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CFD modelling of two-phase liquid-liquid flow in a SMX static mixer

Paulina Pianko-Oprych
1
, Zdzis³aw Jaworski

2

West Pomeranian University of Technology,, Institute of Chemical Engineering and Environmental Protection Processes,

al. Piastow 42, 71-065 Szczecin, Poland
1Corresponding author: e-mail: Paulina.Pianko@zut.edu.pl
2Corresponding author: e-mail: Zdzislaw.Jaworski@zut.edu.pl

The paper provides an overview of the application of Computational Fluid Dynamics tools for predicting

transport processes in two-phase flow in a SMX static mixer. The overview is achieved by taking a brief look

at factors: mesh generation, development of sub-models, post-processing including validation and quantita-

tive verification of CFD results with experimental data. Two types of numerical approach were used in the

simulations: the Reynolds averaged Navier-Stokes in the steady-state mode with the standard k-ε turbulence

model and Large Eddy Simulations in the unsteady mode.  Both CFD techniques were applied to calculate

flow velocities, pressure drop and homogenisation level in a SMX static mixer of the liquid-liquid mixture.

The steady state drop size distribution was obtained by implementation procedure containing the population

balance equation, where transport equations for the moments of the drop size distribution are solved and

the closure problem is overcome by using the Quadrature Method of Moments.
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INTRODUCTION

Fluid flow through a SMX static mixer and liquid-liq-

uid dispersion analysis are common in chemical engineer-

ing. The conventional approaches of conducting experi-

ments on static mixers have their own disadvantages, which

fully or partially prevent full characterization of the mix-

ing efficiency of the static mixer. The LDA and PIV tech-

niques for velocity measurements can handle only very

low liquid volume fraction, because their accuracy is

dependent on the transparency to laser light relative to the

dispersed phase concentration. The dispersed phase vol-

ume fraction, when using matched refractive indices in

combination with advanced image analysis could be up to

0.7 wt.% or 1.5 wt. % as shown by Bottone
1
 and Virdung

and Rasmuson
2
, respectively, which still is not a suffi-

ciently high value in most practical systems. Therefore,

the application of Computational Fluid Dynamics (CFD)

tools for predicting transport processes in static mixers

seems fully justified. CFD calculations can be done even

at high concentrations of the dispersed phase, for non-

Newtonian liquids and three phase systems. This method

of analysis is almost certainly less expensive than experi-

ment and represents a cost-effective route for design op-

timization.

Only a few papers describing dispersion of liquid-liq-

uid systems in a SMX static mixer have been published so

far. They were mainly of experimental nature. The au-

thors focused on single drop breakup measurements in a

very viscous continuous phase laminar flow
3 – 6

, at inter-

mediate Reynolds number
7
 and only one paper is related

to turbulent flow
8
. Results obtained by Theron et al.

8
 are

in agreement with the observations of Streiff et al.
9
, who

proposed a correlation (1) for the prediction of droplet

size in turbulent flow in the SMX static mixer:

(1)

In addition, concentration distributions were determined

as an essential measure of homogeneity level. A widely

used measure for presenting the uniformity of concentra-

tion at a cross-section of static mixers is the coefficient of

variation (COV). The COV is defined as the standard

deviation of concentration over the mean concentration

for a given set of N data points (eqn. (2)):

(2)

where   is the mean concentration. The data used to

calculate the COV are taken at a specified number of grid

nodes at the cross section planes. Thus COV=0 for a

complete distributive mixing, while COV=[ (1- )]
1/2

represents total segregation. An alternative functional form

used to fit COV data is defined in equation (3):

(3)

where a and b are adjustable constants. The parameter b

represents the rate of decrease in COV per unit of mixer

length. Pahl and Muschelknautz
10

, Allocca
11

, Grosz-

Roll
12

, Cybulski and Werner
13

 estimated parameters a

and b from experimental results for the SMX static mixer

with μ
c
/μ

d
 > 1 and laminar flow. The results for turbulent

flow are given by Grosz-Roll
12 

for the Sulzer SMV only.

