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EXECUTIVE SUMMARY
This research project comprised two principal objectives, i.e.

1) 10 simulate with a commercially available 2 dimensional (2D) hydrodynamic secondary
scttling tank (SST) model (SettlerCAD) a number of fullscale SSTs in different countries
(South Africa, Netherlands and USA) that have been hydraulically and solids loading rate
stress tested, to determine the applicability for design and operation of fullscale SSTs the
widely used 1D idealized flux theory (1DFT), and

2) to develop a fimite element program for 2D hydrodynamic modelling of fullscale SSTs.

The rescarch work flowing from meeting these two objectives are presented in two parts in this
exccutive summary and in the more detailed final report that follows.

PART 1 - APPLICATION OF A HYDRODYNAMIC MODEL
TO FULL SCALE SECONDARY SETTLING TANKS

L1 INTRODUCTION

Application of the idealized steady state 1D flux theory (1DFT) to full scale circular (and
rectangular) SSTs indicate that the design procedures based on this theory over-predict the
permissible solids loading rate (SLR) by about 25 percent (Ekama ez a/., 1997). This means that
fullscale SSTs have a flux rating or capacity of about 80% on the 1DFT calculated SLR. The
reason for this loss of SST capacity was believed to be due to poor hydraulics caused by (1)
turbulence and density currents, (i) poor effluent weir and baflle placement, (1) effects of
sludge collection mechanisms and inlet arrangements, (i1v) absence of flocculating centre and
stilling wells and (v) wind and temperature effects, However, there was no convincing evidence
that this 25% correction needed to be applied for all types of SST, and therefore a crucial
unanswered question was whether or not the observed SST failures on which the 25% reduction
was based, were specific to the particular design of the tested SSTs. Because the 1DFT based
procedures are widely used for design and operation of SSTs for activated sludge plants, it is
important to determine the applicability of the 1DFT to the design and operation of full scale
SSTs.

1.2 OBJECTIVES

In this task, the two dimensional (2D) hydrodynamic model SettlerCAD (Zhou et al, 1998) was
applied to simulate full scale circular secondary settling tank (SSTs) with the principle aim to:
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(1)  establish whether or not it “automatically™ reproduces a flux rating < 1.0 with respect to
the steady state 1D idealized flux theory (1DFT), where the flux rating is the capacity of

the SST as a % of the 1 DFT calculated maximum surface overflow rate (SOR) and solids

loading rate (SLR) and;
(2) determine what factors influence this flux rating.

To do this, SST solids loading rate (SLR) stress tests reported in the literature were simulated.
The tests simulated were;

(1) the 4 tests done by de Haas er al. (1998) on four 35m diameter SSTs with Stamford baffle
of the Darvill wastewater treatment plant (WWTP), Pictermanitzburg, South Africa;

(2) the 15 tests done by Watts er al. (1996) on a single 28 96m diameter SST at the Kanapaha
WWTP (Flonida, USA), and

(3) 6 each on the Rijen and Oss SSTs of the STOWa (1981) SST test data set in which 47
tests were done on 25 different SSTs in Holland with 30 to 46m diameter (Stofkoper and
Trentelman, 1982).

Some details of the SSTs simulated are given in Table 1.

able 1: Geometrical features o circular SSTs simuwlated with ScuchD.

Bottom slope - 1:15.4
\ Average depth, H 3.97

an 50

¢, /H,, . ratio p i 7.29

| EMuent launder
\ Feed \wcll skirt baffle $, m

E

"The oulsldc rim of the inset launder was blocked off so in effect it was pcnpheral
?Actual dimensions not given - estimated from a surv ey of Dutch SSTs (STOWa, 1981c¢).

i.3 METHOD - FINDING THE MAXIMUM SOR AND ASSOCIATED SLR AND
HLR OF SETTLER CAD

From the measured V, n and feed concentration (X, ) values of a particular SLR stress test, the
maximum SOR, and associated SLR, hydraulic loading rate (HLR) and actual hydraulic retention
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time (R,,), was calculated from the 1DFT. The data listed in the literature for the particular SST
and SLR stress test to be simulated, was given as input to SettlerCAD. Kceeping the recycle flow
(Q,) and feed concentration (X, ) constant at the test values, the influent flow (Q,), calculated as
a % of the 1DFT limit value, was increased for successive simulation runs from a low value to
a high value, first in 2% of 1DFT limit increments, and then in 0.25 % of 1DFT limit increments
between consecutive safe and fail runs. SST failure was accepted to be an average cffluent
suspended solids (ESS) > 50 mg/l over the final 2 actual hydraulic retention times (R,,) of the
run. In this way the steady state influent flow rate (Q,) for ESS > 50 mg/f was determined for
SettlerCAD at an accuracy of 0.25 % of the I1DFT limit and the first run with ESS > 50 mg/f was
accepted as the SettlerCAD predicted maximum influent flow rate limit. The SettlerCAD
predicted maximum SOR, and associated SLR, HLR and R, was calculated from the predicted
influent flow limit and the test Q, and X; values. The predicted ESS and RAS concentrations
over the complete run were imported into a spreadsheet program, in which were calculated (1)
the average ESS and RAS concentrations over the final 2 actual hydraulic retention times (2xR,)
and (i1) the % solids mass balance as the run proceeded. The outcome (fail or safe) of each
simulation run was recorded by checking sludge blanket height in SettlerCAD at the end of each
simulation and whether the average ESS concentration over the final 2xR,, was greater (fail), or
less (safe) than S0 mg/l. The % mass balance at a particular time interval was calculated as the
sum of the masses of sludge in the return and effluent flows as a % of the mass of sludge entering
the SST with the influent and recycle flows.

Generally, the better the sludge settleability, the higher the V; and the lower the n values in the
semilog equation linking the zone settling velocity V,, and sludge concentration X (Vzs =V, ¢
"¥) and the higher the concentration X, the lower the V,,. Therefore, the better the sludge
scttlcability and lower the SST feed concentration (X,), the higher the term V/(nX;), called the
flux load factor and the higher the flux load factor, the higher the SOR, SLR and HLR (and the
shorter the R, ). High HLR are more likely to cause hydraulic disturbances in the SST than low
HLR and therefore the flux rating of the SST can be expected to decrease as the flux load factor
increases.  For this reason the SettlerCAD predicted SOR or SLR flux ratings (as a % of the
IDFT maxima) for the SSTs were plotted versus the flux load factor V /(nX,;) of the different
tests.

14 VALIDATION OF SETTLERCAD PREDICTION ACCURACY

The only tests which were helpful to check the accuracy with which SettlerCAD simulated full
scale SSTs were the Watts tests. Of all 15 Watts tests simulated, SettlerCAD correctly predicted
the results of 12 tests, i.e. Tests 1, 2 and 4 1o 10 (safe) and 11 to 13 (fail) but incorrectly predicted
the results for 3 tests, 1.¢. Tests 3 (test safe, SettlerCAD fail) and 14 and 15 (test fail, SettlerCAD
safe). Tests 4, 14, 13, 7, 9 and 12, which include 3 safe and 3 fail tests, fall in a very narrow
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%IDFT SOR (and SLR) range of 2% of 1DFT SOR from 71.5 to 73.5% and the SettlerCAD
predicted SOR limit versus flux load factor line falls very close to these 6 tests (Fig 1). This
narrow range, indicates that apart from Test 3 and 15, SettlerCAD accurately identifies the SOR
and SLR capacity of the Watts SST. The SettlerCAD results of the Watts tests gives a good
indication that the SettlerCAD predictions are valid for the simulation of full scale stress tests.
SettlerCAD correctly predicted the result of 2 of the 4 Darvill tests and all 12 Rijen and Oss tests
simulated. However, these tests were not helpful to validate the accuracy with which SettlerCAD
predicted SST capacity, because, unlike the Watts tests, the range between the highest loaded
safe and lowest loaded fail tests was too large (>10% of IDFT SOR).

o Walts SST Tests 1to 15
B .3 SettlerCAD line

1Y — - £ e Fig 1: SettlerCAD predicted maximum soilids
S . - 2 loading rate (SLR) as % of the I DFT maximum
€ le "9, S .
w75 L4 - : = 9 limits versus flux load factor. Also shown are
E - " . 15 the positions and result (safe @ fail &) of the
=65 . - 15 actual tests identified by number.

55 !' —

60 66 7.0 75

Flux Load Factor - Vo/n.XF) - m/h

In all of the simulation runs, simulation times were selected which were >25 times the actual
hydraulic retention time (25 x R, ). These run times were sufficiently long to establish a final
steady state condition towards the end of the simulation, which was checked from the solids mass
balance calculated at cach time step of the run. In the solids mass balance, the mass of solids
exiting the SST via the underflow and overflow is calculated as a % of the inflow mass of sludge.
Steady state was accepted to have been established when the % mass balance no longer changed.

The final ESS (X, ) and RAS (X)) concentrations accepted for cach run were the averages of the
predicted values over the last 2x R,, of the run. Provided the run ended safe (ESS < 50 mg/t),
the final concentrations yielded a solids mass balance within 0.5% of 100%. In contrast, runs
that ended in failure (ESS > 50 mg/1) yielded a lower than 99.5 % solids mass balance and the
greater the SST overload (i.e. higher the ESS concentration) the lower the solids mass balance
below 99.5 %, even as low as 86 % for some runs at 100 % of the IDFT SOR. Halving the
simulation time steps and/or doubling the number of iterations per time step yielded identical
simulation results and no improvement in % mass balance and therefore it was accepted that the
low % mass balance was not due to numerical instability. It is suspected that the low mass
balance for the failed runs 1s due to a simple logical error in SettlerCAD. It seems that the RAS
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concentration is “corrected™ by subtracting from it the ESS concentration, because the higher the
ESS concentration (or overload) the lower the RAS concentration. This 1s not consistent with
the flux theory. Theoretically for increasing Q, and constant Q, and X, the RAS concentration
should remain constant (at X, = j,/q,) once the SLR capacity (failure) has been reached. This

crror does not influence the SettlerCAD predicted SOR and SLR limits because the ESS is still
low at the transition from safe to fail,

1.5 RESULTS

1.5.1 Flux rating of the simulated SSTs.

The results of the Settler CAD predicted SOR, as % of the 1DFT calculated maximum SOR, and
associated SLR, also as % of the 1DFT calculated maximum SLR, of all the simulated tests on
the Darvill new and old, Watts, Rijen and Oss STTs are plotted together in Figs 2a and b. The
Rijen (W) and Oss (X) SettlerCAD predicted SOR and SLR limit results lie below the Darvill old
(A) and new (W) and Watts (@) SST “lines™, but closer to the Darvill old SST line. Considering
that with respect to external SST geometry (Table 1), the Rijen and Oss SSTs are closer in
likeness to the old Darvill SST than the Darvill new and Watts SSTs, the expectation is that the
Rijen and Oss results should fall near the old Darvill SST results, and this does indeed happen.

100 100
= ” 4 - ’o & . : Darvil new 55T
£ E —
= | p= |
§ 80 4 g 80 - _x .. Watts 5857
& L o
; 70 + R’ T N .
: Oss 887
60 4 ~ S SR 60 2 &
20 40 6.0 8.0 10 20 4.0 6.0 8.0 100
Flux Load Factor - Vo/(n . XF) - m'h Flux Load Factor - Vo/(n.XF) - m/h

Figs 2a and b: SettlerCAD predicted maximum SOR (Fig 2a, left) and SLR (Fig 2b, right), as
a % of the 1DFT limit values versus flux load factor V/(nX,) for the 4 tests on the Darvill new
(M) and old (A ) SSTs, 15 of the 15 tests on the Watts" SST (@), 6 cach of the 14 and 10 tests
on the Rijen ( W) and Oss (5 SSTs.

The simulations of SST stress tests with the 2D hydrodynamic model SetterCAD indicate, as
would be expected, that the SST hydraulic non-idealities are intrinsically part of the model and
that SettlerCAD predicted maximum SOR and SLR were significantly below those calculated
from the 1DFT. The simulations indicate that the capacity, or flux rating, of the 2 Sm SWD flat
bottom Darvill old SST decreases from 86% 10 707 of the 1DFT maximum SLR as the flux load
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factor V/(nX,) increases (which increases HLR due to an improvement in sludge settleability
and/or decrease in feed concentration). The shallow Rijen and Oss SSTs have a lower flux rating
(SLR) than the Darvill old SST which decreases from 80% to 67% as flux load factor increases.
The 4.1m SWD 1:10 sloping bottom Darvill new SST does not show this sensitivity of capacity
(or flux rating) to the flux load factor (or HLR) and the flux rating remained approximately
constant at around 87% of the IDFT maximum SLR. The simulations show that the magnitude
of the flux rating is not a constant value, and seems to be dependent on SST depth and HLR - the
deeper the SST and the lower the HLR, the higher the flux rating. To determine the effect of the
Stamford baffle and SWD on the flux rating, additional simulation runs were done on the Darvill
SST (i) without the Stamford baffles and (ii) with interchanged SWD between the new and old
SSTs and on the Watts SST (1) with a Stamford baffle and (i1) with 6.0m SWD.

1.5.2  The effect of the Stamford baffle on SST flux rating (capacity)
The SettlerCAD predicted maximum SLR (or flux rating) for the Darvill new and old and Watts
SSTs with and without Stamford baffles are shown in Figs 3a and b,

Darvill Old and New SSTs: Tests 1-4 Watts SSTs: Tests 4,7, 9, 12-14
SottlerCAD Predicted Capacity 90 SettlerCAD Predicted Capacity
100 - " )
- New SSTs
! S0 4 """"" E-E' 8s 1
o E - . - |
(_Z‘ 80 ¥+ "§ . - T &....“.u’ . S
@ » 80 4
= 704 Y
& , 5
# g0 4 Mieh Feed Cone I Law Feed Cane ® 759 ,
Powr Settieabiley Good Settheabaty Pour Setticabilny © Gosd Seitieabilty
Law Hydraulics High Hydeaulicy I tew Hydraics - High HydrasSics
50 - - - 70 ‘ - -—
2 4 6 B 1" 55 6.0 6.5 7.0 75
Flux Load Factor - Vo/(nXF) - m'h Flux Load Factor - Vo/(nXF) - mMh

Figs 3aand b: SettierCAD predicted maximum SLR for the Darvill (Fig 3a, left) and Wauts (Fig

3b, right) SSTs with and without baffles. The actual test values, identified by number and result
(safe @ fail 2, are also shown.

For the Darvill SSTs, the SLR flux rating (Fig 3a) is about 2% of the 1DFT limit SLR hkigher
without the Stamford baffle. In contrast, for the Watts SST, the flux rating 1s about 2% of the
1DFT limit SLR lower without the Stamford baffle. From this, it is concluded that while the
Stamford baflle has a significant effect on the ESS concentration while the SST is underloaded,
its influence on the flux rating (or capacity) of the SST 1s small.
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1.5.3 The Effect of depth on SST flux rating (capacity)

The SettlerCAD predicted maximum SLR for the Darvill new and old SSTs with interchanged
depths (i.c. new 2.5 m SWD, 1: 10 sloping bottom and scraper sludge collection and old 4.1 m
SWD, flat bottom and suction sludge collection ) and the Watts SST with 6.0 m SWD are
compared with that of the SSTs as built, (i.e. new 4.1 m SWD, 1: 10 sloping bottom and scraper
sludge collection, old 2.5 m SWD, flat bottom and suction sludge collection and Watts with 3.66
m SWD, 1:15.4 sloping bottom and suction sludge collection) are plotted versus flux load factor
n Figs daand b,

Darvill Old and New SSTs: Tests 1-4 Watts SSTs: Tests 4,7, 9, 12-14
SettlerCAD Predicted Capacity 95 SettlerCAD Predicted Capacity
100 Fiies Feed Cone . Low T ere Cone
el ; , Poor Settheadilty 7 © Geod SettSeablilty
New 4.1 o 00 Flew Uydramics. . . - - Migh Mydrawiics .
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=5 ! -~ . Y, WO I . opses wowepore
x e 85 3 -
@ 80 4 ? ! : 1
- 80 -+ . e R EE R EE
5 Ner 2.0 : : ! "
| ~ . Nep ™... | & g o
£ 10 High Feed Cone : Low Feed Conc #7154 :' ----- 34600 SWD .,
Trocr Setrieabiiny . Geod Satdeabitty : .
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Figs da and b: SettlerCAD predicted maximum SLR for the Darvill new and old SSTs (Fig 4 a,
left) with interchanged SWD (old 4. 1m and new 2.5m) and the Watts SST (Fig 4b, vight) with a
SWD of 6.0 m compared with the S5Ts as built (new 4.1m, old 2.5m and Waits 3.66m). The

actual test values, identified by number and result (safe @, fail ) are also shown.

For the Darvill SSTs, the 4.1m SWD old SST has approximately the same flux rating (SLR) as
the new 4.1 m SST (Fig 4a) and shows a small decrease from 89 to 85% of IDFT SLR limit as
flux load factor increases from 3 to 9 m'. Likewise 2.5 m new SST has a similarly low flux
rating as the 2.5 m old SST. The differences in flux rating between the new and old SSTs with
the same SWD probably anise from the different SST bottoms and sludge collection systems,
which for the old SST is flat and hydraulic suction and for the new SST is sloping 1:10 and
scraper.  While SettlerCAD can accommodate these differences, the accuracy with which
simulates then is unknown.

For the Watts SST, 3.66 m SWD (as built) the IDFT SLR limit (Fig 4b) shows a slight
decreasing trend from 80 to 77% of IDFT SLR as sludge load factor increases from 6.0 10 7.3
m/h. For Test 13 and 14 conditions (X, and q,), the same flux load factor of 6.3 m/h leads to
SettlerCAD predicted SLR predicted limits of 79 and 82% respectively. Tgnoring Tests 4 and
14 (marked ?) for reasons detailed in Section 7.2 of the report, the Watts SST witha 6.0m SWD



has a flux rating of about 5% of IDFT SLR higher than with a 3.66 m SWD.

From the above it is clear that the greater the SWD, the higher the flux rating. Fior the Watts
SST, an increase in SWD from 3.66 to 6.0m represents a 60% increase in SST volume. Fora
5% of 1DFT SLR increase in flux rating this volume increase is definitely not cost efficient - it
would be better to select the shallower SWD (3.66m for the Watts SST) and increase the surface
arca to accommodate the lower flux rating.

1.6 CONCLUSION

The simulations of the full-scale SST SLR stress tests with the 2D hydrodynamic model
SettlerCAD indicate, as would be expected, that the SST hydraulic non-idealities are intrinsically
part of the model and that appropriate flux ratings for the full scale SSTs are reproduced
“automatically” in the model. The simulations therefore provide further convincing evidence that
the IDFT cannot be applied to the design of full-scale SSTs without an appropriate reduction
factor. The SettlerCAD simulations of the Darvill 35 m @ SSTs indicated that the capacity, or
flux rating, of the old flat bottom shallow (2.5 m SWD) SSTs decreased from 86 1o 70% of the
IDFT maximum SLR as the flux load factor (or HLR) increased from an improvement in sludge
scttleability and/or decrease in feed concentration. The new sloping bottom deep (4.1m SWD)
SSTs did not show this sensitivity of capacity (or flux rating) to flux load factor (or HLR) and
the flux rating remained approximately constant at around 87% of the 1DFT maximum SLR.
The magnitude of the flux rating therefore is not a constant value, and is shown to be dependent
on SST depth and HLR; the deeper the SST, the higher the flux rating and the less sensitive the
flux rating to flux load factor. Simulations of the Darvill new and old SSTs with inter-changed
SWD and the Watts SST with 6.0m SWD, confirmed the sensitivity of the flux rating to depth
and HLR. Furthermore, although the Stamford baffle can significantly reduce effluent suspended
solids (ESS) concentration while the SST is underloaded, it does not increase the flux rating (or
capacity) of the SST.

From the simulations the flux rating of 80% of the 1DFT maximum SLR recommendation by
Ekama and Marais (1986) remains a reasonable value to apply in the design of full scale SSTs

for deep SSTs (4m SWD) the flux rating could be increased to 85% and for shallow SSTs
(2.5m SWD) decreased to 75%. It is recommended that (i) while the apparent interrelationship
between SST flux rating and depth suggests some optimization of the volume of the SST, that
this be avoided and that (1) the depth of the SST be designed independently of the surface arca
as is usually the practice and once selected, the appropriate flux rating is applied to the 1DFT
estimate of the surface area,
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PART 2 -DEVELOPMENT OF AFINITE ELEMENT 2D HYDRODYNAMIC MODEL
FOR SECONDARY SETTLING TANKS

2.1 INTRODUCTION

The flow in a sedimentation tank is characterized by the simultancous flow of suspended solids
and water. Hydrodynamic models have been developed for simulating secondary settling tanks
(SST) to get a better understanding of the complex flow patterns in these tanks and to make
design and optimization of the SST internal features possible. These models use mainly the finite
volume method (FVM) as a method for obtaining numerical solutions. The development of a
finite element program for (initially) 2D hydrodynamic modelling of secondary settling tanks is
considered in this second task of the research project.

2.2 THE ADVANTAGES OF FEM

In this work a program code is developed that is performed by the finite element method (FEM),
Although this method has its origins in stress analysis, it is currently applied to sophisticated
problems in other areas such as heat transfer and fluid flow.

All numerical solutions are discrete approximations to continuous solutions. Most of the
differences intechniques arise from the choice of discretization of the problem. The most common
methods are Finite Differences (FDM), Finite Volumes (FVM) and Finite Elements (FEM).

The finite diflerence method approximates the derivatives in the differential equations via a
truncated Taylor series and combines the series of adjacent points to approximate the governing
equations, The FDM is simple and efficient to code in one, two and three dimensions on
structured grids, and it is casy to obtain higher-order schemes. The restriction to simple
geometries, static meshes and problems with smoothly varying properties are significant
disadvantages in complex flows,

The equations of fluid dynamics express the conservation of mass, momentum and energy in a
volume closed by a surface. There are situations where an accurate representation of the
conservation laws in their integral form is extremely important, for example, the imposition of the
incompressibility constraint, as a conservation law for mass, determines the pressure field. The
finite volume method achieves this by discretizing the integral form of the equations and not the
differential form. Due to the combination of the formulation of a flow problem on control
volumes, with the geometrie flexibility in the choice of the grid and the flexibility in defining the
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discrete flow variables, makes the FVM very attractive in engineering applications. Additionally
the FVM approach is simple to understand and to program. The disadvantages of the FVM are
the difTicultics in defining the derivatives. Since the grid is not necessarily orthogonal, as in the
FDM, the Taylor-expansion cannot be applied to define the derivatives. It is also not possible to
convert higher order derivatives into lower ones with the mechanism of a weak formulation, as
in the FEM. This is the main distinguishing feature of the finite element method. The equations
are multiplied by a weighting function before they are integrated over the entire domain. The
power of the finite element method lies in its ability to use an irregular grid. It provides more
flexibility in fitting irregular domains and in providing local grid refinement. The flexible geometry
of'the FEM supports the description and adaptation of complex internal features of SSTs like inlet
and outlet arrangements. Furthermore, the FEM deals with strongly varying internal properties
and is applicable to Lagrangian moving-mesh problems. The disadvantage of the FEM is a
significantly greater computational complexity.,

23 DEVELOPMENTOFAFEMCODEFORHYDRODYNAMICMODELLING OF
FULLSCALE SSTS

In this work a program is developed that is based on the finite clement method (FEM). Unlike the
finite difference method (FDM) or the FVM, the finite element method is convenient for handling
arbitrarily shaped domains and variable resolution meshes.

The performance of a settling tank is determined by the tank hydraulics and the transport and
removal of solids. The hydrodynamic SST model solves the continuity, momentum and the solids
transport equations, as well as equations that model turbulence. A density state equation and a
settling velocity equation carry out the coupling of the solids transport and hydrodynamic
equations.

The finite clement approach keads to a fully coupled matrix equation. The present work generally
follows the projection method to decouple the incompressible Navier-Stokes equations. For
solving the coupled momentum and continuity equation a second-order accurate pressure
correction scheme is deployed. The treatment of incompressibility is taken into account by
splitting the coupled Navier-Stokes- and the continuity equations, and obtaining definite
expressions for the velocities as well as for the pressure,

The fractional-f-scheme is adopted to integrate the time derivative of the governing equations in
the temporal domain. This method has the merit of incorporating both implicit Euler and Crank-
Nicolson schemes as special cases.



xiii
In order to improve stability the standard Navier-Stokes formulation is modified using the
Streamline Upwind Petrov-Galerkin (SUPG) method. The problem of convergence no longer

simply associated with the convective nature of the equations, since in stratified flow ficlds, as in
settling tanks, the gravity-production term reduces the efliciency of the upwinding scheme.

The piecewise bilinear test functions and the trial functions for the velocity correction equation
and the pressure equation are same in the formulation. In case of the SUPG formulation the test
functions for the equation to evaluate the provisional velocity are performed by adding a
streamline upwind perturbation, which acts only in the flow direction.

The discretized mathematical model results in the solution of systems of lincar equations to obtain
the nodal solution. The whole system, consisting of six coupled partial differential equations, is
decoupled through the use of an iterative scheme and lincarisation of the system. Sophisticated
Krvlov subspace iterations are adopted 10 solve the linear problems. The resulting symmetric and
positive definite linear problem is solved by the conjugate gradient method. The resulting non-
symmetric lincar problem of the discrete momentum equations is solved by the generalized
minimal residual (GMRES) method.

In this work, the finite element model is applied to full scale circular SSTs, intwo dimensions. The
performance of the model is analysed with tests done by de Haas ef o/ (1998) on SSTs of the
Darvill wastewater treatment plant (Pictermaritzburg, South Africa), as well as with stress tests
done by Watts ef al. (1996) on one of the four SSTs at the Kanapaha Water Reclamation Facility
(Florida.UUSA).

The computational results show that the turbulent transport is strongly aflfected by buoyancy
effects. Without the buoyancy source term in the &-zmodel the turbulence is not damped due to
stable stratification. The sediment eddy diffusivity is related to the eddy viscosity by using the
Reynolds analogy between mass transport and momentum transport. By setting the Schmidt
number to typical values in the range between 0.5 and 1.0 the diffusion coeflicient in the
concentration equation reaches the size of the settling velocity. In a stable stratification the
movement in the vertical direction is only determined by diffusion and settling motion. The
settlement of the sludge cannot take place when the motion due to diffusion is higher than the
convective motion due to the settling velocity of the sludge. Furthermore, the required recyele
concentration is not attainable, which must inevitably result in a failure of the SST. Especially at
the bottom of the tank the situation is critical: the higher the concentration the smaller the settling
velocity and the higher the influence of the diffusion on the settling motion is.

The question arises as to what extent the use of the Revnolds analogy is applicable, and whether
attention has to be paid to the rheological propertics of highly concentrated activated sludge. Due



xiv
The question arises as to what extent the use of the Reynolds analogy is applicable, and whether
attention has to be paid to the rheological properties of highly concentrated activated sludge. Due
to these uncertainties and the immense effect of the turbulent sizes on the settling process the
computational results do not provide a definitive answer. To properly validate the model further

information and calibration are needed. Unfortunately this information is not vet available in the
literature.

From the computational point of view the code needs to be improved with regard to
computational efficiency. This can be done by preconditioning, 2 more robust iterative treatment,
the implementation of a multigrid technique and by the choice of another element pair, which is
more robust, accurate and cflicient. Furthermore, because of the progressive development of the
program, it is somewhat ineflicient in computer time, because of numerous operations are
repeated several times, instead of having their results stored once in the computer memory. To
save on memory the matrix should be stored in a special way, for example using compressed
sparse row storage. More efficient streamlining of the calculation procedure and routines can also
reduce computation time. Finally, before the program can be released, it is necessary to build up
a user-friendly pre- and postprocessing procedure.
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HYDRODYNAMIC MODELLING OF SECONDARY SETTLING TANKS

by

George A EKama and Pierre Marais

1. INTRODUCTION

1.1 SSTs limit wastewater treatment plant capacity.

The sccondary settling tank (SST) of activated sludge systems is the bottle neck limiting the
capacity of the wastewater treatment plant (WWTP). Two main factors influence this (i) the
setticability of the sludge and (11) the hydraulics within the SST. In the past SSTs have been
designed by empirical rules such as the surface overflow rate (SOR) < 1m/h at peak wet weather
flow (PWWF), but many SSTs already begin to discharge high efMuent suspended solids (ESS)
concentrations (>30mg/() long before they reach this capacity even with good settling sludges
(Diluted sludge volume index, DSVI < 100mi{/g). This causes a significant loss of SST, and
therefore also of WWTP, capacity. The reason for this loss of SST capacity often is poor
hydraulics caused by (i) turbulence and density currents, (ii) poor effluent weir and baffle
placement, (111) effects of sludge collection mechanisms and inlet arrangements, (1v) absence of
flocculating centre and stilling wells and (v) wind and temperature effects. Current design
procedures, even those that recognize sludge settleability and reactor concentration, give very
little guidance on the design of these SST intermal features and it has been shown that some of
this guidance is inappropriate (¢.g. limiting the effluent weir loading rate, Ekama et al., 1997).
Design of these internal features has therefore been very subjective and their effectiveness has
depended mainly on the design engineer's experience.



1.2 Design of fullscale SSTs

Currently the design of SSTs is usually done in two stages; in the first, zone settling and
thickening considerations are applied which lead to the specification of a surface area, and in
some procedures, also a depth. The SST design procedures (see Ekama er al.,, 1997 for
explanation and use) essentially give the designer the means to determine these two basic
dimensions which define the external shell of the SST. With the proper incorporation of internal
features for good clarification, zone settling and thickening criteria usually govern the
specification of the area and depth of the SST. The specification of the depth should
accommodate both sludge accumulation and thickening as well as maximizing the clanfication
efficiency. After specifying surface arca and depth, the clarification efficiency of the tank is
optimized by considering detail design of the internal features of the tank which significantly
influence this. These features, such as (i) inlet arrangement, {ii) tank configuration, {iii) contiol
of hydraulic flow patterns, short circuiting and turbulence with baffling, (iv) flocculation
chambers and (v) sufficient sludge transport and collection capacity, can make the difference
between achieving a low or high ESS concentration for the design SOR and depth. In future,
with the advent of hydrodynamic SST models, design and optimization for settling, thickening,
flocculation and clarification will be done concomitantly in an integrated fashion.

Hydrodynamic (or glass box) models for SSTs allow design and optimization of the SST's
intermal features such as geometry, side wall depth, baffling, inlet and sludge collection
arrangements. A few such models of various complexity and sophistication have been developed
for simulating circular and rectangular SSTs (see Krebs, 1995 or Chapter 5 in Ekama et al., 1997
for a review of these models). Although application is limited at this stage, these models are
being used successfully in rescarch programmes and design for 2D and 3D simulation of fullscale
SSTs. Improvements in the design and development of the internal features based on the
simulation results have shown improvement on SST capacity with a reduction in ESS
concentration. While the description of the hydrodynamics of the SSTs has progressed
dramatically with the advent of 2D and 3D hydrodynamic models, description of the sludge
settling behaviour in these models has not progressed very much beyond that in the 1D flux
theory models and remains the major weakness in the models.

1.3 Application of the 1DFT to fullscale SSTs

Application of the idealized steady state 1D flux theory (1DFT) to full scale circular (and
rectangular) SSTs indicate that the design procedures based on this theory over-predicts the
permissible solids loading rate (SLR) by about 25 percent (Ekama er al., 1997). However, there
was no convincing evidence that this 25% correction needed to be applied for all types of SST,
and therefore a crucial unanswered question was whether or not the observed SST failures on
which the 25% reduction was based, were specific to the particular design of the tested SSTs,
Since data was limited on 1ank types, confirmation of the applicability of the 1DFT for other tank
types remained a rescarch need. Indeed, from the available information, which included that
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obtained in the American Society of Civil Engineers - Clarifier Research Technical Committee
(ASCE-CRTC) study (see Wahlberg er al., 1995), itcould not be definitively established whether
the clarification optimization techniques to reduce ESS by modifying the internal features of the
SST with baffling, inlet and outlet arrangements and sludge collection improvements, extends
the SLR capacity of the SST in terms of the 1DFT, or whether the clarification optimization
maintains low ESS concentrations within a fixed SLR capacity. The inability to definitively
establish the applicability of the 1DFT to circular and rectangular SSTs is a major weakness in
SST technology and is a high priority research need which requires the development of;

(1)  aunified procedure for relating the I|DFT to the design of full scale SSTs,

(2) aunified procedure for evaluating the effect of the intemal design features such as depth,
inlet and outlet arrangements, sludge transport and collection systems and baffling on
efMuent quality, both magnitude and variability,

(3)  hydrodynamic models to simulate the effect of internal feature design on effluent quality.

The recent development of hydrodynamic models for SSTs allow a measure of tank geometry
and internal feature optimization. With these models it has become possible to calculate the SLR
capacity of different SST designs and layouts and compare these with the 1DFT predictions. The
above 3 aspects were investigated in this research project.

