RESEARCHING RESULTS APPLICATION

M. M. Beliayev, Dc. Sc. (Eng), Prof.; O. K. Nagorna

3D-CALCULATION OF A VERTICAL SETTLER ON THE BASIS
OF CFD-MODEL

The paper considers construction of a numerical model of mass transfer in a vertical settler. Modeling is
based on the three-dimensional equation of the pollutant transfer model and the potential flow model. For
numerical integration implicit difference schemes are used. The results of computational experiment are
presented.
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Introduction

At present, theoretical methods for calculation of vertical settlers are being actively developed in
the world. It is related to the fact that experimental studies in this field require much time for the
experiment organization, its realization and the experimental data processing. Besides, for the
experimental research expensive equipment is used and the parameters of interest are measured
without “introduction” of the device into the flow [1] (e. g. ADV system — Acoustic Doppler
Velocity measurements, etc.), which not all laboratories can afford. In this regard, physical
experiment cannot be a tool for everyday solutions to the problems that arise during the stage of
designing structures or their reconstruction. For calculation of structures the following groups of
models are used: the balance models [2,3], regression models [4], one-dimensional kinematic models
of the pollutant transfer in structures [5,6,7]. These models are economical and simple for practical
application. However, a serious drawback of these groups of models is that they do not take into
account the geometric shape of the settler or its other design features (e. g., partitions inside the
structure). The use of one-dimensional kinematic models for the calculation of settlers with a
complex geometric shape is impossible. Taking into account the settler geometry can only be
achieved by using 2D or 3D models. Application of multidimensional models for settler calculations
requires a necessary solution of the hydrodynamic problem of determining the velocity field for the
flow inside the settler. Abroad, to solve the hydrodynamic problem the model of a viscous fluid is
usually applied (Navier — Stokes equation). Implementation of this CFD model requires a very fine
grid, which is the cause for spending a lot of time on getting the result. A strong substantiation for
the turbulence model application is also required for calculation of this class of flows. It should be
noted that calculation of the settler on the basis of a specialized code that realizes CFD model costs
more than 20 thousand dollars abroad. [8]. In Ukraine, multi-dimensional CFD models for vertical
settler calculations are practically not being developed. Therefore, development of effective methods
for the calculation of vertical settlers, based on the application of CFD models and allowing prompt,
low-cost calculation of the structures having complex geometry is a problem of current importance.

The aim of the research is elaboration of 3D CFD model of mass transfer in the vertical settler,
which allows taking into account geometry of the settler during modeling. It should be noted that in
[9, 10] 2D CFD model of the vertical settler calculation is presented.

Mathematical model of mass transfer process in a vertical settler

The process of pollutant transport inside a vertical settler is calculated on the basis of three-
dimensional contaminant transfer equation [11]:
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where C is the pollutant concentration in the water; u,v,w— the flow velocity vector components;
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M., 1, , p.— diffusion coefficients; 7- time; w,— the pollutant sedimentation rate; o - factor taking

into account the processes of agglomeration, etc., in the settler.

Boundary conditions for the transfer equation

The walls of the settler and various impenetrable objects within it (the tube, partitions, etc.) are
the boundary lines of the current. In the numerical model built on these boundaries boundary
condition of the following form is realized:

ac _
on
where #n is a unit vector of the external normal to the solid surface.
The numerical model realizes boundary condition of the pollutant “absorption” on the solid

horizontal surfaces of the settler. At the input boundary (at the boundary of the waste water flow
input into the settler) the following condition is imposed:

C C,,

0,

boundary =

where C, is a known value of the pollutant concentration.
The numerical model imposes a “cyclic” (soft) boundary condition at the output boundary of the
computational region:
C(i+1,j,k)=C(,j,k),
where i, j,k are the differential cell numbers.

At the initial moment it is assumed that C = 0 in the computational region. The problem of the
pollutant distribution in the settler is solved for establishing the solution.

