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SUMMARY

A numerical model for predicting the velocity field and suspended solids distribution in a secondary circular
clarifier with density difference is evaluated. The density effects are characterized by the inlet densimetric
Froude number. This study focuses on the role of the reaction baffle position in the performance of the
clarifiers. For a large-radius baffle and low densimetric Froude number an important phenomenon known
as the density waterfall occurs in the inlet zone of the clarifiers. This was predicted by the numerical model
and confirmed by the physical model tests. This model consists of a series of conservation equations for fluid
mass and momentum and sediment concentration. The turbulent stresses are calculated by use of the eddy
viscosity concept and the k—¢ turbulence model. The study showed that the density waterfall results in high
entrainment and high recirculation. A comparison of the solids concentration distribution for a tank with a
small skirt radius to that with a large skirt radius shows that small skirt radius reduces the density waterfall
effect and significantly improves the clarifier performance at low densimetric Froude numbers.
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INTRODUCTION

Gravity sedimentation is one of the most frequently used processes in wastewater treatment.
Secondary clarifiers are used to remove the settleable suspended solids created in biological
treatment processes such as the activated sludge process. In these clarifiers the inlet solids
concentration is usually much higher than that of primary clarifiers, which leads to density
currents as well as hindered settling. A numerical model which can describe clarifier behaviour for
arbitrary geometry and variable solids and hydraulic loading would be a powerful design tool
that would enable the designer to make comparative analysis for different geometries under
combinations of inflow rate and inlet solids concentration with various settling properties. Such a
model can also be used as a diagnostic tool to guide the operation of existing clarifiers.

A classical early simple method of analysis presented by Dobbins® was based on the concept of
overflow rate using a plug flow assumption and accounting for the effects of wali-generated
turbulence on sedimentation. This simple approach fails to account for many of the hydraulic
characteristics of real clarifiers. The recent progress in computational fluid dynamics and
turbulent models as well as the improved capabilities of computers have made it possible to
develop an advanced numerical model which can be used to consider the major factors affecting
solids removal, such as: the flow pattern, including any recirculation and density currents;
turbulent mixing; solids re-suspension at the bottom boundary and the quiescent settling
characteristics of the particle.
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Larsen? and Imam et al.? separately presented similar numerical models to simulate the settling
process in rectangular clarifiers. Their models solved the streamfunction—vorticity equations by
using finite difference schemes. The eddy viscosity was estimated by Prandtl mixing length theory.

Abdel-Gawad and McCorquodale* presented a ‘strip integral’ method to simulate the flow
pattern and dispersion characteristics of the flow in circular primary clarifiers. The method
assumes a dominant flow direction and with the use of velocity shape functions reduces the
equations of motion and continuity to a set of simultaneous ordinary equations, which are solved
by a Runge—Kutta method.

Celik et al.’ presented a numerical model for predicting the velocity field and transient dye
concentration distribution in rectangular settling tanks. They used an ADI-type finite volume
method to solve the momentum equation, mass transport equation and k—& model for 2D
turbulent flow in the vertical plane of rectangular settling tanks. Their study was focused on the
hydrodynamics of the neutral density flow. Transient dye concentration distributions are also
calculated.

Lyn and Zhang® presented a two-dimensional numerical model for predicting turbulent flows
in circular sediment tanks. In their model, non-orthogonal boundary-fitted non-staggered grid
facilities improved the handling of boundary conditions in flows with complex geometries. The
standard k—e turbulence model provides a closure for the governing equations. The sample
calculations were made for the case of a circular tank with an inlet baffle and a two-part sloping
bottom divided by a sill.

In most of these studies, density effects were not fully taken into account.

DeVantier and Larock” presented a finite element model for stratified turbulent steady two-
dimensional flow. They simulated, by direct computation, sediment-driven density currents in a
circular secondary clarifier. The model consists of conservation equations for fluid mass and
momentum and sediment flume, closed by a modified form of k¢ turbulence model. When they
attempted to simulate the flow in the inlet zone of the clarifier, their solution was plagued by
strong local numerical instabilities along the reaction baffle arising from strong local density
variations.