Inthe idealized 1DFT for SSTs, solids move only in a vertical direction. Because fullscale SSTs
have a very high surface area 10 diameter ratio, which results in liquid and solids flow in vertical
and horizontal directions, the applicability of the 1DFT to predict the maximum SOR and SLR
of full scale SSTs remains uncertain. Ekama and Marais (1986) found that the SLR to cause
solids overload was about 80% of that predicted by the I1DFT for 47 stress tests conducted on
25 full scale circular SSTs in Holland by STOWa (1981). The SSTs were 30 to 46m in diameter,
had 1.5 to 2.5m side water depths (SWD) and a 1:12 sloping bottom with scraped sludge
collection. An evaluation of 15 SLR stress tests conducted by Watts er af (1996) on a 3.66m
SWD, 28.96m diameter circular SST with centre feed, peripheral and radial effluent overflow
and rotating multiple suction pipe sludge collection system indicated that this tank could only
achieve about 70% of the 1DFT maximum SOR (or ~80% of the SLR) (Ekama ¢1 al., 1997).
Gohle er al. (1996), assessing a 470 m* (46 m long x 10.2 m wide) 5.6 m SWD longitudinal flow
rectangular SST fitted with a counter-current scraper sludge collection system and seven
transverse effluent launders distributed over the length of the tank, found raised sludge blankets
(>2 m) when the applied SLR exceeded 80% of that predicted by the 1DFT, a value similar to
that found for the shallow circular Dutch SSTs by Ekama and Marais (1986). Such reductions
compared with the 1DFT calculated limits are not unexpected because it is well known that the
capacity of SSTs is affected by their internal features such as (1) inlet arrangement, (i) tank
configuration, (iti) control of hydraulic flow patterns, short circuiting and turbulence with
baffling, (iv) flocculation chambers and (v) sufficient sludge transport and collection capacity.
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The IDFT design procedure gives no information regarding the optimal arrangements of the
various internal features. Accepting that these features affect tank performance, it would be
valuable to determine with the aid of 2D SST hydrodynamic models how the arrangement of
these features influences the SLR (and SOR) capacity of the SST in relation to the maximum
SLR and (SOR) calculated from the 1DFT. By this means, a flux rating is established, the
magnitude of which gives the measure whereby the arrangements of the intemnal features within
the external shell of the SST (area and depth) have been optimized. In this respect the flux rating
of the Dutch, Watts and Gohle SSTs would be about 0.8 because the maximum SLR was found
to be about 0.8 of the IDFT maximum SLR. With deeper tanks and with carcfully designed and
placed baffles and inlet and outlet arrangements determined from optimization studies with the
newly developed hydrodynamic models, the flux rating could possibly be increased closerto 1.0,
which is the theoretical maximum. In this way the flux rating could become a means for
optimizing the internal features designed into the shell of the SST obtained from the 1DFT
design procedure. This conforms to the suggestion of Wahlberg e al. (1998) who state that “the
results of a state point analysis™ (i.c. a steady state idealized 1DFT design) “should be considered
a theoretical limit, and hydrodynamic models give us the tools 10 develop better secondary
clarifier designs that can operate closer to this limit” (Fig 1). The primary objective of this task
of the rescarch project is to determine the flux rating with a 2D computational fluid dynamic
(CFD) hydrodynamic model of different stress tested fullscale SSTs that have been reported in
the hiterature.

100

Fig 1: Hypothetical effluent suspended
solids (ESS) concentration versus SST
loading rate as a %5 of the |DFT limit. With
good internal feature design, the ESS
remains low as the loading increases but

=3

Poor Internal
Feature chﬂt_

ESS Concentration (mg/)
3

40
with poor internal feature design the ESS
20 increases more rapidly and from lower
" Feature Design | loading rates.
20 40 60 80 100

SST Loading (% of 1DFT Limit)

Non steady state 1D SST simulation models have been developed over the past 20 years and
those of Ozinsky e al. (1994) and Walts er al. (1996) are recent examples of such models that
incorporate many of the refinements and improvements developed over this time (Ekama et al.,
1997). In order for these 1D models to predict full-scale SST performance, a turbulent
diffusion/dispersion coeflicient is introduced into the partial differential equations describing the
vertical motion of the solids in the SST. The effect of this coefficient is to introduce mixing
between the elemental horizontal layers making up the water depth in the SST. The values of
these coefficients have to be determined by calibration against full scale SST performance data.
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This 1s not a simple matter because the values have been found to vary with depth, influent and
recycle flow rate, tank geometry, baffling and other internal features of the tank. These
coefficients therefore incorporate the effect of the intemal features and hydrodynamics in asingle
lumped parameter. The values found are specific for the particular SSTs simulated and have the
overall effect of reducing the flux rating, i.¢. reduce the maximum SLR to lower values than
calculated from the steady state LDFT (Ozinsky et al., 1994, Watts et al, 1996).

Unlike in the non steady state 1D flux SST simulation models, in 2D hydrodynamic model
SettlerCAD (Zhou et al., 1998) there are no model “constants™ that influence tank
hydrodynamics that can be adjusted to improve the correlation between experimental and
simulated results'. Therefore, the outcome of a stress test simulation (fail - raised sludge blanket
and high ESS, or safe - stable sludge blanket and low ESS) can be compared with observed full
scale SST performance without needing to do a major calibration exercise first. In this project
the maximum SOR and SLR predicted by SettlerCAD is compared with that predicted by the
1DFT using as a basis the fullscale SST stress tests reported by de Haas ef al. (1998), Watts er
al. (1996) and STOWa (1981).

All the SST models mentioned above, i.¢. the idealized steady state 1DFT , the dynamic non-
steady state 1D models and the 2D hydrodynamic model SettlerCAD, have in common the
specification of the sludge setticability. Inall of them, this is in the conventional way of relating
the solids vertical settling velocity with respect to the water due to gravity (V, m/h) to the local
suspended solids concentration (X, kg/m’) with the empirical exponential equation, viz.

V=V, exp(-nX) m'h (1

This, in fact, forms the unificd basis between the different models and allows them to be
compared. Itis only the hydraulic field in which solids settle that is modelled differently in the
different models from the very simple to the very complex. In the steady state idealized 1DFT
this is in the vertical direction only, in the dynamic non steady state 1D models, this is also in
the vertical direction only but turbulent diffusion creates mixing in the SST to represent the non-
idealities, and in the 2D hydrodynamic models such as SettlerCAD, this is modelled
hydrodynamically in the more realistic vertical and horizontal directions.

2. OBJECTIVES

In this task, the 2D hydrodynamic model SettlerCAD (Zhou et af, 1998) was applied to full scale
circular SSTs with the principle aim to

"There are. of course, many model “constants™ in 2D hydrodynamic models for SSTs which
would significantly change the simulation results if changed (see Ekama er al., 1997 for a review of
2D models). However, in SettlerCAD, except for those mentioned below, all the constants are in fact
constant and cannot be changed by the user.
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(2)

establish whether or not it “automatically” reproduces a flux rating < 1.0 with respect to
the IDFT and
determine what factors influence the magnitude of this flux rating.

To do this, SST SLR stress tests reported in the literature were simulated. These were

(1)

(2)

(3)

3.1

the 4 tests done by de Haas er @l. (1998) on 4 similar 35m diameter SSTs (2 new and 2
old) of the Darvill wastewater treatment plant (WWTP, Pictermantzburg, South Africa)
the 15 tests done by Watts er al. (1996) on a single 3.66m SWD, 28.96m diameter
circular SST with centre feed, peripheral and radial effluent overflow and rotating
multiple suction pipe sludge collection system at the Kanapaha WWTP (Florida, USA),
and

some of the 47 tests done by STOWa (1981) (Stopkoper and Trentelman, 1982) on 25
different SSTs with 30 to 46m diameter, 1.5 10 2.5m SWD and 1:12 sloping bottoms with
scraped sludge collection.

SIMULATION OF SST PERFORMANCE WITH SettlerCAD

SettlerCAD description and input information

The SettlerCAD model requires three groups of input viz., SST loading, SST geometry and
sludge settleability.

(1

(2)

The SST loading comprises the feed concentration (X;), recycle flow (Q,) and the
influent flow to the WWTP (Q,) (i.e. excluding recycle flow). The recycle flow can be
withdrawn uniformly over the tank bottom to simulate scraper sludge collection or by
means of hydraulic suction by a specified number of siphons at specified radii from the
centre, each with a specified proportion of the recycle flow. The influent and return
sludge flows and feed concentration were constant throughout each simulation. The
reactor concentration accepted for the simulation was the last value measured in the stress
test, which could be up to about 1 kgTSS/m’ lower than the initial value duc to sludge
storage in the SSTs.

SST geometry requires specification of the side wall radius, side water depth (SWD) and
bottom slope which together define the external shell of the SST.  An inlet feedwell
radius and depth and a feedwell skirt radius and depth, which together define the inlet
arrangement also need 1o be specified. SeitledCAD makes provision for two types of
baffle; a Crosby baffle, which is a small circular vertical wall on the bottom of the tank
usually with a radius about half that of the tank to deflect the density current upwards
into the tank 1o dissipate its energy, and a Stamford baffle, which is a hornizontal plate
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extending radially inwards immediately below the peripheral effluent launder to deflect
the density induced current flowing upwards at the sidewal! 1o the centre of the tank. The
Croshy baffle height and radius from the centre of the SST and the Stamford baffle height
above the bottom of the side wall are given as input; for SSTs without these baffles, zeros
are given. Other intemal features such as effluent launder placement and design cannot
be modelled with SettlerCAD e.g., inboard (more than one average depth from the side
wall) versus inset (close to sidewall) and single peripheral versus double sided inboard
effluent launders. SettlerCAD models only single sided peripheral effluent launders.

The sludge settleability can be defined either in terms of the Specific Sludge Volume
Index (SSVI) which is then internally converted to V, and n values with the Wahlberg
et al. (1988) relationships (see Ozinsky and Ekama, 1995 or Ekama et al., 1997) or in
terms of the Takics er al. (1991) double exponential equation. This equation 1s the usual
exponential Vg - X, equation (Eq 1 above) but includes an additional exponential term
which seeks to take into account of the slow and non- settling discreet (pin-point floc)
particles at low concentration (<100 mg/t), viz,

V=V, [expi-n(X, - LX)} - expik, (X1 X,)}] m'h (2)

where X, is the feed concentration from the biological reactor, f, the fraction of this
solids concentration which does not settle at all (V=0), and K, an empirical constant
which reduces V, of the solids when the concentration X, becomes low. In SettlerCAD,
the fraction £, i1s fixed at zero so non-settling solids cannot are not included. In the
simulations, the K, constant was set at a very high value (10) to eliminate the effect of
second term on V. This reduced Eq 2 to be identical to Eq 1 so that the equation which
defines the sludge settling velocity in the IDFT (Eq 1) and in SettlerCAD are the same
and dependent only on V, nand X,. This also eliminated the effect of the non- and slow
settling solids on the ESS concentration predicted by SettlerCAD so that these would not
confound the identification of SST failure from raised sludge blanket and ESS
concentration predictions. The V, and n values measured just prior to each of the SLR
stress tests, or, where V,, and n were not measured, calculated from the measured DSVI
or SSVI during the tests from the Ekama and Marais (1986) relationships (see Ekama er
al., 1997), served as input to define the sludge scttleability.

SettlerCAD includes also a number of simulation parameters and those relevant in this rescarch
were the time step (At, min), total number of time steps (Nyy) in the simulation and the total
simulation time (T_,). The developers of SettlerCAD recommend a At between 1 and 3 min and
this was adhered to. In an initial exploratory evaluation, N, was varied to examine (1) T as

a fraction of SST actual hydraulic retention time (R ) to obtain a sludge mass balance between
99 and 101% at the end of the simulation to ensure a final steady state had been achieved.
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Generally T, had to be at least 15 times R, but usually longer at 20 to 25 times R,,.
Simulation run times selected were generally >30 times R,, making them more than 10 times
longer than the actual SLR stress test duration.

3.2  Finding the maximum SOR and SLR of SettlerCAD.

From the measured V,, n and feed concentration X values of a particular SLR test, the maximum
SOR and minimum recycle ratio (R) were calculated from the 1DFT. Details on how this
calculation is done are given in Appendix A (see also Ekama et al., 1997). The principles are
shown in the 1DFT design & operating (D&O) chart (Fig 2a).  The solids handling criterion
(SHC) I and 11 lines and the hyperbola (which marks the boundary where the SHC | does and
does not apply) are completely specified by the V, n and X, values. First the minimum recycle
ratio (R,,,) for the maximum overflow rate (q, = Q,/A,, m/h) is determined (Point A) by setting
the equations for SHC | and Il equal and solving for R which is R__. This R_, is used as a
reference recycle ratio to check whether SHC [ or SHC I1 governs the maximum capacity of the
SST for the particular underflow rate (g, = Qu/Ag;, m/h) of the SLR test. For Test Y in Fig 2a,
the locus of the SST operating point at constant underflow rate (qg, m/h) and increasing SOR (q,,
m/h) cuts at SHC [ line with an R value (Ry) <R, (at Point Y). This means that the SHC | fixes
the maximum SOR and SLR of the SST for the fixed q, and X; of the particular test and the
maximum SOR and SLR capacities in terms of the 1DFT are defined by Point Y, viz. SOR,
= Quy M/, SLR,,, = (Qay * gy )Xy 0 (! + RYX; kg/(m’h) and HLR,, = q,y (14R,) or
SLR_./X; m’h. For Test Z in Fig 2a, the locus of the SST operating point at constant q, and
increasing SOR (q,) cuts the SHC I line with an R value (R,) > R, (at Point B). This means
that the SHC 11 fixes the maximum SOR and SLR of the SST for the fixed g, and X, of the
particular test and the maximum SOR and SLR capacities in terms of the 1DFT are defined by
Point Z, viz. SOR__, = q., m/h, SLR__, = (q,, + Qus)X; or q. (1 + R,)X; kg/(m*h) and HLR
= Quz (1*R,) or SLR /X, m/h.

The input data listed above for a particular SST stress test to be simulated, was given as input
to SettlerCAD. Keeping the recycle flow (Q,) and feed concentration (X;) constant at the test
values, the influent flow (Q,), calculated as a % of the 1DFT limit value, was increased for
successive simulation runs from a low value to a high value, first in 2% of 1DFT limat
increments, and then in 0.25% of 1DFT limit increments between consecutive safe and fail runs.
SST failure was accepted to be an average ESS > 50 mg/{ over the final 2 actual retention times
(R,,) of the run. In this way the steady state influent flow rate (Q,) for ESS > 50 mg/l was
determined for SettlerCAD at an accuracy of 0.25% of the 1DFT limit and the first run with ESS
> 50 mg/l was accepted as the SettlerCAD predicted maximum influent flow rate limit. The
SettlerCAD SOR, SLR and HLR limits were calculated from the predicted influent flow limit
and the test Q, and X, values. Increasing Q, (q,) for fixed Q, (q,) moves the operating point in
the steady state 1DFT D&O chart along the g, line towards the SHC I or SHC II lines. Figure
2b shows the operating points for the SettlerCAD runs for Test 4 on the new Darvill SSTs (see
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Section 4.2 below for details). The predicted ESS and RAS concentrations over the complete
run were imported into a spreadsheet program, in which were calculated (i) the average ESS and
RAS concentrations over the final 2 actual hydraulic retention times (2xR,,) and (i1) the % solids
mass balance as the run proceeded. The outcome (fail or safe) of each simulation run was
recorded by checking sludge blanket height in SettlerCAD at the end of each simulation and
whether the average ESS concentration over the final 2xR,, was greater (fail) or less (safe) than
50 mg/l. The % mass balance at a particular time interval was calculated as the sum of the
masses of sludge in the return and effluent flows as a % of the mass of sludge entering the SST
with the influent and recycle flows.
DARVILL Test 4 on New SST

50 10 Flux theoty (no correction)

40
35
30
25
20
15
1.0

‘_o +

RO S

OVERFLOW RATE (mM)

Vo =908 m'h

Safle

OVERFLOW RATE (mM)

05 =029y
Xy =248
°'° " \ ’ ﬂ"
00 - . 0.00 0.50 1.00
000 020 040 060 080  1.00 RECYCLE RATIO (R)

RECYCLE RATIO(R)
Figs 2a and 2b: Design and operating (D& O) charts demonstrating the calculation method of
the IDFT (Fig 2a, left) and SettlerCAD (Fig 2b, right) SOR and SLR limit values. Figure 2b is
Jor Test 4 on the new Darvill SSTs and the safe, fail and actual test positions are marked O, X
and Lrespectively.

With the 1DFT, the design of SST surface area (Ag;) hinges round identifying Point A (in Fig
2a) for the specified X; and V,, & n, where Point A is the SST operating position for the Peak
Wet Weather Flow (PWWF, Q, ws)- It gives the maximum overflow rate (q,..,) for the
minimum recycle ratio (R

-

). From Point A, the design SST surface area A, is given by A,
= Qprwwr /Qams and the recycle flow (Qp puws ) BY Qu pwwr ™ R, Qamae: The maximum SLR and
HLR associated with the design Point A are SLR Qanad 14R ) X, kg/(mh) and HLR
Quemal PR Or SLR_ . /X, mh (see Appendix A for details),

mas mmn mas

Generally, from the 1DFT, the better the sludge settles i.e. the higher the V, and the lower the
n, and the lower the X, the higher the SOR__ , SLR,_, and HLR_,, The factor V,/(nX,) (m'h),
called the flux load factor, therefore is a relative measure for the HLR,,.. The higher the
V/(nX;), the higher the HLR
the flux load factor and the higher the HLR__ .. The relationship between the HLR,, and flux

mas

So the better the sludge settles and the lower the X, the higher

mance

load factor for the design Point A in Fig 2a for varying sludge settleability and X, is shown in
Fig 3. For Fig 3, the sludge settleability was varied from a SSVIof 40 to 160 mi/g and X, from
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2.5104.5 g/t. The V, & n values were calculated using the relationships of Ekama and Marais
(1986) (sec Ozinsky and Ekama, 1995). The range in V, and n was from 10.74 to 3.18 m/h and
0.3010 0.61 /g respectively. The flux load factor varied from 1.15 to 14.28 m/h. It can be seen
in Fig 3 that the higher the flux load factor, the higher the SOR . and HLR,,, and that the
increase is quite consistent’ with the flux load factor. This indicates that different V,, n and X,
making up the same flux load factor value, lead to approximately the same SOR__, and HLR ..
Because it is expected that the magnitude of the HLR affects the degree of the non-idealities (i.e
hydraulic disturbance), the flux rating (i.¢. the % of the | DFT maximum SLR that can be applied
to full-scale SSTs) determined by SettlerCAD is expected to decrease with increasing flux load
factor V/(nX;). Because the increase in SOR_ and HLR,,, is consistent with increase in flux
load factor, this consistency is not apparent for the SLR_ ..

1D Idealized Flux Theory . , _
Design Over- and Underflow Rates Fig 3: Design overflow (SOR, g,

@ 7 : : : : : m/h) and underflow (q, m/h) and
2 H a ; ; : hydraulic loading (HLR, q,+q,
;6 “ gA+gR | HI R+ - m/h) rates versus the flux load
S5l = Q{Mqli ____________ ... Jactor [V /(nX,), m/h] calculated
% | gA-m/h : from the IDFT for the design
% 44 & | ooy Boacons Jpreedtsna s Pownt A in Fig I for SSVI 40 to
T [ qR-mh - 4 SOR,qA 160 mag (vielding V, from 10.34
33 | ey A we TR 40 318 and 1 from 0.31 to 0.61),
Ez i (- :. ______________ __ ...... and Xy from 2.5 to 4.5 g/t Note
?", 1 ALA‘% i e« & 4 i that an increase in the flux load
v ial - (|R5 . SJactor leads to a consistent
g : e ° : increase in SOR and HLR.

0 2 4 6 8 10 12 14 16
Flux Load Factor - Vo/(nXF) - m/h

*This appears true for V, & n caleulated from the SSVI relationship of Fkama and Marais
(1986). It may not be as consistent for measured V, & n values or other SSVIand V, & n
relationships that do not conform to the Ekama and Marais (1986) relationship
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4 SIMULATING THE DARVILL SSTs WITH SettlerCAD

4.1 The Darvill WWTP SST SLR stress tests,

The Darvill WWTP has five 35m diameter circular SSTs, 2 old and 3 new. Details of these SSTs
are given in Table 1. The design capacity of the SSTs is 7.5 kgSS/(m’h) at a DSVI of around
80mi/g, MLSS concentration of 3.8 g/(, a PWWF of 162 M{/d and a recycle ratio of 0.406 viz.
(162000/24)x( 1 +0.406)x3 . 8/(5x962) =« 7.5 kgSSI(m’J\). Altogether four SLR stress tests were
conducted on these SSTs, the first three (Tests 1 to 3) with four SSTs in operation (2 old and 2
new) and the fourth (Test 4) with two SSTs (1 old and 1 new) in operation. The tests were
conducted by setting the sludge recycle (RAS) and influent (to WWTP) flows at rates that would
cause critical loading conditions on the SSTs, 1.¢. at around 80% of the maximum SLR
estimated from the 1DFT from the V, and n values measured just prior to the stress tests
However, during the stress tests, the reactor concentration declined significantly below the
normal operation value due to sludge storage in the SSTs. This reduced the applied SLR during
the tests and so also the applied/test SLR ratio below the target 80% of the 1DFT maximum. The
influent flow was kept constant and pumped from a diurnal flow balancing tank. The RAS and
influent flows were controlled with computer controlled variable speed pumps (de Haas er al,
1998) and the new and old SSTs were equally loaded. During the tests, which cach lasted about
5 to 10h depending on the SOR and SLR, the reactor and underflow concentrations, the influent
and RAS flow rates, the sludge blanket height and the ESS concentration were measured at about
1h intervals. A summary of the four tests 1s given in Tables 2 and 3.

Darvill SST Stress Tests Darvill SST Stress Tests
Actual SLR stress Tests 110 4 Actual Stress Tests 1o 4
= o 10
: = F
- 2
2 E
- 2
a S
® ®
o a
3 E
a o
t =
8 o ‘ " - —— 3
=
0 2 4 & & 10 122 w4 g
< 1 2 3 4

Test Applied SLR - kg/(m2.h) st Test No
ress "

Figs 4a and 4b: Calculated | DFT maximum SLR versus test applied SLR (Fig 4a, left) and test
applied to 1DFT calcwlated maximum SLR ratios (Fig 46, vight) for the four Darvill SLR stress

tests on the new and old SSTs.

From the measured V, and n values and the feed concentration (X,), the IDFT predicted

maximum SOR and SLR were calculated with the method described above and are listed in
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Table 2. The | DFT maximum and test applied SLRs and the test/1 DFT maximum SLRs ratio
from Table 2 are plotted in Figs 4a and b. From Fig 4b, the test/1DFT maximum SLR ratio for
the four tests are 87, 96, 77 and 91% respectively. Of the four tests, only Test 4 on both the new
and old SSTs ended in failure. From Table 2 it would therefore appear that the flux rating of the
new and old SSTs are similar and somewhere between 77% (Test 3 - safe) and 91% (Test 4 -

Fail).

Table 1: Description of Darvill old and new SST5.
Parameter || OId SSTs (3 of) (Tanks A & E New SSTs (2 of) (Tanks B & C ]

35

35

2.5 (H,, = 2.50m)

4.1 (H,_, ~4.68m)

Flat

Sloped (1:10)

Suction hft with manually controlled
valves (six per SST)

Scraped to central hopper

4 centnfugal of 11 Mt/d each
Level control in sump into which
suction hift siphons discharge

2 variable speed drive pumps of 19
Mi/d each computer controlled to a
selected set point.

Single-sided peripheral

Single-sided peripheral

1.0 m diam, centre feed well

1.0 m diam._ centre feed well

No scum board.

6.0 m diameter skirt baffle acting as

flocculator centre well to 1.8m water
depth. Gap to floor 0.70m

Pcnphcral Stamford baffle extending

Number of SSTs
Surface area (Ag; m°)

No scum board.

6.0m diameter skirt baffle acting as

flocculator centre well to 2.7m water

depth. Gap 1o floor 2,50m

Peripheral Smmford baffle extending
fi

Influent flow (Q, Mi/d)

Overflow rate (q, SOR m'h)

Recycle flow (Q, Mi/d)

Underflow rate (g, m'h)

Recycle ratio (R)

Feed Concentration (X, g/f)

Applied flux [SLR kgSS/(m*.h))

Weir loading rate [WLR, m"/(h.m))
Hydraulic loading rate {[gA+qR HLR m'h)]

sludge settleability

Vy (mvh)
n(ig)
DSVI (mt/g)

IDFT predicted
mits

Maximum SLR__ [kg/(m’.h)]
Overflow rate SOR_, (m/h)
Influent Mow (excl Q,). 1 SST (m'/h)

lux ratings

Flux load factor [V, (nX,), mh)]
Iest IDFT SLR ratio
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Table 3: Darvill WWTP SST SLR stress test results.

Test No Test est est est 4

S N

Feed concentration (X, gSS#) 460 | 460 | 430 | 430 | 360 | 360 | 345 | 345
Recycle concentranon (X, gSS/1) 100 | 95 9.0 9.0 9.0 80 150 | 160
Sludge blanket depth' (m) 22 10 | 26 14 | 27 16 | 16' | 03
Effluent SS (mg¥) 17 6 5 - 10 16 0 252
Actual hydraulic retention time (R, h) 30 1.6 33 18 27 14 1.5 08
Test duration (hours) 105 | 105 | 120 | 120 | 100 | 100 | 50 50
Test duration (number of R, ) 3s 6.6 6 | 67 37 7.1 13 63

' Sludge blanket depth is the depth of the top of the sludge blanket from the water surface.

 SST failure interpreted as raised sludge blanket to the water surface and gross solids loss.

* Test 4 had 10 be terminated when the old SST failed. Although the ESS concentration was still very low, the
sludge blanket rise rate in the new SST was the same as in the old SST and therefore failure of the new SST seemed
inevitable, The height of the sludge blanket was similar in the old and new SSTs, The onset of failure in the new
SST was postponed due 10 1ts greater sludge storage capacity afforded by its greater depth (4.1 m SWD) compared
with the old SST (2.5 m SWD),

Table 4: Summary of the SettlerCAD simulations results for the SetilerCAD influent flow limit
of Tests | to 4 on the new am! old Darwill S‘S‘Ts

Ol = lnﬂ nt flow rate (m’ [ New

F!ux load factor V. ,Qn\,) m'h
Influent Flow (m'h) for | SST
% of 1DFT maximum Q,
Overflow Rate (mh)

Recycle Flow (m'/h)
Underflow Rate (m'h)

Recyele Rano

Applied SLR (kgSS){(m’.h)

% of 1DFT maximum SLR
Actual Retention Tiume (h)
Duration of Run (nun)
Duration of Run (¥ of R, )

Sim time Step (min)

Sim time Step (%R,)

Effluent SS (mg/()*

Recycle Conc (mg/i)*

Mass Balance (%0)*

Test Result (ESS>S50mg

*Mean over the last 2 R, values.

4.2 Finding the SettlerCAD maximum SOR and SLR for the Darvill SSTs

The data listed in Tables 2 and 3, recalculated for a single SST, was given as input to
SettlerCAD. For cach test, 16 SettlerCAD runs were setup. For the new SST, runs 1 10 7 were
at Q, from 74 to 86% of the 1DFT limit in 2% increments and an 8" run at 100%. For the old
SSTs, the 7 runs ranged from 60 1o 72% with an 8" at 100%. Runs 9 to 15 were setup between
consecutive safe and fail runs at 0.25% increments and the 16™run was at the actual test Q,. The
first run with ESS > 50 mg/{ was accepted as the SettlerCAD predicted maximum influent flow
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rate limit. The SettlerCAD SLR limit was calculated from the Q, limit and the test Q, and X,
values. The SettlerCAD predicted results of the first failure runs are given in Table 4 and are
shown plotted in Figs 5a and b as 1DFT versus SettlerCAD predicted maximum SLR (Fig 5a)
and SettlerCAD/1DFT maximum SLR ratio, or flux rating (Fig 5b). In Figs 5a and b it can be
seen that the SettlerCAD predicted flux rating for the new SSTs ranges from 0.86 (Test 1) 10 0.89
(Test 3) and for the old SSTs from 0.71 (Test 4) to 0.86 (Test 2). The simulation results of the
runs at the actual test influent flow are given in Table 5.

Table 5: Summary of the SeitlerCAD simulations results for the actual Tests 1 10 4 on the new

and old Darvill SSTs.

*Mean over the last 2 R, values

Darvill SST Stress Tests
SottlerCAD SLR stress Tests 1to 4

18

PARAMETER I Testl

QI = Influent flow rate (m'h) New old |
Flua joad facion Vy{uX,) - wh %.30 <30
Influent Flow (m'/h) for 1 SST 833 813
% of 1DFT maximum Q, 78.5 785
Overflow Rate (m/h) 0.87 087
Recycle Flow (m'/h) 667 666
Underflow Rate (m'h) 0693 | 0.692
Recycle Rato 0.80 0.80
Applied SLR (kgSS)(m’ h) 7.17 717
% of IDFT maximum SLR 86.8 86.8
Actual Retention Time (h) 3.0 1.6
Duration of Run (mun) 6000 3600
Duration of Run (¥ of R,,) 333 374
Stm tume Step (mun) 2.5 2.5
Sim time Step (%R,,) 1.39 2.60
EfMuent SS (mg/t)* 495 227
Recycle Conc (mgli)* 9558 | 9666
Mass Balance (%)* 08.3 96.1
Test Result (ESS>50mg/l) Fail Fail
Observed Result Safe | Safe

Darvill SST Stress Tests

NIWCAD SLR Stross Tosts 1104

=
o~
E 16 | . ° l . |
- .— |
N "y . @ 08
x 12 4 . S
» 104 - g 0.6
Sal
g 8 ale 9
® 0.4
- 6 Fail-New E
g 0 i g 0.2
= 2 1 Fail-Old = .
Q
g 0 — @
0 2 4 6 8 12 14 16 18 0.0 Voot —

Predicted SettlerCAD SLR - kg/(m2.h)

New
Stress Test No.

Figs 5a and 5b: | DFT calcwlated maximum SLR versus SettlerCAD predicted SLR (Fig Sa, left)
and SettlerCAD predicted to | DFT caleulated maximum SLR ratios (Fig 5b, right) for the four
Darvill SLR stress tests on the new and old SSTs
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Figs 6a to d: Final ESS and RAS concentrations (Figs 6a, top left and Fig 6b, top right) and %5
mass balance (Fig 6¢, botiom left) versus influent flow as %6 I DFT limit showing runs ended safe
(@ and fail (&) and %6 mass balance versus simulation time (Fig 6d, bottom right) for the Test

4 SettlerCAD runs on the old Darvill SSTs.

In the simulation runs, simulation times of 6000 and 3600 min were sclected for the new and old
SSTsrespectively, which is more than 25x the actual hydraulic retention time (25xR ) for all the
runs (sce Table 4). These run times were sufficiently long to establish a final steady state
condition. The final ESS (X,) and RAS (X,) concentrations accepted for each run were the
average of the predicted values over the last 2xR,,. The solids mass balance was based on these
final average X, and X, concentrations (which are listed in Table 4). Provided the run did not
in the failure (ESS< 50 mg/() the run yielded a solids mass balance within 0.5% of 100%. Runs
that ended in farlure (ESS> 50 mg/() yiclded a lower than 99.5% solids mass balance and the
greater the SST overload (1.¢. the higher the ESS concentration), the lower the solids mass
balance below 99.5%, even as low as 86% for Test 4 on the old SST at 100% of the 1DFT limit
influent flow. The ESS, RAS and % mass balance versus influent flow (as % of the 1DFT limit
Q,) for Test 4 on the new SST are given in Figs 6a to ¢. Halving the simulation time step and/or
doubling the number of pressurc iterations per time step yielded identical step by step simulation
results and no improvement in % mass balance. From this it was accepted that the low % mass
balance for the failed runs was not due to numerical instability in the algorithms of the
programme. Figure 6d shows the % mass balance for the 8 runs at 60 to 72% and 100% 1DFT
Q, for Test 4 on the old SST as the simulation progressed and shows that the mass balance
remains constant (indicating that ESS and RAS concentration did not change) at significantly
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below 99.5%. It is suspected that there is a simple logical error in SettlerCAD. It seems that
the RAS concentration is “corrected ™ by subtracting from it the ESS concentration, because the
higher the ESS concentration (or overload), the lower the RAS concentration (Figs 6a and b)
Theoretically, for increasing Q, and constant Q, and X, the RAS concentration should remain
constant once the SLR capacity (failure) has been reached. This error does not influence the safe
runs (because ESS concentration is low) and so does not influence the SettlerCAD predicted
SOR and SLR limits.

