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Prediction of Hydraulic E�ciency of
Primary Rectangular Settling Tanks Using

the Non-linear k � " Turbulence Model

B. Firoozabadi1;� and M.A. Ashjari1

Abstract. Circulation is created in some parts of settling tanks. It can increase the mixing level,
decrease the e�ective settling, and create a short circuiting from the inlet to the outlet. All above-mentioned
phenomena act in such a way to decrease the tank's hydraulic e�ciency, which quantitatively shows how
ow within the tank is uniform and quiet. So, the main objective of the tank design process is to avoid
forming the circulation zone, which is known as the dead zone. Prediction of the ow �eld and size of
the recirculation zone is the �rst step in the design of settling tanks. In the present paper, the non-linear
k� " turbulence model is used for predicting the length of the reattachment point in the separated ow of
a Karlsruhe tank. Then, the recirculation bubble size, which is out of the capability of standard turbulence
models, is determined. Also, the e�ect of the separation zone size on the tank's hydraulic e�ciency is
investigated.
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INTRODUCTION

Settling tanks have been used for separating oating
particles from the main ow. To optimize the operation
of these tanks, it is required that a quiet ow of
uid be formed in the tank in such a way that
the sedimentation process be performed in the best
way. However, creation of the dead zone and the
short circuiting of the inlet to the outlet disturb the
quietness of ow and leave negative inuences on the
performance of the tank. To prevent these phenomena,
some ba�es are used in several parts of the tank.
By optimizing the application of the ba�es in the
tanks, the size of the recirculation zones is reduced
and the plug ow percentage, which is the ideal ow
for clari�ers, is increased. In fact, several parameters,
e.g. location and type of inow and e�uent, location
and size of ba�e, and rate of sludge withdraw could
inuence the e�ciency of settling tanks. Then, the
best way to determine their order of magnitude is to
develop a suitable mathematical model. Mathematical
models have been mainly developed, since incorpora-
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tion of the standard k � " turbulence model in the
settling tank simulation by Rodi [1]. By using this
model, researchers could simulate ow �elds without
any requirement of especially empirical expressions.
But, Stamou et al. [2] and many other researchers
have shown that obtained results through applying
the standard model are only qualitatively comparable
with experimental data. Only in the work of Celik et
al. [3], for calculating Flow-Through Curves (FTC) of
a Windsor tank, did the predicted results �t excellently
with experimental measurements. However, the reason
for this exceptional compatibility was recognized after
more consideration by Adams and Rodi [4]. In fact,
introducing numerical di�usion, because of using a
hybrid scheme incorporated by Celik et al. [3], caused
the compatibility, so their obtained results were unac-
ceptable. After �nding this fact, the team conducted
their research on the Karlsruhe basin and tried to
consider the ability of the k � " model by creating
more complicated ow patterns. They concluded that
the standard k � " model is not capable of precisely
predicting the size of the recirculation zone and velocity
�eld in the region, which strongly a�ects the tank's
e�ciency. To overcome the above weakness of the
standard model, Adams and Rodi [4] carried out their
calculations with a curvature modi�cation to the k� "
model of Leschziner and Rodi [5]. This model had



168 B. Firoozabadi and M.A. Ashjari

shown good results in calculating the separation point
length of backward-facing step ow. Nevertheless,
overestimating the length of the recirculation zone in
the tank was slightly surprising. In this ow, the
formation of streamlines with strong curvature caused
the modi�ed model to work improperly.

Linear k � " turbulence models, which, in fact,
can be thought of as tensorially invariant mixing length
theories, usually work quite well in the description
of unseparated turbulent boundary layers. Although
in thin shear ows, normal Reynolds stresses do not
play an important role, they have a main role in
describing ows that involve recirculation zones. In
these cases, incorporating the linear k � " models,
which are completely incapable of accurately predicting
normal Reynolds stresses, is not a very appropriate
model.