McCorquodale et al.® presented a computer model for unsteady flow in a centre-fed circular
clarifier to predict the effects of unsteady flow on clarifier performance. In their study, two cases of
diurnal variation in flow at a constant MLSS concentration and a sudden increase in the MLSS
were considered. The model can consider the influence of density difference on flow pattern,
concentration distribution in the settling zone of the clarifier and sludge withdrawal.

In an earlier paper, Zhou and McCorquodale® were successful in modelling the density flow in
the inlet zone as well as the settling zone. Some important phenomena were modelled and
confirmed by the physical model tests, e.g. the density waterfall in the inlet zone, the influence of
the waterfall on the bottom density current, flow entrainment and recirculation eddies. An
explanation is given for the effect of inlet densimetric Froude number on effluent solids
concentration.

The investigation reported here focuses on modelling the effects of the presence and position of
a reaction baffle on the flow pattern and concentration distribution in clarifiers at low influent
densimetric Froude numbers.

DEFINITION OF PROBLEM

The common type of circular clarifier has a simple cylindrical feedwell and peripheral withdrawal.

For this study the flow is assumed to be axisymmetric, isothermal, density-stratified and
incompressible.
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Figure 1. Definition sketch of circular clarifier

A clarifier can be divided into four different functional zones as shown in Figure 1:

(1) the inlet zone with a reaction baffle that is submerged to half the water depth

(2) the settling zone in which most of the solids removal takes place

(3) the withdrawal zone in which water flows upwards and over the outlet weir

(4) the sludge zone which typically extends from the bottom of the clarifier to just above the
scraper mechanism.

In this model the primary focus of attention is zones (1})-(3). A concentration boundary
condition is used to describe the relationship between the sludge zone, which was treated as a bed
load layer, and the settling zone.

The controlling variables are: the clarifier radius R; the skirt radius R;,; the radius of the
settling zone, R,; the depth of the influent stream opening, H,,; the local water depth in the
clarifier, H; the height of the effluent weir H,,; the height of the reaction baffle, H,; the hydraulic
loading Q,; the influent concentration Cy; and the settling parameters.

GOVERNING EQUATIONS

The equations describing axisymmetric, two-dimensional, unsteady, turbulent and density-
stratified flow in a circular setting clarifier were presented by Jensen et al.:*°

continuity equation

o(ru)  O(rv)
or + oy

=0, 1
r-momentum equation
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Symbols u and v are ensemble mean velocity components in the r- and y-direction respectively,
p is the general pressure minus the hydrostatic pressure at reference density p,, p is the fluid
density, g is the gravitational acceleration and v, is the eddy viscosity. Only differences of density p
from some reference value are considered relevant in determining the effect of gravity.?

The unsteady terms of equations (2) and (3) are retained, in part to enhance computational
stability and improve on iterative convergence. The steady flow solution is approached as the
limit of the unsteady solution.

For density-driven flows the local fluid density is related to the local values of the sediment
concentration by

p=p,+C(1-81), (6)

where C is the solids concentration (same units as p) and S, is the specific gravity of solid particles.

The convection—diffusion equation, which describes the concentration distribution of sus-
pended solids, can be derived by applying the principle of conservation of mass to a differential
volume element within the flow. For a two-dimensional, unsteady mean flow the concentration

equation is*
oC oC oc 190 oC 10 aC
St Nl DI N 7
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in which v, is the eddy diffusivity of suspended solids in the r-direction, v,, is the eddy diffusivity
of suspended solids in the y-direction and ¥, is the particle-settling velocity (positive downwards).
By using the Reynolds analogy between mass transport and momentum transport, the sediment
diffusion coefficient is related to v, by

Vop = — vsy = (8)

in which o, and o,, are the Schmidt numbers in the r- and y-direction respectively.

TURBULENCE MODEL

The eddy viscosity is calculated from the k-¢ turbulence model,'* which relates v, to the
turbulence kinetic energy k and the turbulence dissipation rate ¢, i.e.
kz

Vo= Cu?' 9
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The distributions of k and ¢ are calculated from the following semi-empirical transport

equations:
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in which P is the production of turbulent energy by the mean velocity gradients, i.e.

ou\? ov\? u\? ou ov\?