DARVILL Test 1 on New SST DARVILL Test 1 on Old SST

1D Flux theory (no correction) 1D Fiux theory (no correction)
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Figs 7ato d: |DFT D& O charts showing the SST operating position and result (safe O, fail X)
of the SettlerCAD runs and actual tests (safe @ faul &) for Tests | and 2 on the Darvill new and

old SSTs

The position and result (safe O, fail X) of the SettlerCAD simulation runs for cach of the 4 tests
on the new and old SSTs are shown in the IDFT D&O chart in Figs 7a to h. The actual test
position (safe @, fail I) and result also is indicated In the charts, the SettlerCAD predicted SOR

limit 1s given at the transition from the safe to the fail positions. If the actual test position safe
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(@) is within the safe (O) runs, then SettlerCAD predicted a safe result for the actual test and if

the actual test position fail (I) is within the fail (X) runs, then SettierCAD predicted a fail result

for the actual test. From this it can be scen that ScttlerCAD predicted a fail result for Tests 1,
2 and 4 for both the new and old SSTs and a safe result for Test 3 on both new and old SSTs.

Because the observed test results were safe for Tests 1, 2 and 3 and fail for Test 4, SettlerCAD

predicted the result of Test 3 and 4 correctly 1.¢. safe and fail respectively, but predicted the result

of Tests 1 and 2 incorrectly, i.e. fail for both when the observed result was safe for both. This

aspect is discussed further below.

DARVILL Test 3 on New SST
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The ESS concentration versus Q, (as a % of the I1DFT limit) for all the runs on the new and old
SSTs are shown in Figs 8a and 8b. For the new SST (4.1m SWD) (Fig 8a), the ESS
concentration increases precipitously above 50 mg/{ at about 75% of the 1DFT limit influent
flow for Tests 1 and 2 and about 84% for Tests 3 and 4. For the old SST (2.5m SWD) (Fig 8b),
the increase in ESS concentration is much more gradual and increases above 50 mg/t at about
70% for Test 1, 72% for Tests 2 and 3 and 63% for Test 4. This reduced capacity and gradual
increase in ESS concentration of the old SST is probably due to its shallowness (2.5m SWD)
compared with the new SST (4.1m SWD). However, it is possible that the sludge collection
system type also influenced this difference in behaviour - the 1:10 sloping bottom of the new
SSTs adds considerable extra volume i.e. H, = 4.68m, compared with the flat bottom shallow
old SSTs.

Steady State ESS Concentration Steady State ESS Concentration
Darvill New SST-Test 110 4 Darvill Old SST-Test 1104
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Figs 8a and 8b: SettlerCAD predicted ESS concentration versus influent flow (as %6 of 1DFT
limit) for Tests I to 4 on the Darvill new (Fig 3a, left) and old (Fig 3b, right) SSTs.

SettlerCAD predicted maximum SOR and SLR, as a % of the 1DFT limits, were plotted versus
the flux load factor for the new and old SSTs in Figs 9a and 9b. Also shown are the four actual
test points. These figures show clearly the much greater sensitivity of the shallow old SSTs to
the hydraulic flows compared with the new SSTs. As the 1DFT maximum SOR increases from
the lowest value of Test 2 (0.78 m/h), through Test 1 (1.10 m/h) and Test 3 (1.50 m/h) to the
highest value of Test 4 (2.80 m/h) (sce Table 2), the ScttlerCAD predicted capacity of the
shallow old SST declines from 73% 10 63% of the 1DFT SOR limit (or 85% to 70% of the 1DFT
SLR limit). For the deeper new SSTs, the SettlerCAD predicted capacity increases from 73%
to 83% of the IDFT SOR limit (or 86% to 89% of the IDFT SLR limit).

This indicates that for the shallow old SSTs, the lower the HLR, i.¢. for poor settling sludges
and/or and high X, the greater the SST capacity as a % of the IDFT limit or flux rating, and the
higher the HLR, 1.¢. good settling sludges and/or low X, the lower the flux rating. The new deep
SSTs do not show this sensitivity to HLR.
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Figs 9a and 9b: SettlerCAD predicted capacity as %6 of the 1DFT maximum SOR (Fig 9a, left)
and SLR (Fig 9b, right) limits versus the flux load factor for the Darvill new (4. 1m SWD, & and
old (2.5m SWD, 4) SSTs. The actual test positions and outcome are also shown (safe @ fail 5.

The actual test values and result are also shown in Figs 9a and b (safe @, fail ). Compared with
the SettlerCAD predicted limits, Test 2 is significantly above both the new (124%) and old
(126%) SST lines, Test 1 on the new (102%) SST line but above the old (109%) SST line, Test
3 significantly below both the new (79%) and old (91%) SST line and Test 4 slightly above the
new (105%) SST line but significantly above the old (141%) SST line (sce Table 6). If
SettlerCAD is realistic, then Tests 1, 2 and 4 should have ended in failure, whereas in fact only
Test 4 ended in failure. Hence, SettlerCAD correctly predicts the result of Tests 3 and 4 only.
For test 1, the test and SettlerCAD predicted maximum overflow rates are very close, so that had
this test been run for longer, it may have ended in failure. However, this does not apply to Test
2, because this test was significantly overloaded with respect to the SettlerCAD limit (125%) so
should have failed but didn’t for both the new and old SSTs.

Table 6: Comparison of SettlerCAD predicted result with the actual Tests 1 to 4 on the new and
old Darvill S5Ts.

[ PARAMETER
Influent flow (excl Q

Test Q, for | SST (m'/h)

95 of TDFT maximum Q,

| 1DFT predicted outcome

| SettlerCAD predicted max Q, (m' h)

% of SettlerCAD predicted max Q,

SettlerCAD predicted outcome

Observed test result

n

8‘3 8“

4.3

Conclusions from the Darvill SST simulations
The simulations of 35m ¢ Darvill full-scale SST SLR stress tests with the 2D hydrodynamic
model SetterCAD indicate, as would be expected, that the SST hydraulic non-idealities are

intrinsically part of the model and that SettlerCAD predicted maximum SOR and SLR were
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significantly below those calculated from the IDFT. The simulations indicated that the capacity.
or flux rating, of the old flat bottom shallow (2.5m SWD) SSTs decreased from 0.86 to 0.70 of
the 1DFT maximum SLR as the flux load factor V/(nX,) increased (which increases HLR due
10 an improvement in sludge settleability and/or decrease in feed concentration). The new deep
4.1m SWD 1:10 sloping bottom (average depth 4.68m) SSTs did not show this sensitivity of
capacity (or flux rating) to the flux load factor (or HLR) and the flux rating remained
approximately constant at around 0.87 of the 1DFT maximum SLR. The simulations showed
that the magnitude of the flux rating is not a constant value, and seems to be dependent on SST
depth and HLR - the deeper the SST and the lower the HLR, the closer the flux rating to 1.0. In
Section 7 below, additional Darvill SST runs (i) without the Stamford baffles and (i) with
imerchanged SWD between the new and old SSTs are discussed 1o evaluate the effect of the
baffles and SWD on the flux rating.

With the Darvill SST tests, the accuracy of the SettlerCAD predicted flux rating could not be
validated because the result of only two of the four tests (Tests 3 safe and 4 fail) on the new and
old SSTs were predicted correctly. The highest flux rating of a safe test is 0.96 (Test 2) and the
lowest flux rating of a fail test is 0.91, which is lower that that of the highest safe test. From the
actual tests, the flux rating of the old and new SSTs appear to be approximately the same, but this
may only appear to be so because none of the test SLRs and SORs fall between the old and new
SST flux rating lines predicted by SettlerCAD in Figs 9a and b. Furthermore, the flux rating
from the actual tests would scem to be much greater than that predicted by SettlerCAD,
especially for the old SST. It is possible that for one of the tests not predicted correctly, i.c. Test
1 which loaded the SSTs at 78% of the IDFT SLR, the test duration wasn’t long enough to reach
a steady state and had it been run for longer, the test, which was observed to end safe, may have
ended fail. However, this doces not apply 1o the other test not predicted incorrectly (Test 2). This
test loaded the SST to 92% of the IDFT SLR maximum, which is significantly higher than Test
4, which ended fail and was correctly predicted by SettlerCAD. Therefore, even though the HLR
in Test 4 (3.23 m/h) was double that in Test 2 (1.61 m/h), it is likely that there was sufficient
time in Test 2 1o reach a steady state.

Although the Darvill SST tests are not helpful for validating the SettlerCAD predicted flux
ratings, the simulations nevertheless provide further convincing evidence that the 1D idealised
Slux theory (1DFT) should not be applied to the design of full-scale SSTs without an appropriate
reduction factor (flux rating).
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5 SIMULATING THE WATTS' SSTs WITH SettlerCAD

Watts ef al. (1996) conducted 15 SLR stress tests on one of the 4 SSTs at the Kanapaha Water
Reclamation Facility (Florida, USA) over a 3 week period. The SSTs were 28,96 m in diameter
with 3.66 m and 4.60 m side water and centre depths respectively, giving a bottom slope of
1:15.4 or 6.5%. The centre influent feed well was bounded by an annular skirt baffle 2.44 m
deep (gap 1o floor 1.66 m) and occupying 28% of the SST surface area (i.¢. 15.32 m diameter).
Peripheral and radial effluent launders collected the surface overflow. Settled sludge was
collected continuously via a rotating multiple pipe suctions system with 4 draw offs at radial
distancesof 1.5, 5.2, 8.6 and 12.2 m from the centre. Waste sludge was pumped from the sludge
retumn flow and was included in the recycle flow in the simulations.

In the SLR tests, the influent and recycle flows were kept constant and each test lasted about 8
to 10 hours (3 10 6xR,). The feed (X;), effluent (X, ESS), underflow (X, RAS) and waste (X,
WAS) sludge concentrations were measured hourly.  Sludge blanket height (SBH)
measurements were taken at about 15 min intervals and the position and movement of the sludge
blanket height (SBH) was used to determine the test result. Where the SBH remained constant,
the test was continued for at least 2 hours longer into the “steady state™ period and the test ended
safe. Where the SBH continued increasing, the test was stopped just prior the SBH reaching the
effluent launders and the test ended fail.

During the three week testing period, the sludge settleability flux constants V, & n were
measured in 7 sets of 6 multiple batch settling tests at concentrations ranging from 2 tol4 g/l.
Alfter rejecting 2 sets, the remaining 5 were pooled and the average V, & n determined for the
15 SLR tests, viz. V, = 7.62 m/hand n = 0.3055 m’/kg. In the 15 tests, of which the first 10
ended safe and the last 5 ended fail, the overflow and underflow rates ranged from 0.72 to 1.66
m/h and 0.36 and 1.14 m/h respectively and the feed concentration from 3.44 to 4.13 kg/m’.
Because the V, & n were accepted to be the same for all 15 tests, the flux load factor V /(nX,)
varied in a narrow range from 6.04 m/h for Test 4 to 7.24 m/h for Test 9 due to the small change
in feed (X, ) concentration. Details of the 15 tests are listed in Table 7.

From the measured V, n and X, the 1DFT predicted maximum SOR and SLR were calculated
with the method described earlier in Section 3.2 and are listed in Table 7. The 1DFT predicted
and test applied SLRs and the Test/I1DFT SLR ratio from Table 7 are plotted in Figs 10a and b.
From Fig 10b, the Test/1DFT maximum SLR ratio for the 15 tests are between 0.56 (Test 1) and
0.91 (Test 11)and Tests 3,4, 7 and 9, which ended safe, have higher Test/1DFT maximum SLR
ratios than Test 15, which was the test with the lowest SLR test that ended fail. From Fig 8a, the
line that best separates the safe (@) and fail (2) tests is about 0.80 indicating that the fklux rating
of the Watts SST is about 0.80.



Table 7: Summary of the 15 SLR stress test vesults on the Kanapaha WWTP SSTs by Watis et al. (1996).
_ mm--m-mm-m-
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Number of 991:
Surface area (m') 65') 659 659 6‘9 659 659 6‘9 6*9 6*') 659 65‘) 659 659 (b59 659
ctual test  |Influcnt flow (Mi/d) 14 149 159 IS8 188 IS8 224 188 244 156 245 263 145 245 242
oading Overflow rate (mvh) ‘ 072 095 1.20 1.9 19 19 142 1.19 154 117 158 1 .66 1.58 1558 153
ponditions | Recycle flow (Mi/d) 95 96 58 95 95 1.4 9.5 133 95 95 95 9s 1313 17.1 181
Undcrflow rate (mh) 0.60 0.60 0.36 0.60 0.60 072 0.60 084 0.60 0.60 060 0.60 084 1.08 1.14
Recyele ratio ’ 0837 J 0639 J 0304 | 0OSO8 J OSOT J 0606 | 0426 | 0706 | 0391 | 0514 | 0389 | 0363 | 0543 | 0698 | 0.746
Feed Concemtration (/1) 4053 13972 3801 4130 130664 | 3994 ) 3560 § 3787 ) 3444 ) 1885 | 4044 | 3444 | 3987 ) 3983 | 3618
Appled SLR llgSS'\m'h)] §.37 618 S 739 657 765 720 768 740 691 £7 780 958 1050 | 968
Weir loading rate [m'-"(h m)] §.22 6.84 867 859 £062 862 10.26 8§60 119 §.50 1122 11204 | 11,24 | 1124 | 1110
HLR [(gA+gR), mh)] 1.32 158 1 56 179 1.79 19 202 203 215 1.78 215 2.27 240 264 268
lud 2¢ V. (mh) 7.62 7.62 762 762 7.62 762 7.62 7.62 762 7.62 762 7.62 71.62 7.62 762
ticability n(t/g) | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 03055 | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 0.3055 | 0.3055
DSV (mi/'g)* | M 94 94 9 94 94 924 924 94 9% 94 94 94 9%
|DFT Maximum SLR [kgAm".h)] 954 955 658 954 9.55 10.581 9.55 1194 | 955 9.55 954 9.55 1198 | 1331
ficted Overflow rate (m'h) 1.75 1.80 1.37 1.71 200 198 208 231 217 .85 L% 217 216 226
1 Influent Q, (excl Q) (m'h) IS39 | 11865 | §999 J 11242 [ 13194 [ 13074 | 13691 | 15238 J 14286 | 1221.7 | 11569 | 14286 | 14236 | 14869 | 1662.3
Tux ratings | Flux load factor [V/(nX, ), mh)] 6.15 6.28 6.56 604 681 625 7.01 659 7.24 642 617 7.24 6.26 6.26 6.89
Test'10FT Nux ratio %62 644 9203 s 688 707 754 o3 s 97
est' | DET overflow rate ratio 412 52§ 87 69 § y o) (L8 2

Table 9: Comparison of SettlerC AD rcdu'u'd n'.mh with the actual Tests 1 to 15 on the Waits SST.

PARAMETER

L0, = Influ w (excl O

[ Test Q, for 1 SST (m'/h)

% of 1IDFT maximum Q,

1DFT predicted outcome
SettlerCAD predicted max Q, (m'/h)

% of SettlerCAD predicted max Q,
SettlerCAD predicted outcome
| Observe ed test result

Test 10 7

Test 12
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Table 8: Summary of the SettlerCAD simulation results for the SettlerCAD influent flow limit (top) and actual test influent flow (bottom) for the 15
SLR tests on the Waits SSTs (Q, = Influent flow in m'/h).

____-_II!’.IB
flun factor V '(n\ )-mh 6.28
Influent Flow (m'/h) for | SST £75.1
| % of 1DFT maximum Q, 7378
Overflow R.nc(m'hi 1.33
Reevele Flow (m'/h) 198.0
Underflow Rate (m/h) 0604
Reeyele Ratio 045
Applied Flux (kgSS)Hm® h) 7.68
Y% of 1DFT maximum flux 03
Actual Retention Time (b) 21
Duratron of Run (mun) 6000
| Duration of Run (5 of R) 456
Sim 1ume Step (man) 25
Sim tme Step (R 2.03
EfMuent S8 (mgn)* 514 1 ; / ’
Recycle Conc (mgit)* 12479 usss 7 l'.’“ﬂ 8
Mass Balance (%6)* 99.1 \ : 978 ! 290
Test Result (ESS>50mg/1) Fal ' i Fasl Fail
ACTUAL TEST INFLUENT FLOW
Influent Flow (m'/h) for 1 SST . 2 7889 | TSIS | 7R42 | 7853 | 9338 | 7826 10178 | F33S 10214 | 10952 | 10225 | 10228 | 1009.6
% of 1DFT maximum Q, . 2 §7.7 o35 94 60,1 682 sha 7.2 633 8§83 76.7 71.8 68 8 60.7
Overflow Rate (mh) [ ) 1.20 119 1.19 1.19 142 L9 1.54 117 1.5 1.66 1.5 1.58 1.53
Recycle Flow (m'/h) : 2399 | 3969 | 3977 | 4757 | 3977 | 5528 | 3977 | 3977 | 3972 | 3977 | S556 | 7140 | 7538
Underflow Rate (m'h) ) 036 060 0.60 072 060 084 0.60 0.60 0.60 0.60 084 1.08 114
Recycle Rato J 0304 | 0508 | 0507 | 0606 | 0426 | 0706 | 0391 | 0514 | 0389 | 0363 | 0543 | 0698 | 0746
Applied Flux (kgSS)(m* h) : v 94 739 6.57 7.65 1.20 7.68 740 691 871 7.80 955 10.50 9.68
%% of 1DFT maximum flux 9203 775 68 8§ 70.7 754 643 775 723 913 817 9.7 789 730
Actual Retention Time (h) : 25 22 22 2.1 20 20 18 22 18 18 1.7 1.5 15
Duration of Run (man) 6000 GO0 6000 6000 6000 G000 G000 6000 6000 6000 6000 | 6000 6000
Duranon of Run (% of R) ! 393 450 452 482 509 510 sS40 47 542 57.0 60.3 661 674
Sim time Step (min) : - 25 2.5 25 25 2.5 25 25 2.5 25 25 2.5 2.5 r L
Sim time Step (%R,,) ) ' 1.64 1.88 1.88 201 212 2.13 2.25 1.86 226 238 251 276 281
EfMuent SS (me/)* . : 4843 57 58 57 68 6.1 179 53 4799 | 2380 | 669 99 15
Recycle Conc (mglh)* 2132683 [12236.7 | 10879.7 | 105771 | 119008 | 9137.8 | 122053 1 114300 [ 121505 | 117924 | 11078.1 | 96724 | 845137
Mass Balance (%)* 912 "9 1000 1000 oo 100.0 1000 100.0 927 9.3 989 1000 1000
Test Result (ESS>S0mg1) Fad Safe Safe Safe Safe Safe Safe Safe Fail Fail Fail Safe Safe
| Observed Result S S Safe Safe Safe Safe Safe Safe Safe Safe Fail Fal Fail Fail Fail

'\1can over the last 2 R, values
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Figs 10 a and b: Calculated 1DFT maximum SLR versus test applied SLR (Fig 10a, left) and
test applied to 1 DFT calculated maximum SLR ratios (Fig 10b, right) for the 15 Watts stress test
on the Kanapaha SST.
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Figs 1la and b: 1 DFT calculated maximum SLR versus SettlerCAD predicted maximum SLR
(Fig 11a, left) and SettlerCAD predicted to 1DFT calculated maximum SLR ratios (Fig 11D,
right) for the 15 Watts SLR stress tests on the Kanapaha SSTs

5.2 Finding the SettlerCAD maximum SOR and SLR for the Watts SSTs
Table 7 as input to SettlerCAD

SettlerCAD runs were sctup. Runs 1 to 7 were at Q, from 66 to 78% of the IDFT SOR in 2%

The data given in was given For cach of the 15 tests, 16
increments and an 87 run at 100%,. Runs 9 to 15 were setup between consecutive safe and fal
runs at 0.25% increments and the 16%rn was at the actnal 1est Q. The first run with ESS > 50

mg/( was accepted as the SettlerCAD predicted influent flow rate limit. The SettlerCAD flux



25

limit was calculated from the Q, limit and the test Q, and X, values. The SettlerCAD predicted
results of the first failure runs are given in Table 8 and are shown plotted in Figs 11aand b as
1DFT versus SettlerCAD predicted maximum SLR (Fig 11a) and SettledCAD/1DFT maximum
SLR ratio i.e. flux rating (Fig 11b). The results from the runs at the actual test influent flow rate
are also given in Table 8. In Figs 11 and b, it can be seen that the SettlerCAD predicted flux
rating of the Watts SST ranges between 0.777 (Test 9) and 0.825 (Test 15). Fig 11a shows the
SettlerCAD maximum predicted SLR (flux rating) of the 15 tests fall very close to the 0.80 flux
rating line. The SettlerCAD predicted maximum SOR (as % of the IDFT maximum) ranged
between 70.0% (Test 8) and 74.5% (Test 15).

In the simulation runs, a simulation time of 6000 min was selected which was more than 35x the
actual hydraulic retention time (35xR,,) for all the runs (see Table 8). As for the Darvill SST
runs, these run times were sufficiently long to establish a final steady state condition and the final
ESS (X;)and RAS (X,) concentrations accepted for each run were the averages of the predicted
values over the last 2xR,,. The solids mass balance was based on these final average ESS and
RAS concentrations (which are listed in Table 8). The same pattern regarding the mass balance
was observed - provided the run did not end in the failure (ESS< 50 mg/(), the run yiclded a
solids mass balance within 0.5% of 100% and runs that ended in failure (ESS> S0 mg/() yiclded
a lower than 99.5% solids mass balance; the greater the SST overload (i.e. the higher the ESS
concentration), the lower the solids mass balance below 99.5%. The ESS, RAS and % mass
balance versus influent flow (as% of the IDFT limit Q) for Test 11, which had the highest
Test/1DFT SOR and SLR ratios, are shown in Figs 12a to ¢. In Fig 12d, the % mass balance
versus simulation time for runs 1 to 8 of Test 11 at 66 to 78% of the 1DFT maximum overflow
rate are shown - it can be scen that for the failed runs (1) even though a final steady state is
achieved, this steady state does not yield a mass balance.

Steady State ESS Concentration Steady State RAS Concentration
Watts SST - Test 11 Watts SST - Test 11
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Figs 12a and b: Final ESS and RAS concentrations (Figs [2a, left and Fig 12h. right) versus
influent flow as ?6 IDFT limit showing runs ended safe (@) and fail (8) for the Test 11
SeitlerCAD runs on the Waits S5Ts.
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Figs 12c and d: 2% Mass balance versus influent flow as %6 IDFT limit (Fig 12¢, left) showing
runs ended safe (@) and fail (& and versus simulation time (Fig 12d, right) for the Test 11
SettlerCAD runs on the Watts SSTs.

The position and result (safe O, fail X) of the SettlerCAD simulation runs for Tests 1,3,4,9, 11,
13, and 15 are shown in the D&O charts in Figs 13ato g. The actual test position and result (safe
@ or fail I) also 1s indicated. In the charts, the SettlerCAD predicted SOR limit 1s given at the
transition from the safe to the fail positions. 1f the actual test position (@) is within the safe (O)
runs, then ScttlerCAD correctly predicted a safe result for the actual test, and if the actual test
position (X) is within the fail (X) runs, then SettlerCAD correctly predicted a fail result for the
actual test. The 7 tests in Fig 13 were selected to demonstrate the following:

Test 1: Lowest test/1DFT SOR (0.412) and SLR (0.562) ratios with SHC | goveming capacity;
Test ended safe and SettlerCAD predicted result correctly.

Test 3: Second highest test/1DFT SOR (0.877) and SLR (0.903) ratios with SHC | goveming
capacity; Test ended safe but SettlerCAD predicted result incorrectly as fail.

Test 4: Lowest flux load factor V,/(nX,) = 6.04 m/h with SHC 1 governing capacity; Test ended
safe and SettlerCAD predicted result correctly.

Test 9: Highest flux load factor V /(nX,) = 7.24 m/h with SHC I governing capacity, Test ended
safe and SettlerCAD predicted result correctly.

Test 11: Highest test 1 DFT SOR (0.883) and SLR (0.913) ratios with SHC [ govemning capacity;
Test ended fail and SettlerCAD predicted result correctly.

Test 13: Test/1DFT SOR (0.718) and SLR (0.797) ratios very close to SettlerCAD/IDFT SOR
(1.01) and SLR (1.01) ratios with SHC 1l governing capacity; Test ended fail and
SettlerCAD predicted result correctly.

Test 15: Low 1est/1DFT SOR (0.607) and S1.R (0 703) ratios with SHC 11 governing capacity,

l'est ended fanl but SettlerCAD predicted result incorrectly.
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showing the SST operating positions
and result (safe O, fail X) of the
SettlerCAD runs and actual tests (safe
@ fail ) forTests 1, 3, 4, 9, 11, 13 and
15 on the Watts SST.

-



28

From all 15 D&O charts, SettlerCAD correctly predicted the result for 12 tests, i.e. Tests 1, 2 and
410 10 (safe) and 11 to 13 (fail) but incorrectly predicted the result for 3 tests, i.e. Tests 3 (actual
test safe, SettlerCAD fail) and 14 and 15 (actual test fail, SettlerCAD safe). This aspect is
discussed further below,

The ESS concentration versus Q, (as a % of the 1DFT limit) for all the runs are shown in Fig 14.
It can be seen that the ESS concentration increases gradually above 50 mg/t in the narrow range
between 70 and 74% of the IDFT limit influent flow. The precipitous increase in ESS
concentration observed with the new (deep) Darvill SST is not apparent, the increase in ESS of
the Watts SST resembles more the gradual increase in ESS of the old (shallow) Darvill SST.
However, the Watts SST gecometry resembles more the new Darvill SST with a 3.66m SWD and
1:15.4 gloping bottom compared with 2 4.1m SWD and a 1:10 sloping bottom.
Steady State ESS Concentration Steady State ESS Concentration

Walts SST - Tests 110 15 Wiatts SST - Tests 1% 15
1000 - . - - 100

IR (N -

ESS concentration (mgh)
ESS concentration (mg/l)

0

66 68 70 72 74 76
Influent Flow - % of 1DFT Limit Influent Flow - % of 1D Flux Limit

Figs 14a and b: SettlerCAD predicted steady state ESS concentration versus influent flow (as
% of IDFT limtr) showing the whole field (Fig 14a, left) and zoomed in detail (Fig 14b, righ).

The SettlerCAD predicted maximum SOR and SLR, as a % of the 1DFT limits, are plotted
versus the flux factor V/(nX,) in Figs 13aand b. Also shown are the 15 actual test points (safe
@, fail I). In these figures, the actual tests that ended safe (@) and fail (X) which plot helow and
above the SettlerCAD predicted SOR and SLR limits (&), are tests the result of which
SettlerCAD predicted correctly; the actual tests that ended safe (@) and fail (X) which plot above
and below the SettlerCAD predicted SOR and SLR limits (@), arc tests the result of which
SettlerCAD predicted incorrectly. Table 9 gives more detail on this listing the actual test SOR
as a % of the SettlerCAD predicted maximum SOR, and the SettlerCAD predicted and observed
result of the tests. From this, the test results which ScttlerCAD predicts incorrectly are Tests 3
(observed safe but SettlerCAD predicts fail) and 14 and 15 (observed fail but SettlerCAD
predicts safe). Of these 3 tests, only Tests 3 and 15 plot far from the ScttlerCAD predicted
maximum SOR and SLR results and therefore are definitely incorrectly predicated. However,
Tests 4, 14, 15, 7, 9 and 12 all plot very close to the SettlerCAD predicted limits and are all
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correctly predicted. This indicates that apart from Tests 3 and 15, SettlerCAD accurately
identifies the SOR and SLR capacity of the Watts SST.
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Figs 15a and b: SeltlerCAD predicted maximum SOR (Fig 15a, ieft) and SLR (Fig 15b, right)
as % of the 1DFT maximum limits versus flux load factor. Also shown are the positions and
result (safe @, fail 2) of the 15 actual tests identified by number.
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Figs 16a and b: SettlerCAD predicted maximum SOR (Fig 16a, left) and SLR (Fig 16b, right)
as % of the 1DFT maximum limils versus fiux load factor for the Watts (3.66 m SWD, 4)
and Darvill new (4.1m SWD, & and old (2.5m SWD, @ SSTs.

Figures 15a and b show a small decreasing trend in SettlerCAD predicted SOR and SLR (®) as
the flux load factor increases - for the SOR (®, Fig 15a) from 74% (Test 4) to 71% (Tests 9 and
12) and for the SLR (®, Fig 15b) from 81% (Test 4) to 79% (Tests 9 and 12). This secems to
suggest that the Watts SST is as insensitive to HLR as the Darvill new SST (Figs 9a and b),
However, the flux factor range for the Watts tests is very narrow - only from 6.0 to 7.2 m/h,
whereas for the Darvill tests the flux load factor range was from 3.5 to 9.0 m/h, leading to a much
greater range in 1DFT SORs and SLRs. To place the Watts SettlerCAD simulation results in
context of the Darvill simulation results, the Darvill and Watts simulation results are plotted
together in Figs 16aand b, The Watts SettlerCAD predicted SOR and SLR limit results (A) lie
between the old (@) and new (H) Darvill SST lines, but closer to the old SST line. Considering
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between the old (@) and new () Darvill SST lines, but closer to the old SST line. Considering
that with respect to external SST geometry, the Watts SST (3.66m SWD and 1:15.4 sloping
bottom) is closer in likeness to the new Darvill SST (4.1m SWD and 1:10 sloping bottom) than
to the old Darvill SST (2.5m SWD and flat bottom), the expectation was that the Watts results
should fall closer to the new Darvill SST results than those of the old SST, but this did not
happen. However, a relatively consistent pattern does seem to be emerging because at least the
Watts SST results fall between the Darvill new and old SST results and show a similar
decreasing trend in capacity as the flux load factor increases. Greater clarity may be obtained
from simulating some of the 45 SLR stress tests done on the Dutch shallow (1.5 to 2.5m SWD)
SSTs by Stofkoper and Trentelman (1982) and reported by STOWa (1981).  Also, in Section
7 below, additional Watts SST runs (1) with a Stamford baffle and (i1) with a 6.0 m SWD are
discussed to evaluate the effect of baffles and SWD on the flux rating,.
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6 SIMULATING THE DUTCH STOWa SSTs WITH SettlerCAD

6.1 The STOWa SST SLR stress tests.

Stofkoper and Trentelmann (1982) conducted 47 SLR stress tests on 25 different circular SSTs
with 30 to 46m diameter (¢), 1.5 to 2.5m SWD and 1:12 sloping bottoms with scraper sludge
collection to a central hopper. Details of these tests are reported by STOWa (1981a,b,c). The
larger SSTs had double sided inset (<1xSWD from periphery) effluent launders but the outer
edge was blocked off so that effluent flowed only over the inner edge of the launder (sce Ekama
et al.,, 1997 pg 173). The first 14 tests were done on the 45.5m ¢, 2.25m SWD Rijen SST
(STOWa Tests 1 to 14, Rijen Tests | to 6a, 6b and 7 to 13), the second 10 tests on the 41.8m ¢,
2.0m SWD Oss SST (STOWa Tests 15 to 24, Oss Tests 1 to 10), and the final 23 tests on 23
different SSTs. In the tests, influent to the plant was shut off and accumulated in the sewer. At
the same time, sludge return flow was set to the required rate and while the influent was
withheld, most of the sludge in the SST was transferred to the biological reactor. The test was
commenced when the influent pumps were started and set at the required rate to give a selected
SOR. The influent and recycle flows were kept constant until test led to (i) sludge loss with the
effluent, in which case the test ended in fail (F), (11) a steady state in which the sludge blanket
height (SBH) remained constant, in which case the test ended safe (S), or (iii) an inability to
maintain the influent flow at the required rate due to insufficient sewage, in which case the test
result was inferred from SBH measurements - if this was not possible with reasonable accuracy,
the test was deemed inconclusive (NE, no equilibrium). During cach test the following were
measured at regular intervals (i) influent and recycle flows, (11) sludge settleability with the SSVI
and DSVl tests, (1) SBH , (iv) feed, RAS and ESS concentrations and (v) concentration - depth
profiles at various radial distances from the centre. Multiple batch zone settling velocity tests,
from which the V and n values could be calculated, were also measured. However, these results
could not be used for defining the sludge settleability because these tests were conducted over
oo narrow a concentration range (1.0 to 4.5 g/f). Hence for this investigation, the V;, and n
values for the different tests were calculated from the measured SSVI or DSVI with the
relationships reported by Ekama and Marais (1986) (see Ozinsky and Ekama, 1995; Ekama e/
al., 1997).

