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ABSTRACT: In this paper, the turbulent air droplet flow inside a single passage of a curved type
vane separator has been studied numerically. The simulation is based on the Eulerian - Lagrangian
method. For turbulent air flow calculations, a computer code was developed to solve the Reynolds
Averaged Navier Stokes (RANS) equations together with the equations of Reynolds Stress Transport
Model (RSTM) on collocated unstructured meshes. Finite volume method was applied for
discretization of the gas flow equations. Also, the low Reynolds modification has been applied for
RSTM and the results have been compared with those obtained by Standard RSTM. For droplet
trajectory calculation, the Eddy Interaction Model (EIM) was applied to take the turbulent dispersion
of droplets into account. The performance of the code has been evaluated by comparing
the simulations results with experimental data. The results show that by including the wall reflection
terms in transport equations of the Reynolds stresses, better predictions can be achieved than those
obtained by RSTM without wall reflection terms. The enhanced wall treatments can further improve
the results. Finally, the pressure loss and droplet removal efficiency for different plate spacings
have been calculated using the developed codes. The numerical results show that for plate spacings
in the range of 25 mm to 35 mm, the pressure loss is approximately constant. On the other hand,
the increment in plate spacing reduces the droplet removal efficiency. Therefore, in the mentioned
range, 25mm spacing gives the best performance for this type of the vane separator.

KEY WORDS: Droplet dispersion, Eddy Interaction Model (EIM), Reynolds Stress Transport
Model (RSTM), Enhanced wall treatment, Curved type vane separator.

INTRODUCTION

Vane separators have a wide range of applications removal efficiency and minimum pressure loss. The removal

in industries. For example, they are used in scrubbers to capture efficiency is defined by:

the small droplets from natural gas streams. Numerical

simulation of air droplet flow in such a device can help _ Mass rate of the removed droplets
the designers to make the separators with the maximum Mass rateof the entering droplets
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The mass flow rate of droplets in vane separators is
usually assumed to be less than 10% of air flow rate; therefore,
the Eulerian-Lagrangian model can be used in numerical
simulation. The main assumption is that droplets cannot
affect the air flow. The inertia of the droplets makes them
unable to change their direction at the bends of the vane
separator, so they will be removed from the gas stream.

Three general approaches for simulating turbulent fluid
flows are: Reynolds-averaged Navier—Stokes (RANS)
equations method, Direct Numerical simulation (DNS) and
Large Eddy Simulation (LES). The limitations of DNS and
LES make them impractical for being applied to the large
Reynolds numbers or in complex passages. For industrial
applications of the flows with large Reynolds numbers
in complex passages, RANS remains as the most commonly
used approach. In this study, the air flow field is obtained
by solving the RANS equations.

Some numerical works on mist eliminators have been
carried out by Verlaan [1] and Wang & Davies [2].
Galletti et al. [3] made a numerical simulation using
Shear Stress Transport (SST) model and compared
the results with Ghetti’s work [4]. They also showed that
SST turbulence model gives better results than standard
k-& model.

Josang & Melaaen [5] made an experimental
investigation on a special curved type vane separator
using the LDA technique.

For droplets size in the range of 1 to 50 pm, turbulent
dispersion is very important. The Eddy Interaction Model (EIM)
is extensively used to model the droplet dispersion and
deposition in turbulent flows. In EIM, the influence of
turbulence on droplets dispersion is taken into account
by assuming that droplets are interacting with eddies
which are characterized by their velocity, size and lifetime.
The basic EIM assumes isotropic turbulence in order
to calculate the instantaneous air velocities from mean
flow quantities.

Because of isotropic turbulence assumption, the basic
EIM cannot accurately describe the droplet dispersion
and deposition in some regions in which the flow is
strongly anisotropic. Some modifications based on
k-¢ turbulence model are proposed by Kallio & Reeks [6]
and Sommerfeld et al. [7]. Wang & James [8] showed
that the calculations based on these modifications are
in good agreement with the experimental measurement,
except for very small droplets. James et al. [9] used
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the same modifications (called Varied EIM) to obtain
the removal efficiency of wave plate mist eliminators
with drainage channels. Without drainage channels,
the deposited liquid can be gathered at the bend corners and
may be re-entrained into the air stream, leading to
areduction in the droplet collection efficiency.James etal. [10]
proposed a model for the generation and flow of liquid
film that is formed in mist eliminators without drainage
channels. They pointed out that the Reynolds number for
the air flow in their case is approximately in the range of
4000 and 6000. Launder & Spalding [11] pointed that
the turbulent flows with Reynolds numbers less than
20000 should be considered as low-Reynolds-number
turbulent flows.