Model of hydrodynamics

To solve the equation of the pollutant transfer in the settler (1) is possible if the field of the flow
rate in the vertical settler is known. Therefore, for the calculation of pollutant transport in the settler
it i1s necessary to solve the hydrodynamic problem and to determine this field. To solve this
hydrodynamic problem, a 3D model of potential flow is used. In this case, the model equation is
given by [12]:
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0, (2)

where P is velocity potential.
For equation (2) the following boundary conditions are set [12]:

. e . .. . OP . .
- on the solid walls of the settler, on the partitions inside it: " =0, where nis a unit vector of
n

the external normal to the solid boundary;
. . . P
- at the input boundary (region of the waste water inflow to the settler): Z— =V ,where V - the
n

known value of the inflow velocity;

- at the output boundary of the computational region (region of the clarified water outflow from
the settler) P = Px* (x = const, y)+ const . (Dirichlet condition).
After calculation of the velocity potential field, calculation of the components of the waste water
flow rate is performed on the basis of the dependencies [5]:
_OP _OP _OP

u=—-, v=—o, w=—.
Ox oy 0z
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Numerical method for solving the pollutant transfer equation

For numerical integration of the equation of the pollutant transfer in the settler a triangular
differential splitting scheme 1is interchangeably used [13,14]. The numerical calculation is
implemented on a rectangular difference grid. The concentration of the pollutant is calculated in the
centers of differential cells. Let us consider the construction of the differential scheme for the transfer
equation.

Let us replace the time derivative by the divided difference “backwards” (introduced according to
“k”).

oc _Cli—Cl

or At

Convective derivatives are represented in the form of
ouC _ou'C N ou C
ox ox ox
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where l/l+ = u+|u|, u = l/l—|l/l|’ V+ = V+|V|; S V—|V|; W+ :M’ w = W_|W| .
2 2 2 2 2 2

Let us perform approximation of the convective derivatives by the divided differences "upstream":
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The second derivatives are approximated as follows:
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In the expressions used above L', L, M, M_

xx 2 xx 2

etc. are designations of difference operators.
Taking into account these designations, difference analog of the pollutant transfer equation will be
given by:
Cin;]k _Cinjk + v+l — i+l + i+l — i+l + i+l -+l n+l
- =+ LCT+ LCT +LCT + L C" + LC" + LC" +oC, =
At x x y y z z 1,7,
— (M;-xcnﬂ +M;XC"+] +M;yC"+] +My_yC"+] +M;Cn+] +MZ—ZCn+])
For integration in time intervalofr, we break up the solution of this difference equation in the
following way:

1
at the first step &k = Z:

crt—cr
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| At (3)
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1 1
at the second step k = n+§; c= n+Z:
ck —c
e +1(L;C" +LCH + LCH )+ 2t =
At 2 Y 4 " (4)

= %(M;XC" ML+ M,Cr + M,CE+ MZCh + MLCF),
. 3 1 .
at the third step k =n +Z sc=n +§ formula (4) 1s used;

at the fourth stepk=n+1; c=n +% formula (3) 1s used.

In the above designations it is assumed thatw = w—w,_ .

The unknown value of the pollutant concentration is determined by the explicit point-to-point
computation formula at each step of the break-up.

Numerical integration of the equation for the velocity potential

For numerical integration of equation (2) the method of Liebmann is used. In this case the
approximation equation is given by:
B+l,j,k _2B,j,k +B—l,j,k n B,j+l,k _2B,j,k +B,j—l,k i B,j,k+l _2B,j,k +E,j,k—l —0.
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On the basis of this dependence we obtain the formula for the velocity potential in the centre of
the difference cell:

B+l,j,k _B—],j,k n B,j+l,k _B,j—],k n B,j,k+l _B,j,k—]
p = Ax? Ay2 Az?

i,j.k

where 4 = 22+ 22+ 22 .
A Ay Az

The calculated field of the velocity potential is used to determine the velocity vector components
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at the faces of the control volumes (difference cells) by the formulas:
P P

ijk T il )k

Uijk = Ax )
_ B,j,k _B,j—l,k

Vijk = Ay )
_ Pz',j,k _Pz',j,k—l

Wijk = A .

Calculation of the flow rate vector components on the faces of the difference cells makes it
possible to build a conservative difference scheme for the equation of the pollutant transfer inside the
settler. Numerical calculation of the velocity field and the pollutant transfer process in the vertical
settlers is performed in the area of the complex geometric shape. Formation of the settler geometry
on the rectangular difference grid is realized using the method of labeling [13]. This approach allows
the user to form any geometry of the settler with no restrictions imposed on it.

Practical implementation of the model

On the basis of the constructed CFD model a specialized code «Settler-3D» has been developed.
For programming FORTRAN was used.

The constructed numerical model was used for simulating the mass transfer process in a vertical
settler with a partition (Fig.1) [2]. The aim of the computational experiment is estimation of the
efficiency of water purification in the settler of the type under consideration for different pollutant
settling rates w, and for different location of the partition inside the settler.