Internal feature detail such as the dimensions of the feedwell skirt diameter () and depth (hyy)
and the inlet feedwell diameter (¢,) and depth (hy;) required as input by SettlerCAD were not
available for all the SSTs stress tested. The detailed reports of the SST evaluation project
(STOWa, 1981a,b,c) cite some internal feature detail of 22 SSTs surveyed in Holland. However,
only 7 of these 22 SSTs were among the 25 SSTs stress tested. From the information of the 22
SSTs surveyed, the feedwell skirt diameter (¢,4), as a fraction of the SST diameter (¢g;) 1.¢.
¢, s/d, varied from 0.05 10 0.16 with a mean of 0.10 and the feedwell skirt depth (h,), as a
fraction of the SST depth at the radius of the feedwell skirt (hy,) i.c. hyyhy, varied from 0.27 to
0.55 withamean of 0.42. So for the STOWa SSTs simulated, the feedwell skirt diameter (§,)
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and depth (h,,) were set at these mean values. No information was given on the inlet feedwell
diameter (¢,,) and depth (h,,) so these dimensions were fixed at a 2.0m diameter and a depth
0.3m less than the feedwell skirt depth. To check the sensitivity of the simulations on the inlet
dimensions, 16 SettlerCAD runs were set up for the Rijen SST under Rijen Test | conditions.
The first 8 runs had the same inlet arrangement as defined above but had increasing influent flow
rate to determine the SettlerCAD SOR and SLR capacity. The last 8 runs had a constant SOR
and SLR of the first fail run but different inlet dimensions, i.¢. feedwell skirnt diameters (§y¢) and
depths (h) (inm) of 2.8 and 1.1, 4.6 and 1.7, and 6.0 and 2.1m in combination with inlet
feedwell diameter () and depths (hy) (inm) 1.0 and 1.0, 1.0 and 1.4, and 2.0 and 1.4. It was
found that the runs with the large and deep inlet feedwell in combination with the 4.6 m ¢
($)/ P = 0.10) and 6.0 m ¢ (P, /P, = 0.13) and 1.7 deep (hyhe, = 0.42) feedwell skirt ended
safc whercas the other runs ended fail. This conlinmed the seiechion of the feedweli skint of
Pes’Psr = 0.10 and hy/hy, = 0.42 with fixed inlet feedwell diameter of 2.0m and a depth 0.3m
less than the feed well skirt.

6.2 Simulating the Rijen SST SLR stress tests with SettlerCAD

From the V,, n and X, the 1DFT predicted maximum SOR and SLR were calculated for the 14
Rijen SLR tests with the method described in Section 3.2 above and are listed in Table 10. The
IDFT predicted and test applied SLRs and the Test/1DFT SLR ratio from Table 10 are plotted
in Figs 17aand b.
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Figs 17a and b: | DFT maximum SLR versus test applied SLR (Fig 17a, left) and Test/IDFT
maximum SLR ratio (Fig 17b, right) for the 14 Stress tests reported by STOWa (1951) on the
Rijen SST.



33

Of the 14 tests, 6 tests ended fail (F, 2, Tests 1,2, 4, 5, 8 and 9), 5 ended safe (S, @, Tests 10to
14) and 3 inconclusive (NE, Tests 3, 6 and 7). From Fig 17b, the Test/I DFT maximum SLR
ratio for the 14 tests are between 0.457 (Test 14) and 1.322 (Test 8). Tests 1 to 9 all have
Test/I1DFT SLR ratios >0.80 and therefore can be expected to fail and do. It is quite likely that
had the inconclusive Tests 3, 6 and 7 been run for longer that these would have ended fail
because they have Test/ | DFT maximum SLR ratios > 0.85. Of the 5 safe tests, it is expected
that the 4 Tests 11 to 14 ended safc (@) because they have low (<0.65) Test/I1DFT maximum
SLR ratios. The only odd test of the 14 is Test 10, which at a Test/1DFT maximum SLR ratio
of 1,00 ended safe (@), in Fig 17a it plots near the 3 inconclusive tests (A). In Fig 17a, the 2
safe Tests 11 and 13 and the 4 fail Tests 1, 9, 5 and 2 define the measured capacity of the Rijen
SST to be between 0.75 and 0.85 of the 1DFT SLR maximum.

6.3  Finding the SettlerCAD maximum SOR and SLR for the Rijen SST.

The data given in Table 10 was given as input to SettlerCAD. For 6 of the 14 tests, 16
SettlerCAD runs per test were sctup. The 6 tests selected were the 2 tests with the highest flux
load factor V,/(nX,)(Tests | and 3), the 2 tests with the lowest flux load factor (Tests 4 and 8)
and the 2 tests nearest the average flux load factor (Tests 2 and 11). SettlerCAD runs 1 to 7 for
cach of the 6 tests simulated were at Q, from 60 to 72% of the 1DFT SOR in 2% increments and
an 8" run at 100%. Runs 9 to 15 were setup between consecutive safe and fail runs at 0.25%
increments and the 16"run was at the actual test Q,. The first run with ESS > 50 mg/f was
accepted as the SettlerCAD predicted maximum influent flow rate limit. The SettlerCAD SLR
limit was calculated from the Q, limit and the test Q, and X, values. The SettlerCAD predicted
results of the first failure runs are given in Table 11 and are shown plotted in Figs 18a and b as
I1DFT versus SettlerCAD predicted maximum SLR (Fig 18a) and SettledCAD/I1DFT maximum
SLR ratio i.e. flux rating (Fig 18b). The results from the runs at the actual test influent flow rate
are also given in Table 11.



Tabie 10: Summary of the 14 SLR stress test results on the STOWA Rijen WWTP SSTs.

arameter STOWa Test #
Rijen Test &

Number of SSTs

Surface arca (m')

+

Influent flow (MU/d)
Overflow rate SUR (mh)
Recycle flow (Mi/d)
Underflow rate (m'h)
Recyele ratio

Feed Coacentration (g/7)
Applied SLR [kgSS/(m’ b))
Weir loading rate [m'/(h.m))
HLR [(gA+gR), m'h))

V,(mh)
n(t/g)
SSVI(DSVI]) (mi/g)*

Maximum SLR [kg/(m’ h))
Overflow rate (m'h)
Influent Q, (excl Q,): (m'h)

Flux toad factor [V, (nX, ), mvh))
Test/IDFT SLR ratio

Test Q, for 1
% of IDFT maximum Q,
1DFT predicted outcome

| SettierCAD predicted max Q, (m'/h)
%% of SettlerCAD predicted max Q,
Sctt erCAD predicted outcome
Observed test result

34
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Table 11: Summary of the SettierCAD simulation results for the SettierCAD influent flow limit (top) and actual test influent flow (bottom) for the
14 SLR tests on the STOWa Rijen SST (Q, = Influent flow in m'/h).

| Rizen Test # Tcul Test2 | Testd | Testd | TestS | Test6a | TestOb | Test 7 | Test8 | Test9 | Test 10 | Test 11 | Test 12 | Test 13
Flux factor V/(nX,) - mh S9N
Influent Flow (m'/h) for | SST 1461.8
% of 1DFT maximum Q, 69.75
Overflow Rare (mvh) 090
Recycle Flow (m'/h) ss
| nderflow Rate (m/h) 0.327
Recscle Ratio 036
Applied Flux (kgSS)y(m’ k) 333
%% of 1DFT maximum flux 759
Actual Retention Teme (h) 24
Dutration of Run (man) 4000
| Duzation of Run (# of R,,) 254
§ Sim time Step (man) 2.5
Sim time Step (%eR,) 1.77
| Efflacnt SS (mg/)* 63.8
| Recycie Conc (mg/t)* 0494
Mass Balance (%)* 948
Test Resubt (ESS>50me) Fal
[TACTUAL TEST INFLUENT FLOW

| Influcrt Flow (m'/h) for | SST
| % of IDFT maximum Q,
Overflow Rate (m'h)
Recyele Flow (m'/h)
Underflow Rate (m'h)
Recvele Rato

| Applicd Flux (kgSS)(m’ h)
| %6 of 1DFT maximum flux

( Actual Retention Tume (h)
Duratron of Ren (mun)
Duration of Run (¥ of R,)
Sim time Step (tvwn)

Sim time Step (%R,,)
Effluent SS (mg1)*
Recycle Conc (mgft)*
Mass Balance (%)*

Test Result (ESS>50mg/)

SLTTEIN D

1203 4
! 785 1097 ! :
109 1.09 0.88 0.88 088 0.74 0.74 074 0.74 0.63 0.63 0.63 0.52 0.52
128 242 69 127 244 69 69 127 243 69 128 244 128 244
0327 | 0621 | 0176 | 0326 | 0625 | 0178 | 0178 | 0326 | 0622 | 0.176 | 0328 | 0624 | 0328 | 0.624
0300 | 0ST0 |} 0200 | D370 § 0710 ) 0241 ) 0241 | 0441 | 0841 | 0279 ) 0521 | 0990 | 062 1200
185 5.83 264 186 549 3.21 2.66 407 409 2.50 245 364 29 320
877 §6.2 974 114.1 §6.2 107.7 | 1149 | 1203 §9.6 1003 66.3 519 700 457
20 1.7 27 24 19 AN | AR 27 21 6 30 23 ia 25

*Mcan over the last 2 R, values
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In Figs 18a and b (or Table 10) it can be seen that the SettlerCAD predicted flux rating of the
Rijen SST ranges between 0.707 (Test 3) and 0.760 (Test 8). Fig 18a shows the SettlerCAD
maximum predicted SLR (flux rating) of the 6 tests all fall above the 0.80 flux rating line
indicating that the SettlerCAD maximum SLR is around 0.74 of the 1DFT maximum. The
SettlerCAD predicted maximum SOR (as % of the 1DFT maximum) ranged between 62.0%
(Test 8) and 69.7% (Test 1).
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Figs 18a and b: I DFT calculated maximum SLR versus SettlerCAD predicted maximum SLR
(Fig 18a, left) and SettlerCAD predicted to |1 DFT calculated maximum SLR ratios (Fig 18b,
right) for SLR stress Tests 1, 2, 3, 4, 8 and 11 on the Rijen SST.

In the simulation runs, a simulation time of 4000 min was selected which was 18 to 34 times the
actual hydraulic retention time (R,) for all the SettlerCAD runs for determining the SettlerCAD
predicted SOR and SLR limits (see Table 11) and 21 to 40 times R, of the actual tests. As for
the Darvill and Watts SST runs, these run times were sufficiently long to establish a final steady
state condition and the final ESS and RAS (X,) concentrations accepted for cach run were the
averages of the predicted values over the last 2xR, . The solids mass balance was based on these
final average ESS and RAS concentrations (which are listed in Table 11). The same pattem
regarding the mass balance was observed - provided the run did not in the failure (ESS< 50
mg/(), the run yiclded a solids mass balance within 0.5% of 100% and runs that ended in failure
(ESS> 50 mg/{) yiclded a lower than 99.5% solids mass balance; the greater the SST overload
(i.c. the higher the ESS concentration), the lower the solids mass balance below 99.5%. The
ESS, RAS and % mass balance versus influent flow (as% of the 1DFT limit Q,) for Test 2, which
had the highest Test applied SLR and SOR, are shown in Figs 19ato ¢. In Fig 19d, the % mass
balance versus simulation time for runs | to 8 of Test 2 at 60 to 72% of the 1 DFT maximum
influent flow are shown - it can be seen that for the failed runs, even though a final steady state
is achieved, this steady state does not yield a mass balance.
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Steady State RAS Concentration
STOWa Test 2 - Ryen Test 2
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Figs 19a to d: Final ESS and RAS concentrations (Figs 19a, top left and Fig 19b, top right) and
Yo mass balance (Fig 19c, bottom left) versus influent flow as %6 1 DFT limit showing runs ended
safe (@) and fail (&) and ?5 mass balance versus simulation time (Fig 19d, bottom right) for the

SettlerCAD runs on the Rijen SST Test 2.
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Fig 20: Final steady state ESS concentration \yruer diameter (H,
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versus influent flow as a % of the 1DFT SOR

It for the 6 Rijen SST tests simulated.

The final average ESS concentration versus Q,
(as a % of the 1DFT limit) for the 6 Rijen tests
simulated are shown in Fig 20. It can be seen
that the ESS concentration increases gradually
above 50 mg/f in the range between 60 and 70%
of the 1DFT limit influent flow. The gradual
increase in ESS concentration of the shallow
(2.25m SWD) Rijen resembles the gradual
increase in ESS of the old (2.5m flat) Darvill
SST. Compared with this SST, even though
shallower, considerable extra volume exists in
the Rijen SST from its 1:12 bottom slope and
= 2. 88m).
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The position and result (safe O, fail X) of the SettlerCAD simulation runs for the 6 simulated
Tests 1,2, 3,4, 8 and 11 are shown in the D&O charts in Figs 21ato f. The actual test position
and result (safe @ or fail I) also is indicated. In the charts, the SettlerCAD predicted SOR limit
is given at the transition from the safe to the fail positions. If the actual test position of the safe
runs (@) is within or below the safe (O) runs, then SettlerCAD correctly predicted a safe result
for the actual test. Similarly, if the actual test position of the fail tests () is within or above the
fail (X) runs, then SettlerCAD correctly predicted a fail result for the actual test. From the six
D&O charts, SettlerCAD correctly predicted the result for the 6 tests simulated if it is assumed
that Test 3, which ended No Equilbrium (NE, A in Fig 17a), ended fail. From Fig 17a, this is
a reasonable assumption because it had Test/I DFT SLR ratio = 0.97 (this applies also to Tests
6 and 7 which ended NE because these had Test/| DFT SLR ratios of 1,08 and 1.15 respectively).
In fact, had all 14 Rijen tests been simulated, SettlerCAD would have predicted the test result
correctly of all the tests except Test 10.  This can be scen in Fig 22a and b, which plot the
SettlerCAD predicted maximum SOR and SLR versus the flux load factor.
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Figs 2latod: | DFT D&O charis showing the SST operating positions and result (Safe O, Fail
X) of the SettlerCAD runs and actual tests (safe @ fail 1) for Tests 1 to 4 on the Rijen SST
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Figs 21e and f: | DFT D&O charts showing the SST operating positions and result (safe O, fail
X) of the SettlerCAD runs and actual tests (safe @ fail J) for Tests 7 and 10 on the Rijen SST.
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Figs 22a and b: ScttlerCAD predicted maximum SOR (&) (Fig 22a, left) and SLR (&) (Fig 22b,
right), as a %6 of the 1 DFT limit values versus flux load factor Vy/(nXg). Also shown are the 14

actual test points (safe @ fail Sor No Equil A ) identified by test number.

Also shown In Figs 22a and b are the 14 actual test points (safc @, fail I and no cquil A). In
these figures, the actual tests that ended safe (@) and fail (I, &) which plot below and above the
SettlerCAD predicted SOR and SLR hmits (line through ®) respectively, are the tests that
SettlerCAD would predict correctly. Similarly, the actual tests that ended safe (@) and fail (I,
A) which plot above and below the SettlerCAD predicted SOR and SLR limits (line through ®),
are tests which SettlerCAD would predict incorrectly. Table 12 gives more detail on this listing
the actual test SOR as a % of the SettlerCAD predicted maximum SOR, and the ScttlerCAD
predicted and observed result of the tests. From this, the only test which SettlerCAD would
predict incorrectly is Test 10 (observed safe but ScttlerCAD would predict fail). InFigs 22aand
b, Tests 9, 5, 2 and 1 (all fail) plot at around 80°% and 88% respectively of the 1DFT SOR and
SLR limits above the “SettlerCAD lines™ and Tests 13 and 11 (both safe) plot at around 60% and
70% of the IDFT SOR and SLR limits below the “SettlerCAD lines™. The gap between the safe
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and fail tests therefore is quite large 15%. This means the SettlerCAD lines can plot in a 15%
range and still predict 13 out 14 test results correctly. Therefore unlike the Watts tests, the Rijen
tests are thercfore not very useful for checking the accuracy with which SettlerCAD predicts SST
capacity.

STOWa Rijen SST Tests 1to 14 STOWa Rijen SST Tests 1 to 14
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Figs 23a and b: SettlerCAD predicted maximum SOR (&) (Fig 23a, left) and SLR (%) (Fig 23b,

right), as a %5 of the 1DFT limit values versus flux load factor V/(nX) for the six test simulated
with SettlerCAD identified by test number.

Figures 23a and b, which are the same as Figs 22a and b but with a vertical scale range of only
10% of 1DFT limit SOR and SLR, show a small increasing and decreasing trend respectively in
the SettlerCAD predicted SOR (%) and SLR (®) as the flux load factor increases for the 6 tests
simulated - for the SOR (®, Fig 23a) from 62% (Test 8) to 67% (between Tests 1 and 3) and for
the SLR (®, Fig 23b) from 76% (Test 8) to 74% (between Tests | and 3). This indicates that the
Rijen SST has a low flux rating of around 74% of the 1DFT SLR limit (or a hydraulic capacity
64% of the 1DFT SOR limit) but it appears to be relatively insensitive to HLR variation arising
from a wide range in flux load factor from 2.5 to 6.4 m/h.
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6.4  Simulating the Oss SST SLR stress tests with SettlerCAD

From the V,, n and X,, the 1DFT predicted maximum SOR and SLR were calculated for the 10
Oss SLR tests with the method descnibed earlier in Section 3.2 and are listed in Table 13. The
IDFT predicted and test applied SLRs and the Test I1DFT SLR ratio from Table 13 are plotted
in Figs 2daand b. Of the 10 tests, 3 tests ended fail (F, @, Tests 15, 21 and 23) and 7 ended safe
(S, @, Tests 16 to 20, 22 and 24). From Fig 24b, the Test/1DFT maximum SLR ratios for the
10 tests are between 0.422 (Test 18)and 1.417 (Test 15). Tests 5, 21 and 22 all have Test/1DFT
SLR ratios >1.10 and therefore can be expected to fail and do. Of the 7 safe tests, it is expected
that the 3 Tests 18, 23 and 24 end safe (@) because they have low (<0.65) Test/ 1 DFT maximum
SLR ratios. The only possibly odd test of the 10 is Test 20, which at a Test/1DFT maximum
SLR ratio of 0.83 ended safe (@). There are no incorrectly placed tests in Fig 24a - all safe tests
plot above the diagonal and all fail tests below the diagonal. The safe test with the highest
Test/IDFT maximum SLR ratio is Test 20 at 0.823, which is possibly close or shightly over the
SettlerCAD predicted maximum SLR. The fail test with the lowest Test/ 1 DFT maximum SLR
ratio is Test 21 at 1.13. This makes the range between the highest safe and lowest fail tests very
large (30%), with the result that the Oss tests are not useful to check the accuracy with which
SettlerCAD predicts SST capacity

STOWa Oss SST Stress Tests STOWa Oss SST Stress Tests
Actual SLR stress Tests 1510 24 B Actual Stress Tests 15t0 24

Test/1DFT SLR Ratio

o

1D FluxPredicted SLR - kg/(m2.h)
s

7w W ¥ N n

0 2 4 6 8 Stress Test No.
Test Applied SLR - kg/(m2.h)

Figs 24a and b: | DFT maximum SLR versus test applied SLR (Fig 24a, left) and Test/IDFT
maximum SLR ratio (Fig 24b, right) for the 10 stress tests reported by STOWa (1981) on the Oss
SST.

6.5 Finding the SettlerCAD maximum SOR and SLR for the Oss SST.

The data given in Table 13 was given as input to SettlerCAD. Like for the Rijen tests, for 6 of
the 10 Oss tests, 16 SettlerCAD runs per test were setup. The 6 tests selected were the 2 tests
with the highest (Tests 18 and 17), the 2 tests with the lowest (Tests 22 and 15) and the 2 tests

nearest the average flux load factor (Tests 16 and 19). ScttlerCAD runs 1 to 7 for cach of the 6
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tests simulated were at Q, from 60 to 72% of the 1DFT SOR in 2% increments and an 8" run at
100%. Runs 9to 15 were setup between consecutive safe and fail runs at 0.25% increments and
the 16" run was at the actual test Q,. The first run with ESS > 50 mg/f was accepted as the
SettlerCAD predicted maximum influent flow rate limit. The SettlerCAD SLR limit was
calculated from the Q, limit and the test Q, and X; values. The SettlerCAD predicted results of
the first failure runs are given in Table 14 and are shown plotted in Fig 25a and b. The results
from the runs at the actual test influent flow rate are also given in Table 14.

In Fig 25a and b (or Table 14) it can be seen that the SettlerCAD predicted flux rating of the Oss
SST ranges between 0.730 (Test 19) and 0.832 (Test 22). Fig 25a shows the SettlerCAD
maximum predicted SLR (flux rating) of 5 of the 6 tests (not Test 22) fall above the 0.80 flux
rating line indicating that the SettlerCAD maximum SLR is around 0.74 of the 1DFFT maximum.
The SettlerCAD predicted maximum SOR (as % of the 1 DFT maximum) ranged between 60.2%
(Test 15) and 63.5% (Test 19).
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ZSetflerCAD SLR Stress Tests 1510 24 ﬁ,"‘?’c‘o SLR Stress Tests 15 to 24
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Figs 25a and b: I1DFT calculated maximum SLR versus SettlerCAD predicted maximum SLR
(Fig 25a, left) and SeitlerCAD predicted to 1DFT calculated maximum SLR ratios (Fig 25b,
right) for STOWa SLR stress Tests 15 to 19 and 22 on the Oss SST.



Table 13: Summary of the 10 SLR stress test results on the STOWA Oss SST.

STOWa Test
Oss Test &

~[Number of SSTs
Surface area (m')

Influert Now (M)
Overflow rate (mh)
Recvele flow (MIZ)
Underflow rate (m'h)
Recycle ratio

Feed Concentration (g/f)
Apphied SLR [kgSS/im’ 1))
Weir loading rate [m"/(h.m)]
HLR [(gA+gR), mh)]

V, (mh)
nil’g)
SSVI(DSVI) (mi'g)*

Maximem SLR [kg/m’ h))
Overflow rate (m'b)
Influent Q, (excl Q,) (m'/h)

Flux load factor [V/(nX, ), mh))

Test/ I DFT flux rano

0 est 0, fot 1 QQT (m ')
% of IDFT maximum Q,
IDFT predicted outcome
SettlerCAD predicted max Q, (m'/h)
% of SettlerCAD predicted max Q,
SettlerCAD predicted outconme

| Observed test sesult

Test 20

43
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Tabie 14: Summary of the SettlerCAD simulation results for the SettlerCAD influent flow limit (top) and actual test influent flow (bottom) for the
10 SLR tests on the STOWa Oss SST (Q, = Influent flow in ni'/h).

Oss Test # Tesll Test2 | Testd | Testd | Test S | Test6 | Test 7 | Test8 | Test9 | Test 10
Flux factor V AnX, ) - mh
Influent Flow (m"/h) for | SST
%% o 1DFT maximum Q,
Oveflow Rate (m'h)
Reevele Flow (m'/h)
Underflow Rate (mh)
Recvele Rano
Applied Flux (kgSS)(m"h)
% of 1DFT maximum flux
Actial Retention Time (h)
Duration of Run (mun)
Duration of Run (7 of R)
Sim time Step (min)
| Ssm nme Step (%R,,)
EMuem SS (mg/()*
Recycle Conc (mgh)*
Mass Balance (*%)*
Test Result (ESS>SOmet)

[ACTUAL TEST INFLUENTFLOW
Influemt Flow (m'/h) for 1| SST 1015.6
% of 1DFT maximum Q, 1772 $78 $5.6 284 §79 71 1231 1320 431 21

Overflow Rate (mh) 0.82 0.82 0.74 074 0.68 0.68 064 0.64 051 0.46
Recvele Flow (m'/h) 130 203 132 205 132 204 131 205 202 206
Undzrflow Rate (m'h) 039 | 0615 | 0400 | 0622 | 040) 0619 | 0397 | 0621 0612 | 0626
Recvele Ratwo 0480 | 0750 | 0541 | 0841 | 0590 | 0910 | 0620 | 0970 | 1.200 1.361
Apphied Flux (kgSS)(m’ h) 7.16 445 108 299 285 183 $.58 657 193 272
%% of 1DFT maximum flux 1417 0.6 059 422 086 825 1 1140 625 527
Actual Retention Time (h) 21 18 2} 19 24 20 2.5 20 23 24

Duration of Run (mun) 4000 4000 4000 4000 4000 4000 4000 4000 4000 4000
Duratson of Run (* of R,) 114 371 295 35.2 279 36 268 326 290 251

Sim tume Step (min) 28 2 28 y L. 25 25 25 2S5 & 28
Sim tme Step (YR 1.96 2.32 184 220 1.7 210 1.67 28 1 81 1.7§
EMuent SS (mg/)* 27681 63 28 09 70 20363

Recvele Cone (mg/f)* 109298 7224 | 7691.0 | 41594

Mass Balance (%5)* 1000

Test Result (ESS>50mg/t)

Mn\ over the last 2 .. values

Safe
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In the simulation runs, a simulation time of 4000 min was selected which was 18 to 57 times the
actual hydraulic retention time (R, ) for all the SettlerCAD runs for determining the SettlerCAD
predicted SOR and SLR limits (see Table 14) and 27 to 37 times R, of the actual tests.  As for
the the previous SST runs, these run times were sufficiently long to establish a final steady state
condition and the final ESS (X,) and RAS (X,) concentrations accepted for each run were the
averages of the predicted values over the last 2xR, . The solids mass balance was based on these
final average ESS and RAS concentrations (which are listed in Table 14). The same pattern
regarding the mass balance was observed - provided the run did not in the failure (ESS< 50
mg/(), the run yiclded a solids mass balance within 0.5% of 100% and runs that ended in failure
(ESS> 50 mg/() yielded a lower than 99.5% solids mass balance; the greater the SST overload
(1.¢. the higher the ESS concentration), the lower the solids mass balance below 99.5%. The
ESS, RAS and % mass balance versus influent flow (as% of the 1DFT limit Q,) for Test 16,
which 1s one of the safe tests, are shown in Figs 26a to c. In Fig 26d, the % mass balance versus
simulation time for runs 1 10 8 of Test 16 at 60 to 72% of the 1DFT maximum influent flow are
shown - it can be seen that for the failed runs, even though a final steady state is achieved, this
steady state does not yield a mass balance.

Steady State ESS Concentration Steady State RAS Concentration
STOWa S5Y Test 16 - O5S Test 2 STOWa SST Test 18- Oss Test 2
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Figs 26a to d: Final ESS and RAS concentrations (Figs 26a, top left and Fig 26b, top right) and
"o mass balance (Fig 26¢, bottom left) versus influent flow as 26 | DFT limit showing runs ended
safe (@ and fail ( 8 and 25 mass balance versus simulation time (Fig 26d, bottom right) for the

SettlerCAD runs on the STOwa Test 16 on the Oss SST.
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Steady State ESS Concentration The final average ESS concentration versus Q,
‘2%8 —_— “5‘1“?2) 1 (as a % of the 1DFT limit) for the 6 Oss tests

_ N .
'é, 1000 - -cteeveiitoeeaiiioaa g simulated are shown in Fig 27. It can be scen
= oo t NS SO T // that the ESS concentration increases gradually
g - 1 » 3 ,_// above 50 mg/l in the range between 60 and
§ //‘// 66% of the IDFT limit influent flow. The
B Y9 -~ gradual increase in ESS concentration of the
2 2004 B o entuenadduise shallow (2.0m SWD) Oss SST resembles that
= 0 ‘ ; of the Darvill old and Rijen SSTs. This
60 70 80 90 100 appears consistent because the average depths
Influent Flow - % of 1D Flux Limit (adding the volume of the bottom cone as

Fig 27: Final steady state ESS concentration ©quivalent SWD) of these 55T arc 2.50 and
versus influent flow as a % of the I1DFT SOR 2.88m respectively, while that of the Oss SST is
limit for the 6 Oss SST tests simulated. 2. 58m.

The position and result (safe O, fail X) of the SettlerCAD simulation runs for the simulated Tests
15 to 19 and 22 are shown in the D&O charts in Figs 28ato . The actual test position and result
(safe @ or fail X) also is indicated. In the charts, the SettlerCAD predicted SOR limit (for the test
qg and X;) is given at the transition from the safe to the fail positions. If the actual test position
of the safc runs (@) is within or below the safe (O) runs, then SettlerCAD correctly predicted a
safe result for the actual test. Similarly, if the actual test position of the fail tests (I) is within
or above the fail (X) runs, then SettlerCAD correctly predicted a fail result for the actual test.
From the 6 D&O charts, SettlerCAD correctly predicted the result for all 6 tests simulated. In
fact, had all 10 Oss tests been simulated, ScttlerCAD would have predicted the test result
correctly of all the tests except possibly not Test 20. This is shown in Figs 29a and b, which plot
the SettlerCAD predicted maximum SOR and SLR versus the flux load factor,
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Figs 28a and b: | DFT D& O charts showing the SST operating positions and vesult (safe O farl
X) of the SettlerCAD runs and actual tests (safe @ fail J) for the STOWa Tests 15 and 16 on the
0SS SST
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Figs 28c to f: 1DFFT D& O charts showing the SST operating positions and result (safe O, fail
X) of the SettlerCAD runs and actual tests (safe @ fail 3 for the STOWa Tests 17 to 19 and 22
on the OSS SST.
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Figs 29a and b: SeitlerCAD predicted maximum SOR (&) (Fig 29a, left) and SLR (&) (Fig 295,

right), as a ?a of the 1 DFT limit values versus flux factor V /(uX,). Also shown are the 14 actual

test poinis (safe @, fail Sor No Equil A ) identified by test number.

Also shown In Figs 29a and b are the 10 actual test points (safe @, fail I). In these figures, the

actual tests that ended safe (@) and fail (2) which plot below and above the SettlerCAD predicted

SOR and SLR limits (line through ®) respectively, are the tests that SettlerCAD would predict
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correctly. Similarly, the actual tests that ended safe (@) and fail (X) which plot above and below
the SettlerCAD predicted SOR and SLR limits (line through ®), arc tests which SettlerCAD
would predict incorrectly. Table 15 gives more detail on this listing the actual test SOR as a %
of the SettlerCAD predicted maximum SOR, and the SettlerCAD predicted and observed result
of the tests. From this, the only test which SettlerCAD would predict incorrectly is possibly Test
20, which ended safe but plots slightly above the SettlerCAD line. In Figs 29a and b, Tests 21
and 22 (both fail) plot at around 114% and 125% of the 1DFT SOR and SLR limits above the
“SettlerCAD lines™ and Tests 23, 19, 16 and 17 (all safe) plot at around 60% and 70% of the
IDFT SOR and SLR limits below the “SettlerCAD lines”. The gap between the safe and fail
tests therefore is very large at 40%. This means the SettlerCAD lines can plot in a 40% range
and still predict 10 out 10 test results correctly. Therefore, like the Rijen tests but only worse so,
the Oss tests are not useful for checking the accuracy with which ScttiecrCAD predicts SST
capacity.
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Figs 30a and b: SettlerCAD predicied maximum SOR (#) (Fig 30a, left) and SLR (8) (Fig 30b,
right), as a % of the 1DFT limit values versus flux load factor V /(nX,) for the six Oss SST tests
simulated with SettlerCAD dentified by test number.

Figures 30a and b, which are the same as Figs 29a and b but with a vertical scale range of only
10% and 25% of I1DFT limit SOR and SLR respectively, show a small increasing and decreasing
trend respectively in the SettlerCAD predicted SOR (2) and SLR (2) as the flux factor increases
for the 6 tests simulated - for the SOR (®, Fig 30a) from 60% (Test 15) 10 66% (Test 17) and for
the SLR (8, Fig 30b) from 82% (between Tests 15 and 22) to 68% (Test 18). This indicates that
the Oss SST has a low hydraulic capacity of around 64% of the 1DFT SOR limit (or 74% of the
1DFT SLR limit) but appears to be relatively insensitive to hydraulic loading variation arising
from a wide range in flux load factor from 2.5 to 6.4 m/h.
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6.6  Conclusions from the Rijen and Oss SST simulations

To place the Rijen and Oss SettlerCAD simulation results in context of the Darvill and Watts
simulation results, all the results are plotted together in Figs 27a and b. The Rijen (V) and Oss
(%) SettlerCAD predicted SOR and SLR limit results lic below the Darvill old (A) and new (H)
and Watts (@) SST “lines”, but closer to the Darvill old SST line. Considering that with respect
to external SST geometry, the Rijen (2.25 m SWD, 1:12 sloping bottom, 2.88m H_ ) and Oss
(2.0m SWD, 1:12 sloping bottom, 2.58m H_ ) SSTs are closer in likeness to the old Darvill SST
(2.5m SWD and flat bottom) than the Darvill new (4.10 m SWD, 1:10 sloping bottom, 4.68m
H,..) and Watts (3.66 m SWD, 1:15.4 sloping bottom, 3.97 m H__), the expectation is that the
Rijen and Oss results should fall near the old Darvill SST results, and this does indeed happen.
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Figs 31a and b: SettlerCAD predicted maximum SOR (Fig 31a, left) and SLR (Fig 31b, right),
as a Y of the 1DFT limit values versus flux load factor V /(nX ) for the 4 tests on the Darvill new
(M) and old (8 ) SSTs, 15 of the 15 tesis on the Watts' SST (@), 6 each of the 14 and 10 tests
on the Rijen ( W) and Oss (5 SSTs.