Recently, Rafee et al. [12] made a numerical simulation
of airflow and droplet transport in a wave-plate (zigzag)
mist eliminator. They concluded that the RSTM with
enhanced wall treatment gives the better predictions of
droplet removal efficiency than other turbulence models
for that type of mist eliminator.

In the following sections, the governing equations for
air flow and droplet motion and the relevant numerical
schemes have been discussed in details. Then performance
of the developed in-house code was investigated by
comparing its results with the experimental and numerical
data from Josang & Melaaen's [13] work. They made
a numerical simulation of air field using the Reynolds
stress model with standard wall function. They did not include
the wall reflection effects in pressure strain terms
calculation in RSTM transport equations. They pointed
out that in their simulation, the combination of the RSTM
and highest order scheme (QUICK) for discretizatiom of
the air flow equations on the unstructured grid gave the
worst result. Their work showed that by using the
mentioned combination, the pressure drop was over
predicted by 50%.
will be compared for different plate spacings. Finally,

Then the calculated pressure loss

the droplet removal efficiency of the separator is calculated
and compared for different plate spacings.

GOVERNING EQUATIONS
Turbulent Air Flow

Josang & Melaaen [5] made an experimental setup
to study the fluid flow inside a curved type vane separator
by using Laser Doppler Anemometry (LDA). In their
study the plate spacing was 25 mm. Their measurements
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Fig. 1: Different positions of the measured profiles by
Josang & Melaaen [5] in the vane separator.

positions are shown in Fig. 1. They also measured
the pressure at 50 mm upstream of the inlet and 50 mm
downstream of the outlet of the separator.

The air flow inside the mist eliminator is turbulent.
The equations of turbulent air flow inside an eliminator
(RANS and RSTM equations) can be expressed in the
following generalized form:

%(pwaxik(pUk(p):ﬁ[ (Pa—"’}sq, @

where ¢ is the general dependent variable, I, is
the diffusion coefficient and S, is the source term.
The contents of ¢, I', and S, are given in Table 1.
Josang & Melaaen [13] described all of the terms for
equations given in Table 1. In the present work the pressure
strain terms, in Reynolds stresses transport equations
are also modeled using the following decomposition
(See Launder & Shima [14]):

Pij = @ii1 T Pij2 T Ojw 3)

where, @;; is the slow pressure strain term, @, is
the rapid pressure strain term and @, is the wall reflection
term. The slow pressure strain term is modeled by:

€ 2
Pij1 = ClpE|:Rij _Esijk:| 4)
The rapid pressure strain term, @j, is written as follows:

2
@2 =—C; |:Pij - gsiij } (%)

where G, :%Pkk.

The wall reflection term damps the normal stress
perpendicular to the wall and enhances the stresses
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parallel to the wall. Launder & Shima [14] proposed
the following formula for wall reflection term:

Pijw = (6)
3
, € 3 3 Clké
G E(kanknmaij _ERiknjnk _ERjknink) &y
3
Clké

, 3 3
+C5 (PymoN N 5 _E(pik,znjnk _Eij,Znink) &y

where ny is the x, component of the unit normal
vector to the wall and y is the normal distance to the wall

and C, = C“3/4/K (where C, =0.09 and K=04187).

The transport equations and coefficients of the
standard version of the RSTM are given by Launder [15]
and Lien & Leschziner [16] and extensively used in the
literature. For standard Reynolds stress without enhanced
wall treatment, the constants of the above equations
are given in Table 2.