Preliminary research taking into account the ef-
fects of non-linear terms and modifying the k�" model
was undertaken by Launder and Ying [6] and Rodi [7].
However, the obtained models were developed in such
a way that general invariance was not exhibited and,
hence, good results only showed for special ows. It
is very interesting that the main steps in developing
a general non-linear turbulence model had been taken
many years ago by Rivlin [8] and Lumley [9]. They
had focused on a clue whereby there exist striking
similarities between the main turbulent ow of a New-
tonian uid and the laminar ow of viscoelastic uids.
Continuation of their method by further researchers
caused the desired model, known as non-linear or
anisotropic k�", to be obtained by Speziale [10]. A few
years later, Launder [11] o�ered a very complete form
of the model that contained higher order terms. In
addition, these non-linear models have all advantages
of the linear k � " model; they can better describe the
normal stresses and can be incorporated into most k�"
model computer codes in a relatively simple manner.

In this paper, some numerical problems that occur
through the appearance of non-linear terms in the
anisotropic turbulence model will be introduced. In
addition, the size of the recirculation bubble in the
Karlsruhe basin will be determined by using the non-
linear k � " model and comparing it with Adams and
Rodi's [4] experimental measurements. Finally, the
performance of the non-linear model in predicting the
hydraulic e�ciency and FTC of the tank, which are
strongly a�ected by the velocity �eld and recirculation
size, will be investigated.

MATHEMATICAL MODEL

The steady state, two-dimensional ow in the Karl-
sruhe basin is determined using time averaged conser-
vation equations. The Navier-Stokes and continuity
equations for Newtonian incompressible uid are ex-

pressed as:
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where u and � are the mean velocity components
in the x and y directions; ~p is the modi�ed mean
pressure de�ned by Speziale and Thangam [12]; �11,
�22 and �12 are normal and shear components of the
Reynolds stresses, respectively, and � is the kinematic
viscosity of the uid (here, it is water at 20�C).
The Reynolds stresses could be modeled via an eddy
viscosity assumption based on Speziale [10] in the form:
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where subscripts i; j = 1 and 2 stand for x and y,
respectively; k is the kinetic energy of turbulence; "
is the turbulent dissipation rate, and C� is a dimen-
sionless constant that is taken to be 0.09, as o�ered
by Rodi [1]. CD is the dimensionless constant, de�ned
as 1.63, based on calibration of the non-linear model
with Laufer's [13] experimental data for fully developed
turbulent channel ow; �ij is the Kronecker delta, and
Sij , the mean rate of strain tensor, is expressed by:
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Soij is the frame-indi�erent Oldroyd derivative deter-
mined by :
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It is clear that at the limit of CD ! 0, the standard
k � " model is recovered from the non-linear model.
This is the same as the e�ective viscosity hypothesis of
Boussinesq, which relates the Reynolds stresses solely
to the rates of strain of the uid. This formula has
been used with considerable success by Ng [14] and
Rodi [15] for free shear ows, in conjunction with
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turbulence models, for k and ". It has been observed,
however, that the Boussinesq hypothesis fails in a
number of applications, such as separated turbulent
ows. Bradshow [16] has stated that this failure is due
to the form of the stress strain relation rather than
the inapplicability of the eddy viscosity approach. In
particular, the third term in Equation 4 corrects the
fundamental weaknesses of the Boussinesq relationship.
As shown by Pope [17], the new relationship has
a strong ability to capture normal stress anisotropy,
high sensitivity to secondary strains, and an ability
to generate excessive turbulence at separation zones.
Detailed tests by Speziale [10], Suga [18], and Craft
et al. [19] have shown that the e�ect of the last term
in Equation 4 is a signi�cant improvement in the
prediction of the reattachment length of the separation
region behind the backward facing step, with results
similar in accuracy to those obtained using a Reynolds
stress model. However, the main advantage of the
non-linear model over more sophisticated turbulence
models is that the time consuming solution of the
stress equations, in the form of partial di�erential or
algebraic, is not needed. In addition, the inter-relation
between strain and stress has been retained within
the di�erential equation, which increases the numerical
stability of the model. Our numerical experiences have
shown that the non-linear model of Speziale [10] has
a strong capability of predicting separated ow within
settling tanks, while its numerical implementation and
stability is, approximately, as simple and as good as the
standard model. Nevertheless, some �ner grids and,
consequently, more CPU time are needed to deal with
non-linear terms.

It is worth mentioning that k and ", in the non-
linear model, are calculated using the same transport
equations incorporated in the standard k�" model [1].