The gap between the lowest loaded safe and highest loaded fail tests in the Rijen and Oss SST
data sets is very wide, i.e. about 15% and 30% of the 1DFT SLR limit values respectively. These
tests therefore do not help o provide additional validation of the accuracy with which
SettlerCAD predicts SST failure. The same problem is apparent in the 23 remaining STOWa
SST tests on the 23 different SSTs. In these 23 tests, the lowest and highest loaded safe tests are
at 21 (Test 34) and 149% (Test 26) of the 1DFT SLR limat respectively, and the lowest and
highest loaded fail tests are at 54 (Test 45) and 161% (Test 33) of the IDFT SLR limat
respectively. Eliminating the 7 tests with exceptionally high DSVis (>400 m{/g) and/or low feed
concentrations (< 0.6 g/€) (i.e. Tests 26, 27, 33, 34, 38, 39 and 41), reduces these gaps somewhat
( 1.c. for the safc tests from 45 to 94% and for the fail test from 54 to 123% of the IDFT SLR
limit) but not sufficiently to be able to provide additional validation of the accuracy with which
SettlerCAD predicts SST failure (see Figs 32 aand b). Therefore none of these other 23 STOWa
tests were simulated for this report. It was deemed more important to concentrate on evaluating
the effect of SST depth and baffling on the flux rating. This is discussed in the next section.
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Figs 32a and b: | DFT maxinium SLR versus test applied SLR (Fig 32a, left) and Test/|DFT
maximum SLR ratio (Fig 32b, right) for the 23 stress tests reported by STOWa (1981) on the 23
different SSTs.
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7 EFFECT OF BAFFLING AND DEPTH ON SST FLUX RATING (CAPACITY)

To evaluate the effect of the (i) Stamford baffle and (ii)) SWD on the flux rating, the SettlerCAD
predicted maximum SOR was determined for the 4 tests on the Darvill new and old SSTs (i)
without Stamford baffles and (ii) with interchanged SWD. None of the other intemmal features
were changed and were as listed in Table 1. The SettlerCAD predicted maximum SOR and
associated SLR, HLR and actual retention time (R,,) are listed in Table 16 and compared with
the results for the SSTs as built. Similarly, the SettlerCAD predicted maximum SOR was
determined for the Watts SST (i) with a Stamford baffle extending 1.2 m from the side wall and
0.5 m below the water surface and (ii) with 2 6.0 m SWD. None of the other internal features
were changed. Not all 15 Watts tests were simulated. Six tests were selected that (i) represent
the full range of flux load factor for all 15 tests (ii) lie closest to the previously predicted
SecttlerCAD line (Fig 15) and (iii) include both safe and fail tests. The SettlerCAD predicted
maximum SOR and associated SLR, HLR and actual retention time (R,,) for the Watts SST are
listed in Table 17 and compared with the results for the SSTs as built.

7.1 The Effect of baffling on SST flux rating (capacity)

The SettlerCAD predicted maximum SOR and associated SLR, HLR and actual retention time
(R,,) for the Darvill new and old and Watts SSTs with and without Stamford baffles are shown
in Figs 33a to d. For the Darvill SSTs, the flux rating (SLR, Fig 33b) of the new SST (4.1m
SWD, 1:10 sloping bottom, scraper sludge collection) and old SST (2.5m SWD, flat bottom,
suction sludge collection) is respectively 1.7 to 2.6% and 1.4 to 1.8% of the IDFT limit SLR
higher without the Stamford baffle. For the old SST, the increase in flux rating without the
Stamford baffle decreases as the flux load factor (or HLR) increases, but for the new SST,
increase appears insensitive 10 flux load factor. In contrast, for the Watts SST (3.66m SWD,
1:15.4 sloping bottom, suction sludge collection), the flux rating is about 2% of the 1DFT limit
SLR Jower without the Stamford baffle and is closely the same across the (narrow) flux load
factor range.

From the above, it is concluded that while the Stamford baffle has a significant effect on the ESS
concentration while the SST is underloaded, its influence on the flux rating (or capacity) is small
and variable. With a Stamford baffle, the Nlux rating of the Darvill new and old SSTs is about
2% (of 1IDFT SLR limit) lower while the flux rating of the Watts SST is about 2% (of IDFT
SLR limit) ligher. This small influence of the Stamford baffle is in conformity with the
expectation from Fig | - good internal feature design will keep ESS concentration lower while
the SST is underloaded, (defined in this report as ESS < 50 mg/() while the capacity is not
significantly affected.
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Figs 33atod: SettlerCAD predicted maximum SOR (Figs 33a and ¢, left) and SLR (Fig 33b and
d, right) for the Darvill (top) and Watts (bottom) SSTs with and without baffles. The actual test

values, identified by number and result (safe @ fail £, are also shown.
7.2 The Effect of depth on SST flux rating (capacity)

The SettlerCAD predicted maximum SOR and associated SLR, HLR and actual retention time
(R,,) for the Darvill new and old SSTs with interchanged depths (i.e. new 2.5 m SWD, 1: 10
sloping bottom and scraper sludge collection and old 4.1 m SWD, flat bottom and suction sludge
collection ) and the Watts SST with 6.0 m SWD are compared with that of the SSTs as built, (1.e.
new 4.1 m SWD, 1: 10 sloping bottom and scraper sludge collection, old 2.5 m SWD, flat bottom
and suction sludge collection and Watts with 3.66 m SWD, 1:15.4 sloping bottom and suction
sludge collection) in Figs 34ato d
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Figs 34atod: SetilerCAD predicted maximum SOR (Figs 34a and ¢, left) and SLR (Fig 34b and
d, right) for the Darvill new and old SSTs (top) with interchanged SWD (old 4. Im and new 2. 5m)
and the Waits SST (bottom) with a SWD of 6.0 m compared with the SSTs as built (new 4.1m, old
2.5m and Watts 3.66m). The actual test values, identified by number and result (safe @ fail &)
are also shown.

The SettlerCAD predicted maximum SOR and SLR for the Darvill new and old SSTs with
interchanged SWD are compared in Figs 34a and b, and for the Watts SST with SWD of 3.66
(as built) and 6.0 m in Figs 34¢ and d.

For the Darvill SSTs, the 4.1m SWD old SST has approximately the same flux rating (SLR) as
the new 4.1 m SST (Fig 34b) and shows a small decrcase from 89 to 85% of IDFT SLR limit
as lux load factor increases from 3 to 9 m/h. Likewise 2.5 m new SST has a similarly low flux
rating as the 2.5 m old SST - the only difference is that the flux rating of the 2.5 m old SST
decreases approximately lincarly from 85 to 70% of LDFT SLR limit as flux load factor increases
from3 to 9 m/h, whereas the flux rating of the new 2.5 m SST decreases from 82 to 78% of IDFT
SLR for flux load factor from 3.5 10 4.2 m/h and thereafter remains approximately constant at
76% of 1DFT SLR for flux load factor from 4.2 10 9 m/h. The differences in flux rating between
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the new and old SSTs with the same SWD probably arise from the different SST bottoms and
sludge collection systems, which for the old SST is flat and hydraulic suction and for the new
SST is sloping 1:10 and scraper, differences which SettlerCAD can take into account, but the
accuracy with which it simulates these is unknown.

For the Watts SST, 3.66 m SWD (as built) the IDFT SLR limit (Fig 34d) shows a slight
decreasing trend from 80 to 77% of 1DFT SLR as sludge load factor increases from 6.0 to 7.3
m/h. For Test 13 and 14 conditions (X; and q,), the same flux load factor of 6.3 m/h leads to
SettlerCAD predicted SLR predicted limits of 79 and 82% respectively. The feed concentration
for Tests 13 and 14 are the same (3.98 g/l), but the underflow rate (q,) is significantly different
at 0 84 m/h for Test 13 and 1.08 m/h for Test 14,  However, the higher g, of Test 14 does not
give a significantly higher IDFT SOR (Table 17) because the Test 13 g, value is already close
to the SHC [ one limit (see Fig 13f. So the higher HLR for Test 14 is mainly due to the higher
Q. Curiously, Test 13 with the lower HLR (2.38 m/h) has the lower SettlerCAD predicted SOR
(71.25% of 1DFT SOR) compared with Test 14 (73.0% of IDFT SOR) (Fig 34d). It was
expected that this should would be the other way around, i.e. Test 13 with the lower HLR should
have the higher SettlerCAD predicted %I1DFT SOR. The fact that this was not the case,
indicated that low HLRs do not necessarily lead to high flux rating values. While no unusual
features were observed in the flow field and velocity vectors of Test 14, it's result was regarded
spurious. With the 6.0 m SWD, the difference between Tests 13 and 14 is much greater - from
84 10 91% of IDFT SLR (Fig 34d). It is not clear why Test 14 conditions lead to such an
unusually a high flux rating of 91%. Morcover, in Fig 34d, for Test 4, there is a very little
difference in the flux rating (SLR) of the 6.0 m and 3.66 m SWD SSTs - both are around 81%.
For the 6.0 m SST, this is 10% of IDFT SLR lower than for Test 14. Examining the flow field
for Test 4, it was noticed that from around the middle of the simulation run time, the sludge
blanket developed a seiche that persisted to the end of the run; also the velocity vectors were
alternatively clockwise and anti-clockwise at successive simulation steps. It was concluded that
for form of stable resonant oscillation developed in the SST that did not cause numerical
instability. The results of Test 4 are therefore considered spurious and are marked ? in Figs 34c
and d. Ignoring Tests 4 and 14, the Watts SST with a 6.0 m SWD has a flux rating of about 5%
of IDFT SLR higher than with a 3.66 m SWD.

From the above it is clear that the greater the SWD, the higher the flux rating. However, an
increase in SWD from 3.66 to 6.0m represents a 60% increasc in SST volume. For a 5% of
IDFT SLR increase in flux rating this volume increase is definitely not cost efficient - it would
be better to select the shallower SWD (3.66m for the Watts SST) and increase the surface area
to accommodate the lower flux rating.
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Table 16: 1DFT calculated, test applied and SettlerCAD predicted SOR and associated SLR,
HLR and actual retention time (R,) for the Darvill new and old SSTs (i) as built, (ii) without
Stamford baffles and (iti) with imterchanged SWD.

IDFT CALCULATED

IDFT SOR, m'h
IDFT SLR, kg/(m*h)
IDFT HLR, mh
Vd‘(nx,). m'h

Q. mVh

H,.m

X, o/t

%IDFT SOR
*1DFT SLR

HLR, m’h

ActRet Time, R, h

%IDFT SOR
%IDFT SLR

HLR, m'h

ActRet Time, R h

(n) SETTLERCAD PREDICTED
%IDFT SOR
“%IDFT SLR
HLR, m'h
ActRet Time,R . h

TAMFORD BAF}

%I1DFT SOR . .
*IDFT SLR . . §4.06 {| 91.29
HLR, m’h

ActRet Time. R, . h
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Table 17: IDFT calculated, test applied and SettlerCAD predicted SOR and associated SLR,
HLR and actual retention time (R, for the Watts SS5Ts (i) as built, (i) with Stamford baffle and

(iti) with 6.0 m SWD.

| ) Tests | Test7 | Test9 | Te12 | Test13 | Test1d |

IDFT CALCULATED

1DFT SOR, m'h
IDFT SLR, kg/(m’h)
IDFT HLR, m/h
V/(nX), m/h
Underflow rate, q,, m'h
Average depth, H, . m

| Feed Cone, X, o/f

| TEST APPLIED

%I1DFT SOR
%IDFT SLR

HLR, m/h

Act Ret Time, R, h

' (1) SETTLERCAD PREDICTED RESULTS FOR

SSTs AS BUILT

%I1DFT SOR
%IDFT SLR

HLR, m/h

Act Ret Time, R, h

| (11) SETTLERCAD PREDICTED RE

71.50
77.71
2.15
1.84

71.50

7.7
2.15
1.84

SULTS FOR SSTs WITH 6.0 m SWD

%IDFT SOR
%I1DFT SLR

HLR, m/h

Act Ret Time, R, . h

(i) SETTLERCAD PREDI ED RESULTS FOR SSTs WITH STAMFORD BAFFL

76.25

81.60
2.19
1.81

77.00

82.01
2.27
1.75

76.75
81.81
2.27
1.75

78.50
§4.54
2.54
1.56

%I1DFT SOR
*%IDFT SLR
HLR, m/h

Act Ret Time, |
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8 CONCLUSIONS AND RECOMMENDATIONS

8.1  Validation of SettlerCAD prediction accuracy

The only tests which were helpful to check the accuracy with which ScttlerCAD simulated full
scale SSTs were the Watts tests. Of all 15 Watts tests simulated, SettlerCAD correctly predicted
the results of 12 tests, i.c. Tests 1,2 and 4 to 10 (safe) and 11 to 13 (fail) but incorrectly predicted
the results for 3 tests, 1.¢. Tests 3 (test safe, SettlerCAD fail) and 14 and 15 (test fail, SettlerCAD
safe). Tests 4, 14, 13, 7, 9 and 12, which include 3 safe and 3 fail tests, fall in a very narmow
%IDFT SOR (and SLR) range of 2% of 1DFT SOR from 71.5 to 73.5% and the SettlerCAD
predicted SOR limit versus flux load factor line falls very close to these 6 tests. This narrow
range, indicates that apart from Test 3 and 15, SettlerCAD accurately identifies the SOR and
SLR capacity of the Watts SST. The SettlerCAD results of the Watts tests gives a good
indication that the SettlerCAD predictions are valid for the simulation of full scale stress tests.
SettlerCAD correctly predicted the result of 2 of the 4 Darvill tests and all 12 Rijen and Oss tests
simulated. However, these tests were not helpful to validate the accuracy with which SettlerCAD
predicted SST capacity, because, unlike the Watts tests, the range between the highest loaded
safe and lowest loaded fail tests was too large (»10% of 1DFT SOR).

In all of the simulation runs, simulation times were sclected which were >25 times the actual
hydraulic retention time (25 x R,,). These run times were sufficiently long to establish a final
steady state condition towards the end of the simulation, which was checked from the solids mass
balance calculated at cach time step of the run. In the solids mass balance, the mass of solids
exiting the SST via the underflow and overflow is calculated as a % of the inflow mass of sludge.
Steady state was accepted 1o have been established when the % mass balance no longer changed.

The final ESS (X)) and RAS (X)) concentrations accepted for cach run were the averages of the
predicted values over the last 2x R, of the run, Provided the run ended safe (ESS < 50 mg/l),
the final concentrations vielded a solids mass balance within 0.5% of 100%. In contrast, runs
that ended in failure (ESS > 50 mg/l) yielded a lower than 99.5 % solids mass balance and the
greater the SST overload (i.e. higher the ESS concentration) the lower the solids mass balance
below 99.5 %, even as low as 86 % for some runs at 100 % of the IDFT SOR. Halving the
simulation time steps and/or doubling the number of iterations per time step yielded identical
simulation results and no improvement in % mass balance and therefore it was accepted that the
low % mass balance was not due to numerical instability. It is suspected that the low mass
balance for the failed runs is due to a simple logical ervor in SettlerCAD. It seems that the RAS
concentration is “corrected” by subtracting from it the ESS concentration, because the higher the
ESS concentration (or overload) the lower the RAS concentration. This is not consistent with
the flux theory. Theoretically for increasing Q, and constant Q, and X,, the RAS concentration
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should remain constant (at X, = j,/q,) once the SLR capacity (failure) has been reached. This
error does not influence the SettlerCAD predicted SOR and SLR limits because the ESS is still
low at the transition from safe to fail.

8.2 Flux rating of the simulated SSTs.

The results of the Settler CAD predicted SOR, as % of the 1DFT calculated maximum SOR, and
associated SLR, also as % of the 1DFT calculated maximum SLR, of all the simulated tests on
the Darvill new and old, Watts, Rijen and Oss STTs are plotted together in Figs 35aand b. The
Rijen (V) and Oss () SettlerCAD predicted SOR and SLR limit results lie below the Darvill old
(A) and new (H) and Watts (@) SST “lines™, but closer to the Darvill old SST line. Considering
that with respect to external SST geometry (Table 1), the Rijen and Oss SSTs are closer in
likeness to the old Darvill SST than the Darvill new and Watts SSTs, the expectation is that the
Rijen and Oss results should fall near the old Darvill SST results, and this does indeed happen.

100 : ’ 100

% 1DFT SOR Limit
g
% 1DFT SLR Limit

70 4
60 - 60
20 4.0 6.0 8.0 10.0 20 4.0 6.0 8.0 100
Flux Load Factor - Vo/(n.XF) - m/h Flux Load Factor - Voi(n.XF) - mWh

Figs 35a and b: SettlerCAD predicted maximum SOR (Fig 35a, left) and SLR (Fig 35b, right),
as a %5 of the 1 DFT limit values versus flux load factor V /(nX) for the 4 tests on the Darvill new
(&) and old (A ) SSTs, 15 of the 15 tests on the Waits' SST (@), 6 each of the 14 and 10 tests
on the Rijen ( W) and Oss (&) S5Ts.

The simulations of SST stress tests with the 2D hydrodynamic model SetterCAD indicate, as
would be expected, that the SST hydraulic non-idealities are intrinsically part of the medel and
that SettlerCAD predicted maximum SOR and SLR were significantly below those calculated
from the IDFT. The simulations indicate that the capacity, or flux rating, of the 2.5m SWD flat
bottom Darvill old SST decreases from 86% 10 70% of the I1DFT maximum SLR as the flux load
factor V/(nX;) increases (which increases HLR due to an improvement in sludge settleability
and/or decrease in feed concentration). The shallow Rijen and Oss SSTs have a lower flux rating
(SLR) than the Darvill old SST which decreases from 80% to 67% as flux load factor increases,
The 4.1m SWD 1:10 sloping bottom Darvill new SST does not show this sensitivity of capacity
(or flux rating) to the flux load factor (or HLR) and the flux rating remained approximately
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constant at around 87% of the 1DFT maximum SLR. The simulations show that the magnitude
of the flux rating is not a constant value, and seems to be dependent on SST depth and HLR - the
deeper the SST and the lower the HLR, the higher the flux rating. To determine the effect of the
Stamford baffle and SWD on the flux rating, additional simulation runs were done on the Darvill
SST (1) without the Stamford baffles and (i1) with interchanged SWD between the new and old
SSTs and on the Watts SST (1) with a Stamford baffle and (i1) with 6.0m SWD,

8.3  The effect of the Stamford baffle on SST flux rating (capacity)
The SettlerCAD predicted maximum SLR (or flux rating) for the Darvill new and old and Watts
SSTs with and without Stamford baffles are shown in Figs 36a and b.

For the Darvill SSTs, the SLR flux rating (Fig 36a) is about 2% of the 1DFT limit SLR higher
without the Stamford baffle. In contrast, for the Watts SST (Fig 36b), the flux rating is about 2%
of the IDFT limit SLR lower without the Stamford baffle. From this, it is concluded that while
the Stamford baffle has a significant effect on the ESS concentration while the SST is
underloaded, its influence on the flux rating (or capacity) of the SST is small.
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36a and b: SeitlerCAD predicted maximum SLR for the Darvill (Fig 36a, left) and Waus (Fig
36b, right) SSTs with and withowt baffles. The actual test values, identified by number and result
(safe @ fail 2. are also shown.

8.4  The Effcct of depth on SST flux rating (capacity)

The SettlerCAD predicted maximum SLR for the Darvill new and old SSTs with interchanged
depths (i.e. new 2.5 m SWD, 1: 10 sloping bottom and scraper sludge collection and old 4.1 m
SWD, flat bottom and suction sludge collection ) and the Watts SST with 6.0 m SWD are
compared with that of the SSTs as built, (i.c. new 4.1 m SWD, 1: 10 sloping bottom and scraper
sludge collection, old 2.5 m SWD, flat bottom and suction sludge collection and Watts with 3.66
m SWD, 1:15.4 sloping bottom and suction sludge collection) are plotted versus flux load factor
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in Figs 37a and b.

For the Darvill SSTs, the 4.1m SWD old SST has approximately the same flux rating (SLR) as
the new 4.1 m SST (Fig 37a) and shows a small decrease from 89 to 85% of 1DFT SLR limit as
flux load factor increases from 3 to 9 m/h. Likewise 2.5 m new SST has a similarly low flux
rating as the 2.5 m old SST. The differences in flux rating between the new and old SSTs with
the same SWD probably arise from the different SST bottoms and sludge collection systems,
which for the old SST is flat and hydraulic suction and for the new SST is sloping 1:10 and
scraper. While SettlerCAD can accommodate these differences, the accuracy with which
simulates then is unknown.
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Figs 37a and b: SettlerCAD predicted maximum SLR for the Darvill new and old SSTs (Fig 37a,
left) with interchanged SWD (old 4.1m and new 2.5m) and the Watts SST (Fig 37b, right) with
a SWD of 6.0 m compared with the S5Ts as built (new 4.1m, old 2.5m and Watts 3.66m). The
actual test values, identified by number and result (safe @, fail &) are also shown,

For the Watts SST, 3.66 m SWD (as built) the IDFT SLR limit (Fig 37b) shows a slight
decreasing trend from 80 to 77% of IDFT SLR as sludge load factor increases from 6.0 10 7.3
m/h. For Test 13 and 14 conditions (X; and qg), the same flux load factor of 6.3 m/h leads to
SettlerCAD predicted SLR predicted limits of 79 and 82% respectively. Ignoring Tests 4 and
14 (marked ?) for reasons detailed in Section 7.2 of the report, the Watts SST witha 6.0 m SWD
has a flux rating of about 5% of 1DFT SLR higher than with a 3.66 m SWD.

From the above it is clear that the greater the SWD, the higher the flux rating. For the Watts
SST, an increase in SWD from 3.66 1o 6.0m represents a 60% increase in SST volume. Fora
5% of 1DFT SLR increase in flux rating this volume increase is definitely not cost efficient - it
would be better to select the shallower SWD (3.66m for the Watts SST) and increase the surface
arca to accommodate the lower flux rating.
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8.5 Closure

The simulations of the full-scale SST SLR stress tests with the 2D hydrodynamic model
SettlerCAD indicate, as would be expected, that the SST hydraulic non-idealities are intrinsically
part of the model and that appropriate flux ratings for the full scale SSTs are reproduced
“automatically” in the model. The simulations therefore provide further convincing evidence
that the 1DFT cannot be applied to the design of full-scale SSTs without an appropriate reduction
factor. The SettlerCAD simulations of the Darvill 35 m @ SSTs indicated that the capacity, or
flux rating, of the old flat bottom shallow (2.5 m SWD) SSTs decreased from 86 to 70% of the
1DFT maximum SLR as the flux load factor (or HLR) increased from an improvement in sludge
settleability and/or decrease in feed concentration. The new sloping bottom deep (4.1m SWD)
SSTs did not show this sensitivity of capacity (or flux rating) to flux load factor (or HLR) and
the flux rating remained approximately constant at around 87% of the 1DFT maximum SLR.
The magnitude of the flux rating therefore is not a constant value, and is shown to be dependent
on SST depth and HLR; the decper the SST, the higher the flux rating and the less sensitive the
flux rating to flux load factor. Simulations of the Darvill new and old SSTs with inter-changed
SWD and the Watts SST with 6.0m SWD, confirmed the sensitivity of the flux rating to depth
and HLR. Furthermore, although the Stamford baffle can significantly reduce effluent suspended
solids (ESS) concentration while the SST is underloaded, it does not increase the flux rating (or
capacity) of the SST.

8.6  Recommendations

From the simulations the flux rating of 80% of the IDFT maximum SLR recommendation by
Ekama and Marais (1986) remains a reasonable value to apply in the design of full scale SSTs
- for deep SSTs (4m SWD) the flux rating could be increased to 85% and for shallow SSTs
(2.5m SWD) decreased 1o 75%. It is recommended that (i) while the apparent interrelationship
between SST flux rating and depth suggests some optimization of the volume of the SST, that
this be avoided and that (ii) the depth of the SST be designed independently of the surface arca
as is usually the practice and once selected, the appropriate flux rating is applied to the 1DFT
estimate of the surface arca.
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APPENDIX 1

ESTIMATION OF SECONDARY SETTLING TANK CAPACITY WITH THE
ONE DIMENSIONAL IDEALIZED FLUX THEORY (1DFT)

1. INTRODUCTION

Biological sludges usually show a strong flocculating tendency even at low concentrations (~
1000 mgTSS/1). This gives rise to a zone settling behaviour if a batch of mixed liquor is allowed
to settle under quicscent conditions (Fig Al). In zone settling, the particles, irrespective of their
size, all settle at the same rate throughout the zone depth. The rate of settlement is controlled by
the rate at which the particles subside through the water and this rate is inversely related to the
sludge concentration. Although the sludge blanket settles with a well-defined clear
supernatant/mixed liquor interface, the sludge particles are suspended by the water between the
particles; the upper particles are not mechanically supported by the lower ones.

Fig Al: Chronological progress of a

~r v ~r D wad stirred batch settling test showing the
T Ay - - - - Jouwr different settling regimes in the
A column at different stages of settling

df gid - from the start: Fig Al(a) lag stage -

column filled with sludge at
concentration X represented by B
before settling commences; Figs Al

(h) and (c) at some time during

settling, showing an increasing

volume of clear supernatant (A)

appearing at the top and three

regimes of settling viz, (i) zone

settling (B) at concentration X below
the clear supernatant, (ii) a transition zone (C) in which zone settling still takes place but the
concentration increases with depth and (iti) a compaction zone (1) at the bottom of the column;
and Fig Al(d) towards the end of the settling test when zone settling regimes B and C have
subsided into the bottommost compaction regime (D) and only thickening by compression takes

place.

Sludge flocs reaching the bottom of the batch cylinder build up as a compression layer (Fig A1),
Compression is distinctly different to zone setthing. In the compression region, each layer of

particles provides mechanical support for the layers above it. Particle movement no longer is



A2

govemned only by the hydraulic frictional forces and the linkage between the particles, as in the
zone settling region, but instead the net force downward of each floc is transmitted to the
particles below by mechanical contact. This causes water to be squeezed out from the
compressing particles and the settling behaviour in the compression stage is governed by the
interstitial pressure, compressibility and permeability of the sludge.

2. MEASUREMENT OF THE FLUX CONSTANTS V_,AND n

During zone settling, the subsidence rate of the solid/liquid interface is called the zone settling
velocity; if the column is stirred, :01s calied the stirred zone settling velocity (SZSV). Because
the sludge concentration of the zone settling region remains constant during this stage and is
equal to the concentration of the mixed liquor with which the column was filled, the SZSV is
defined as the stirred settling velocity of the sludge V., at a concentration equal to the mixed
liquor concentration X, Standard Methods No, 213 D (1985) recommends that a column at cast
1 m tall and 100 mm in diameter be used for the SZSV test.

The SZSV (V) of the sludge is obtained from a solid/liquid interface depth versus time plot
(Fig A2) and is given by the slope of the straight line part of the interface height versus time
curve. The V4 decreases as the concentration (X) increases (Fig A2). By conducting a number
of stirred settling tests at different concentrations ranging between 1 to 12 gMLSS/I (at least 6),
the V at different concentrations (X) is obtained.

A
o) r Y
Fig A2: Solid-liguid interface height versus
Settling Vv, ‘ e .
10 Velocity Jd time observed in stirred batch settling tests at

different imual solids concentrations. Slope of
i straight line section gives the zone settling
velocity (V,g) which decreases from Vg, to Vg,
1 as concentration (X) increases from X, to X,

o
o
o

Solids
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3. RELATIONSHIP  BETWEEN ZONE SETTLING VELOCITY AND
CONCENTRATION

Considerable research has been undertaken to establish the form of the relationship between the
V,s and X and a number of mathematical expressions have been proposed, e.g. hyperbolic,
logarithmic, power and exponential. Of these, the two most popular forms are exponential (by
Vesilind, 1968a,b) and logarithmic (by Dick and Young, 1972). The exponential form

Vs = V, exp(-nX) (m/h) Al

appears to have been accepted over the years for the following reasons: (i) The WRe design
procedure is based on it (White, 1975, 1976); (i1) Rachwal er al. (1982) present a large number
of full scale plant data (733) showing that it gives the best correlation over the other three forms
cited above; (iii) Smollen and Ekama (1984) and Ekama er al. (1984) show that unlike the
logarithmic, the exponential form gives (a) a theoretically consistent description of the settling
flux curve (for X > 1 g/l) with defined tuming and inflection points, (b) a more intemnally
consistent SST model and (c) a better correlation with their own full scale plant data set, the
extensive data set of Pitman's (1980, 1984) from full scale plants accumulated over a number of
years, and the pilot scale data sct of Tuntoolavest et al. (1983) (R? for all >0.96).

CALCULATION OF FLUX CONSTANTS

<
-
o

tesis over a range of concentrations.
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g 1.00 SR i Fig A3: Determination of flux
é S 1| theory seuling constants V, and n

CTERLN ) ) .
° e Bestline | from mudtiple batch stirrved settling
z
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CIECT T
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CONCENTRATION (g/l)

The constants V_ and n in the exponential equation, Eq Al are obtained by linear least squares
regression of natural logarithm In V,, versus X over a range of concentrations from 1 to 12 g/t
(Fig A3). These constants (which have units m/h and m*/kgMLSS or ¢/g respectively) reflect the
settling characteristics of the sludge. Generally, good settling sludges have high V, values around
13 m/h and low n values around 0.25 m'/kg, whereas poor settling sludges have low V, values
around 5 m’h and high n values around 0.5 m'/kg. The relatively consistent changes in the V_ and
n values from good to poor settling sludges led Pitman (1984) (sce also Ekama er al., 1984,
1997) to propose that the parameter V /n [i.e. V, divided by n, which has the same units as flux
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kg/(m’h)] defines numerically the sludge settleability for the flux theory. Once the values of the
constants V, and n are known, no further information is required to apply the flux theory to SSTs
(Vesilind, 1963b; Pitman, 1984, Ekama et al., 1984, 1997; Daigger and Roper, 1985).
Application of the steady state 1D idealized flux theory (1DFT) to the design of SSTs is
discussed in this Appendix.

Unfortunately, there are three problems associated with measuring the flux theory constants V,
and n. (1) It is labour intensive in that at least 6 to 10 settling velocity tests are required over a
concentration range up to at least 12 o/f; at the higher concentrations (>6 g/t) the test is tedious
and lime consumiig, teyuiring 2 1w » hours scttlement to properly identify the SZSV. Such
extended periods of settlement with nitrifying sludges often lead 10 the second problem viz. (2)
denitrification in the settling column, which causes severe retardation of the SZSV (and
sometimes flotation!). Denitrification can be detected by the escape of gas bubbles from settling
sludge and generally causes a poor correlation with Eq A1, i.e. R? < 0.90 or very high n valucs
(> 0.5 i/g) for poor settling sludges (low V). These problems can be overcome with careful and
vigilant work making the test acceptable for practical research., However, the effort is such that
measurement of V, and n at activated sludge plants is unlikely to be adopted in routine practice.
(3) The results are variable and some scatter in V_ and n values is obtained with repeated tests.
Asaresultof(1)and (2) above, the simpler sludge settleability parameters Sludge Volume Index
(SVI), Dilited SVI (DSVI) or Stirred Specific Volume Index (SSVI) are preferred. However,
with these, the benefits of the flux theory cannot be utilized. This problem has been overcome
by developing empirical relationships between the simpler sluge settleability measures and the
V, and n. These empirical relationships allow "indirect” access to the fMlux theory. The different
empirical relationships that have been developed are compared by Ozinsky e al. (1995) and
summanzed by Ekama et al. (1997).

4. FLUX DUE TO GRAVITY SETTLING
The solids transport through a unit area per unit time, or flux (j), due to settling induced by

gravity (js), is defined as the product of zone settling velocity V,g (m/h) and the solids
concentration X (kgSS/m’), i.e

js = Vg X kgSS/(m’h) A2
where

Js = gravity flux kgSS/(m’h)

V, = zone settling velocity m/h and

X = solids concentration kg/m’
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A graph of the gravity flux versus concentration is given in Fig A4. When the concentration X
is very low, the gravity flux js is very low, but the gravity flux quickly increases with
concentration reaching a maximum flux at around 2 to 3 g/t. For concentrations greater than
around 4 to § g/, the gravity flux decreases rapidly due to the reduction in the zone settling
velocity V, with concentration.

Gravity Flux Curve

6.0
25 0 f_ Fig A4: The gravity flux versus
S : sludge concentration curve. The
4.0 + gravity flux is the transport of sludge
. to the bottom of the SST due to
g 3.0 1 gravity setiling of the sludge with
(T

_ respect to the water.

.g 2.0 4 js=Vas X
e d

0.0 * -— - .

0.0 5.0 10.0 15.0

Concentration (kg/m3)

The above definition of the gravity flux forms the basis of the flux theory and is implemented
as such in various SST models from the simple steady state 1D idealized flux theory (1DFT),
through the more complex dynamic 1D SST models, to the very sophisticated 2D hydrodynamic
models for SSTs such as SettlerCAD (Zhou et al., 1998). In these models the settlement of the
solids are essentially modelled in the same way via the gravity flux defined by Eqs Al and A2,
Essentially, it is only the water movement that is modelled differently in the different models
from the very simple to the very complex. In the steady state 1DFT model, this is in the vertical
direction only, in the dynamic non-steady steady 1D models, such as those by Ozinsky et al.
(1994), Grijspeert et al. (1995) and Watts et al. (1996), this is also in the vertical direction only,
but turbulent diffusion/dispersion is included, creating mixing between the stacked horizontal
layers making up the depth of the SST 1o represent the hydraulic non-idealities, and in the 2D
hydrodynamic models such as SettlerCAD, this is modelled hydrodynamically in the more
realistic vertical and horizontal directions.