When enhanced wall treatment for low Reynolds flow
is applied, the pressure strain term must be modified.
In this situation, the coefficients of C;, C,, C| and C)

are computed by the following formulas proposed by
Launder and Shima [14]:

C, =1+2.58A,A, (l—e—(°‘°067Rel>2) 7)
and:
C, =0.75\/A, (8)
and:
, 2
C = —ECI +1.67 )
201
C) = max 3 - 6 (10)
C,
where:
2
Ret :& (1 1)
pe
9
A =[-2 (A =A9)] (12)
A, =agay (13)
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Table 1: Contents of ¢, I', and S, in general transport equation.

equation 10) Fq, S(p h
Continuity 1 0 0
op 0
momentum U; H -——=t (-pR})
ox, 0x, !
Reynolds R. p+ B P +o¢. —¢
stress ij } i i i
TKE 1 g
Dissipation € p+— —(C,.G, -C,.pe)
\__Rate O, k

Table 2: Constants for standard Reynolds stress model.

(-

k G¢ Cie Cye Cp C C, Cy C'zw
k0.8 1.0 144 | 1.92 | 0.09 1.8 0.6 0.5 0.3)

4 )

- J

Fig. 2: Control volume and data structure used for

discretization of the transport equation.

and:
Az =agaga; (14)

And the Reynolds stress anisotropy tensor (aj)
is defined by:

—pRy; + % pkd;;
—) (15)

Finite Volume Discretization of the Air Flow Equations

By integrating Eq. (2) over a control volume (See Fig. 2)
and using the divergence theorem, the general transport
equation in integral form is obtained:

Details of discretization for convection and diffusion
terms of Eq. (16) over the unstructured meshes are
given by Lien [17] and Rafee & Rahimzadeh [18].
The same method was used here. For convection terms
the second order upwind method has been used
to increase the precision of the results.
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In the steady problems, the discretized transport equation
can be expressed as:

4
AO(PO = ZAi(pi _Sp(p + Sd(p _ch) +S(pQO (17)
i=1
The pressure correction equation is derived from the
integral form of the continuity equation and can be
written as (See Lien [17], for example):

4 4
AgpPy = D Appi = Y Cy (18)
i=1 i=1

where C*Si is the mass flux over the i™ surface of
the cell before the pressure correction. The corrected pressure
and velocity field can be calculated from

p=p +op (19)
. Q '
Uy =up - (AO")O (ZP_;)O and (20)
_o 9y op
o=V oy

where, a is under the relaxation factor for p'. In this
paper, the value of 0.1 is used as the relaxation factor for
p'. The algorithm of solution is:

(1) Guessing the pressure field p

(2) Calculation of mass fluxes, coefficients and source
terms.

(3) Calculation of velocities and other variables (Eq. (17)).

(4) Calculation of pressure correction (Eq. 18)

(5) Calculation of p, u and v from their starred values
using the velocity correction formulas (Egs. 19, 20)

(6) Returning to step (2), then repeating the whole
procedure until a converged solution is obtained.

This is quite similar to SIMPLE method used by
Patankar [19] for staggered grids.

Wall Boundary Condition

As Described before, two types of near wall treatment
for RSTM are used in this study. The Standard wall
functions can be implemented in the same manner described
by Josang & Melaaen [13]. On the other hand,
a combination of two-layer model with enhanced wall function
is made as the enhanced wall treatment. For enhanced
wall treatment, the definition of near wall region starts
with the following equation:

, =% @1

Re
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where y is the distance from wall.

The turbulent kinetic energy (k) is computed using the
equations of fully turbulent flow, but turbulent viscosity
is computed from (Jongen [20]):

k2
Htenh = kapcu ? + (1 - }“s)“t,zlayer (22)

where 1, 514- can be calculated using the Wolfstein [21]
method:

“t,Zlayer = pCuLu\/E (23)

The blending function (X,) prevents the numerical

solution from unwanted oscillation when fully turbulent
Reynolds stress model does not match the two-layer model.
The length scale in the above equation is computed from:

—Rey

L, =yC/(—e ™) (24)

where C," = KCi/ # and A, = 70 and blending function (1) is

obtained from:

A = L[l+t h(Rey_ZOO)] 25)
=—[1+tanh(————
2 A,

For Re,<200, the ¢ field is computed from

k3/2

€= ——kcy (26)

yCi (1-¢ 2G)

For wall adjacent cells the value of dimensionless
velocity is given by following formula of Kader [22]:

1

* _ r * 1_‘ *
u =e? Ulaminar te? U urbulent (27)

where the blending function is given by:

— *4
=t (8)
1+ 5y

Up minar 18 defined by:

uTa minar — y* (29)
And u” gpuen is defined by:

* 1 *
Uiurbulent = Eln(Ey ) (30)
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At the wall adjacent cell center, the equation of the
standard wall function is used for computation of
turbulent kinetic energy.