The standard k-¢ model constants C, =144, C,=192 and C,=0-09 as well as the turbulent
Prandtl numbers for k and ¢, o, = 1-0 and ¢, = 1-30, were used.!® In the current study the buoyancy
correction terms involving the flux Richardson number in the k—& model were omitted as a first
approximation.!?

BOUNDARY CONDITIONS

Inlet boundary

A uniform, parallel inlet flow was imposed, with radial velocity u=u, and vertical velocity
v=0, inlet k=0-2ug, e=C3*k*?/I,,, mixing length I, = C,(0-5H,,) and C =C,, over the inlet area
per unit curvature (RoH,,).

Free surface boundary

The rigid lid approximation is made and the free surface boundary is treated as a symmetry
surface. The presence of a free surface reduces the turbulent length scale and the following
empirical boundary condition of Celik and Rodi'?® was used.

k3/2

T O043H (13)

&

For sediment concentration C the free surface is considered to be a non-penetrating boundary,?
ie.

oC
_Ye (14)

Baffle and vertical weir

These were treated as reflecting boundaries with ¢C/dr=0.

Outlet boundary

The values imposed at the outlet are extrapolated from computed near-outlet values, with the
restriction that overall continuity is always satisfied.
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Solid boundaries

The standard k—e model treatment using wall functions assuming locally parallel, equilibrium
turbulent wall flow was used. Thus near-wall velocities are determined from a local application of
log-law, and near-wall k and ¢ from assumptions of local equilibrium.

Bed boundary

For a realistic simulation of the concentration profiles it is essential to develop a correct bed
boundary condition for the sediment concentration under non-equilibrium conditions. Sediment
transport in settling tanks can be treated in two layers, i.e. a bed load layer that contains settled
matter with high concentration and a suspended load layer. Unfortunately, there is no distinct
boundary between the two layers. As an approximate treatment and for convenience the
computational position of the suspension boundary is matched to that of the k—& model. The
thickness of the bed load layer is assumed to be y, and the thickness of the suspended load layer is
H~—y,. The exchanges of sediment particles between the bed load layer and the suspended load
layer for non-equilibrium situations can be described by'*

— VS—VP
cp_c/<1 k'vsy/Ay>’ (15)

where v,,=v,/a,,, C, is the boundary value of sediment concentration, ¥}, is the vertical velocity
component on the bottom boundary layer at y=y, and the scouring parameter k. is restricted to
the range 0 <k, <min(1, (v,,/Ay)/(V,— V)) for net deposition and 1 <k, <(v,,/Ay)/(V,— V,) for
net scouring. The term (¥, — V,)/(v,,/Ay) is the ratio of the resultant settling flux downwards to
the turbulent flux upwards.

SETTLING VELOCITY OF SUSPENDED SOLIDS

The works of Larsen,? Imam et al.® and Takacs and Nolasco!® have identified that the quiescent
settling characteristics of particles is one of the major factors affecting solids removal. In 1987
a series of batch-settling tests were conducted at the Metropolitan Seattle West Point Treatment
Plant.!® The results of these tests are summarized in Figure 2(a). The double-exponential formula
of Takacs and Nolasco!® is one of the many equations that can be fitted to these data:

VS= Vo(e—K(C-Cmin)_e"KI(C‘Cmin)), (16)

where ¥}, is the Stokes velocity of an individual particle, K is the floc-settling parameter, K1 is the
colloids-settling parameter and C_,, is the minimum attainable suspended solids concentration.
The main advantage of this formula relative to the single-exponential formula is that it allows for
a lower settling velocity in a low-solids-concentration environment in which the remaining
particle diameter is usually small. Values of K =0-0005, K1=0-015-0-030 and C_,;, =0-002C, give
reasonable agreement with experimental data as shown in Figure 2(b).