Through Equations 1 to 6, the ow �eld in the
basin could be solved and, hence, the tank's model
is fully de�ned hydrodynamically. To complete the
tank's modeling, the determined velocity �eld must
be introduced into the transport equation of the dye
such that the concentration can be calculated. By
supposing that the dye has no inuence on the ow
�eld, and is dispersed only via di�usion and convection
mechanisms, the transport equation will be:
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where C is the mean dye concentration and �t, the
isotropic eddy di�usivity coe�cient, is proportional to
the eddy viscosity, �t = �t

�c , according to the Reynolds
analogy theory for mass and momentum transport.
Here, proportional coe�cient �c is the Schmidt number
and is 0.7, as proposed by Launder [11], for free
turbulent ows.

INITIAL AND BOUNDARY CONDITIONS

The hydrodynamics part of the problem is steady state
and the initial condition for the velocity �eld is not
very important. Nevertheless, for calculating the tank's
FTC, no dye must exist, initially, all over the tank (C =
0).

By knowing the velocity at the �rst node above
the solid boundary, the shear velocity is calculated via
the law of the wall, in the standard two-layer form
developed by Launder and Spalding [20], and the wall
is taken as being smooth. Formally, the wall function
must not be applied to separated-turbulent boundary
layers, and many researchers like Avva et al. [21] tried
to modify it in several ways. However, since the ow
�eld is solved iteratively, and the separated regions
occupy a small space, con�ned only at the tank corner,
major errors do not appear to the overall ow �eld.
After calculating the shear velocity, the values of k and
" at the adjacent node above the wall are determined
by assuming local equilibrium for turbulent production
and dissipation [1]. All boundary conditions at the
inlet, outlet, and free surface of the model tank are
applied as recommended by Celik et al. [3].

NUMERICAL SOLUTION PROCEDURE

A new computer code, in FORTRAN 90, is developed
to solve hydrodynamics and mass distribution equa-
tions, numerically. The use of staggered grids and
a control volume method is the main characteristic
of the new code. However, the pressure �eld is
corrected at each step by the SIMPLEC algorithm
introduced by Patankar [22]. To enhance numerical
stability, the convection terms are approximated by
using a hybrid (upwind/central) scheme. In addition,
an under-relaxation factor for all dependent variables
must be taken to control the strong tendency for
divergence. Nevertheless, as the turbulent production
term in transport equations for k and " [1] is non-
linear and the velocity gradients at primary steps
are so digressive, the eddy viscosity must be limited
to less than 2500 � and under-relaxed in each itera-
tion.

To ensure that the non-linear turbulence model
is applied correctly in the new code, a fully developed
turbulent ow in a channel, as a simple test case, is
simulated. The normal stresses obtained by the code
using di�erent models are compared with experimental
data of Laufer [13] in Figure 1. In contrast with
the non-linear model, the linear model has the same
estimation of both normal stresses. These results
simultaneously validate both the non-linear model and
the developed code itself.

In order to discretize Equation 4, it is required
that the Reynolds stresses be determined at the main
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Figure 1. Normal Reynolds stresses in fully developed
turbulent channel ow.

nodes where ~p; "; k; and C are stored. But, at the main
nodes near the boundary, the Oldroyd derivative terms
could not be approximated via a central di�erence
scheme, which has a second-order error. Hence, the
Reynolds stresses are extrapolated there. The validity
of this simpli�cation could be explained by noting the
general behavior of turbulent ows near the boundary
and linear variations of the stresses, there, in fully
developed turbulent channel ows (Figure 1). In addi-
tion, for the staggered grid [23] used in the calculations,
the shear stresses must be known at the cell faces
instead of the main nodes where scalar variables are
stored. Interpolating could easily solve this problem,
but the stress consistency between the two adjacent
cells must not be forgotten. This means that four
surrounded main nodes are required to interpolate the
shear stress at the cell face.

To control the strong divergence, because of the
application of the non-linear k�" model, two strategies
are taken into account in the solution. First, the
calculated ow �eld, by the linear k � " model, is
introduced as an initial condition. Second, the e�ects of
non-linear terms in the anisotropic model are gradually
contributed to the solution process by imposing a
limitation condition on them. The upper bound of
this limitation is de�ned by comparing the non-linear
terms with their corresponding linear terms (i.e. two
right hand side terms) in Equation 4. It is worth
noting that the modi�ed terms in Equation 4 have
more dispersive features than the favorable dissipative
one. Thus, in solving the ow �eld, by using the non-
linear k� ", and with the initial condition obtained by
the standard k � ", the averaged-mean-square errors
resulting from mass imbalances in control volume will
not be drastically reduced. Hence, the calculation
process is continued until the di�erence in length of

the separation point of the successive iterations is less
than 1%.