S. IDIDEALIZED FLUX THEORY - GRAPHICAL APPLICATION

The graphical design procedure for the 1DFT is outlined first to give a visual representation of
what is done mathematically in the analytical design procedure with the design and operating
chart discussed later. It must be remembered that this graphical procedure was developed by
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Yoshioka er al. (1957) and others a decade before the empirical relationships between V, and
X were developed which allowed a mathematical approach to be followed. However, most of
the basic principles of the IDFT were established with the graphical approach.

Sludge Clorified > . .
Soste offlvent Fig flS. ldealized 1D secondary
flow ~—$ Q. sewtling tank in the activared
Influent ? Overflow sludge system showing water and
flow o1 090'0: = . ::/:1 can Sludge movement in the vertical
—- X¥ QI+ QR direction only and perfect
o e Underflow S¢paration of the influent (Q,) and
arec rate recycle (Qy flows at the feed
AST = qR

Underfiow + - ! point leading to an upward
concentrotion overflow rate (q ) by the influent
Thickened sludge Slow and a downward underflow

return flow o

rate (qg) by the recycle flow.

Inthe idealised one dimensional (1D) continuously operating settling tank (shown schematically
in Fig AS), water and solids move in a vertical direction only. The feed flow entering the SST,
which comprises the influent Now 1o the treatment plant (Q,) and the sludge retum flow (Q,) is
perfectly separated at the feed point into the influent flow moving vertically upwards and the
recycle flow moving vertically downwards. The upward water velocity from the influent flow
is called the overflow rate g, (=Q/A;) and the downward water velocity from the recycle flow
1s called the underflow rate q, (=Q, /A4, ). The solids entering the settling tank with the feed flow
Q, (=Q,+Q,) is transferred to the bottom of the SST by two flux components: (1) the gravity flux
()¢), which results from the settlement of the solids with respect to the water and (2) the bulk flux
()g), which results from the downward movement of the water with respect to the bottom of the
SST due to the underflow rate. The gravity flux ), is given by Eq A2. The bulk flux ), is the
product of the local sludge concentration (X) and the underflow rate (q,), viz.

Ih=Xqg m’h Al
where
9 = underflow rate m’h
= Qu/Agy
A surface arca settling tank m’
Q. = sludge return flow m'/h

For a fixed underflow rate (q,,), the bulk Nux j, 1s proportional to sludge concentration X. This

1s shown graphically in Fig A6.
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The total solids transport or flux to the bottom to SST (j,) 1s the sum of the gravity (j;) and bulk

(Jg) fluxes 1c.

I = Js+Ja kg/(m’h)
=X (V5*qy) kg/(m*h) A4
Total Flux Curve
8.0
3
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= Flux |
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For the design of the SST, the maximum influent flow (Q,) is usually the peak wet weather flow
(PWWF) Q,,yus Foraselected value of the underflow rate (q,), the two flux components can
be added graphically which is shown in Fig A7. For the particular choice of underflow rate, the
total flux (j,) attains a mimimum value (), Point B in Fig A7) at a certain concentration called
the limiting concentration X, . This concentration X, has the minimum flux or solids transpont
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to the bottom of the SST of all the other concentrations that can arise between a very low
concentration (say halfofthe feed concentration, X, ) and the high underflow concentration (X,).
This means that for the selected underflow rate, all solids concentrations in the SST higher or
lower than X, have fluxes greater than that of the concentration X, and would be transported
faster to the bottom of the SST than X concentration. Because a concentration of X, can
realistically exist in the SST in a particular concentration layer between the feed point and the
SST bottom, this concentration layer limits the solids transport rate, or flux, to the bottom of the
tank. This situation could also be visualized as follows; all the sludge entering the SST and
exiting via the underflow, passes through a range of concentrations as it scttles and concentrates
from say half the feed concentration up to the underflow concentration X, one of which is the
X, concentration. This X, concentration is the bottle-neck concentration because it has the
lowest flux of all the concentrations that can exist in the SST. Hence, to insure that all the solids
entering the SST can reach the bottom, the sludge mass applied to the SST at the feed point per
unit surface area and time (called the applied flux, j,,) must be less than or at most equal to the
limiting flux (), ), which is the flux of the layer with the X, concentration. Now the applied flux
(1,¢) on the SST is given by the product of the feed (or reactor) concentration X and the total
hydraulic loading rate (HLR = Q,/A;), which is the combined underflow qg (#Q,/A,,;) and
overflow q, (=Q, puwr /Agy) rates (see Fig AS). Therefore, [or safe or underloaded operation of
the SST

Jar <1y kg/(m’h) AS
where

Jar = Xs(Q) + Qg VA, or X (g, 1qy) kg/(m'h) A6
and

=Xy (Vo + ) kg/(m'h) A7
where

Vaa = zone settling velocity of the X, concentration mh

and the SST is critically loaded, i.¢. at the point of failure, when
Jar =)y kg/(m'h) AS

Equation A8 therefore fixes the capacity of the SST and hence the surface area A, for the
selected underflow rate g, is found from Eqs A6 and A7, viz.

Agr ™ Qppwny Qs m’ A9
where
A =)/Xs - Q m’h AlO
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From the above, to determine A, requires X, to be known. The X, concentration and its
associated limiting flux j, is determined graphically from a plot like Fig A7. A horizontal line
(ABC) tangential to the minimum total flux j, (Point B) sets j,, = j, and gives the maximum
applied flux j,;, which can be read off the vertical axis at Point A.

For the selected gy, which fixes also the recycle flow (Q,) and recycle ratio (R), the underflow
concentration X, is determined from the solids mass balance around the SST, i.e.

X Qp + X Q=X (Q+ Qg or kg/h
XaQe*+ X0y = Xp (4 *+ Q) = Jap kg/(m*h) All

For safe operating conditions, i.c. where j,, <j,, all the solids entering the SST exit it via the
sludge underflow, i.e. X, =0 and hence from Eq Al1, the underflow concentration X, is given
by,

Xa = X¢ (Q * Qp) Qq kgSS/m’  Al2a
= X; (I+R)R kgSS/m’  Al2b
= Jar g kgSS/m’ Al

where

Xz = solids concentration in the underflow recycle kgSS/m’

The underflow concentration X, can also be determined graphically from Fig A7. The X value
where the horizontal line representing j,, = J, cuts the bulk flux line (at Point C) is X, which
is the concentration at which the bulk flux (j,) equals the applied flux for zero gravity flux (j,
=0), i.€. Jy = Jap = Qg Xy, from which X, = ), /q, and is the same as Eq 12¢. In Fig A7, it can
be seen that the slope of the bulk flux line is given by j,, /X, = q, m‘h.

For the specified reactor concentration (X;) and maximum influent flow rate (Q, ), the
required arca of the settling tank (Ag;) is found by repeating the graphical procedure outlined
above for different underflow rates (g, ), which requires the construction of a new j, versus X plot
like Fig A7 for each q,. Ifthisis done, it will be found that as q, increases (which concomitantly
increases Q, and R), the overflow rate (q,) increases and the arca of the SST (A, ) decreases.
The required Ay, will be the largest area obtained for the anticipated range of g, to be applied
on the SST, which generally will be for the lowest g, (and hence lowest Q, and R) selected. This
can be seen in Fig AS, which shows g, increasing for increasing q,. From Fig A8, in order to
minimize the arca of the SST, the largest possible under{low rate g, needs to be selected. When
constructing the total flux (j;) versus concentration (X) plot like Fig A7 for incremental increases
in qg, it will be noticed that for q, values greater than a certain critical one, called g ... @
minimum in the total flux (j,) line no longer exists. A value for X, therefore cannot be
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determined for q;>q, ., and the limiting flux concept of the flux theory therefore no longer
applies. The highest underflow rate for which a X, can be determined, and therefore for which
the limiting flux concept applics, is Qg ;. Which in tum gives the critical recycle flow, Q, . (=
Qg .n XA;) and a eritical recycle ratio, R, (=Q; ../ Q, pwwy). The critical underflow rate g, 15
the q, value which makes a point on the j; line exactly horizontal without the existence of a
minimum (se¢ Fig A9). The X value of the horizontal point along the j, line for q, = q, ., is the
last valid X, that can be determined and is the minimum valid X, value and therefore is named
Xiwe This X, .. gives the highest j, value and so this maximum ), value is called j, .., which
in tum gives the maximum overflow rate q, and hence the minimum surface area (sec Fig AS).
For q, < g, . the ), line will always have a horizontal point and a minimum j, so for q, < q, ...
there will always be a X, and so the limiting flux concept of the flux theory applies. This limiting
flux concept criterion of the flux theory is called solids handling criterion (SHC) 1.

Graphical Design Procedure

§ 15
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When q, > qq.,... the slope of the j, versus X line is always positive, i.e. ), increases for all X and
so the limiting flux concept or SHC 1 no longer applies. When q, > qq,,., solids handling
criterion (SHC) 11 governs the maximum flux and hence the surface area of the SST. White
(1975) and Merkel (1974) independently suggested that when SHC | no longer applies, the
limiting flux j, of the SST is given by the flux of the feed concentration X,. Mathematically this
is expressed as follows

Xy (Quewwr ¥ Qu ) Agr = Jap 5 Jp = Xi ( Visar + Q) kgSS:(m’h) Al3a
which simplifies to

Qarwws = Queawr Asr ¢ Visa m'h Al3b
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Equation Al13 is SHC II, which states that the overflow rate at PWWF must not exceed the
settling velocity of the sludge at the feed concentration (V,q, m/h). This conclusion is
confirmed theoretically from the state point approach of Yoshioka er al. (1957) which is
discussed below. Equation A13 shows that SHC II is independent of recycle flow (Q,) and
therefore the arca of the SST remains constant for gy > qg . and plots as a horizontal line in Fig
AS at a value g, slightly lower than the minimum value found from SHC I (see Fig A8).

Yoshioka et al. (1957) simplified the graphical method for determining X, and introduced the
SST steady state operating position or state point into the graphical method (Fig A10). In Fig
A7, they rotated line ABC clockwise about Point A on the vertical axis (which represents j,, =
i), until Point C (which represents X, ) was on the horizontal axis. This in effect changes the
slope of the bulk flux line (which represents g,) to zero, and restores the total flux j, line back
to the gravity flux (jy) curve. This rotation does not change the X, value of Point B and
geometrically, from similar triangles, the slope of the bulk flux line in Fig A7 is numerically
equal to the slope of line ABC in Fig A10, except that in Fig A7 it has a +ve slope whereas in
Fig Al10ithas a -ve slope. The line ABC in Fig A10 therefore represents the underflow and its
slope is equal to the underflow rate (q,, m'h). Hence, in Fig A10, a whole range of g, values can
be tested in the same gravity flux curve where the q, values are represented by underflow lines
similar to line ABC, with different slopes equal to the selected qg, each touching tangentially on
the inside of the downward leg of the gravity flux curve. The X value of the tangent Point B is
X, and the intersection points of the underflow line with the vertical and horizontal axes at Points
A and C respectively are the limiting flux j, and underflow concentration X, respectively. This
graphical construction is clearly much more convenient than constructing the total flux curve like
Fig A7 for each selected g,
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The graphical method of Yoshioka ef al. (1957) allows the SST steady state operating point, or
state point, to be superimposed on the gravity flux graph. The feed concentration (X;) is
represented by a vertical line at X = X;. The state point is the intersection point of the feed
concentration and underflow lines. This slope of a line drawn from the origin of the graph to the
state point is the overflow rate (q, ). Hence, the underflow, feed concentration and overflow lines
intersect at the state point which represents the steady state operating conditions of the SST,
where the slopes of the underflow and overflow lines are the underflow (q,) and overflow (q,)
rates respectively. Note that these lines have opposite slopes, i.e. qg is -ve and q, 1s +ve, which
is consistent because in the idealised 1D SST (Fig AS), these two flows move in opposite
directions.

For a given X, and sclected g, and q,,, if the underflow line is within the gravity flux curve and
doces not touch the downward leg of the gravity flux curve, the SST is underloaded and j,, < j, .
When the underflow line touches the gravity flux curve as a tangent, then the SST is critically
loaded and j,,=),. When the underflow line cuts the gravity flux curve in three places, i.¢. once
on the rising leg (at very low X) and twice on the downward leg (at higher X), the SST is
overloaded and j,, > j,. The feed concentration, underflow and overflow lines intersecting at
the state point therefore superimpose the steady state operating condition of the SST onto the
gravity flux curve (which is fixed by the sludge settleability parameters V;, and n). When the
underflow line is within or tangential 1o the gravity flux curve, then the operating conditions of
the SST fit within th envelope of the gravity flux curve and the SST is under- (j,, < j,) or
critically- ()., = j, ) loaded for the selected g, and accepted sludge settleability.

From the above, the graphical design procedure of Yoshioka er al. (1957) is as follows (Fig
A10): For a given gravity flux curve (which requires only V, and n to be known) and a chosen
X, and qg. (i) draw the underflow line at a slope of q, m/h so that it touches the gravity flux
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curve in a tangent on the inside of the curve, (it) draw the vertical feed concentration line at X
= X, and (iii) draw the overflow line from origin to the state point, which is the intersection point
of the feed concentration and underflow lines. The slope of the overflow line is the maximum
overflow rate for the selected q,, from which the area of the SST (A, ) is calculated with Eq A9.
The applied flux (j,,), underflow concentration (X)) and the limiting concentration (X, ) are
given by the underflow line intersection points on the vertical axis (Point A) and horizontal axis
(Point C), and X value of tangent point on the gravity flux curve (Point B) respectively. With
the Ag, q, and q, known, the recycle flow Qg and ratio R are found from Q, = A, q, andR =
Qg /q.- By selecting increasing q, values, the identical g, versus g, plot as in Fig A8 will be
obtained for SHC L.

From the curvature of the gravity flux curve (Fig A4), for X > X for which ) =), .. 1.e.>2103
2/(, there is an inflection point on the downward leg of the gravity flux curve. To therightofj,
but near it, the curvature is +ve (convex) but further beyond j ., (higher X) the curvature is -ve
(concave). The point at which the curvature changes from +ve to -ve is the inflection point.
Now, tangential underflow lines can only be drawn on the inside of the gravity flux curve with
-ve curvature, i.¢. for X values greater than the X value of the inflection point, i.¢. to the right of
the inflection point. Therefore, the steepest tangential underflow line that can be drawn to the
gravity flux curve, is one with a slope equal to the slope of the gravity flux curve at the inflection
point. This is q, .., which gives this steepest sloping overflow rate line and hence the highest
overflow rate in terms of SHC 1. An underflow line tangential to the gravity flux curve at the
inflection point is therefore represented in Fig A8 at q, . Which gives the minimum surface area
(Agy o) and is the limit of SHC 1. When the underflow line is steeper than Q, ., the curvature
of the gravity flux curve (now +ve) is such that the state point now can be on the gravity flux
curve and the underflow line only cut it once, with the result that the feed concentration,
overflow and underflow lines now intersect on the gravity flux curve. With the state point on
the gravity flux curve the slope of the underflow line is now not governed by the slope of the
gravity flux curve but dependent only on the position of the X, line. The lower the X, the
steeper the overflow line and the higher the overflow rate. By definition, with the state point on
the gravity flux curve, the slope of the overflow line q, is /Xy, hence g, = Vo Xp /X = Viiy
This is the theoretical basis for SHC 1l (Eq A14b). The overflow rate for SHC Il 1s independent
of g, and dependent only on the feed concentration X; through V. The convenience of the
Yoshioka er al. (1957) graphical method is that the complete design for the range of underflow
rates can be done on the same gravity flux curve.
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The state point defines the operating conditions of the SST, and operating changes in underflow
rate (q,), overflow rate (q,) and feed concentration (X, ) are reflected on the gravity flux curve
as follows: (1) a decrease in the underflow rate rotates the underflow line about the state point in
an anti-clockwise direction, but the state point remains in position (see Fig Al1a): (ii) an increase
in overflow rate rotates the overflow line about the origin in an anti-clockwise direction and
moves the state point upwards along the feed concentration line, while the underflow line slope
remains constant but intersects the state point (sce Fig Allb), (iii) and increase in feed
concentration moves the vertical feed concentration line to the right and because the slopes of
the overflow and underflow rates remains unchanged, the state point moves along the overflow
line while the underflow line continues to pass through the state point (see Fig Allc).

Because the state point defines the operating condition of the SST, the state point position in the
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gravity flux graph defines the loading condition on the SST, i.e. whether under-, critically- or
overloaded, and whether SHC 1 or 11 govemns the capacity of the SST. Referring to Figs 11a, b
and c:

(1) When the state point is within the envelope of, and not on, the gravity flux curve, SHC
Il is met and SHC | governs the capacity of the SST. When the underflow line
(i) cuts the gravity flux curve in one point only, i.e. through the rising leg of the

gravity flux curve, safe operating conditions prevail,

(1)  cuts the gravity flux curve at one point only, i.e. through the rising leg of the
gravity flux curve and is tangential on the inside of the gravity flux curve at high
X, critical loading conditions prevail,

(i1i)  cuts the gravity flux curve in three points, i.e. once through the rising leg of the
gravity flux curve and twice through the descending leg of the gravity flux curve,
overloaded conditions prevail;

(2)  when the state point is on the gravity flux curve, critically loaded conditions with respect
to SHC II prevail; if the feed concentration X, is greater than the concentration X of the
inflection point, the underflow line has to be tangential to the gravity flux curve and
hence the loading condition also is critical with respect to SHC I, but if X, is less the X
of the inflection point, SHC I does not apply.

(3) If the state point is outside the envelope of the gravity flux curve, the SST is overloaded
with respect to both SHC Il and SHC I; SHC | also is not met because conditions 1(i) and
1(11) above are not met.

The above conditions can be readily applied to design for given peak influent flow (Q, pywy) and
feed concentration (X;) to find the minimum surface area A, viz: (1) Identify the inflection
point on the gravity flux curve and draw a tangent underflow line to it. (2) Draw in the vertical
feed concentration line and the intersection point of this line with the underflow line is the state
point. (3) Draw the overflow line from the origin to the state point. The slope of this line gives
the maximum overflow rate q,,,... for SHC [. (4) Determine the settling velocity of the sludge
at the feed concentration V¢, which is equal to the maximum overflow rate for SHC I1. (5)
Select the lower of q,,,. and V., and Ay = Q) s/ Qe ©F Visxe)- With Ay, known, the
recycle flow Q, is found from Q, = q, Ay, and the recycle ratio R from R = Qu/Q, pywe- 1t will
be found that usually V, .y, < Qe ©F SHC T and hence usually Agy 0 = Q) pwny(Vasxs)- Any
underflow rate g, lower than the slope of the inflection point of the gravity flux curve will lead
to a greater A,,. For q, lower than that of the slope of the inflection point, the design procedure
is the same except now the underflow line is drawn tangentially to the gravity flux curve at a
value of X greater than the inflection point X value.

Although the above graphical procedure is still a “trial and error™ one in that repeated selection
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of the underflow rate g, is made and the corresponding q,, Ay, Qg and R determined for safe
operation, it is far simpler than the total flux curve method because cach selected g, can be
analysed on the same gravity flux curve, thercby obviating the need for constructing different
total flux curves like Fig A7 for cach q,. Note that the two graphical methods give identical
results because the condition described the horizontal line at j, in Fig A7 is identical to that
described by the underflow line tangential to the gravity flux curve in Fig A10.

6. DYNAMIC CONDITIONS

Under normal dry weather daily operation of the SST, the feed concentration (X;) and underflow
rate (q;) can be taken as remaining approximately constant. However, the influent flow, and
hence the overflow rate (q,) and recycle ratio (R), change cyclically over the day causing the
state point to move (Fig A11b). This results in temporary sludge storage in the SST from two
causes: (1) With diumnal variation in g, and R, the underflow concentration X, varies over the
day (see Eq A12a). At high influent flow, R is low and hence X is high. To obtain higher X,
in the recycle flow requires longer thickening times on the SST bottom. Hence, even ifthe SST
is underloaded throughout the 24 hour day, the sludge blanket height will increase and decrease
over the day in phase with the increasing and decreasing influent flow due to the changing
compaction times required 10 achieve the required X,. Depending on the magnitude of Q, and
the settleability of the sludge, the diumal movement in sludge blanket height in the bottom
compaction zone of the SST is around 0.75 to 1.0 m. (2) It may happen that during the peak dry
weather flow (PDWF) period overloaded conditions develop in the SST, in which event a rising
sludge blanket (theoretically at a concentration of X, ) will develop. The overload, depending
on its severity, may persist for a few hours without sludge loss, because the SST has sufficient
depth to accommodate the sludge accumulating in it, thereby avoiding the sludge blanket to rise
up to within 1 m of the effluent launders. Consequently, the continuously changing sludge
loading rate and different compaction times over the day cause the sludge blanket to move up
and down inthe SST, which may even be temporarily overloaded, without significant sludge loss
with the effluent.

The principal factor that prevents sludge loss during a temporary overload is the sludge storage
capacity of the SST, which once the area has been fixed, is directly proportional to the depth.
Generally, the deeper the SST, the higher (if short) or longer (i1f small) the temporary overload
that can be sustained without sludge loss. Unfortunately no guidance regarding the depth of the
SST can be derived from the 1DFT and depth design is based on primarily practical experience.
The Abwassertechnischen Vercinigung (ATV, 1976, 1991) have developed empirical procedures
based on the DSVI to calculate four different zone depths in the SST, viz. the clear water,
scparation, sludge storage and compaction depths (sce Ekama er al., 1997). An average depth
of 3to 4 mis common. Deep SSTs (>4m) have the advantage that ample allowance is made in
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the SST for the various zones depths, thereby keeping the sludge blanket well below the effluent
lauders (>1m). Deep SSTs are also less prone to hydraulic disturbances from influent flow
variations, density currents, inlet and outlet arrangements and sludge collection systems. 2D
hydrodynamic modelling studies have indicated that the greater the SST depth, the greater the
flux rating, i.e. the greater the percentage of the 1 DFT theoretical maximum solids and hydraulic
loading rates that can be applied to the SST (Ekama and Marias, 2001).

7. MATHEMATICAL APPLICATION OF THE 1D FLUX THEORY

Clearly the graphical approach to the 1DFT described above gives considerable insight into
design and operation of SSTs taking due consideration of the sludge settling characteristics and
feed concentration. However, despite the convenient developments in this graphical approach,
the procedure remains rather tedious and time consuming because the design has to be executed
manually. The biggest difficulty is that the shape of the gravity flux curve can only be
approximated graphically between the measured concentrations and settling velocities, with the
result that estimation of the position of the gravity flux curve is uncertain. This causes a
significant measure of error and uncertainty in the estimations from the procedure.

In order to overcome the difficulties associated with the graphical approach, a mathematical
approach was developed, which required defining a mathematical equation linking the zone
settling velocity and sludge concentration. When this approached was developed around 1970,
the form of this equation evoked significant debate (Smollen and Ekama, 1984, Ozinsky and
Ekama, 1995) but today it seems that the exponential form is almost universally accepted (see
Section 3 above). It should be noted that aside from the somewhat better correlation that the
exponential form yields over the other forms for most of the experimental data, this form is just
as empirical as the other forms. However, the properties of the exponential form are better suited
to the 1DFT problem because it vields an more intemally consistent model for the SST.

7.1 Mathematical properties of the theoretical flux equation
From the exponential equation linking settling velocity and concentration (Eq A1), the gravity
flux is given by

Js =XV, = XV, exp(-nX) kg/(m’h) Al4d
The slope of the gravity flux curve is given by the denvative of Eq Al4, viz.

djs Y
=5 = Ve ™1- m/h AlS
TR
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which, when set to 0, gives a tuming point in the gravity flux curve at X = 1/n and a flux of
V,/(ne) (Fig A12). Differentiating Eq A15 with respect to X and substituting 1/n for X shows
that the tumning point with coordinates +1/n, +V /(ne) is a maximum, giving the maximum flux
Jose = Vi/(ne). Setting the second derivative to zero shows that there is an inflection point on the
gravity flux curve at coordinates +2/n, +2V,/(ne’). This is the inflection point at which SHC |
ceases to be valid in the graphical method because no steeper underflow line can make a tangent
to the inside of the gravity flux curve (Fig A12) . The slope of the gravity flux curve at the
inflection point is found by substituting 2/n for X into Eq A15 which yields -V /(¢) m/h, which
is the maximum underflow rate q for SHC I. The intercept of the underflow line tangential to
the inflection point with the vertical and horizontal axes are respectively the maximum limiting
flux (j; .., Jand the minimum underflow concentration (X,,...) for the SHC I to govern the design
of the SST, which, from the coordinates and slope of the inflection point are,

av, 4 ,

- —: —j= *Yp kg/(m'h) AlbGa
ne ¢

Lo, =2 e 4y =20, kgm'  Al6b
n

where subscripts IP and TP refer respectively to the inflection and tuming points (see Fig A12).

7.2 Application of the exponential flux equation to SST

The overflow rate to satisfy the SHC [ is found from Egs AS and A6 and is given by

.
XA(1+R) X,R

9,4 m/h Al7

where

X = X:(1-R)/R kg/m’ Al2b
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Note that Eq AS above, like the state point concept, is valid only under safe operating conditions
as defined above, i.c. equal mass flow rates of sludge in the feed and recycle flows (X, =0).

The general equation of the underflow line with a point of tangency to the gravity flux curve is

/= (1 -XiXy) kg/(m’h) AlS8
and its slope is given by
djldX = -j IX, m/h Al9

Al the point of tangency (see Fig A10), 1e. at X = X, both the fluxes and the slopes of the
gravity flux curve and underflow line are equal, i.e. Eq A14 = Eq A8 and Eq A1S5 = Eq A19.
Equating the slopes and fluxes of the gravity flux curve and underflow line yields two equations
with two unknowns, X, and j,, viz.

IL[l %] = X, Vyexp(-nX)) kg/(m’h) A20
R
Voexp(-nX,)(1-nX) - -j /X, m/h A2l

Making j, the subject of Eq A20 and substituting this for j, into Eq 21 eliminates j, and yields
a quadratic for X,. Solving for X, and ignoring the unrealistic solution' yields,

X, - (Xg2)1+/T-3(nXp) kg/m’® A22

Note that in Eq A22, no solutions for X, are possible when the square root term is negative, i.c.
for X, > 4/n, which from Fig A12is X,,.... Hence when X, = 4/n, X, is a minimum and equal
to the X value of the inflection point, i.e. X, = X,/2 = 2/n.

Substituting Eq A22 for X, into Eq A20 yields the limiting flux j, associated with X, in terms
of X,. i.e.

* ‘llx l ra
I = vV - A ul {__‘;._)

k h A23
1 -a) g/(m°h) a

'Because of the quadratic form of the equation, a + appears before the square root
term of Eq 22. The unrealistic solution is the -ve one, i.e. the lower of the two X, solutions.
This unrcalistic solution for X, is mathematically possible but represents failure of the SST.
It is the “underflow line™ from the X, concentration on the horizontal axis touching the
gravity flux curve on the outside bclwecn the inflection and tuming points i.e. X; < X,,. The
realistic solution is the higher X, valuc which has a point of tangency on the inside of the
gravity flux curve at X, values greater than the X value of the inflection point 1.e. X, > X,
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where

a = 1-8(nXy) A23b

If & < 0, there is no solution for j, . Setting & =0 yields X, = X,,... = 4/n and hence from Eq A23,
i = 4V/(ne?), which is j,,... (Fig A12). No solution for j, is possible for X, < 4/n because the
curvature of the gravity flux curve is such that no valid tangential underflow line can be
constructed within the envelope of the gravity flux curve. From the graphical method, this is
known to be the limit of SHC 1.

Substituting Eq A12b for X, into Eq A23 and substituting Eq A23 into Eq Al7, yields the
maximum overflow rate g, versus R for SHC | to be met, viz.

LR “’l (1 R)X,(1 .a)]

. m/h Al4a
U 200 2R
where
R [, A24b
n(l'R)XF

Equation A24 relates the overflow rate q, to the recycle ratio R for specified values of feed
concentration X, and setting charactenistics of the sludge V, and n tomeet SHC I. If e = 0, X,
= 4R/[(1+R)n]. Hence from Eq A24,if a =0,

4, = Vy(e’R) m/h A25

Transferring the R in Eq A25 to the left hand side, gives underflow rate g, = q, R = V,/¢*, which
can be recognized as the slope of the tangential underflow line at the inflection point, i.e.

Drere ~ Damassic) R Vye? m/h A26

The q, of Eq A25 is therefore the maximum overflow rate allowed in terms of SHC 1, q,,. e
, and represents the limit of this criterion (see Fig AS). The recycle ratio R at this point is R

(34}

and from Eqs A12 and 285, is given by

Xe X

= = A27
XM XF 4/" 'XF

Rﬂl

As before in the graphical method, when the underflow rate is greater than the slope of the
gravity flux curve at the inflection point, then SHC 11 governs the arca design of the SST. From
Eq A9, this is defined by

nX,

Qumasicn ~ Vol mh A28
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7.3 SST design and operating chart

By plotting q, versus R from Eqs A24 and A28 for known values of V, and n and selected X,
the steady state design and operating (D&O) chart for the SST is obtained (Fig A13). The SHC
1 (Eq A24) is represented by the s-shaped line from the origin to point D and shows that as R
increases so the permissible overflow rate increases. This line represents all the possible SST
designs for underflow lines (rates) making tangents to the gravity flux curve from very low
underflow rates (very low R) up to the critical underflow rate q, ., (R_.). Atpoint D, g, ., (=
V/¢') is reached, SHC | stops and Eq A24 no longer gives solutions for q, for R values greater
than R, at Point D. The SST loading condition at Point D in the D&O chart is represented on
the gravity flux curve at the inflection point. Hence at Point D, Qg ™ @ 0 X1 = X nins X2 = Xt
=4/, 5 =i " 4V /ne’), R, = X /(4/n-X,) and q, ., siic1 = Vo/(e’ R,) Point D in the D&O
chart is identical to the maximum g, point for SHC 1 (giving minium Ag,) inthe g, versus g, plot
of Fig A8. The SHC 11 (Eq A28), being independent of R, plots as a horizontal line in the D&O
chart and cuts the SHC | line on or below Point D. Because both SHC [ and I have to be met
for R <R, safc operation of the SST is represented in the D&O chart by g, - R points below
both the SHC I and II lines; for R >R, q, - R points below the SHC Il line only because SHC
I does not apply. There are some instances where the q,,..onc ¢ 18 greater than Q.. cuc -
Therefore, in general, the design point for minimum arca of the SST for PWWF is not Point D
in the D&O chart, but the
intersection point of the SHC [ and 11
lines - for the cases where the
Qamasiic 1 ~ Qamasiic 1 » the R value of
the SHC 1 and 11 lines intersection IC{!rilic:nll :\"0_ p i;’? ;}V‘\
point is less than R_,. This is the R::;iZ) cRc.m Xr = 3.8 gf‘lg
same as the maximum overf{low rate g

for SHC [ being slightly higher than A

that for SHC II in the q, versus q, Solids Handling
graph developed from the graphical Criterion 11
procedure (Fig AS).
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SHC 1 line near but always below the SHC | end point on the hyperbola (Fig A14). For design,
in the region below the hyperbola, both SHC [ and I1 have to be met and in the region above the
hyperbola, only SHC 1L

D&O CHART :‘/";-'0543:: l';‘"h Fig Al4: D&O chart for fixed flux
2.5 10 Flux theory (no correction) i ¢ settleability constants V, and n and

) varving feed concentration X,. The
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From the above mathematical development, it is clear that the inflection point on the gravity flux
curve, or Point D in the D&O chart, plays a major role in the design of the SST - it in fact
governs the maximum overflow rate for SHC 1 (q,,,,.suc ). Which, in some instances (usually
good scttling sludges), is only slightly higher than that for SHC 11 (q,,,.siucy)- The advantage
of the exponential equation linking V, and X is that it implicitly includes the definition of (i)
a low flux at very low concentration (0.1 -1.0 g/(), (ii) @ tuming point in the gravity flux curve
and (iii) an inflection point when determining the V, and n by means of semi-log least squares
regression.  For the logarithmic form, even though two setticability parameters are being
determined with log-log least squares regression [i.e. a and b in V,¢ = a(X)”"), these three
properties have to be manually drawn into the gravity flux versus concentration curve - these
properties are not implicitly included in the log-logV, = a(X)" equation like in the semi-log V,
= VO0e " equation (Smollen and Ekama, 1984). Mathematically, the semi-log equation (Eq A1)
thercfore makes a much better 1DFT model than the log-log equation.