SOLUTION PROCEDURES

In the numerical model the dependent variables are u, v, p, ¢, k, €, ¥, and p. The density p is
calculated as a function of C. The partial differential equations were solved by the finite difference
procedure of Patankar and Spalding.!”'® Equations (1)—(3), (7), (10) and (11) can be presented in
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Figure 2(a). Experimental data of settling velocity
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Figure 2(b). Presentation of settling velocity models

the general form

oo dp dp 10 v, do 10 v, 0o
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925

(17

A ‘staggered’ grid is constructed in the (7, y) co-ordinate system as shown in Figures 2(c) and
2(d); the dependent variables are to be computed for all the grid points. Figure 2(d) shows a small
volume element surrounding each grid point. The finite difference equations are derived by
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Figure 2(c). Computational domain
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Figure 2(d). Grid elements for finite difference calculations (the control volume for concentration C and pressure p
comsists of thin lines)

integrating the partial differential equations over the control volume. The resulting algebraic
equations at grid points can be written in the form

(A, —S8,)0; j=Aw@iy,j+ Ac@isy, j+ A j—1 + 4,0 541 + B, (18)

where the coefficients A, to A, are functions of the mass fluxes across the face of the control
volume as described elsewhere!® and

B+S,0, ;=(rArAy)S,. (19)
P 7 @

These equations are solved by a line-by-line iteration method.

For low-densimetric-Froude-number situations, strong numerical instabilities may be encoun-
tered in the iteration procedure since the excess density body force g(p — p,)/p appears in the
momentum equation. To avoid divergence of the iterative algorithm, a relatively low under-
relaxation coefficient (0-15-0-2) was adopted in the iteration procedure for the momentum
equation and the unsteady model was used. In the present numerical model for simulation of flow
in secondary sedimentation tanks, the density term is the main link between the flow equations
and the sediment transport equations. In order to slow down the rate of change of density p in the
interactive process so that it matches the rate of change of pressure field, an underrelaxation
procedure for p was used as follows:

P = APnew +(1 - a)pold’ (20)

where o =0-1-0-2. Furthermore, with this formula an appropriate underrelaxation of the source
term involving the buoyancy force in the momentum equation (3) is helpful in reducing numerical
oscillation and ensuring iterative convergence.
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For a given time step and at each iteration an estimate of the pressure field p is inserted into the
momentum equations, but in this procedure the velocity field may not satisfy continuity; therefore
corrections to the pressure field are calculated which bring the velocity field into conformity with

continuity. In this iterative procedure the unsteady terms for all dependent variables remain
unchanged until the start of the new time step.

RESULTS AND DISCUSSION
Clarifier hydrodynamics

Figure 3 shows the velocity field for a neutral density situation with an inflow Q=03 m3s ™1,
H =3-0m, areturn activated sludge ratio of zero and R,,/H = 1-0. The influent, after impinging on
the reaction baffle at A, is deflected downwards to the tank bottom. The flow splits at B on the
bottom near the section of the reaction baffle, producing a recirculation eddy at C occupying
most of the inlet zone and in outward bottom current under the submerged baffle lip (A"). This
impingement with the baffle and the sudden decrease in velocity bring about a large loss of kinetic
energy.

Using the same inlet flow rate (0-3m3s™') but with C,=750mgl~! (densimetric Froude
number Fr=0-35), the model gave the flow pattern shown in Figure 4(a) for R,,/H=10. The
added density of the influent caused the inflow to dive towards the bed without impinging on the
baffle. The flow split point B moved upstream compared to the position in the neutral case
(Figure 3). A strong bottom density current formed. The inlet recirculation zone C is very small.
However, the diving plume, owing to its high entrainment, draws fluid from the settling zone, thus
causing a counterflow under the reaction baffle at A’ and a large recirculation zone in the upper
part of the inlet zone A. Since the inflow jet does not impinge on the reaction baffle, the loss of
kinetic energy is low and the potential energy of the influent produces a high downward velocity;
this results in a high-velocity horizontal density current which is much shallower than the bottom
current in the neutral case.

A physical model was used to confirm the existence of the diving plume or waterfall predicted
by the numerical model. The physical model also showed that the entrainment by the waterfall
caused a strong counterflow in the inlet zone. Figure 5(a) shows the impingement on the baffle,
the resulting bottom current and the inlet recirculation zone for neutral density. Figure 5(b) shows
the corresponding flow pattern for density flow; the waterfall effect and the shallower bottom
current are evident. The density waterfall was produced from the neutral initial state by
decreasing the influent temperature, giving a densimetric Froude number of about 0-35.