The values of the exponents in equation (3) were a≈15,

b≈-0.505 for the SMX static mixer in laminar flow
12 – 13

and a≈1.7, b≈-0.755 for the SMV static mixer in turbulent

flow
12

.

Numerical studies on the SMX static mixer so far have

been mostly focused on the fluid flow, residence time

distribution, pressure drop, concentration distributions and

heat transfer for both Newtonian and non-Newtonian flu-

ids
14 – 16

. The residence time calculations determined by

particle tracking resulted in Peclet number of 4.2 per

SMX element being in good agreement with experimental

values
17

. Several groups have tried to improve the SMX

static mixer performance by modifying its geometry
16 – 19

.
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Hirschberg et al.
16

 modified the SMX geometry by reduc-

ing the number of bars to 6 and by reducing the number

of gaps between the bars. Both CFD simulations as well

as the laser induced fluorescence (LIF) experiments show

that the pressure drop along the mixer was reduced to less

than 50% while the mixing quality after a given number

of elements remains nearly equivalent with the original

SMX
16

. The drop break-up process in the flow of liquid-

liquid dispersions in the SMX static mixer at low and

intermediate Reynolds number has been investigated by

Das et al.
7
. Das et al.

7
 proposed two new theoretical models

for the drop break-up using the boundary-layer shear force

concept to predicting the drop beak-up at low and inter-

mediate Reynolds number and also for the effect of iner-

tia on the drop break-up assuming that the flow through

the static mixer elements is analogous to the flow through

porous media. Good agreement between simulations and

experiments showed that finite element simulation can

properly represent the very complex velocity field gener-

ated by the SMX static mixer and the predicted drop sizes

are in reasonable agreement with experimental results (the

root-mean square relative error was around 5%)
7
. There-

fore, it can be concluded that the prediction of velocity

field, pressure drop, concentration and drop size distribu-

tion in the SMX static mixer for low and intermediate

Reynolds number has been accurately analyzed using stand-

ard CFD solvers and a fine grid resolution
20 – 21

. The

exponential growth of computer power allows for

simulations with highly resolved grids not only for laminar

flows within the SMX static mixer, but it is also possible

to handle simulations in turbulent conditions, which are

much more difficult to carry out.

This study is undertaken to investigate the capability of

simulation methods to estimate the behaviour of liquid-

liquid dispersion in the SMX static mixer under turbulent

conditions. As a first part of the study, the flows of three

different levels of density ratio of two immiscible liquids

through the SMX static mixer are investigated using the

RANS and LES approaches and compared with experi-

ments
10, 11, 14, 22

 both for miscible and immiscible liquids.

The investigation covers the effects of density ratio be-

tween the phases and the impact of the centrifugal force

on the phase concentration distribution. In a second part

of the study, drop breakage in a liquid-liquid system is

analysed using the Quadrature Method of Moments. Those

results are also validated by experimental data
22

.

THEORETICAL

As already mentioned, two approaches have been em-

ployed here: the Reynolds averaged Navier-Stokes (RANS)

and Large Eddy Simulation (LES) methods. The two-

phase flows in the RANS approach were modelled using

a two-fluid model called the Mixture model available in

the commercial CFD code Fluent 6.3.26. The continuity

equations (4) and (5) of the mixture (subscript m) and of

the dispersed phase (subscript d) were solved for the

steady-state conditions:

(4)

  (5)

together with the momentum RANS equations (6):

(6)

where the terms  are the Reynolds turbulent

stresses expressed in equation (7):

  (7)

The Reynolds stresses were modelled using the two-

equations standard k-ε  model (equations 8 and 9), where

eddies are modelled in the entire range of scales
23

:

(8)

(9)

where k is the turbulent kinetic energy and ε its dissipa-

tion rate. The turbulent eddy viscosity is specified as fol-

lows (10):

(10)

Equations (9) and (10) contain adjustable constants:

Cμ=0.09; C
1
=1.44; C

2
=1.92; P

k
=1.00; Pε =1.314. The

drift velocity of the dispersed phase,  , is computed

from one of the available choices of algebraic expressions,

which account for the hydraulic drag of the dispersed

phase and local acceleration of the mixture.