In order to calculate the FTC of the tank, Equa-
tion 7 is discretized using a fully implicit time dis-
cretization method proposed by Roache [24]. Although
this method is only �rst order, an accurate calculation
could be achieved by choosing a reasonable time step,
which should be determined case by case. Nevertheless,
dominant errors of approximating convection terms
which have shown themselves as \so called numerical
or false di�usion" are still present, which virtually
increase the physical di�usion. In fact, as Roache [24]
has shown, the solved di�erence equations will give the
solution of the equation below instead of Equation 7,
when convection terms are approximated by using the
hybrid scheme:
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where HOT stands for Higher-Order Terms. �num is
the numerical di�usivity from the numerical approxi-
mation errors. Numerical di�usion is neglected in the y
direction in Equation 8 because the ow in the tank is
nearly unidirectional and the cross-stream convection
is small.

A practical way to eliminate any numerical di�u-
sion, especially in unsteady problems, is to incorporate
more accurate di�erencing schemes. However, using
higher-order schemes has caused stability problems
often called wiggles in literature, which limit the
application of more accurate schemes. So, as a �rst
approximation, the most popular second-order QUICK
is recognized as being suitable for the FTC calculation
of the Karlsruhe tank. In addition, due to an increase
in the bandwidth of the linear equations system by
using the standard QUICK scheme of Leonard [25] the
QUICK scheme of Hayase et al. [26] is used here.

FLOW FIELD PREDICTION USING THE
MODEL

Figure 2 shows the dimensions of the Karlsruhe model
tank, which is selected for ow consideration at Re =
10000 (de�ned with respect to hi, inlet slot high). Its
experimental measurements were given by Adams and
Rodi [4].

For ow computations of the surface discharge
case, Si=h = 0:91, a 75 � 35 grid was su�cient to
give grid independent solutions. This could be further
examined through Figure 3, which shows root mean
square errors in di�erent entrance cross sections for u-
velocity and eddy viscosity pro�les. Errors for any
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Figure 2. Dimensions of Karlsruhe basin; in surface
discharge case Si = 10 cm and in submerged discharge
case Si = 6:468 cm.

Figure 3. u-velocity and eddy viscosity error in di�erent
cross sections for surface discharge case. (a) Linear; (b)

Non-linear model (E(X) =

s
1
N

NP
1

(X �Xref)2).

examined grid are calculated relative to a selected
reference grid, for instance 150 � 70. A solution is
considered grid independent if its error drops below
a prescribed value, chosen here as 0.02. According
to this criterion, a 75 � 35 grid is su�ciently �ne
for both linear (Figure 3a) and non-linear (Figure 3b)
models. Figure 4a shows the streamlines by using a

Figure 4. Calculated ow �eld with 75� 35 grid for
surface discharge case. (a) Linear k � "; (b) Non-linear
k � ".

linear k � " model. The reattachment length is the
same as that reported by Adams and Rodi [4]. This
predicted length is only at the lower range of the
experiments (xr=h = 5:5 � 6:5). This can be related
to the incapability of the linear model. In contrast, in
the ow �eld, which is calculated by non-linear k � ",
as illustrated in Figure 4b, the length of the separation
point is increased and reaches xr=h = 6:14. This is
now in the experimental range completely and shows
clearly the e�ectiveness of the applied model.