Computational experiment was conducted for the following parameters: the settler length — 6 m;
the width — 5 m; the depth - 3,34 m; flow rate at the settler input - 12 m/h; diffusion coefficient in all
coordinate directions — 0,7 m’/h; w,=1,6 m’h u w,=0,5 m /h; k£ =0. Pollutant concentration in the

inflow to the settler is 100 units. (in a dimensionless form). The partition length is 1, 66 m.

Fig. 1. Scheme of the vertical settler with a partition

Let us consider the results of the computational experiment. Fig. 1 presents distribution of the
value of the pollutant concentration in the settler (side view) for cross-section y =2,25 m, w,=1,2
m/h. In this variant of the problem the partition is located in the middle of the settler. This drawing
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shows where the input and the output of the flow take place. For the comparison, fig. 3 presents the
pollutant concentration distribution for the same cross-section of the settler but for the pollutant
settlement rate w =0,5 m/h. It can be seen clearly that for the parameter value w,=1,2 m/h the

pollutant concentration distribution along the settler height is significantly uneven: the most of the
pollutant mass is concentrated in the downstream part of the settler while in the upstream flow the
pollutant concentration is considerably less (contamination zone in this part of the settler seems to be
“dispersed”).
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Fig. 2. The pollutant concentration distribution in the vertical settler with a partition (side view, cross-section
Y =2,25m, w =1,2m/ h, Cmax =100)
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Fig. 3. The pollutant concentration distribution in the vertical settler with a partition (side view, cross-section
y=225m, w,=0,5m/h, C__=100)

For the value w, =0,5 m/h the pollutant concentration value for this cross-section is different,
more even, which is a clear evidence of the less effective water purification process. The subsequent
figures show the pollutant concentration distribution for different cross-sections of the settler for the
value ofw,=1,2 m/h. These data enable purification effectiveness evaluation for different parts of the
settler. Fig. 6 presents the pollutant concentration distribution in the settler for the variant when the

partition is shifted closer to the outlet of the structure.
It should be stressed that in the presented drawings the concentration value is represented in a
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dimensionless form: each number is the value of concentration as a percentage of the maximal
concentration for this cross-section. Therefore, below each of the figures information is given about
the maximal concentration value for this cross-section. Such representation of the computational
experiment results enables prompt analysis of the information on the estimated value of
concentration in any part of the settler. It should be noted that the calculation results are printed in
the format of “integer “ numbers, 1. e. the fractional part of the number is not given to the printer.
This means that if, for example, at some point the calculated concentration value is "1.85%" of the
concentration at the inlet to the settler, the printer will print "1". Similarly, if the concentration value
is less than 1 %, then “0” will be printed. This approach to the form of printing the results is effective
for series calculations when various variants are considered in order to choose the most optimal
structure design. For a detailed analysis of the calculation data the developed code gives the
concentration value in the format of “real” numbers, i.e. with preservation of the fractional part
value.
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Fig. 4. The pollutant concentration distribution in a vertical settler with a partition (top view, cross-section z =0,82
m, W,=1,2m/h, Cmax =0,3)
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Fig. 5. The contaminant concentration distribution in a vertical settler with a partition (top view, cross-section
z=2,14m, w =1,2m/h, Cmax =0,52)
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Fig .6. The pollutant concentration distribution in a vertical settler with a partition shifted to the outlet (side view,
cross-section y =2,25m, w,=1,2m/h, C__ =100).

On the basis of the computational experiment the efficiency of the settler operation is determined.
Accordingly, the value of the pollutant concentration at the settler outlet (the purification efficiency)
for the value of w =1,2 m/h, is C,=2 % of the value of the pollutant concentration at the settler

inlet while for the value w, =0,5 m /h, the pollutant concentration at the settler outlet is C,=13 — 15

%. Thus, reduction of the pollutant settlement rate by about 2,4 times resulted in the significant
deterioration (about 7 times) of the degree of water purification in the settler. For the settler with the
partition shifted to the outlet (w, =1,2 m/ h), the pollutant concentration at the settler outlet 1s C,=3

%.

In conclusion it should be noted that calculation of one variant of the problem has taken about 2
minutes of computer time. Such minimal time spent on the computational experiment is an important
factor in performing serial calculations in practice.

Conclusions

The paper presents an effective 3D numerical model for studying the mass transfer process in
vertical settlers with complex geometry. The created specialized code can be used as a tool for
solving a complex of applied problems evolving during design and reconstruction of vertical settlers.
The constructed numerical model is distinguished by operative calculation of structures in 3D
statement. Further work should be directed towards the development of the model of mass transfer
in settlers based on the model of separated vortex flows of ideal fluid.
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