Droplet Motion Equations

Droplet motion in the wave plate mist eliminator has been
studied by several authors. For example Wang & James [8];
Galletti et al. [3] and Josang [23] studied the droplet
motion using the following assumptions:

I: the droplet concentration is low enough that the
effects of droplets on the primary air flow and the droplet - droplet
interaction can be ignored.

II: there is no turbulence modulation due to the
presence of droplets.

III: density of air is much smaller than droplets, so
the effects of virtual mass force, pressure gradient and
basset history is negligible.

IV: Galletti et al. [3]; Wang & James [8]; James et al., [9,10],
Chan and Golay [24] and Zhao et al. [25] assumed the
droplets can be treated as hard sphere particles. In this study,
the effects of droplet distortion will be considered.
By assuming the dilute flow of small droplets in the gas
stream, if the effects of Saffman lift force, Brawnian
force and the gravity force on droplets are taken into
account, the equation of the motion is given by:

dﬁd _ ﬁg _ﬁd
dt T4

+FL+n(t)+8 31

Here, U, and u4 are the velocities of the air flow and

droplet, respectively, Fr is the lift force, n(t) is the
Brawnian force and g is gravity acceleration vector.

In this study the gravity acceleration has been taken into
account. The method of time integration for above
equation was described by Wang & James [8] the same

method is adopted here. Also, x4 is the droplet position
vector. The relaxation time of the droplet, z,, is defined by:

4dpdcc

= (32)
3p,Cp |ﬁg - ﬁd|

T4

In the above equation, d is droplet diameter; pq and p,
are the density of the droplet and the air, respectively.
C. is the Stokes-Cunningham slip correction (He &
Ahmadi, [26]).

99



Iran. J. Chem. Chem. Eng.

The drag coefficient (C,, ) is determined by Liu et al. [27]:

Cp =Cp,, (1+2.632ycp) (33)

Cpsphere 15 calculated using the following formula
(Hinds [28)):

24

R Re; <1.0
(S
CDsphere = 24d (34)
22 (140.15Re,2%7) Rey > 1.0
€4

The droplet Reynolds number is defined by:

P, |0, —tyld
Re, = M (35)
He
In Eq. (33), ycpis the droplet distortion which is determined
by the solution of the following differential equation:

d*yep :&p_gﬁ_ Cyo y _Cdy Ha dycp (36)
A2 Cypg 12 prt TP py 1 dt

where 1y and o4 are the droplet viscosity and surface
tension respectively and Cg, Cy,, C4 and Cy are the model
constants given in Table 3 (See Lamb, [29]). In the above
equation, u is the relative velocity between air and droplet
and r is the droplet radius. The initial conditions of

Yep(0)=0 and (dyp, /dt = 0) are selected for solution.

The details for evaluation of the Saffman lift force
and Brownian force were given by He & Ahmadi [26].
The instantaneous air velocity U, in the above equations

is defined by:
ug =Ug +u’', (37)

The fluctuating part of the air velocity (E’g) allows

for the influence of turbulence on the motion of the droplets.
Air flow field computations can provide mean velocities
and Reynolds stresses, then Eddy Interaction Model (EIM)
is used to construct the fluctuating components.

Varied eddy interaction model based on two equation
turbulence models is popular (see James et al., [9,10]
and Galletti et al. [3]). Here, a version of varied EIM,
using Reynolds  stress model, is presented.
By considering an air computational cell (Fig. 3),
it is assumed that velocity fluctuation in each vertex

can be obtained from:
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Table 3: Model constants for calculation of droplet distortion
(Lamb [29]).

( Cr Cy Cy Cay w
k 0.333 0.5 8.0 5.0 J

4 2 N

- J

Fig. 3: Droplet location at a computational air field cell (point P).

(f, Vi, W) = (N R N Ry N R ) (38)

Here, N, is the random number. N, is assumed
constant during the droplet eddy interaction. This random
number must be drawn from a normal distribution with
zero mean and unity standard deviation.