A number of researchers have observed the solids-cascading phenomenon in clarification of
activated sludge in physical models and field tanks.!®~22 Figure 5(c), presented by Augustus

— [ -« * -+ - -+ +* - + L] < . ¥ S
-~ w]* « * - - - - * . . v Py » -
~ )Wl & « - - - - - . . » - - 2 r?
__M\A ¢ K & & @ e = v » A 4 = n 2 T4
LI ~ \ v ‘. » v v v v v v v v » 2 At
*t » [ \ A'\ ~ - - » -»> > > » » > » ~ LI I ¥
t 4 ‘Ch \ N e T A T R R S A L I
b o, N \ NP P~ > s+ > 4 ¥ v
RN e % § — =P —P —P P — > —> 2 S > > . »a
- - ¢ o —k ——R =P —p —p - -» -p b » 4 ¢ 4 44 s
B
Qo=0.3000 M3/S Rs/H=3.0 Co=0.0 MG/L  VELOCITY SCALE 0.0 3.0 CM/S

Figure 3. Flow pattern in circular clarifier for neutral density situation (R;,/H=1-0)
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Figure 4(a). Predicted velocity ficld: clarifier with a reaction baffle and large skirt radius (R,,/H =1-0)
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Figure 4(c). Predicted velocity field: clarifier with no reaction baffle

et al.,*>* shows a typical flow pattern associated with a density waterfall. It has been suggested that

reducing the cascading effect and using the upper portion of the centre feedwell to dissipate
kinetic energy can improve clarifier performance.??

Effect of baffle radius on hydrodynamics

Studies by McCorquodale®? revealed the importance of the inlet reaction baffle in dissipating
the kinetic energy of the incoming flow and reducing short-circuiting, particularly in the case of a
buoyant density current. Some researchers?? have indicated that the location of the reaction
baffle has a pronounced effect on the nature of the flow through the clarifier; however, the design
standards for the cylindrical feedwell diameter do not reflect this concern. Most primary and
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Figure 5(b). Density waterfall phenomenon in clarifier with reaction baffle

secondary clarifiers have a simple cylindrical feedwall diameter equal to 20%--30% of the tank
diameter. Some manufacturers advise that feedwell diameters should not exceed 10-7-13 m
regardless of the tank size.>> Gurnham?* suggests that baffles serve a useful purpose in dissipating
the inlet velocity and should be placed 0-6-1 m in front of the inlet parts for best results.

To illustrate the effect of the feedwell radius on the flow pattern, two baffle radii were
considered, namely R,,/H =10 and 0-53, with the same hydraulic and solids loadings. As shown
in Figures 4(a) and 4(b), the influent jet does not impinge on the baffle at R,/ H = 1-0 but impinges
strongly at R,,/H =053 for the case of low densimetric Froude number (Fr=0-35). The small
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feedwell reduced the entrainment of fluid in the waterfall, thus eliminating the recirculation eddies
at A compared to the large-feedwell case. For the large feedwell the large eddy restricted the space
for active downward flow, with the result that the downward velocity was increased. The smaller-
radius baffle resulted in a 13% decrease in the maximum downward velocity. In addition, the flow
impinging on the smaller-radius baffle would dissipate more kinetic energy than the non-
impinging flow on the large-radius baffle.

The performance of the feedwell depends very strongly on the densimetric Froude number. At
the low densimetric Froude numbers considered in this paper a small feedwell is preferred, while

at high Froude numbers (including neutral density flow) a larger feedwell radius would give better
results.
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There are two other important hydrodynamic and related factors that affect the solids
distribution in a secondary clarifier, i.e. the strength of the bottom density current and the upward
current in the withdrawal zone. Based on a study of physical models in Morgantown, NC,
Crosby?2° observed that the downward and radial flow of liquid from the influent to the effluent
walls often creates a ‘rebound’ at the clarifier wall. The upward velocities at the wall can carry
some of the bottom solids up and into the effluent launders. Crosby2° used an additional baffle at
mid-radius extending from the floor upwards to mid-depth to break up the radial density current;
suspended solids data collected after the ring baffle installation showed a reduction of 38% in
effluent concentration.