In the LES approach the governing equations are ob-

tained by spatially filtering the Navier-Stokes equations:

(11)

The large eddies are resolved directly, while the small

eddies are modelled using the sub-grid scale dynamic

Smagorinsky-Lilly model. τ
ij
 denotes sub-grid scale stress

defined by eqn. (12):

(12)

The eddy viscosity in the Smagorinsky-Lilly model is

modelled by equation (13):

(13)

with L
s
 being the mixing length for sub-grid scales. In the

Fluent software L
s
 is computed using equation (14):

(14)

K is the Von Karman constant, K=0.42, d is the distance

to the closest wall, V is the volume of the computational

cell. C
s
 was set to 0.1

24
. The filtered rate of strain,  , is

obtained from:

(15)
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where  is the rate of strain tensor components for the

resolved scale.

According to the literature guidelines
25

 the second or-

der approximation schemes should be used in the numeri-

cal LES modelling. In addition, the representative cell

size, h, should be smaller than the size of the energy

conveying eddies
25

. It means the reciprocal of the filter

wavenumber, κ
f
 , should be smaller than the lateral Taylor

microscale of turbulence, λ
g
, (16):

(16)

The local value of the Taylor microscale was estimated

from the values obtained by the k-ε turbulence model used

in the RANS simulations. Assuming the local isotropy of

turbulence, the microscale is given by equation (17):

(17)

The local size of the applied grid of 854k cells was

compared with the local Taylor microscale of turbulence,

λ
g
, and it was found that the average grid size conforms

with the criterion expressed in equation (16). For the

considered case, the average values of the turbulent ki-

netic energy, k, and its rate of dissipation, ε, obtained from

the RANS simulations were approximately equal to 0.018

[m
2
/s
2
] and 2.98 [m

2
/s
3
] for Re=10000, respectively. The

average values of the Taylor microscale, λ
g
, estimated from

equation (17) was 0.00023 [m]. With the grid of 854k

cells the average cell size, h, was approximately equal to

4.5.10
-5

 [m], which does not exceed the value of the Taylor

microscale.

The LES was started from RANS solutions in transient

mode and with the sub-grid scale turbulence model of

Smagorinsky-Lilly and it was also carried out for the three

cases described in Experimental. The time step of 0.001

[s] and 30 internal iterations for each time step were

assumed. The total number of 500 time steps was ex-

ecuted, which resulted in the total LES time of 0.5 [s]. The

default second-order discretization schemes and

underrelaxation factors of the CFD code were applied in

the simulations. The plateau level of residuals achieved in

LES was slightly above 10
-4

.

The next step in the numerical analysis comprised

computation of the drop breakage within the SMX static

mixer given by the population balance equation. The

population balance equation was used in a form of the

transport equation for the k-th moment for the particle

size distribution (PSD)
26

:

(18)

where the moment number (k=0, 1, 2, ...K). Population

balance was analyzed for the RANS method only. Since

that approach uses the Reynolds average variables, the

inertial term in Eq. (18) for the moments of the drop size

distribution, ∂m
k
/∂
t
, was not considered for the average

steady state flow conditions. Solution of the set of (K+1)

moment equations is achieved with the help of a quadrature

approximation proposed by McGraw
27

. That procedure is

applied together with the Product-Difference algorithm
28

,

which allows to estimate the weights, w
i
, and abscissas, L

i
,

used in the approximation. The joint use of the moment

version and the quadrature approximation is called the

Quadrature Method of Moments (QMOM), which was

described in detail by Marchisio et al.
26

. In computations

the exponential model for the drop breakage frequency, a
i
,

was assumed:

(19)

Using the assumption that the breakage process results

only in the division into two equal volume daughter drops,

the daughter distribution function, , which

leads to eqn. (20) for the k-th moment of the distribution

function for the daughter drops, :

(20)

In the opposite case no breakage occurs and then

.