The D&O chart is also valid for diumal flow conditions. For successful (safe) operation of the
SST, the conditions prescribed by the D&O chart must be met at all times of the day. For
example, for a fixed SST area, as the influent flow increases, so the recycle ratio decreases and
the overflow rate increases. This moves the operating point, represented by the g, - R value pairs
in the D&O chart, upwards and to the left along a constant g, line, represented by a hyperbola
Qe = q4 Rm/h. At all times of the day, the q, - R value pairs must be within the safe operating
area, i.e. below the SHC II line for R>R_,, and below both the SHC 1 and 1 lines for R< R
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This approach is of course conservative and assumes the SST has no depth and therefore no
sludge storage, which is clearly not realistic. However, it does give a good guide to the design
and operation of the SST under diumal flow conditions. The 1DFT design procedure is
demonstrated in a design example below,

8 DESIGN EXAMPLE

The MLSS concentration of an activated sludge reactor X, is 3.5 kgTSS/m’, and the flux
constants ¥, and n were measured to be 5.93 m/h and 0.43 m'/kgSS respectively (see Fig A3).
These constants give a SSVI and DSVI of about 100 mi/g and 150 mi/g respectively indicating
that the sludge is of rather poor settleability and approaching a bulking sludge. The average dry
weather flow (Qpupwy) is 220 m'/h (5.28 Me/d), and the dry weather flow varies in a cyclic
pattern with a minimum Q, vy 000.41Q, 1\, and a peak Q, w0y of 1.59Q, s The peak wet
weather flow (Q, puwy) 18 2.39Q, , pwr-

For the V,, n and X, values, the following are calculated for the design:

Xpea = 4/ = 928 gk Eq Al6b
R, = 3.5/(4/n-3.5) = 0.605 - Eq A27
Qoen = Vo/e’ = 0.803 m/h Eq A26
Ximi =2 0 Xy o 12 = 464 gh Eq Al6b
Jumes = AVo/(n€) = Xy i X Qo = 746 kg/(m'h)  EqAl6a
Qrmanstic 1 = Qeend Rere OF )y a/ Xy Qe e = 1328 m/h Eq Al10
Qamassiic u = Voexp(-n X;) = 1.314 m/h Eq A28

For the V_ and n values, the D&O chart is constructed as set out above. AtQ, .y , SHC 1 must
be met and because Q. w1 < Qamaesne 1 (Only slightly), the area is calculated on the basis of
Qamssiic n @and SHC [ is met by adjusting the recycle ratio R to the value where q,,...qic ¢ =
Qamussic - Lhis R value, which is less than R, and found by trial and error, is the minimum R
to satisfy SHC I and is called R . In this example, R = 0.588. For high X, and/or poor sludge
settleability there is usually a much larger difference between R and R, The Q, .y, is
2.39x220 = 525 m'/h. From Eq A28 (Fig A14), the maximum overflow rate at X; = 3.5 kg/m’
is 1.314 m/h (given by horizontal SHC 11 line). Hence the minimum SST area s 525/1.31 = 401

m’. In order that SHC [ is met under PWWF conditions, the recycle ratio at PWWF with respect
to PWWF (Rr) must be greater than R = (0.588, given by the R value of the intersection
point of the SHC I and 11 lines which is slightly to the left of the hyperbola (see point D in Fig
Al4). Hence, at PWWF, the recycle flow Q, should be equal to or greater than 0.588x525 = 309
m’/hor 1.40 times Q, .y, otherwise failure (gross sludge loss) will occur, i.e. for Ry, ., < 0.588,
the q, - R intersection point falls above the SHC [ line in Fig Al4.
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The overflow rate at PDWF is 1.59x220/401 = 0.872 m/h. This is well below the SHC I limit
of 1.314 m/h. In order that SHC I is met at PDWF, the underflow recycle ratio R with respect
to PDWF must be at least 0.405, given by the R value of the intersection point of the horizontal
qs = 0.876 m/h line and the SHC I line for X, = 3.5 kg/m’ (see point A in Fig A14). Hence the
recycle flow Q, at PDWF should be at least 0.405x1.59x220 = 142 m*/h or approximately 0.645
with respect 10 Q, .y - Accepting the SST arca of 401 m’ and fixing the recycle flow Qg at a
constant 142 m'/h, the overflow rate (q,) and recycle ratio (R) at ADWF are 0.548 m/h and
0.645:1 with respect 10 Q,  yur respectively (see point B in Fig A14). The overflow rate and
recycle ratio at minimum dry weather flow (MDWTF) are 0.225 m/h and 1.571:1 with respect to
Q. .owr respectively (see point C in Fig A14). Hence in the D&O chan, the locus of the points
defining the PDWF, ADWF and MDWF operating conditions moves between points A and C
through B in Fig Al4, falling on the hyperbola q, = 142/401= 0.354 m/h. All these points
represent safe operating conditions with respect to the two sludge handling capacity cntena.
Hence, under dry weather conditions, the SST should operate satisfactorily. Provision for wet
weather flow is made up to a PWWF of 2.39Q, ,,us, but the recycle flow Q, needs to be
increased from 142 to 308 m*/h to accommodate this. For lower WWFs than this peak, the
recycle flow need not be increased so high. The required recycle flow can be determined from
the D&O chart along the SHC 1 line as was done for the PDWF.

The applicability of the 1D idealized flux theory (1DFT) for design of SST was evaluated by
Marais et al. (2000, 2001) and Ekama and Marais (2001) by comparing its predicted maximum
surface overflow (SOR) and solids loading (SLR) rates with that calculated from the 2D
hydrodynamic model SettlerCAD using as a basis 35 full scale SST stress tests conducted on
different SSTs with diameters from 30 to 45m and 2.25 to 4.1m side water depth, with and
without Stamford baffles. The results of some simulations are summarized in Fig AlSaand b,



A2S
100

% 10FT SLR Limit
% 1DFT SOR Limit

20 4.0 6.0 8.0 100

20 4.0 6.0 8.0 10.0 Flux Load Factor - Vo/(n.XF) - mh

Flux Factor - Vo/(n. Xo) - m/h

Figs I5a and b: SettlerCAD predicted maximum SOR (Fig la_left) and SI.R (Fig 1h_right), as
a % of the 1DFT limit values, versus flux load factor V/(nX,) for the 4 tests on the Darvill new
(M) and old (@) SSTs, 15 of the 135 tests on the Watts' SST (M), 6 of the 14 tests on the Rijen
SST ( W) and 6 of the 10 tests on the Oss SST (2).

From the simulations, a relatively consistent pattern appeared, 1.¢. that thel DFT can be used for
design but its predicted maximum SLR needs to be reduced by an appropriate flux rating, the
magnitude of which depends mainly on SST depth and hydraulic loading rate (HLR)
Simulations of the Watts er al. (1996) SST with 6.0m SWD, and the Darvill new (4.1m SWD)
and old (2.5m SWD) SSTs with interchanged SWD, were run to confirm the sensitivity of the
flux rating to depth and HLR. Simulations with and without Stamford and/or Crosby baflles
were also done. While the design of the internal features of the SST, such as baffling, have a
marked influence on the effluent SS concentration, these features appeared to have only a small
influence on the flux rating, 1.¢. capacity, of the SST.
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As a consequence of the reduced capacity of full scale SSTs compared with that calculated from
the IDFT, the 1DFT calculated maximum SOR and SLR need to be reduced. Until more
information is obtained, it would appear that from the simulations that the flux rating of 0.80 of
the 1DFT maximum SLR recommended by Ekama and Marais (1986) remains a reasonable
value to apply in the design of full scale SSTs - for deep SSTs (4m SWD) the flux rating could
be increased to 0.85 and for shallow SSTs (2.5m SWD) decreased to 0.75 (Fig A16b, left).

Reducing the 1DFT SLR to 80% of the calculated value is equivalent to increasing the SST
surface area by 25% (1/0.80 = 1.25). Increasing the area by 25% gives a400x1.25 = 500 m* SST
for this design example. This increased arca changes the PWWF, PDWF, ADWF and MDWF
operating positions in the D&O chart, which are shown in Fig A16. Increasing the SST area
moves the operating positions vertically downward in the D& O chart, i.¢, the recycle ratio values
do not change because the design influent and recycle flows have not changed; however, the
overflow and underflow rates have decreased to 80% of the 1DFT values.
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LIST OF ABBREVIATIONS FOR PART 1

Average Dry Weather Flow
American Society of Civil
Engincers
Abwassertechnischen
Vercinigung

Computational Fluid Dynamics
Clarifier Research Technical
Committee of the ASCE

day

Design and Operating chart
Diluted Sludge Volume Index
Dry Weather Flow

For example

Equation

Effluent Suspended Solids
and others

exponent

Figure

gram

hour

Hydraulic Loading Rate
Hydraulic Retention Time
that is

Intermational Association for
Water Quality

Inflexion point

kilogram

Length

litres

logarithm to the basc ¢
logarithm to the base 10
Mass

metre

maximum

Minimum Dry Weather Flow
milligrams

milligrams per litre

minules

millilitres

Megalitres (10° 1) (<0.264
million US gallons)
Megalitres per day (+0.264 mgd)
millilitres per gram

Mixed Liquor Suspended Solids

mm
PDWF
PWWF
RAS
RSA
SBH
SHC
SLR
SOR
SS

SST
SSvI
STOWa

STR
SVI
SWD
SZSV
™
1SS
ucT
USA
ViZ.
WAS
WLR
WRC

ww
WWEF
WWTP
ZSV
1D
IDFT

2D

millimetres

Peak Dry Weather Flow

Pecak Wet Weather Flow
Retumn Activated Sludge
Republic of South Africa
Sludge Blanket Height

Solids Handling Criterion
Solids Loading Late

Surface Overflow Rate
Suspended Solids concentration
Secondary Settling Tank
Stirred Specific Volume Index
Stichting Toegepast Reiniging
Waterbeheer (Holland)
Scientific and Technical Report
Sludge Volume Index

Side Water Depth of SST
Stirred Zone Settling Velocity
Tuming Point

Total Suspended Solids
University of Cape Town
United States of America

that is to say (videlicet)

Waste Activated Sludge

Weir Loading Rate

Water Research Commission
(South Africa)

Wastewater

Wet Weather Flow
Wastewater Treatment Plant
Zone Setthing Velocity

One Dimensional

One dimensional steady state
idealized flux theory

Two Dimensional
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LIST OF SYMBOLS FOR PART 1

Square root term in overflow rate - recycle ratio Equation A24
General symbol denoting change or difference

Diameter

Diameter of inlet feedwell

Diameter of feedwell skint baffle

Diameter of SST

Constant in log-log zone settling velocity equation

Surface arca of SST

Minimum surface area of SST

Constant in log-log zone settling velocity equation

Base number of the natural logarithm scale (e = 2.713..)

fraction of non-setthing particles in the feed solids concentration (X;)
Depth of inlet feedwell

Depth of feedwell skirt baffle

Depth of SST at feedwell skirt baffle

General symbol for water depth in SST

Average water depth

Side water depth

General symbol for flux [kgSS/(m’ h)]

Apploied flux to SST

Flux duc to the movement of water relative to SST wall (bulk flux)
Limiting flux

Maximum limiting flux

Maximum flux

Flux of the settling SS with respect to the water (gravity settling flux)
Total flux of SS with respect to SST wall (gravity flux < bulk flux)
Slope of SST floor (m:1)

Constant in Takédcs double exponential settleability Equation 2
Flux theory constant in semi-log V,, - X Equation 1

Constant in Takédcs double exponential settleability Equation 2
Number of steps in simulation run time

General symbol for volumetric flow rate (m'/h)

Effluent flow rate from SST (= Q, - Q)

Feed flow rate o SST (= Q, + Q, - Q)

Influent flow rate to wastewater treatment plant

Influent flow rate at Average DWF

Influent flow rate at Minimum DWF

Influent flow rate at Peak DWF

influent flow rate at Peak WWF
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M/AL*T)
MAL’T)
MAL*T)
M/ALT)
M/AL'T)
MALT)
M/AL'T)
M/AL'T)

L'™M
L'M
L'M

LT
LT
LT
LT
LT
LT
LT
LT

Return activated sludge (RAS) flow rate (before underflow WAS abstraction) LYT

RAS flow rate at ADWF with respect to ADWF
Cnitical RAS flow rate

RAS flow rate at PWWF with respect to PWWF
Waste activated sludge (WAS) flow rate
Surface overflow rate (Q,/A;)

Overflow rate at DWF

LT
LYT
LT
LT
LT
LT



Qarwws

Qarman

Overflow rate at WWF
Maximum surface overflow rate

Qrsasic 1 S0lids Handling Criterion I maximum surface overflow rate

Qamansane

Qr
q’.‘n!
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Solids Handling Criterion 11 maximum surface overflow rate
Underflow rate (Q, /Ay, m'h)
Critical underflow rate in flux theory (i.e. q; = V, /¢’ m/h)
Weir loading rate [m"/(h.m)]
Underflow recycle ratio (= Q, /Q,)
Critical underflow rate
Underflow recycle ratio with respect to ADWF
Actual hydraulic retention time
Underflow recycle ratio with respect to PWWF
Time
Time
Simulation run time
Flux theory constant in semi-log V,, - X relationship
Volume of SST
Settling velocity of the sludge (= V)
Settling velocity of the feed concentration (X,)
Settling velocity of the limiting concentration (X,)
Stirred zone settling velocity of the sludge
Suspended solids concentration (mgSS/1)
Effluent suspended solids concentration
Feed SS concentration to SST
Limiting solids concentration of the flux theory
Minimum limiting solids concentration of the flux theory
Underflow sludge concentration
Minimum underflow sludge concentration
Critical underflow concentration (= X,
Total suspended solids concentration
Wasteflow suspended solids concentration

A23



UNIVERSITY OF CAPE TOWN
Department of Civil Engineering
Water Research Group

FINAL REPORT
to the Water Research Commission for the task

DEVELOPMENT OF A FINITE ELEMENT 2D HYDRODYNAMIC MODEL FOR
SECONDARY SETTLING TANKS

in the contract K5/835
HYDRODYNAMIC MODELLING OF SECONDARY SETTLING TANKS

by

Dorothee Kleine and Daya Reddy

1 INTRODUCTION

Secondary scttling tanks (SSTs) form a crucial part of wastewater treatment plants. Besides
having to produce the separation of suspended solids and clarified effluent the final settling tank
is used to concentrate and recyclke the settled sludge to the biological reactor. The efficiency of
the biological reactor in the wastewater treatment system is determined by the efficiency of this
final clarifying process. Problems arise duc to the dominating two-phase flow in the settling tanks.
The lack of knowledge regarding this complex flow often leads to false estimations with regard
to the design of the inlet and outlet structure, and to oversizing during the renovation and
construction of new plants. One way of promoting improved design and of resolving the
bottleneck of existing settling tank is through the use of Computational Fluid Dynamics modelling
of final settling tanks. The degree of flow and solids maldistribution can be qualified and
suggestions can be made conceming improvements. This could lead to lower operating costs,
higher capacities and to delayed investment expenditures.

Hydrodynamic models have been developed for simulating secondary settling tanks to get a better
understanding of the complex flow patterns in these tanks and to make design and optimization
of the SST internal features possible. These models use mainly the finite volume method (FVM)
as numerical method (McCorquodale and Zhou, 1993; Lakehal ef @l , 1999).
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The purpose of this work is to develop and implement a finite element analysis of SSTs. Although
this method is originated in stress analysis, applications of the finite element method in heat
transfer and fluid flow are now widespread.

Both numerical methods, the FEM and the FVM, have their pros and cons. The power of the
finite element method lies in its ability to treat problems on irregular domains, and to provide local
grid refinement. The flexible geometry of the FEM supports the description and adaptation of
complex internal features of SSTs like inlet and outlet arrangements.

The hydrodynamic SST model solves the continuity, momentum and the solids transport
cquations, as well as the k-z-turbulence equations that are described in Chapter 5 of the book
“Secondary Settling Tanks: Theory, Modelling, Design and Operation”, IAWQ STR 6 (Ekama
et al., 1997).

The physical and mathematical extension requires efficient and robust solution schemes for the
coupled system of equations describing the problem. The characteristically complex and highly
unstable flow in SSTs imposes great challenges on the numerical and computational approaches.

The trcatment of the convection terms and the gravity-density term in the Navier-Stokes
equations is an important issue to be addressed. The flow pattern in SSTs strongly depends on
the viscosity and on buoyancy forces. Furthermore, at high concentration range the settling
velocity of the sludge approaches the magnitude of the turbulent diffusivity, which makes the
settling motion difficult or even impossible to obtain. Questions arise as to what extent the settling
motion in the high concentration range is hindered by diffusion or its turbulent part, and what
influence the turbulence has particularly in stable stratification of SSTs. Since the velocities in the
main section of SSTs are very small, it is difficult to carry out measurements that can give suitable
data to describe the rheology of sludge in the high concentration range.

The problems that arise in the numerical treatment of these partial differential equations arise from
the strong nonlincarity of'the system of equations. the incompressibility constraint, local changes
of the problem character in space and time, and the temporarily stifl’ systems of differential
cquations.

The main goal of this project is to compile a working finite clement package for 2D hydrodynamic
modelling of SSTs that is capable of simulating the benchmark results available in the literature.
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2 SECONDARY SETTLING TANKS

2.1 Function of Secondary Scttling Tanks

Secondary settling tanks form a crucial part of wastewater treatment plants based on activated
sludge. Activated sludge is biological mass (flocs) produced in the treatment of wastewater by the
growth of suspended hacteria. The activity of these living organisms results in the biodegradation
of wastewater or sludge components, In the sccondary settling tank the activated sludge is
subsequently separated from the treated wastewater by gravity sedimentation and is returned to
the process (Fig 1).

Influent Flow

from the
Biological Reactor

Clarified
Effluent

y
LE

Sludge Return Flow

Fig I: Secondary Settling Tank

2.2 Hydrodynamic Modelling of SSTs

Fluid dynamics problems must obey the two governing equations of continuity and momentum.
In addition, the flow in a sedimentation tank is characterized by the simultancous flow of two
phases. This two-phase system is a suspension of particles in a fluid, which comprises suspended
solids and water. In settling tanks the sludge particles have different shapes and forms. Due to
these different forms and shapes the sludge particles enclose the surrounding fluid. As a result the
solids influence the liquid and vice versa, and with that the flow distribution can completely
change.

The dynamics of sedimentation are determined by the interaction between buoyancy and drag
forces. Due to their higher density the suspended solids have a tendency towards sedimentation
and to accumulation at the bottom of the tank, leading to a stratified flow field. The sedimentation
process involves a relative velocity of the solids with respect 1o the fluid phase. In the low
concentration range the activated sludge is flocculent, which means that particle diameter and
hence the settling velocity increase with concentration. At a certain concentration the difference
between the velocities of the two phases decreases with increasing particle concentration due to

increasing cohesive forces. This is the concentration range of hindered settling.
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Many complications arise due to factors such as the wide variety of sizes and shapes of the
particles, nonuniform flow patterns, agglomeration, and interparticle forces.

Different mathematical models have been developed to describe two-phase flows (Gidaspow,
1994). In these models each phase is calculated by a separate momentum equation. The coupling
ol the two phases takes place over interphase-friction forces, the pressure, and the requirement
that over the entire flow domain, the volume of the two phases forms a continuum.

Due to the strong interlink between the activated sludge and the water it is assumed that the two
phases react as a fluid mixture with variable density. In the mathematical model this fluid mixture
of water and suspended solids is calculated by a momentum equation that includes a source term
to represent the forces due to change in the density of the fluid mixture. The local density of this
fluid mixture depends on the local concentration of the sludge particles, which is solved by a
particulate mass conservation equation. This equation involves the relative velocity between the
two phases due to their different densities. A density-state equation then gives the local density
of the fluid mixture with respect to the solid concentration. The coupling between the momentum
equation and the solids transport equation / density-state-equation is achieved through the
gravity-density term in the momentum equation (Fig 2).

Fluid Mixture = Pure Water + Suspended Solids

Momentum- and Mass Conservation * ?

v

Velocity - and Pressure - Field

|

Particulate Mass Conservation +
Settling-Velocity-Equation

'

Concentration - Field

|

Density-State-Equation

v

Density - Field | Gravity - Density - Term

Fig 2: Modelling of fluid-solid flow in SSTy



3 FUNDAMENTAL EQUATIONS

As described in the above chapter the distribution of mean flow quantities in settling tanks is
governed by the conservation equations for mass, momentum and solid concentration. For the
modelling of two-dimensional unsteady, turbulent, density stratified flow in secondary settling
tanks the following system of equations is required (Ekama e/ al., 1997):

3.1 Conservation of Fluid Mass: Continuity Equation
The continuity equation describes the physical principle of mass conservation. In the case of
settling tanks the fluid mixture is treated as if it were a single phase fluid, and the equation is

cor"t  or'v
% = . (n
or cy
The variables U/ and I are the temporal mean velocity components in the 7 and y directions, m = |
for the cylindrical coordinates and m = 0 with r = x for the Cartesian coordinates.

In the above equation the use of the Boussinesq approximation has been made. The change of the
fluid volume caused by the variable density of the fluid mixture is very small, so that the continuity
equation for incompressible flow is assumed. With the Boussinesq approximation the influence
of the variable density p appears only in the gravity-density term in the momentum equation.

3.2 Conservation of Momentum: The Navier-Stokes Equations

The physical principle is described by Cauchy’s equation of motion, which says that the total force
on a body equals its change of momentum. In gencral, forees acting on a fluid system may be
classified as body forces proportional to the volume or mass of the system, such as gravity, and
surface forces proportional to the area of surface on which they act, such as pressure and viscous
forces.

The set of momentum equations describing two-dimensional, unsteady, turbulent, flow in
rectangular or circular settling tanks are:

Conservation of Momentum in the Horizomal (x) resp. Radial Direction (r)
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Conservation of Momentum in the Vertical Direction (v)
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The variables {7 and ¥ are the temporal mean velocity components in the r (resp. x) and y
directions, p is the general pressure less the hydrostatic pressure at reference density p,, p is the
fluid density and g is the component of gravitational acceleration in the vertical direction. The
effective viscosity v, is the sum of the Kinematic laminar and turbulent viscosity. The last term
in Eq. 5 represents the force due to changes in the density of the fluid mixture.

3.3 Conservation of Particulate Mass: Concentration Equation

The equation for particulate mass equation consists of a convective part that is responsible for the
particle movement in flow direction, and a diffusive part that distributes the solids in the direction
of the concentration gradient. It describes the balance of the temporal and spatial rates of change
of solid mass and the solid mass transport movement due to mixing and settling. The equation is

oC C 3C 1 & 7 1 2 °C
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C'is the suspended solid concentration. The effective diffusivity of the solid concentration v, and
v,, is described with the use of the Reynolds analogy of mass transport and momentum transport
nvolving the Schmudt numbers @, in the #- or x-direction and o, in the y-direction. Typical values
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of the Schmidt number lic in the range of 0.5 to 1.0. V, is the particle settling velocity, which is
determined according to the local concentration by an approach described in the following
chapter.

34 Solid Settling Equation

The settling equation by Takdcs ef al. (1991) appears to be the best overall description of
biological flocs in secondary clarifiers. The settling process is modelled using the
double-exponential settling, which relates the solid settling velocity to the local concentration by

V =V [e-k'(('»('-m)_e A ('aml)]
s =Fo (8)

Here V, is a reference velocity (Stokes velocity), K and K, arc empirical coefficients for rapidly
settling particles and for poorly settling particles respectively, and € is the non-sctticable
concentration. For the computation the second part of Eq. 8 is ignored, i.e. the poorly settling
particles are not taken into account. Fig 3 shows the settling velocity against the concentration
of the activated sludge for a set of parameters that is used for the simulation of the Darvill Old
and New SST, as well for the Watts SST. For example, with a feed concentration of 3.6 g/f and
a recycle concentration of 8.15 g/t for Darvill Test 3 the settling velocity decreases from
0.47 mm/s to 0.067 mm/s.

| = Darvill Tanks + - - Watts Tank |

.
.
.
S® %o ae o0 ..
-

————— e

Solid Concentration | g/ |
Darvill Old and New Tank: V= 2.22 mm/s (= 800 m'h ) and K = 0.4300 Vg
Watts Tank: Vo= 202 mms (= 762 mh ) and K = 0.305 g

Fig 3: Modified settling function of Tacdcs



3.5  Density-State Equation

The particulate mass conservation equation gives the concentration field, and with the
density-state-equation the local density of the liquid-solid fluid mixture can be calculated
according to

_ _P
P-P,+C(' p,) . )

Here p, is the density of the dry particles solids, C the solids concentration in the same units as
p. and p is the reference density (clear water). Fig 4 shows the density of the fluid mixture against
the solid concentration. The small changes in the density of the fluid mixture have huge effects
on the flow pattern in these SSTs, which is demonstrated in Chapter 5. For example, the liquid-
solid density with a feed concentration of 3.6 g/f is with 1000.83 kg/m’ only 0.83 %o higher than
the reference density of clear water, and increases to 1001.88 kg/m' by a recycle sludge
concentration of 8.15 g/f, which corresponds to less than 2 %e increase in the density of clear
waler.

Density | kg/m’
g
&

£
>

2

N T T T W N S S N, PR S S
Solid Concentration |g/l]
p, = 1000 kg/m" and pg = 1300 kg/m’

Fig 4: Density state equation

With the density-state equation the concentration of the solids is coupled to the hydrodynamics.



3.6  Turbulence Modelling

The flows of practical relevance are almost always turbulent. There is no unique definition for
turbulent flow. In general turbulent fluid motion is irregular, random, unsteady and always 3D,
in contrast to laminar flow, which can be 2D or 1D. The most accurate approach to turbulence
simulation is to solve the Navier-Stokes equations. But the turbulent motion contains elements,
which are much smaller than the extent of the flow domain.

In general turbulence is an eddying motion, which has a wide spectrum of eddy sizes. The eddies
can be considered as vortex elements, which stretch each other, thereby passing energy on to
smaller and smaller eddies until viscous forces become active and dissipate the encrgy. When
buoyancy forces are present, there is also an exchange between potential energy of the mean flow
and turbulent Kinetic energy.

The engineer is not interested in the details of the fluctuating motion, but in the average character
of real turbulence. Therefore the instantancous values of the velocity, the pressure and the scalar
quantity, in this context the solid concentration are separated into mean and fluctuating quantities.
The turbulent velocity fluctuations act as a stress on the fluid as a result of the increased internal
friction. Likewise the fluctuations of the solid concentration produce a turbulent mass flux. In
most flow regions, the turbulent stresses and fluxes are much larger than their laminar
counterparts,

Different mathematical approaches have been adopted to describe turbulence. They differ in their
complexity and their numerical expense. The turbulence model should simulate the average
character of real turbulence and together with the mean flow equations it forms a closed set.

Furthermore, turbulent transport is strongly affected by buoyancy effects. For instance, the
stratified flow in settling tanks reduces turbulkence, which means the turbulent viscosity and
turbulent diffusivity are reduced. The characteristic of stable stratification permits the use of a
constant turbulent or eddy viscosity / diffusivity in the whole tank (Krebs, 1989). One obvious
disadvantage is the determination of suitable values for the turbulent sizes. Furthermore, regions
of higher and lower turbulence are not distinguishable, as for example the inlet region and the
main section of the settling tank.

The most commonly used turbulence model is the &-g-turbulence model (Rodi, 1980) which
determines the isotropic eddy viscosity v, as a function of the turbulent Kinetic energy & and its
dissipation rate & by the formula
k 2
V,= 0.09T , (10)
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The distribution of k and ¢ are determined from the semi-empirical transport equations
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represents the rate of production of turbulent Kinetic energy resulting from the interaction of the
turbulent stresses and velocity gradients, and

2 v, p-p)
p o cy

AV

.= (14)

the rate of production due to buovancy eflects.

The emprical constants C, . and €', as well as the turbulent Prandtl numbers for K and £, o, and
o, arc given by Rodi (1980): €, = 0.09,C, = 1.44,C, = 1.92, 0, =~ 1.0 and g, = 1.3.

In this work it is assumed that the eddy diffusivity that governs the solid mixing in the tank is
proportional to the eddy viscosity, although this assumption has not yet been demonstrated (sce
Chapter 5.6.3 ofthe book “Secondary Settling Tanks: Theory, Modelling, Design and Operation®,
IAWQ STR 6 (Ekama et al ., 1997).

The buoyancy correctionterm /2, is often omitted as a first approximation (DeVantier and Larock,
1986; Zhou er al., 1998).
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4 NUMERICAL MODELLING

The modelling of this unsteady, multidensity, highly nonlinear fluid flow requires a very efficient
and robust solution scheme. The following topics have to be taken into account:

. Treatment of the incompressibility
. Treatment of the nonlinearity
» Complete inner and outer control

The whole system of equations consists of six partial differential equations with six unknowns,
namely the velocities in the horizontal and vertical direction, the pressure, and the solid
concentration, as well as the turbulent Kinetic energy and its dissipation. The system is solved by
the finite clement method and the fractional-@-scheme in the spatial and temporal domains,
respectively.

4.1 Spatial Discretization

Spatial approximation is achieved by the Galerkin weighted residual approach (Taylor and
Hughes, 1981; Reddy, 1998). The finite element method subdivides the domain into a set of
discrete volumes or finite elements, on which the solution is approximated by polynomials.

In the following the equations will be expressed in tensor notation in which indices i and j range
over the dimension of the spatial domain. The usual summation convention on repeated indices
is employed. In what follows, ¥ is a test function.

For the continuity equation and the Navier-Stokes equations the residual formulations are

r™ U
[ w—raa=0 (%)
7 X,
and
U, oU 1 & . v, ]
ot ox, p, 0x, P, r |
| w ’ / ) AN=0
Q 1 & ' . au, 1 ¢(, U, |
- = r"v, = 'y, |
r"ox,\" 7 Jx;) r"ox,\' 7 ox,

(i6)
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The scalar equations for the variables C, k and £ are all similar in their formulation and we
therefore show only the details of the concentration equation, for which

oac éc 1 a(, ac
In”'[a,*"' - ax,( Oyl VC”&.Q-O . a7

Integration by parts and use of the divergence theorem lead to the following expression
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for the momentum equation, where
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s

ou f»w( AU, ou, ) (19)

Here n, is the i-component of the outward unit normal vector on the boundary I,

For the scalar equation of the concentration €' we have

Vg @C
o, Ox,

In IV[(’C J i3 v, ) - o Yy &% ——n, dI” .

dQ=¢ W—
ot ' Ox, ox, ox, o, 0x, fl

(20)
4.2 Weak Formulation of the Finite Element Equations
The discrete solution for the dependent variables (U, V, p, Ck and £) can be approximated within

cach element as a linear combination of appropriate interpolation function or basis (trial) function
N The approximate solutions of the variables U, are

N5
U, =2 (U.c)nN, 1)
wel
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and for C (likewise for the other scalar variables p, & and £)

~'
c=) (ca)) N, . 2)

where N, is the total number of nodes on cach element.

The classical Galerkin finite clement method uses the same class of functions for the weighting
function W and the basis function N. The approximate form (21) and (22) are substituted into the
weighted residual formulations to obtain a set of equations for the unknowns (U/)_, C,_ and p_,
as well as for £, and &,

The nonlincar terms (convective flux and source term) are linearized using Picard iteration
(Kelly, 1995). The transformation from Cartesian coordinates to the local coordinates is
performed by the use of isoparametric finite elements. In this work a four noded isoparametric
element is used. The piecewise bilinear interpolations for all variables are same in the formulation.
The transformed integrals are then integrated numerically by 2 x 2 Gaussian Quadrature.

4.3  Upwinding Technique - Streamline Upwind Petrov-Galerkin (SUPG) Method

It is well known that convective dominated cases lead to oscillating solutions. Those flows are
characterised by a high Reynolds number or Peclet Number. The Galerkin method leads to
central-difference type approximations of differential operators. At high Peclet numbers the
central-differencing uncouples the unknowns, i.¢. only variables with uneven or even indices are
connected. This results in oscillations of the solution. One possible way of eliminating the
oscillations is to severcly refine the mesh, so that convection no longer dominates on an clement.
Another possibility is the use of upwinding techniques.

Upwind differencing amounts to approximating the convective derivatives with solution values
at the upstrecam. The Streamline Upwind / Petrov-Galerkin method SUPG (Hughes and
Brooks, 1982; Zienkiewicz and Taylor, 2000) is a modification of the classical Galerkin method
to increase control over the advective / convective-derivative term. The weighting function for
a typical node is modified to weight the element upwind of the node more heavily than the
downwind element. The interpolation function Nand the weighting function W are distinct. SUPG
requires discontinuous weighting functions, which arc the sum of the continuous weighting
function used in the classical Galerkin method, and a discontinuous streamline upwind
contribution. The modified weighting function is applied to all terms in the equation, resulting in
a consistent residual formulation; I is given by
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where @ (+ coth(Pe) - 1/P¢) is the streamline upwind parameter, which depends on the element
Peclet number Pe(=1/2h|u|/v), and h is the characteristic length scale of the clement (for detailed
implementation see Zienkiewicz and Taylor, 2000).

From the mathematical point of view in this work the convergence problem is no longer a pure
convective transport problem. In stratified Nlow fields, as in settling 1anks, the gravity-production
term can reduce the cfficiency of the upwinding scheme.