However, the performance of the non-linear model
could be seen more obviously if the submerge discharge
case, Si=h = 0:588, is considered. Due to the
complication of this ow, a grid independent solution
is not achieved for both linear and non-linear models
with the same grid size (Figure 5). This can also
be seen in Figures 6 and 7 that show the calculated
streamlines with two di�erent grids. Although using
a �ner grid with the linear k � " has not caused
much di�erence in the ow �eld (Figures 6a and 7a),
the di�erence in the size of the recirculation bubble
is considerable in the case of the non-linear model
(Figures 6a and 6b). Therefore, it is inferred that when
the non-linear k � " is applied for a complicated ow
�eld, the corresponding size of the grid must be about
four times greater than the size of a grid that was given
a grid independent solution with the linear k�" model.
This will cause the computation time for the non-linear
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Figure 5. Error of u-velocity and eddy viscosity in
di�erent entrance cross sections for submerged discharge
case. (a) Linear and (b) Non-linear k � " model

(E(X) =

s
1
N

NP
1

(X �Xref)2).

model to be dramatically increased. Table 1 shows
that when the same grid is used for both models (in
surface jet), the non-linear model has a computational
time approximately two times greater than the linear
model. However, for a submerged jet, a �ner grid is
required for the non-linear model, so that it has about
30 times greater computational time. This could only
be justi�ed in cases where high accuracy is needed e.g.
in tank performance calculations (next section).

For the case Si=h = 0:588, two small and large
separation zones exist in the ow. Their calculated
length, using two models, is compared in Figure 7.
Although the modi�cation in the size of the upper
small separation zone is not so noticeable, the size
of the lower large separation zone is increased from
xr=h = 4:37, for linear k � ", to xr=h = 6:0, for
non-linear k� ", and well approaches the experimental
value (xr=h)e = 6:17. Hence, the non-linear model,
without any regard to the ow type and its com-

Figure 6. Computed streamlines with 75� 52 grid for
submerged discharge case. (a) Linear model; (b)
Non-linear model.

Figure 7. Computed streamlines with 150� 100 grid for
submerged discharge case. (a) Standard k � "; (b)
Non-linear k � ".
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Table 1. Computational time and separation length error
of di�erent grids.

Surface Discharge Case

Grid Size Linear k � "
xr=h

Reattachment
Length Error

CPU Times
(s)

19 � 9 5.10 9.0% 8

38 � 18 5.39 3.7% 38

75 � 35 5.49 2.0% 646
150 � 70

(Reference)
5.6 0.0% 9267

Non-Linear k � "
19 � 9 5.65 8.9% 17

38 � 18 6.04 2.6% 77

75 � 35 6.14 1.0% 892
150 � 70

(Reference)
6.20 0.0% 18780

Exp.
Adams et al.

[4]
6.4 | |

Submerged Discharge Case

Grid Size Linear k � "
xr=h

Reattachment
Length Error

CPU Time
(s)

38 � 26 3.2 27.0% 74

75 � 52 4.32 1.3% 878

150 � 100 4.37 0.2% 13210
300 � 200
(Reference)

4.38 0.0% 88122

Non-Linear k � "
38 � 26 3.83 36.7% 135

75 � 52 5.18 14.4% 1700
150 � 100 6.00 0.8% 25000
300 � 200
(Reference)

6.05 0.0% 190000

Exp.
Adams et al.

[4]
6.2 | |

plexity, acts quite well in predicting the size of large
recirculation zones, which are more interesting. The
model only fails in simulating small recirculation zones
where the curvature of streamlines is extraordinarily
strong. These small separation bubbles are not more
important, as they have negligible inuence on the ow
characteristics.

The reason why the standard turbulence model
is unsuccessful in predicting separated ows will be
clearer when momentum equations are written in terms
of the mean ow stream function,  , (where u = �@ @y

and v = @ 
@x ) as:
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This equation shows that in cases where high velocity
gradients are present, the linear k � " model is unable
to predict the normal Reynolds stress di�erence, �22 �
�11. This term contributes directly to calculating the
streamlines and their curvatures. It can be shown
that the linear model predicts the sum of the normal
Reynolds stresses as (�11 + �22 = 2�33), for any 2-
D ows, that surely will not satisfy all cases. In
other words, the linear model has some problems in
calculating the normal stresses.