The characteristic lifetime of Eddy is calculated by:

k
T, =0.201-% (39)

&y

At droplet position, the air field parameters such as k,,
g, and R;; must be calculated. For example, k, at droplet
location can be determined from :( see Fig. 3).

k, = oyk; +a,k, +osks +ayky (40)
where

o =$ 41)
5|+ [ + 5]+

The Eddy length scale at droplet position is given by:

k 32
L, =0.164-% (42)

&g

where k, and g, are turbulent kinetic energy and
dissipation rate at droplet location.
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If L, <14 ‘H; —u: ‘ then the droplet eddy interaction 20F
time is calculated from 181 N
16 »
L 14F %
T, = -1, log|1-——*— (43) ok ).
T4 ‘ug —Uuy

Width (mm)
S
T

But, if L, 21,4 ‘g—a , then the droplet becomes g-
trapped in the eddy and 4 d ¥ Mesh No.1(20312 cells)
- v ——@—— Mesh No.2(39154 cells)
T. _ T (44) ok 'y Mesh No.3(45468 cells)
' ¢ 1 1 1 1 1 1
During the droplet-eddy interaction U,, u’, , eddy life 1 2 3 4 ° 6
time and length scale is usually updated whenever the U (m/s)

droplet crosses a cell boundary, but keeping N, constant

. . . Fig. 4: The predicted profiles of u component of the mean
until the end of the interaction.

velocity by using different meshes at x=112.5 mm for the air

Time step size is calculated from: bulk velocity of 3.54 m/s.

At = max(%d,lo—é) (45)
0.08F (a)

Grid Generation

Depth of Industrial vane separator is much larger than 0.06
the other two dimensions, so the flow is assumed to be
two-dimensional. The collection efficiency of the separator 5. 0.04
at each droplet size was determined from the ratio of total
mass of removed droplets and injected droplets.

Grid dependency of the solution was tested by using
different mesh sizes. For example, for the plate spacing
of 25 mm, three meshes with total number of 20312 0

0.02

(mesh No.1), 39154 (mesh No.2) and 45468 (mesh No.3) 0 005 X 01 015
quadrilateral cells were generated and used for simulations.
The predicted profiles of u component of the mean
velocity by using different meshes have been shown in 0.06L (b)
Fig. 4. The results have been presented for the air bulk I p “:%‘:‘;g P
velocity of 3.54 m/s at x=112.5 mm. Since the results of i %:,,:;:g:};.;;‘;?%&%’ '2‘%;%%%%:;%
mesh No.2 and mesh No.3 are almost equal, it can be 0.051 g%’%ﬁ;ﬁ.ﬁ}ggﬁ; %&#:g%%%%v
concluded that the grid independent solution is obtained {‘g%f%%%%%}.g‘;ﬁ ‘%:f%%%g
by using a mesh with 39154 quadrilateral cells and 40325 > §§%§§’:§§%§' : %}fg%.ﬁ?}};zg’%
nodes. The mesh was generated with interval size of 0.04 %;‘%%&%. é&%%%x’%%%
0.0005 mm. Details of generated mesh have been shown f%%’g%g ‘ %gg%%?ﬁ%%
in Fig. 5. - "”’%ﬁ
This mesh was used for both RSTM with standard ' f"’ i G
wall function (hereinafter for convenience referred to as 005 006 007 008 009
"Standard RSTM") and RSTM with enhanced wall X

treatment (hereinafter for convenience referred to as Fig. 5: Unstructured mesh generated for gas flow computation

"Enhanced RSTM"). Details of the vane geometry are a) whole mesh b) details of mesh at bend.
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Fig. 6: The stream traces and velocity magnitude contours at the bulk air velocity of 3.54 m/s obtained by:
a) The Enhanced RSTM  b) The Standard RSTM

given in Josang PhD thesis [23]. The generated
unstructured mesh for gas field computation is shown in
Fig. 5-a and details of mesh at bend is shown in Fig. 5-b.

At the inlet, the uniform velocity of 2.46, 3.54 and
4.54 m/s, and the turbulence intensity of 5% are
considered for simulation. For S=25 mm, the air flow
Reynolds number will be 4094, 5892 and 7556,
respectively. The gas flow Reynolds number is defined by:

Re=£YS (46)

i)

Where V is the mean velocity of the gas flow and S is
the plate spacing.

