.30
35.62
25.58
16.15

127.9
90.57
58.89
45.13
36.49
25.81
16.57

95.50
69.19
41.39
23.73
11.84
6.57
3.71

113.4
76.77
43.41
23.73
12.69
7.02
4.05

53.82
27.47
14.54
6.55
1.03
0.02
0.01

59.32
27.56
16.08
8.28
2.44
0.33
0.02

0.035
smooth

Figure of merit (1/Pa)

0.03

3 threads

0.025
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0.02
0.015
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0.005
0
1 (m/s)
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5 (m/s)

Figure 10. Figure of merit calculated for different threaded
demister compared with the smooth unit for various inlet
velocities.

which means that the effect of higher removal efﬁciency is
more pronounced than the effect of higher pressure drop
using threaded demister compared with a smooth unit
showing the advantages of adding threads. Furthermore, the
results show that the ﬁgure of merit is a little higher in the
case of using 3 threads in the demister compared with that
using 5 threads.

6. Conclusions
In this article, the air droplet ﬂow through the zigzag separators with artiﬁcial roughness was simulated using Eddy
Interaction Model (EIM) for the droplet trajectory calculation and tow turbulent models of SST k - x and
Enhanced RSM for the gas ﬂow calculation. An appropriate
value of CL was adopted for the calculation of eddy lifetime
in the discrete phase simulation. The numerical model was
comprehensively veriﬁed by comparing with the previously
published numerical and experimental data. It was observed
that the numerical results predicted by SST k - x model
are in better agreement with the experimental data for the
droplet removal efﬁciency than the enhanced RSM model.
Furthermore, it was found that adding the artiﬁcial

roughness will increase the maximum velocity of the gas
ﬂow at the bends, which leads to more pressure drop across
the eliminator. On the other hand, this increment in the
velocity of the gas will increase the removal efﬁciency
since the droplets cannot follow the gas ﬂow stream at a
higher velocity due to the inertia effect. The simulation
results for droplet removal efﬁciency support this idea and
both turbulence models (RSM and SST k - x) predict an
enhancement in the removal efﬁciency of the zigzag
demister with rough walls, and this effect is more when the
smaller range of droplet sizes and velocities are considered.
Furthermore, the removal efﬁciency for the threaded cases
with 3 and 5 threads are almost similar. Moreover, a higher
value for the ﬁgure of merit is achieved for the threaded
demister compared with the smooth unit which means that
the effect of higher removal efﬁciency of the threaded unit
is more pronounced than the effect of higher pressure drop
showing the advantages of adding threads in demisters.

Nomenclature
Drag coefﬁcient [-]
CD
Discrete phase model constant [-]
CL
d
Droplet diameter [lm]
Cross-diffusion term [kg/m3s2]
Dx
Coefﬁcient in drag force calculation [1/s]
FD
Additional acceleration [m/s2]
Fx
Gravitational acceleration [m/s2]
gx
Production of turbulence kinetic energy [kg/ms3]
G~k
Gk
Production of turbulence kinetic energy [kg/ms3]
Production of x [kg/m3s2]
Gx
k
Turbulence kinetic energy [m2/s2]
Le
Eddy length scale [m]
n
Number of bends [-]
r
Random number [-]
Relative Reynolds number [-]
Rer
Reij Reynolds stress tensor [m2/s2]
s
Surface of sphere with same volume [m2]
S
Actual surface of the droplet [m2]
S
Width of the demister channel [mm]
Source term in transport equation
Su
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tcross
TL
u0
u
u
up
Yk
Yx
Ck
Cx
Cu
g
gB
a
e
k
lt
l
qp
q
qd
rk
rx
s
m
x
/
1
u
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Droplet eddy crossing time [s]
Integral time [s]
Fluctuation of gas ﬂow velocity [m/s]
Mean ﬂuid phase velocity [m/s]
Fluid phase velocity [m/s]
Droplet velocity [m/s]
Dissipation of kinetic energy [kg/ms3]
Dissipation of x [kg/m3s2]
Effective diffusivity of kinetic energy [kg/ms]
Effective diffusivity of x [kg/ms]
Diffusion coefﬁcient in transport equation
Droplet removal efﬁciency [%]
Efﬁciency of each bend [%]
Bend angle [-]
Dissipation rate [m2/s3]
Bend wavelength [mm]
Turbulent viscosity [kg/ms]
Molecular viscosity of the ﬂuid [kg/ms]
Droplet density [kg/m3]
Gas density [kg/m3]
Droplet density [kg/m3]
Turbulent Prandtl number for k [-]
Turbulent Prandtl number for x [-]
Droplet relaxation time [s]
Gas bulk velocity at inlet [m/s]
Speciﬁc dissipation rate [1/s]
Shape factor [-]
Normally distributed random number [-]
General variable in transport equation
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