Reconstruction of the drop size distribution was done

with the help of the drop density distribution function

described by eqn. (21) and proposed by Randolph and

Larson
29

:

(21)

or as a cumulative drop distribution function (eqn. (22)):

(22)

The mean drop size, , and the drop size standard

deviation, σ , are defined in Nomenclature and can be

calculated from the first three moments, m
0
 to m

2
, using

the relationships given in Nomenclature.

EXPERIMENTAL

A static mixer with six SMX inserts was used in this

study. A single SMX insert consists of a set of strips

(blades) located alternatively at the angle of 45° or -45° to

the mixer axis and cut to fit the mixer tube (Fig.1a). The

inserts are axially rotated by the angle of 90° relative to

their neighbours (Fig.1b). The height of the insert was

27.5 [mm], its diameter 25.0 [mm], the width of a single

strip 3.1 [mm] and its thickness 1.0 [mm]. The total length

of the modelled mixer tube was 357.5 [mm] with the inlet

section of 55.0 [mm] and the outlet section of 137.5 [mm].

In the first stage of the numerical modelling, computa-

tions of turbulent momentum transfer based on either the

standard RANS approach or the LES approach were car-

ried out. At that stage the drop diameter was assumed

constant. The Sauter mean diameter used for the SMX

mixer was constant 1.005 [mm] for Re=10000
30

 both in

the RANS and LES modelling, while when the drop popu-

lation balance equations in the QMOM version were solved,

the following estimated initial values of the six moments

were used: m
0
=1.88.10

9
 [1/m

3
], m

1
=1.89.10

6
 [1/m

2
],
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m
2
=1900.3 [1/m], m

3
=1.91 [-], m

4
=1.92.10

-3
 [m],

m
5
=1.93.10

-6
 [m

2
]. The mean volumetric fraction of the

dispersed phase was 1%. The dispersed phase was intro-

duced into the mixer through a coaxial tube of 1 [mm] in

diameter.

In order to quantify the effect of the centrifugal force

on the phase concentration within the SMX mixer, three

cases of different phase densities were simulated numeri-

cally for Re=10000.

In the first, which mimicked the experimental condi-

tions
31

, the continuous phase density, ρ
c1

, was equal to the

density of water, ρ
H2O

 =998.2 [kg/m
3
], being higher than

that for the dispersed phase, ρ
d1

, which was assumed as that

for ρ
oil

 =900 [kg/m
3
]. Thus, for the first case ρ

c1
 > ρ

d1
.

In the second, fictitious case it was assumed that the two

liquid phases have the same density, ρ
c2 

=
 
ρ

d2
 equal to

that of water. In the third case, which was also virtual, the

reverse density relation as in case 1 was assumed, i.e.

ρ
c3 

=
 
ρ

d3
, with ρ

c3 
=

 
ρ

oil
 and ρ

d3 
=

 
ρ

H2O
. The viscosity

values for the two phases were kept unchanged at the

levels of μ
c
=1.0.10

-3
 [Pas] (as for water), μ

d
=9.0.10

-4
 [Pas]

(as for oil), respectively for the continuous and dispersed

phase. The interfacial tension was chosen as for the oil-

water system at 0.0374 [N/m].

A prescribed velocity profile in the static mixer was

used at the flow field inlet. During the computations,

evolution of the hydrodynamic conditions was monitored

for consecutive time steps at the three chosen positions

within the region of the 5
th

 insert of the SMX static mixer.

Local, instantaneous values of the axial component of the

mixture velocity, v
z
, the z-component of vorticity, w

z
, and

helicity value, H
e
, were stored for further processing.

The second stage of the numerical analysis involved

solutions of the transport equation set for the moments of

the drop size distribution, eqn. (18). The number K value

was chosen equal to 5 thus the local values of the first 6

moments were obtained from the simulations using 3

weights and 3 abscissas. Knowledge of the moment values

suffices to reconstruct the drop size distribution.