Two straight ducts with the length of 1.0 and 0.5 m
are considered as inlet and outlet piece.

In the following sections, first the results of the
simulations are compared with the experimental and
numerical data of Josang & Melaaen's [13] study to select
an appropriate turbulence model. Then the results of
numerical simulations for different plate spacings
are presented. Finally, this model is used for droplets trajectory
calculation and predicted droplet removal efficiency
curves are compared for different plate spacings.

RESULTS AND DISCUSSION
Gas Flow Simulation

In Fig. 6-a and Fig. 6-b, the stream traces and velocity
magnitude contours obtained by the Enhanced RSTM
have been compared with the results of the Standard
RSTM for 25 mm plate spacing. The Standard RSTM
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predicts a larger dead zone after the drainage channel.
These results are obtained at the air bulk velocity of 3.54 my/s.

For more discussion and to select the proper
turbulence model, profiles of u-component of the mean
velocity at different sections of the separator have been
compared with experimental data in Figs. 7a, 7b, 7c and 7d.
By applying the wall reflection term in the RSTM
model, the better predictions for mean velocity profile
can be achieved. Also it is evident that RSTM with
enhanced wall treatment gives better results than
the other models.

In Fig.s 8a, 8b, 8c and 8d, the attained profiles of the
x-rms velocity at different sections have been shown.

The Enhanced RSTM results are in better agreement
with the results of the experimental data. Here, the results
of the Standard RSTM (with or without wall reflection terms)
have more deviation from the measured profiles.
As described before, in EIM the rms velocities play
an important role in small droplet tracking because the
fluctuating velocities are obtained by using the rms
velocities (see Eq. 45). Therefore the selected turbulence
model must predict correct rms velocities.

Josang & Melaaen [5] also measured the pressure
50 mm upstream of the inlet and 50 mm downstream of
the vane inlet. In table 4, the calculated pressures drop
obtained from different turbulence models are compared
with their measurements. The results of Jasang & Melaaen's [13]
simulations are also presented in this table. Here, the
Enhanced RSTM prediction is the closest value to the
experiments.
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Fig. 7: Profile of u component of mean velocity at the bulk air velocity of 3.54 m/s:

a) at x=87.5mm , b)atx=112.5mm

The pressure loss has been calculated by using the
following formula:

j Pdy J' Pdy

AP = at inlet _ atoulet (47)
dy j dy
at inlet at outlet

Among the models, the RSTM with enhanced wall
treatment gives the best prediction for the pressure loss.
Therefore the RSTM with enhanced wall treatment
has been selected to study the effects of changing the plate
spacing on the performance of the vane separator.

In Fig. 9, the predicted pressure loss for three different
bulk gas velocities have been compared with the
measurements of Josang [23]. This figure shows the ability

c)atx=137.5mm , d)atx=165mm.

of the Enhanced RSTM in prediction of the air flow
quantities inside the separator.

To study the effects of plate spacings on the
performance of the separator, seven different models with
the spacings of 17, 20, 23, 26, 30, 35 and 40 mm
were provided. In Fig. 10, the calculated pressure loss
versus plate spacing for three different air bulk velocities
has been demonstrated. Each curve appertains to a constant
air bulk velocity. As can be seen, by increasing the plate
spacing from 17 mm to 25 mm, first the pressure loss
will decrease with a large slope. However, it remains
approximately constant over the range of the 25 mm to 35
mm for plate spacing. Further raise in plate spacing
will decrease the pressure loss. However, there is an upper
limit for plate spacing because for spacings greater than 48 mm,
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Fig. 8: X-rms velocity profile of the air flow inside the separator at the bulk air velocity of 3.54 m/s:

a) at x=87.5mm , b)atx=112.5mm

the droplets can move through a straight line inside
the separator and can escape from the separator.