The dimensionless bottom current flow rate and the dimensionless upward current flow rate in
the downstream zone of the clarifier are plotted against radial distance and vertical distance
respectively in Figures 6 and 7. The maximum ratio of the bottom current flow rate to the inflow
rate decreased from 168 to 1-45, a 14% improvement, when the reaction baffle was moved from
R;,/H=1-0t0 0-53. As indicated in Figure 7, there was a corresponding 8-:4% decrease in upward
flow in the withdrawal zone when R,,/H was reduced from 1-0 to 0-53. The strength of the
rebound phenomenon is directly related to the strength of the bottom current by continuity and
momentum relationships.

Figure 4(c) shows the velocity field of the clarifier with no reaction baffle and the same
hydraulic loading and inlet concentration as the previous two cases. Although there is no baffle
installed upstream of the clarifier, the inlet surface flow still plunged towards the bottom of the
clarifier and a strong bottom density current was formed. The surface return flow and the flow
entrainment near the front end of the clarifier were considerably higher than for cases with a
baffle. As shown in Figure 6, the maximum ratio of the bottom density current flow rate to the
inlet flow rate was 219 at the section r/R=0-20, i.e. 30% higher than for R,,/H =10 and 51%
higher than for R;,/H =0-53. However, it can been seen that the difference between the cases with
no baffle and with a baffle of R,/ H=1-0 was mostly restricted in the inner zone of the clarifier
(r/R <0-5), so that the upward flow rate in the downstream zone of the clarifier was only slightly
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Figure 6. Strength of bottom density current for clarifiers with different skirt radius and no baffle
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Figure 8. Contour plot of solids concentration in clarifier with large skirt radius (R,/H =1-0)

different. A possible explanation for this is that in both cases (no baffie and R,,/H = 1-0 with low
Froude number) there is no flow impingement on a baffle and there is a very low force to reduce
the inlet momentum flux. Thus in both cases the momentum in the radial direction at the wall was
higher than for the case where the inflow impinged on the reaction baffle.

Two different physical model tests for the cases with and without a reaction baffle are shown in
Figures 5(b) and 5(d) respectively. By comparing the dye concentrations for the cool influent near
the reaction baffle position, it is evident that the flow entrainment in the clarifier with no baffle is
much stronger than that with a baffle.

Effect of baffle radius on solids distribution

Contour plots of predicted suspended solids concentration are given in Figures 8 and 9 for
R,,/H =10 and 0-53 respectively. It can be seen that the concentration contour lines for 40 and
100 mg1~! are shifted downwards when the smaller skirt is used; the effluent suspended solids
concentration showed a reduction from 34 to 26 mgl ™%, i.e. a 22% improvement, for the smaller
skirt radius compared to the larger skirt radius.
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Figure 9. Contour plot of solids concentration in clarifier with small skirt radius (R,,/H=0-53)
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Figure 10. Contour plot of solids concentration in clarifier with no reaction baffle

Figure 10 shows the solids concentration contours for the case with no baffle, with the same
low densimetric Froude number as the cases represented in Figures 8 and 9. It is evident from
Figures 8 and 10 that the concentration of suspended solids is almost identical in the downstream
zone for the cases of no baffle and a skirt radius R;,/H = 1-0. This illustrates the importance of the
rebound phenomenon on solids distribution and effluent concentration. The greater the rebound,
the stronger will be the upflow and the higher will be the concentration of solids in the effluent.

CONCLUSIONS

The dominant flow features of density flow in circular clarifiers with and without reaction baffles
have been captured by a numerical model and confirmed with a physical model. As a simulation
tool, the numerical model provides an alternative method for evaluation of various secondary
clarifier designs.

The numerical model was applied to clarifiers with various skirt radii. The results suggest that
clarifiers with low densimetric Froude numbers perform better with smaller skirt radius. As the
Froude number increases, the skirt radius for best performance also increases. It was found thata
skirt with large radius at low densimetric Froude number did not achieve inflow impingement
and thus could not effectively reduce the inlet momentum flux. The ultimate effect was an increase
in the rebound strength at the effluent weir and consequently an increase in the outflow of solids.
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