4.4 Temporal Discretization

The discretization in time can be performed by the usual methods such as Forward or Backward
Euler-, the Crank-Nicolson or the Fractional-step-#-scheme obtaining for each time step a
sequence of generalised stationary problems, which is shown here, by way of example, for the
Navier-Stokes equations

bolo,il_ljl . l (Q t ! ) , (24)
S 0lK] '=-;(?f -g5 L, - (1- 9)[K]

with
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K=l ox, 7ox " "ax,) max \" " ax) 2 Vi o)

By choosing suitably the value of @ the mathematical model would be integrated either implicitly
or explicitly in the temporal domain, e.g. # = 1 for the implicit Euler scheme, @ = 1/2 for the
Crank-Nicolson scheme, or # = 0 for the explicit Fuler scheme. These schemes have their
advantages and deficiencies concerning accuracy and stability,

In this work the fractional-step-f-scheme is adopted to integrate the time derivative
(Turek, 1998). In this method the macro time step Ar is defined as a sequence of 3 time (sub-)
steps @A, @°Ar and OA1, and the corresponding implicit weighting factors are set to afl, i) and
afl, respectively, where 0" = 1 - 20, a = (1 - 20)/(1 - ) and Ji = 8/(1 - (). By choosing a special

value for 6, i.e. 0= 1-+/2 /2 . the scheme is of second-order accuracy, strongly A-stable and

physical oscillations are well preserved.
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4.5 Derivation of the Navier-Stokes Solver

The lack of an independent equation for the pressure complicates the solution of the
Navier-Stokes equations. Furthermore mass conservation is a kinematic constraint on the velocity
ficld in incompressible flows. One way to overcome this difliculty is to create a pressure field to
satisfy the continuity equation.

There is a large variety of schemes all of which have been used in practice for several years. In
this work a second-order accurate pressure-correction scheme by Van Kan (1986) is deployed
to solve the unsteady, incompressible Navier-Stokes equations.

The treatment of incompressibility is taken into account by splitting the coupled problem of the
Navier-Stokes-equations and the continuity equation and obtaining definite problems for the

velocities as well as for the pressure, independently.

The solution at cach time step A 7 is obtained through three substeps:

Step 1:
I IR Al | e
el p. ox, 5 p
with
i 1 7 U, 1 7 cou v,
K= am UI _.'.—“" _:To—(rmvfﬂ ('- 'J + T—-[r"‘,fﬂ _‘L} - 2—5,Ul‘sll '
éx, r"ox, ox,) r° ox, ox, re (27)

In the first step starting at time ¢ the lincarized convection-diffusion equation for an imtermediate
velocity U* is solved. The right hand side contains the gravity force and an "old™ pressure
approximation,

Step 2:
AAp ) |oruUl or"aU; .
x} At| Ox ox, -

An update equation for the pressure, a pressurce-Poisson equation, is solved with the divergence
of the intermediate velocity U* and the velocity U, of the previous time 7 on the right hand side.
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Step 3:
In step 3 the new pressure p (144 1) and the new “discretely divergence-free™ velocity U, (114 1)
will be updated.

plt+ a)=ple)+Ap N -
AU, = U(t+41)- U()=AU; - A 1= £

ox,

The above-mentioned steps are repeated till a steady-state condition is reached. With the initial
pressure p = 0 for each time step the projection scheme is analogous to the scheme proposed by
Chorin (1968).

4.6 Equation Selution Technique

The numerical scheme for discretizing the mathematical model requires the solution of systems
of linear equations to obtain the nodal solution. The whole equation system is coupled. i.e. the
dominant variable of cach equation occurs in some of the other equations. There are two
approaches to solve such coupled systems: the simultancous and the sequential approach.

In this work the whole equation system is decoupled through the use of an iterative scheme and
lincarisation of the system. Owing to the nonlinearity of these equations, an iterative process is
required. The complete numerical solution process is split into two parts: the inner and the outer
iterations. At cach inner iteration the source terms and the coeflicients that depend on the other
variables are kept fixed. At the outer iterations the coeflicient matrices and the source vector must
be updated and the process repeated to obtain a solution that satisfies all of the equations. The
right number of inner iterations per outer iteration has to be chosen carefully to optimize the
solution process.

Nonstationary iteration methods are used to solve the system of equations (Barett ef al. 1994;
Kelly, 1995). In contrast to the stationary methods such as, the successive overrelaxation method,
the computations involve information that changes at each iteration. The Conjugate Gradient
(CG) method, is used 1o solve the symmetric positive definite system, i.e. the Pressure-Poisson
equation. The CG proceeds by generating successive approximations to the solution. Two
coupled recurrences are used. one that updates residuals using a scarch direction vector, and one
that updates the scarch direction with a newly computed residual.
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The Generalized Minimal Residual (GMRES) method is employed to solve the resulting non-
symmetric nonlinear system of the discrete momentum and scalar equations (Saad er al. 1986).
The GMRES method generates a sequence of orthogonal vectors, which are the residuals of the
iterates. But in the absence of symmetry the previously computed vectors in the orthogonal
sequence have to be retained. To avoid large storage requirement and work per iteration the
restarted version of GMRES is adopted. The right decision of when to restart is one of the critical
components for successful application of this method.

CG and GMRES are attractive as they provide a reference for checking the convergence of the
inner iterations. At the same time they provide a measure of the convergence of the outer
iterations.



5 EXAMPLE USE OF NUMERICAL MODEL AND EXPERIMENT

The performance of the model is analysed with tests done by de Haas ef al. (1998) on SSTs of
the Darvill wastewater treatment plant (Pietermaritzburg, South Africa), as well as with stress
tests done by Watts ef al. (1996) on one of the four SSTs at the Kanapaha Water Reclamation
Facility (Florida,USA).

To take turbulence effects into account two different models were used. A constant turbulent
viscosity was chosen for the Darvill Old and New Tank. This assumption is appropriate due to
the fact that the turbulent inlet section of both tanks are small compared with the main section off
the tank. This is not the case for the Watts Tank. The special construction of this SST makes it
impossible 1o use a constant turbulent viscosity. The location of the skirt baffle divides the Watts
Tank into two main sections of similar size: an inlet section of high turbulence, which acts as a
mixing zone and the settling section of low turbulence, where settling takes place. Herewith the
turbulence of the inlet section and its influence on the second section cannot be neglected. The
use of the &-& model was made for the simulation of the Watts Tank to take the different
turbulence regions and their interaction into account. For the modelling of the diffusion coefficient
in the concentration equation diflerent modifications have been made. Best results could be
reached by using Schmidt numbers higher than 1. Additional information is required in order to
determine the extent to which the concentration distribution is affected by diffusion,

Furthermore the described mathematical model does not consider sludge compaction due to the
hydrostatic pressure on the bottom of the tank. Those stress tests with very extreme loading
conditions cannot verify the numerical model.

5.1  Geometry and Boundary Conditions for 2D-Model
The geometry and the boundarics of the simplified circular Darvill Old and New Tank as well as
for the Watts Tank are shown in Fig 5.

Both Darvill tanks have a diameter of 35 m. The side water depth of the Old Tank is 2.5 m and
4.1 m for the New Tank, The Old Tank has a flat floor and six suction lifts for the settled sludge.
The New Tank has a 10 % sloping floor and the sludge is scraped to the central hopper. A 6.0 m
diameter skirt baflle is acting as flocculator at the centre well to 1.8 m water depth and 2.7 m for
the New Tank, respectively. A peripheral Stamford baflle at the effluent outlet extends 1.2 m
respectively 1.7 m from the side wall.

The circular Watts Tank has a diameter of 29 m, a side water depth of 3.66 m and a centre feed,
peripheral and radial effluent overflow and rotating multiple suction pipe sludge collection system
(Fig 5).
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To complete the mathematical description for the model boundary conditions (BC) on all
unknown problem variables have to be set. There are two prevalent boundary conditions:

- Essential (Dirichlet) BCs, where the value of the variable is prescribed.

- Natural (Neumann) BCs, where the first derivative is prescribed.

In the following the boundary conditions for the dependent variables are explained. In Fig S the
boundaries of the simplified circular tank of the Darvill Old and New Tank, as well as one of the
Watts SSTs are shown. There are six boundaries that have to be defined: inflow, eflluent outlet,
the outlet for the thickened sludge, the water surface, the bottom of the tank and the rigid walls.
All loading conditions, parameters and results are listed in Table 1 at the end of Section 5.1.

Inlet Boundary

In the model the inlet condition is idealized. The values of the variables U/, V., &, £and C are
assumed to be uniformly distributed at the inflow boundary. A uniform horizontal inflow is
imposed, i.c. the radial velocity U = U, and the vertical velocity 1= 0 and the inlet concentration
("= C_. The turbulent kinetic energy & is related to the inlet kinetic energy by k = KU , where
K is 0.2. The inlet dissipation rate was approximated assuming equilibrium of turbulence
production and dissipation by

k‘?
&=C' 31)

where [, = C_ (0.5 /1, ) the mixing length, C_ = 0.09 and /{, is the water depth of the settling
tank inket (Celik er al.. 1985).

E nt Outlet Boundary

The natural boundary conditions, which prescribe the gradients, are zero at the boundary of the
cflluent outlet. In order to have @ well-posed problem the reference pressure is set to zero at the
eMuent outlet. The haffles and the effMluent weir are treated as a reflecting boundary, where the
natural boundary conditions of the sludge concentration € are zero.

Removal Boundary

The velocity normal to the bottom is equal to the return activated flow divided by the bottom area
affected. In practice the sludge in the Darvill Ol Tank and Watts Tank is removed by rotating
multiple suction pipe sludge collection system, which cannot be simulated with a 2D-model. The
scraper of the Darvill New Tank, which exerts a shear force, is not included in the model. The
turbulent Kinetic encrgy & and its dissipation £ are treated like for the outflow boundary, their
natural boundary conditions are set 1o zero.
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Bottom Wat fe

At the bottom of the tank and at the water surface additional natural boundary conditions are
necessary. For the prediction of the solid phase the settling velocity is added to the vertical
velocity. As a result there are vertical velocities at the bottom of the tank and at the water surface.
This corresponds to convective mass flux over the boundary of the domain. At the water surface
there is a mass flux in the tank and at the bottom a mass flux out of the tank. In order to avoid this
mass flux, an additional boundary condition has to be set. With that the sum of the convective and
the mass transport due to diffusion must be zero. Taking the surface integral or line integral, the
concentration gradient times the diffusion coeflicient must be equal the settling velocity times the
concentration as proposed by Imam er al. (1983):

.
‘O’f (/'(' . ,/ (,‘
n, . o’y o rg at the water surface (32)
5y
V,” ()(‘
n|——\=vV.C
"\o_ Ay L R at the bottom of the tank (33)

Here n, is the unit outward normal at the bottom and at the surface of the tank.

Eree Surface Boundary
At the water surface, the rigid-lid approximation is made that assumes that there is negligible

change in water surface clevation over the tank. The symmetry condition is applied that includes
zero gradients and fluxes perpendicular to the boundary. The vertical velocity component is V=0
and the horizontal component [ is assuming full slip, i.e. no shear stress at the surface. The
turbulent Kinetic energy k can be set to zero and for its dissipation £ the following empirical
boundary condition (Celik and Rodi, 1988) is used

k 3’2
0434
Here H is the depth of the tank.

& (34)

Solid and Tank Bottom Boundaries
At the rigid walls, the velocities are zero due to the no-slip condition and the log-law of the wall

is used. The ncar-wall velocities are determined from a local application of the log-law, and the
near-wall k and £ arc derived in terms of wall shear stresses using the near-wall assumption that
production equals dissipation. (Hill and Basharone, 1997).
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(see Part 1 of this report)

Parameter Darvill Darvill Darvill Watts Watts Watts
OWTank | OldTank | NewTank Test 1 Test 4 Test 12
Test 3 Test 3 + Test3 +
10% 10%
SST Surface Area (nr) 962 962 962 659 639 659
Loading Conditions Influent Flow (m'/h) 948 1074 1074 475.1 788.9 1095.8
Recycle Flow (m'/h) 750 750 750 397.5 397.5 3975
Recycle Ratio 0.79 0.7 0.7 0.84 0.51 0.36
Feed Concentration (g/f) 3.600 3.600 3.600 4.053 4.130 3444
Sludge Settleability P, (m/h) 8.00 8.00 8.00 7.62 7.62 7.62
K (orn) 0.430 0.430 0.430 0.3055 0.3055 0.3055
DSVI' (mi/g) 62 62 62 94 94 94
Retention Time (h) 1.3 1.4 K 2.1 2.1 1.8
Observed Rest Result Experiment Safe Not Tested | Not Tested Safe Safe Fail
Test Result (ESS® >50 mg/t) | SettlerCAD (Zhou, 1998) Safe Fail Safe Safe Safe Fail

Table I:

'Diluted Sludge Volume Index

*EfMuent Suspended Solids

Summary of the loading conditions used for the simulation of the Darvill Old and New Tank, as well as for the Watts Tank



5.2 Simulating the Darvill Old and New SSTs
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The loading condition of Test 3 (see Part | of this report) is chosen such that both the Old and
the New Tank are safe (Table 2) At a 10 % higher influent flow the sludge blanket in the Old
Tank already reaches the effluent outlet while the New Tank is still in a stable and safe condition.

Parameter Darvill Darvill Darvill
Old Tank | Old Tank | New Tank
Test 3 Test 3 + Test 3 +
10% 10%
SST Surface Area (m°) 962 962 962
Loading Conditions | Influent Flow (m"/h) 948 1074 1074
Recycle Flow (m'/h) 750 750 750
Recycle Ratio 079 07 07
Feed Concentration (g/{) 3.600 3.600 3.600
Sludge Settleability | }, (mv/h) 8.00 8.00 8.00
K (orn) 0430 0.430 0430
DSVI (mi/g) 62 62 62
Retention Time (h) 1.3 1.4 2.5
Time Step At (s) 5.0 50 50
Turbulent Constant 0 0005 0 0005 0.0005
Viscosity v, (m'/s)
Schmidt Number o, 50 50 50

Table 2:

Darvill Old and New Tank: Loading conditions and model parameter

A mesh of 85 elements in the horizontal direction and 25 elements in the vertical direction for
the Old Tank, and 58 clements for the New Tank in the vertical direction, is chosen (Fig 6). In
Fig 7 the flow pattern of the neutral density case is shown for both tanks. These are the imtial
values for the computation of the Darvill SSTs.



Fig 6:
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5.2.1 Temporal and Steady State Result of Darvill Old SST

The temporal behaviour of the Old Tank is illustrated in Fig 8 and 9. The incoming jet from the
infet chamber moves along the bottom of the tank because of its higher density than the
surrounding fluid. Mass conservation and viscous forces influences the flow pattern in the settling
section, resulting in a complete flow circulation with a strong bottom forward curremt and a
reverse current at the water surface.

100 sec

g - ]

il

T

Fig §: Darvill Old Tank Test3: After 100 sec to after 10 min

Predicted flow pattern and sludge distribution C in g/t
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After 15 min the sludge current reaches the end of the tank, the region of the upward current to
the effluent outlet. The sludge level is continuously rising, as is the sludge concentration. The jet
coming from the inlet chamber with a smaller density is continuously lifted due to the increasing
sludge concentration in the main section of the tank.

15 min

Wﬁq"'"‘"‘ W-'“ '1'"'?' 144tk
i AR Pt R iven

g R aa) 1A

6 hours

1| (SR

Fig 9: Darvill Old Tank Test 3: After 15 min to after 6 hours
Predicted flow pattern and sludge distribution C in g/t
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The steady state case illustrated in Fig 10 is reached when potential and kinetic energy have
reached their balance. The loading conditions of Test 3 do not cause failure of the Old Tank. The
sludge blanket reaches equilibrium and does not rise to the outlet for the clarified water. Fig 11
shows the steady state result with a 10% higher influent flow. Here the sludge blanket reaches the
efMluent outlet and the current coming from the inlet chamber is raised to the water surface.

Fig 10:  Darvill Old Tank Test 3. Steady state case
Predicted flow pattern and sludge distribution C in g/t

£ ~ & D00- WE

Fig 11:  Darvill Old Tank Test 3 with a 10 % higher influent flow:
Steady state case
Predicted flow pattern and siudge distribution C in g/t
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5.2.2 Temporal and Steady State Result of Darvill New SST
In Fig 12, 13 and 14 the computational results are shown for the New Tank under the 10 %

higher influent flow than Test 3 (see Table 2).

|

il
AR N

o

Fig 12:  Darvill New Tank Test 3 with a 10% higher influent flow

After 100 sec to afier 10 min
Predicted flow pattern and sludge distribution C in g/t
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Fig 13:  Darvill New Tank Test 3 with a 10 % higher influent flow
After 15 min to after 6 hours
Predicted flow pattern and sludge distribution C in g/t

I'he incoming fluid mixture cascades down, in the process drawing in fluil from the settling
section. Due to its higher density in connection with the height of 5.8 m the inflow contains a high
potential energy that is changed into Kinetic energy at the bottom. No particular construction

guides the inflow into the settling section whirling up the hopper region as a result.
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The sludge level rises continuously and the sludge current moves along the bottom to the end of
the tank, also causing a complete flow circulation. The interaction between potential and kinetic
energy results in waves that are clearly seen just behind the inlet chamber, first due to the impact
with the bottom of the tank and then again due to the impact with the outside wall after 35 min
(Fig 13).
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Fig 14:  Darvill New Tank Test 3 with a 10 % higher influent flow:
Steady state case
Predicted flow patien and sludge distribution C in g/t

I'he New Tank exhibits a safe behaviour, which is shown in Fig 14. This can be ascribed to the
fact that this SST has a much bigger storage zone than the Old Tank, which leads to stable and
constant behaviour over a wide range of loading conditions (see Part 1 of this report).



5.3  Simulating the Watts SSTs

5301 Watts Test 1

The simulation of Watts Test 1 pointed out that an adjustment of some *free” parameters in the
transport and sedimentation sub-model are required. Watts Test 1 is the safest stress test. Fig 15
shows the flow pattern and the sludge distribution by using a Schmidt number o of 1. For this
case the turbulent diffusivity is equivalent to the predicted turbulent viscosity field in Fig 15.

Fig 15:  Watts Tank Test I:Predicted flow pattern and sludge distribution
Cin @'f using a Schmidt mumber o, of 1.0, as well as the
predicted turbulent viscosity field v, in m’'/s
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The simulation predicted failure for Test 1, which contradicts the observed test results, 1t prompts
the question as to what extent the sludge particles are influenced by diffusion. Only the very small
sludge particles will be influenced by turbulent diffusion. They can be related to the poorly settling
particles and non-settleable particles, respectively.

The flux caused by turbulent diffusion is damped in the higher concentration environment, i.¢. at
the bottom of the tank, due to compaction and hindered movement of the sludge particles. On the
other hand the viscosity of the fluid mixture increases with increasing sludge concentration, i.e.
it cannot be assumed that the eddy diffusivity that governs the solid mixing in the tank is
proportional to the viscosity of the fluid mixture, especially not in the high concentration range.
Inclusion of the buoyancy correction term in the equation for the turbulent Kinetic energy & leads
1o unsatisfactory results, in that the turbulence s reduced to zero, Additionally, stability problems
result from negative values of the kinetic energy .

Due to the lack of knowledge about the sludge behaviour in turbulent zones and in the high
concentration environments, it became necessary to modify the “turbulent diffusion” parameter.
Those simulation results, which showed good agreement between the model output of
SettlerCAD  (Zhou er al ,1998) and the measurements, were used to calibrate the solid
distribution. The modification was made in such a way that the diffusion coefficient decreased
with increasing concentration, i.¢. for the Schmidt number o; the local concentration was chosen.

In Fig 16 the steady state computational result of the Watts Tank for Stress Test 1 1s used to
demonstrate the calibration of the Schmidt number o The Watts Tank is safe and the sludge
blanket does not reach the outlet of the effluent. The different turbulence in the two sections is
clearly seen. But this steady state does not yicld a mass balance. The required concentration at
the first “suction pipe™ cannot be reached. With an average concentration of 4.7 g/t the first
suction pipe is drawing off parts from the incoming flow, which is also clearly seen in Fig 16
marked by the circle. This can be ascribed to the two facts: firstly, the 2D model cannot simulate
a rotating suction lift, which the fluid will continuously be taken away at this point. In practice the
suction lift has a revolution speed of one or two hours, for which the sludge has enough time to
accumulate to the required recycle concentration. Secondly, the inflow is too small to achieve
suflicient mixing and to create a thickening zone in this region below the inlet.



Fig 16:

Watts Tank Test 1: Predicted flow pattern and slidge distribution
Cin g/t using the modified Schmidt number o. , as well as the
predicted turbulent viscosity field v, in nr'ls

34
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5.3.2 Watts Test 12

The mesh used has 65 elements in the horizontal direction and 30 elements in the vertical direction
(Fig 17). The predicted flow pattern and the turbulent viscosity field v, of the neutral density case
are shown in Fig 17 and Fig 18, respectively. These are the initial values for the simulation

( Table 3).

Parameter Watts Watts Watts
Test 1 Test 4 Test 12
SST Surface Area (m’) 659 659 659
Loading Conditions Influent Flow (m'/h) 475.1 788.9 1095.8
Recycle Flow (m'/h) 3975 3975 397.5
Recycle Ratio 0.84 0.51 0.36
Feed Concentration 4.053 4.130 3444
(/1)
Sludge Settlcability ¥, (m/h) 7.62 7.62 7.62
K (resp. n) 0.3055 0.3055 0.3055
DSVI (mt/g) 94 94 94
Retention Time (h) 2.1 2.1 1.8
Time Step A1 (s) 10 10 10
Turbulent Viscosity v, (m'/s) k- model | k-emodel | k-&model
Schmidt Number o, C<8ph 1.0 1.0 1.0
lgh<C<8ght 1320 1 52 1.5xC
Seh<C 20xC 20xC 20xC
Table 3: Wais Tank: Loading conditions and model parameter
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Watts Tank Test 12: Mesh of 63 x 30 elements and predicted flow pattern of the neutral density case

Fig i7:
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S ~ 0000t 0=

Fig 18:  Watts Tank Test 12: Neutral density case
Predicted turbulent viscosity field v, in m'/s

I he temporal behaviour betore reaching the steady state casce is illustrated in Fig 19 and 20.
Already after 100 sec the “density waterfall’, which is clearly seen, causes a circulation opposite
to the neutral density case, additionally drawing fluid from the settling section into the inlet
section.

The flow pattern and sludge distribution make it clear that the first section acts as a mixing zone,
absorbing Kinetic energy caused by the density waterfall and guiding the inlet flow into the second
section in which the actual sedimentation takes place.

A stable stratification develops with continuously rising sludge level in the second section. Inboth
sections complete circulations of different intensity arise, this is also reflected in the different
turbulence sizes (Fig 21).

The steady state case in which potential and Kinetic energy have reached equilibrium is shown in
Fig 21. Stress Test 12 causes failure of the Watts Tank. The sludge blanket reaches the outlet for
the clarified water. The height of the thickening zone allows only a small gap below the skirt
baflles for the inflow to reach the settling section. The incoming jet is raised due to the higher
sludge concentration in the settling section,



100 sec
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Fig 19:  Wauts Tank Test 12: After 100 sec to after 10 min
Predicted flow pattern and sludge distribution C in g/¢
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Fig 20:

Watts Tank Test 12: After 15 min to afier 6 hours
Predicted flow pattern and sludge distribution C in g/t

39
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Fig 21:  Watis Tank Test 12: Steady state case
Predicted flow pattern and sludge distribution C in g/t as well as

the predicted turbulent viscosity field v, in n'ls

The computational result of Test 4 is shown in Fig 22, With 97.5 % this steady state does not

yiekd a mass balance. but the sludge blanket reaches equilibrium and does not rise to the effluent

outlet,
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Fig 22:  Watts Tank Test 4: Steady state case
Predicted flow pattern and sludge distribution C in ¢/t as well as
the predicted turbulent viscosity field v, in m'’/s



6 CONCLUSION AND OUTLOOK

The main goal of this part of the project has been to compile a working finite element package for
2D hydrodynamic modclling of SST's that is capable of simulating the benchmark results available
in the literature. This "real life™ application requires the design of "high-performance” solution
tools, which have to fit together perfectly.

The finite element code produces reasonable results and is in good agreement with the benchmark
results, as well as with the results obtained using SettlerCAD (Table 4). Good results could also
be obtained by using a constant turbulent viscosity, provided that the construction of the tank
allows it, i.e. an inlet region that is small compared to the main section of the tank. The use of the
SUPG approach does not lead to an improvement, except for the neutral density case. On the
other hand with SUPG the results and the convergence deteriorate with the presence of the
gravity term.

The assumption that the eddy diffusivity, which governs the solids mixing in the tank, is
proportional to the eddy viscosity, cannot be confirmed. Best computational results could be
found by using a constant and small diffusion cocflicient. i.c. the sludge is kess influenced by
diffusion than assumed by using the Reynolds analogy. Due to the uncertainty about the diffusion
parameters and the sludge behaviour, especially in the high concentration environment, further
investigation is needed to obtain reliable determination of the parameters describing the interaction
between flow and settling of activated sludge.

Although the variation of the results is less an outcome of uncertainties within the numerical
modelling procedure. they nevertheless demonstrate that the two phases, pure water and activated
sludge, should be modelled separately by using a two-phase model in which each phase is
calculated by a separate momentum equation. This highly nonlinear model would lead to a
considerable number of unknowns and would require increased computation time.

The computation time and with it the computational efficiency can be improved with the use of
numerical techniques (Turek, 1998), such as preconditioning, a more robust iterative treatment,
the implementation of a multigrid technique or the choice of a more robust, accurate and eflicient
clement pair. Furthermore, because of the progressive development of the program, it is
somewhat ineflicient in computer time, because numerous operations are repeated several times,
instead of having their results stored once in the computer memory. To save on memory the
matrix should be stored ina special way, for example using compressed sparse row storage. More
eflicient streamlining of the caleulation procedure and routines can also reduce computation time.,
Finally, before the program can be released for general use, it is necessary to build up a user-
friendly pre- and postprocessing procedure.



43

Parameter Darvill Darvill Darvill Watts Watts Watts
OWTank | OWTank | NewTank Test 1 Test 4 Test 12
Test3 Test3+ Test3 +
10% 10%
Loading Conditions Influent Flow (m'/h) 948 1074 1074 475.1 788.9 1095.8
Recycle Flow (m'/h) 750 750 750 397.5 397.5 397.5
Recycke Ratio 0.79 0.7 0.7 0.84 0.51 0.36
Feed Concentration{g/() 3.600 3.600 3.600 4.053 4.130 3444
Sludge Settleability DSVI (mi/g) 62 62 62 94 94 94
Retention Time (h) 1.3 1.4 2.5 2.1 1.8 1.8
Effluent SS' (mg/() 0.0 44 0.0 0.0 20 253
Recycle Concentration (g/f) 8.2 88 8.76 82 11.9 11.6
Mass Balance (%) 101 101.5 100 92.7 92.5 100
Observed Test Result Experiment Safe Not Tested | Not Tested Safe Safe Fail
Test Result (ESS® > S0mg/t) SettlerCAD (see Part 1) Safe Fail Safe Safe Safe Fail
Test Result (ESS > 50mg/i) FEM - Program Safe Safe Safe Safe Safe Fail

Table 4:

'Suspended Solids concentration

*EfMuem Suspended Solids

Summary and comparison of computational and benchmark resulis
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APPENDIX 3

LIST OF SYMBOLS FOR PART 2

Parameters used in temporal discretization
Kronecker delta

Boundary of the spatial computation domain £2
Streamline upwind parameter

Density difference between mixture and pure water
Change in time

Turbulent dissipation rate

Inlet turbulent dissipation rate

Kinematic viscosity

Eddy diffusivity of suspended solids in the r (or x) direction (= v,/ )
Lddy diffusivity of suspended solids in the y direction (= v,/ @)

Eddy viscosity

Fluid density

Density of inflow

Density of dry solids

Reference density - density of pure water

Prandt] numbers for k and £ constants

Schmidt numbers in » (x) and y direction respectively
Spatial computation domain

Suspended solids concentration

Inlet suspended solids concentration

Constants used in k-2 model

Acceleration due to gravity (9.81 mv's’)

Total water depth in SST

Depth of the influent stream opening
Characteristic clement length scale of the element
Turbulent Kinetic energy

Mixing length 10 calculate the inlet turbulence dissipation rate
Constants in scettleability equation by Tacics
Constant in settleability equation by Tacdcs ( = K)
Basis function

Outward umit normal vector

General pressure less the hydrostatic pressure

A3l

-]

(-]

[m]

(-
‘[mkg]
Is)
[m¥/s’)
[m?/s’)
[m?/s]
[m?/s)
[m'/s)
[m/s)
[m'/kg]
[m'/kg]
[m'kg]
[m'kg)
(-

-]
[m’]
[kg/m’)
[kg/m’)
(-
[mvs’]
[m]
[m]
(m]
[m/s7)
m)

(o

(-]

(-]

-]
[Pa)



Pe
Re

Peclet number

Reynolds number

Time

Mecan horizontal velocity in r (circular tank) and
x (rectangular tank) directions

Mean horizontal inlet velocity to the tank
Velocity tensor

Intermediate velocity tensor

Mean vertical velocity in the y direction
Settling velocity of sludge particles
Weighting function

Horizontal coordinate

Coordinate tensor

Vertical coordinate

Superscripts and subscripts

0

i j

Initial conditions
Indices used in tensor notation



LIST OF FIGURES FOR PART 2

CHAPTER 2 SECONDARY SETTLING TANKS

Fig 1
Fig 2

Secondary Scttling Tank
Modelling of fluid-solid flow in SSTs

CHAPTER 3 FUNDAMENTAL EQUATIONS

Fig 3
Fig 4

CHAPTER § EXAMPLE USE OF NUMERICAL MODEL AND EXPERIMENT

Fig 5

Section 5.2
Fig 6
Fig 7
Fig 8
Fig 9

Fig 10

Fig 11

Fig 12

Fig 13

Modified settling function of Takacs
Density state equation

Geometry and boundaries for Darvill Old and New SST,
as well as for the Watts SST

Simulating of the Darvill Old and New Tank

Mesh of Darvill Old Tank (85 x 25 ) and New Tank ( 85 x 58)
Darvill Old and New Tank Neural density case: Initial conditions
Darvill Old Tank Test 3: After 100 sec to after 10 min
Predicted flow pattern and sludge distribution C in g/

Darvill Old Tank Test 3: After 15 mun to afier 6 hours
Predicted flow pattern and sludge distribution C in g/f

Darvill Old Tank Test 3: Steady state case

Predicted flow pattern and sludge distribution C in g/l

Darvill Ol Tank Test 3 with a 10 % higher influent flow:
Steady state case

Predicted flow pattern and sludge distribution €' in g/f

Darvill New Tank Test 3 with a 10 % higher influent flow:
Afier 100 sec to afier 10 min

Predicted flow pattern and sludge distribution C' in g/t
Darvill New Tank Test 3 with a 10 26 higher influent llow:
After 15 min to after 6 hours

Predicted flow pattern and sludge distribution C in g/t

A3l

19
24
25



A3

Fig 14 Darvill New Tank Test 3 with a 10 % higher influent flow:
Steady state case
Predicted flow pattern and sludge distribution C in g/t 3l

Section 5.3  Simulating of the Watts Tank

Fig 15 Watts Tank Test]: Predicted flow pattern and sludge distribution C in g/t

using a Schmidt number o, of 1.0,

as well as the predicted turbulent viscosity field v; in m/s 32
Fig 16 Watts Tank Testl: Predicted flow pattern and sludge distribution C in g/¢,

using the modified Schmidt number o,

as well as the predicted turbulent viscosity field v, in m'/s 34
Fig 17 Watts Tank Test 12: Neutral density case

Mesh of 65 x 30 elements and predicted flow pattern 36
Fig 18 Watts Tank Test 12: Neutral density case

Predicted turbulent viscosity field v, in m'/s 37
Fig 19 Watts Tank Test 12: After 100 sec to after 10 min

Predicted flow pattern and sludge distribution C' in g/t 38
Fig 20 Watts Tank Test 12: After 15 min to afier 6 hours

Predicted flow pattern and sludge distribution C' in g/t 39
Fig 21 Watts Tank Test 12: Steady state case

Predicted flow pattern and sludge distribution C' in g/f,

as well as the predicted turbulent viscosity ficld v, in m’/s 40
Fig 22 Watts Tapk Test 4: Steady state case

Predicted flow pattern and sludge distribution C in g/,

as well as the predicted turbulent viscosity field v, in m'/s 41

LIST OF TABLES FOR PART 2

CHAPTER 5§ EXAMPLE USE OF NUMERICAL MODEL AND EXPERIMENT

Table 1 Summary of the loading conditions used for the simulation of the Darvill Old
and New Tank, as well as for the Watts Tank 22

Table 2 Darvill Old and New Tank: Loading conditions and model parameter 23

Table 3 Watts Tank: Loading conditions and model parameter 35

Table 4 Summary and comparison of computational and benchmark results 43



Water Rescearch Commission

PO Box 824, Pretoria, 0001, South Afrca

Tel: 427 12 330 0340, Fax: +27 12 331 2565

Web: http://www.wrc.org.za