Droplet Tracking Results

For each droplet size in the interested range, number
of injected droplets was selected in the manner that the
ratio of the droplets flow rate to the air flow rate was less
than 10 percent. Velocity of the droplets is set to be equal
with the mean velocity of the air field at their injection
point. It is assumed that once a droplet collides with the
wall, it is removed from the air flow and no rebound
occurs. The Rosin-Rammler distribution was used for the
droplet size at the inlet (see, for example James et al. [10]).
The number probability density function is

Cdc-4 d\°
ol (]|
ira- %) d

104

(48)

’

c)atx=137.5mm , d)atx=165 mm.

where d is the mean diameter, C is a distribution
parameter and I' denotes the gamma function. The value
of C was selected so that all of the droplets have the

diameter in the range of d-2 pm<d<a +1pum
If droplets are divided to M size group at the separator
inlet and the diameter of the droplets in the i’th size group
are in the range [dS, d;“], the ratio of the number of
droplets in the i’th size group to the total number of
droplets at inlet is defined by
dav
o= B0 (49)
Diameter step size of 0.05 micron has been chosen
in this study (d%-d*=0.05 pm). The calculated droplet
removal efficiency has been depicted in Fig. 11 for three

different plate spacings at the bulk air velocity of 3.54 my/s.
From this figure it can be concluded that, the separator



Iran. J. Chem. Chem. Eng.

Table 4: Comparison of the calculated pressure loss with
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experimental data.
4 Case DP [Pa] )
Experimental 40.0
Un-structured quadrilateral mesh, Enhanced RSTM 40.09
(Present Work) ’
Un-structured quadrilateral mesh, Standard RSTM 391
(Present Work) '
Structured mesh, RSTM, Law-of-the-wall (Josang 487
and Melaaen (2001)) ’
structured mesh, k-&, Law-of-the-wall (Josang and 5.1
Melaaen (2001)) '
structured mesh, &-&, Two-layer zonal model (Josang 38.0
\_ and Melaaen (2001)) -

70
-=— RSTM with enhanced wall
60- treatment (present work)
A Measurement by Josang
= 50 and melaaen (2002)
S
g 40
E
S 30
7
L
o 20+ A
10
0 : v : I v

2 25 3 35 4 45 5

Air bulk velocity (m/s)

Fig. 9: The calculated pressure loss versus the air bulk
velocity for 25mm plate spacing.
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- & - Pressure loss (V = 2.46 m/s)
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Fig. 10: The calculated Pressure loss versus plate spacing for
three different air bulk velocities.
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with 25 mm plate spacing has higher removal efficiency
than two other separator.

By increasing the plate spacing from 25 mm to 30 mm
the mean droplet size at which the removal efficiency
is 95% will increase from 16 micron to 23 micron.
Further increase in plate spacing from 30mm to 35mm
will increase it from 23 micron to 27 micron.

By decreasing the spacing from 35 mm to 25 mm,
the removal efficiency for the separator will increase but
the pressure loss will remain constant. It means that for
the range of the 25mm<S<35mm the spacing of the 25mm
gives the best performance for the separator.

Fig. 12 shows the calculated trajectories for the
droplets with the size of 4, 8, 12 and 16 micron at 25mm
plate spacing for the air bulk velocity of 3.54 m/s.

This figure shows the importance of the eddy
interaction model in droplet trajectory calculation.
As can be seen the 8 micron droplet can escape from the
separator but 4micron droplet strikes the wall. Also,
the 12 micron droplet strikes the wall sooner than 16 micron
droplet. This is due to the effects of velocity fluctuation
in air flow which can affect the path line of the small
droplets. However the probability of the collision
between larger droplets and walls are more than smaller
ones (See Fig. 11).

CONCLUSIONS

Air droplet flow has been numerically studied in
a vane separator. First, for the examination of the
developed code for gas flow simulation, its results were
presented for a two-dimensional air flow inside a vane
separator and compared with the experimental and
numerical data from the study done by Jasang & Melaaen [5-13]
and Josang [23]. Then, the pressure loss and removal
efficiency has been calculated and compared for different
spacings between the plates of the vane separator.

Some important results from the air flow simulations
and the droplet trajectory calculations are:

* By considering the wall reflection effects, RSTM
can predicts the pressure loss and mean velocity profiles
better than the RSTM without wall reflection effects.

* Standard RSTM predicts larger dead zone
(recirculation flow region) after each the drainage channels.

* The predictions of the Enhanced RSTM for rms
velocities are in better agreement with the experiments
than the other versions of RSTM.
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Fig. 11: The calculated droplet removal efficiency for three
different plate spacings at the bulk air velocity of 3.54 m/s.