The modelling was performed with the use of a nu-

merical mesh generated in the specialized preprocessor

Gambit 2.4.6 and a commercial CFD code, namely

Fluent
TM

 6.3.26. An example of the combined (struc-

tured-unstructured) grid for the SMX mixer is shown in

Fig. 1c. The grid comprises the inlet section consisting of

the hexahedral elements and the remaining part, which

was filled with triangular elements. The use of the struc-

tured part of the grid resulted in a decrease of numerical

(false) diffusion in the inlet section
30

. The total number

of grid cells was about 854 thousand, denoted here by

854k. The momentum transfer iterations were performed

with the default numerical parameters available in the

code and the normalized residual sum of 10
-6

.

RESULTS AND DISCUSSION

The CFD modelling results for the pressure drop across

one mixer insert show good agreement with the experi-

mental data obtained by Li et al.
32

. The friction factor

values calculated from RANS and LES were equal to 1.12

and 0.925, respectively, while Li et al.
32

 reported f=1.20.

The mixing process in static mixers is mainly domi-

nated by the axial flow, however the SMX insert strips

make the fluid move also in perpendicular directions. The

mean and instantaneous axial and radial velocities pre-

dicted by RANS and LES are shown in Figure 2.

Inspection of the velocity fields show similar distribu-

tion, however the k-ε model predicts lower values and the

contour plots are smoother. This suggests that RANS can

give less accurate results than LES. Therefore, a closer

analysis of fluid vorticity inside the mixer insert was

undertaken since vorticity is a measure of the rotation of

fluid element as it moves in the flow field. The compari-

sons of the z-direction local vorticity and the local mix-

ture helicity in the SMX static mixer predicted by LES

and RANS are shown in Figures 3 and 4. Instantaneous

values of z-direction vorticity and helicity achieved at

three selected points in the mid-region of the 5
th

 insert

(L
m

=H/2) were recorded at the end of internal iterations

Figure 1. Geometry of the SMX insert (a), set of 6 SMX inserts inside the mixer tube (b), combined grid for a single insert

SMX (854k) (c)
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for each of the time steps at three selected points:

R
1
=0.009375 [m] (point 1); R

2
=0.00625 [m] (point 2);

R
3
=0.003125 [m] (point 3), located along the horizontal

line.

The local z-direction vorticity RANS average for the

two-phase mixture and for case 1 in the SMX static mixer

were 556.2; 180.2 and 278.5 [1/s] for the three selected

points, while from Fig.3(a) it can be seen how strongly the

simulated local, instantaneous values of z-direction

vorticity change from the local LES maximum of about

696.5 [1/s] to the minimum close -229.9 [1/s]. The local

LES average values of the z-direction vorticity for the

selected points were around: 495.2; 166.0 and 294.8 [1/

s], i.e. close to those from RANS.

The simulated local helicity of the two-phase mixture

also fluctuated strongly as shown in Fig.4. The local helicity

RANS average for the two-phase mixture in the SMX

static mixer for case 1 were 312.6; 60.9 and 127.1 [m/s
2
]

at the three selected points. While for the same points the

simulated local, instantaneous LES values of helicity change

from the maximum of about 445.2 [m/s
2
] to the minimum

close -61.7 [m/s
2
] with the local LES average for the se-

lected points of about 285.4; 51.9 and 156.8 [m/s
2
]. Analy-

sis of the plots in Figs. 3 to 5 reveals relatively high

fluctuations in the local, instantaneous vorticity and helicity

values predicted by LES. This allowed to conclude that

such strong fluctuations of the flow can significantly influ-

ence the local centrifugal effects. However, the mean lev-

els predicted by the LES technique have similar magni-

tude of vorticity and helicity to the corresponding mean

levels predicted in the steady-state RANS mode.

The comparison of the COV values between the LES

and experiments is shown in Figure 5. It follows that the

LES results are lied intermediate between experimental

Figure 2. Contour plots of the axial and radial mixture velocities in the middle cross section of the 5th SMX insert (case 1)

Figure 3. LES time history of the z-direction local vorticity in the SMX static mixer for case 1 (a) and case 2 (b) at the

Re=10000, where: x point 1, LES; +  point 2, LES;  point 3, LES;  point 1, RANS;   point 2,  RANS; 

point 3, RANS
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data for miscible liquids reported by different

authors
10, 11, 14, 22

. The homogeneity level obtained from

LES simulations for cases 1 and 3 is characterized by

almost constant value after the third SMX insert, while

the experimental curves for the miscible mixtures exhibit

a decreasing course.

The values of parameters a and b in functional form

COV (eqn.3) were estimated from the numerical results

and presented in Figure 5 and Table 1. The values of both

coefficients obtained from RANS and LES methods are

quite similar. These values differ a little bit from the

values of coefficients a and b reported by Grosz-Roll
12

and Cybulski and Werner
13

. However, Grosz-Roll
12

 and

Cybulski and Werner
13

 carried out experiments for the

SMX static mixer in laminar flow or for the SMV static

mixer in turbulent flow
12

, but they considered systems of

the ratio L
m

/D around 11, while we considered

L
m

/D=14.3. Still, values of coefficients a and b estimated

from CFD results can be found between experimental

data
12 – 13

. As can be seen from Table 1, the R
2
 values for

the exponential law profile for LES are generally above

0.84 and the values of the parameter b for case 2 and both

RANS and LES modes confirm the high rate of decrease

in COV per unit of mixer length. It follows that the expo-

nential law profile models are satisfactory for most mix-

ing elements.

The differences of the COV values between the LES

and RANS results can be compared from Figure 6.

After the fourth insert the homogenisation level reached

a satisfactory level for the case 2, COV<0.05
12

, both for

RANS and LES mode. For the case 1 and 3 the COV

values obtained from the LES modelling are around 0.2

and 0.6, respectively, which means that the dispersed phase

is still not uniformly distributed across the SMX static

mixer. The homogenisation level achieved in the RANS

modelling for case 1 and 3 were higher than that obtained

Figure 4. Evolution in time of simulated local mixture helicity in the SMX static mixer for case 1 (a), and case 2 (b) at the

Re=10000, where: x point 1, LES; + point 2, LES;  point 3, LES;  point 1, RANS;  point 2, RANS; 

point 3, RANS.

Figure 5. Concentration COV as a function of distance

downstream from the inlet to the SMX static mixer

at the Re=10000 [-] for the LES and literature

data, where:  case 1, LES;   case 2, LES; 

case 3, LES;  Rauline et al.14;  Pahl &

Muschelknautz10;  Allocca11;  Streiff et al.22

Table 1. The coefficients and adjusted-R2 for the exponential fits for the dispersed phase COVs

in the LES technique, which is a confirmation of lower

phase segregation obtained in the transient LES

simulations and lower effect of the centrifugal force.

The next stage of the numerical analysis involved solu-

tions of the transport equation set for the moments of the

drop size distribution, eqn. (18). During the simulation

the local values of the first 6 moments (m
0
 to m

5
) were

obtained. The density distribution computed for the out-

let of the SMX static mixer is graphically presented in

Figure 7. The size distribution is characterized by the

Sauter mean diameter, d
32

, and the standard deviation,

SD. The value of d
32

 at the outlet from the SMX static
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mixer was derived from the ratio of the third moment to

the second moment, m
3
/m

2
.

Using the moment values, m
k
, for the drop size distri-

bution, two other distribution parameters were estimated,

namely the skewness, A
x
, and kurtosis, A

y
. The values

were close to 5.7.10
-4

 and -2.99 for skewness and kurtosis,

respectively. Thus the simulated distribution can be re-

garded as log-normal with a tendency to the right-side

asymmetry. The cumulative drop distribution function

computed for the outlet (L
m

/D=14) of the SMX mixer

was compared with the data obtained from equation (1)

for drop size calculation estimated by Streiff et al.
9
. An

example of that comparison is graphically presented in

Figure 7(b). The shape of the reconstructed cumulative

drop distribution curve (dashed  line) was generally quite

close to the experimental data
9
.

CONCLUSIONS

Numerical modelling using Eulerian-Eulerian approach

to simulate liquid-liquid system under turbulent condi-

tions coupled with a homogenous turbulence model in a

steady-state (RANS) mode and Large Eddy Simulations

in transient scheme were carried out. They resulted in

predicting the flow field through a very complex geometry

of the SMX static mixer. The pressure drop calculated

from the RANS and LES agrees well with experimental

results
32

. The estimated a and b coefficients from the

simulated concentration distributions were close to those

from experiments
12 – 13

. In addition, local analysis of the

break-up processes in two-phase flow was performed.