* For the plate spacings in the range of 25 mm to 35 mm,
the pressure loss is approximately constant. On the other hand,
the increment in plate spacing will decrease the droplet
removal efficiency.

* The velocity fluctuation in air flow can affect the
path line of the small droplets and change their path in the
manner that they collide with the wall sooner than the
heavier droplets. However, the probability of the collision
between larger droplets and walls are more than smaller ones.
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Nomenclature
A Parameter for enhanced wall treatment in
pressure strain term, dimensionless

Ay, Ay Two-layer model constants, Dimensionless
Al Ay, A Tensor invariants, dimensionless
ajj Reynolds Stress Anisotropy Tensor, dimensionless

Cln C29 Cvls CvZ) Clss C2£9 Cp.aCL
transport model constants for pressure strain term,

Reynolds stress

dimensionless
Cyp, Cr,Cy Model constants for droplet distortion
calculation, dimensionless

Cc Stokes Cunningham slip correction, dimensionless
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4 micron
------ 8 micron

12 micron
0.06 | === 16 micron

0.04

0.02F "

Fig. 12: The calculated trajectories for the droplets with the
size of 4 micron, 8 micron, 12 micron and 16 micron at 25mm
plate spacing and air bulk velocity of 3.54 m/s.

Cp Droplet drag coefficient, dimensionless
Chbsphere Sphere drag coefficient, dimensionless
o Two-layer model constant, dimensionless
C*si Mass flux over i'th surface of the cell, kg/mzs
d Droplet diameter, pm
dij Deformation rate tensor, L/s
E Empirical constant for logarithmic law (9.793),

dimensionless
F Saffman lift force vector per unit mass, m/s’
g Gravity acceleration vector, m/s’

G; Zero mean unit variance Gaussian random number,

dimensionless

k Turbulent kinetic energy, m?/s
L, L; Length scales used in two-later model, m
L. Eddy length scales, m
ny The x, component of the unit normal vector
to the wall, dimensionless

n(t) Brownian force per unit mass, m/s>
p Static pressure, Pa
p' Pressure correction, Pa
Gy Turbulent kinetic energy production, kg/ms’
Re Gas flow Reynolds number, dimensionless
Rey Droplet Reynolds number, dimensionless
Re Turbulent Reynolds number, dimensionless
Rey Turbulent Reynolds number for two-layer,
dimensionless

Rjj Reynolds stress tensor, m*/s®
S Plate spacing, m
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S Surface vector, m*
Se Source term in transport equation
Sy, Sy Surface vector components, m’
t Time, s
T, Eddy time scale, s
T; Interaction time, s
Uy Air flow mean velocity components, m/s
u' Air flow fluctuating velocity components, m/s
Ug Air flow velocity vector, m/s
V4 Droplet velocity vector, m/s
u Dimensionless velocity profile
U faminar Dimensionless velocity profile in

laminar sub-layer

U arbutent Dimensionless velocity profile in
logarithmic sub-layer
Xq Droplet position vector, m
y Wall unit, dimensionless
Ycp Droplet distortion, dimensionless
Greek
Qo, Qi Area of the computational cell, m?
Jjj Kronecker delta, dimensionless
At Time step, s
€ Dissipation rate, m%/s’
n Droplet removal efficiency, dimensionless
K von Karman constant, (0.4187), dimensionless
A Molecular mean free path, m
L. Blending function in two-layer model, dimensionless
W Molecular dynamic viscosity, kg/ms
e Turbulent dynamic viscosity, kg/ms
Womayer  Turbulent dynamic viscosity for two-layer model,
kg/ms
P, Pe Air density, kg/m’
Pd Droplet density, kg/m’
oy Prandtl number of turbulent kinetic energy,
dimensionless
(R Prandtl number of dissipation rate, dimensionless
Ty Droplet relaxation time, s
I, Diffusion coefficient in transport equation
r Blending function for enhanced wall treatment,
dimensionless
[0) General variable in transport equation
Ojj Pressure strain term, kg/ms2
@ij1 Slow pressure strain term, kg/ms’
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Pi2 Rapid pressure strain term, kg/ms”
Qijw Wall reflection pressure strain term, kg/ms’
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