Predicted mean drop diameter, d
32

, was accurately ana-

lysed using QMOM method and agrees well with experi-

mental results
9
. The results obtained from the numerical

modeling demonstrated that Computational Fluid Dynam-

ics is a reliable method of modelling the SMX static

mixer.

Figure 6. Concentration COV as a function of distance

downstream from the inlet to the SMX static mixer

for the LES and RANS k-ε model simulations at

Re=10000, where:  case 1, LES;  case 2,

LES;  case 3, LES;  case 1, RANS; 

case 2, RANS;  case 3, RANS

Figure 7. Drop density distribution for the outlet of the SMX static mixer (a) and cumulative drop size distribution functions

for the chosen plane of the SMX static mixer at Re=10 000 for water-silicon oil system (b), where:  CFD,

L
m

/D=0,  CFD, L
m

/D=2.2,  CFD, L
m

/D=3.3,  CFD, L
m

/D=4.4,  CFD, L
m

/D=5.6,

 CFD, Lm/D=8.9,  CFD, Lm/D=14,   Streiff et al.9.

Nomenclature

a, b adjustable constants,

a
i

breakage kernel, [1/s]

A
x

distribution skewness

A
y

distribution kurtosis

probability of drop breakage, [mk]

fragment distribution function, [-]

B constant in equation (1)

C
s
, C

e
, C

1
, C

2
constants in k-ε model

C
n

constant in equation (1)

d distance to the closest wall, [m]

d
32

mean Sauter diameter, [m]

D static mixer diameter, [m]

D
ax

axial dispersion coefficient, [m s
-2

]

f friction factor, [-]

f
N

drop density distribution, [m
-1

]

F
i

gravitational and external body forces, [N]

h average cell size, [m]
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i j-th spatial direction

k k-th moment of PSD or turbulence kinetic

energy or constant in eq. (1), [m
k
], [m

2
s
-2

]

K von Karman constant or maximum number

of PSD moments

L drop size, [m]

mean drop size,   = m
1
/m

0
, [m]

L abscissa of the quadrature approximation, [m]

L
m

mixer length, [m]

L
s

mixing length for sub-grid scales, [-]

m
k

k-th moment of particle size distribution

probability, k=0, 1, 2, 3, 4, 5

n(L) drop density function, [m
-3

]

N number of approximation nodes, [-]

p pressure, [Nm
-2

]

P
k
, Pε adjustable constant, [-]

Pe Peclet number,  , [-]

Re Reynolds number, [-]

rate of strain tensor, [s
-1

]

t time, [s]

velocity vector, [m s
-1

]

drift velocity of the dispersed phase, [m s
-1

]

V volume of the computational cell, [m
3
]

Vi viscosity number, [-]

w
i

weight of quadrature approximation, [m
-3

]

We
c

critical Weber number, [-]

x, y, z spatial coordinates, [m]

X
q

volumetric ratio of phase "q" in mixture,

[m
3
m

-3
]

mean volumetric fraction, [kgm
-3

]

Greek symbols

δ
ij

Kronecker delta symbol, [-]

ε dissipation rate of kinetic turbulence energy,

[m
2
s
-3

]

ϕ
d

dispersed phase volume fraction, [m
3
m

-3
]

κ
f

wavenumber, [m
-1

]

λ
g

lateral microscale of turbulence, [m]

μ
q

q-phase dynamic viscosity:  or  continuous

or dispersed phase, [Pas]

μ
T

turbulent eddy viscosity, [Pa s]

ρ
q

selected q-phase density: ρ
c
 or ρ

d
, or mixture

density, ρ
m

, [kgm
-3

]

τ
ij

sub-grid scale stress, [Nm
-2

]

σ standard deviation,   [29], [-]

Γ molecular transport coefficient

Γ
t

turbulent transport coefficient
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