Figure 8a compares the measured and calculated
dimensionless streamwise velocity, u=uin, at several
critical sections in the recirculation zone for the sub-
merged discharge case (the case in which the inlet
ow is from the middle height of the tank). The
superiority of the non-linear model, especially in the
regions near the separation point, x=h = 5:58, 5:88 and
6:17, is clearly apparent. Furthermore, Figure 8b gives
additional information about the status of turbulence

Figure 8. Dimensionless velocity (a) and turbulence
kinetic energy (b) pro�les at several critical sections in
recirculation zone of Karlsruhe tank in submerged
discharge situation.
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in the tank. In this �gure, the calculated dimensionless
turbulence kinetic energy (divided by the square mean
inlet velocity, u2

in) using both standard and non-linear
k � " models, is compared with the experimental data
of Adams and Rodi [4]. As expected, the highest
turbulence levels are found in shear layers bordering
the separation zones (i.e. x=h < 6:2). Beyond
reattachment, the turbulence level drops quickly to
about a constant small value due to the absence of any
signi�cant velocity gradients. This simply explains why
the standard k � " model has very poor predictions of
turbulence kinetic energy levels within the separation
zone, while having a good performance out of this
region. As shown earlier, the section, x=h = 5:58,
for a submerged discharge case, is entirely out of
the separation region when the linear k � " model
is incorporated. In contrast, the separation zone has
extended beyond this station for the non-linear k � "
model and for measurements. Therefore, nearly good
agreement is observed between the non-linear k � "
model and experimental data for this critical section.
However, separation has ended at this section and,
consequently, the turbulence level has dropped for the
linear k � " model.

CALCULATING THE FTC

The hydrodynamic performance of a tank is obtained
by injecting uorescent dye with the same density
as the internal water at a de�nite time in the inlet
and measuring the outlet dye concentration several
times. A curve that shows the dye concentration
variation in the outlet with time is called a Flow-
Through Curve (FTC). It is more convenient to present
the FTC with dimensionless variables. Hence, time
is non-dimensionalized by the theoretical detention
time, Tth = hl

q , where q is the inlet ow rate, and
concentration by Co = hl

min
, where min is the total mass

of the dye to enter the tank.
To calculate the FTC of the Karlsruhe tank, the

concentration transport Equation 7 must be solved by
introducing the computed ow �eld in the previous
section. In addition, for simplicity, the inlet boundary
condition is taken as C = 1 during the injection time
and C = 0 for the next times.

Figure 9a compares the calculated FTC for a
surface discharge situation, with both hybrid and
QUICK schemes, using two di�erent ow �elds ob-
tained by linear and non-linear models, with Adams
and Rodi's [4] measurements. In this case, the peak
concentration predicted with the hybrid scheme and
non-linear k � " model is almost the same as that
measured, while the peak concentration predicted by
the QUICK scheme and the non-linear k � " model
is about 35% higher. However, this value is more

(about 60%) when a linear k � " model is used. The
discrepancy between the numerically accurate QUICK
calculation and the measurements may be due to three
reasons. The �rst possibility is that the incorporated
turbulence model in the hydrodynamic part cannot
produce su�cient mixing, i.e. eddy di�usivity as it is
produced in the experiment. According to Figure 9b,
this is the case, but it does not solely justify the
poor prediction of the QUICK scheme. The level
of the turbulence uctuations predicted by the linear
k � " model is generally lower than the measurements
and the non-linear turbulence model. Therefore, the
FTC calculation for the ow �eld obtained by the
non-linear k � " model can reduce peak concentration
to about 25%. This is high, but not as much as
expected. The second possibility for the di�erence
in peak concentration may be due to the inconsis-
tency of the QUICK scheme with the physics of the
problem. The QUICK scheme is often used in steady
state calculations (also it has been used for transient
computations by some researchers), while many other
schemes have been proposed originally for transient
calculations. To discover the e�ect of unsteadiness in
the calculations, we have repeated the FTC calculation
with the third order accurate QUICKEST scheme
developed originally by Leonard [25]. To avoid the oc-
currence of non-physical numerical oscillations, a mod-
i�ed ULTIMATE algorithm has also been used [27].
The result (Figure 9b) is observed as a lowering in
peak concentration by an amount of 8% relative to
the QUICK scheme. Hence, another possibility may
also exist. Based on the statements of Adams and
Rodi [4], three-dimensional motions were observed in
the experimental tank, in spite of their attempt to keep
the motion two-dimensional through the large aspect
ratio of the tank. De�nitely, additional mixing due to
these three-dimensional motions is not reproducible by
using the two-dimensional model.

Figure 9c, for a submerged discharge case, shows
that the peak concentration is highest for the linear
k � " with the QUICK scheme and lowest for the
non-linear model with the hybrid scheme. In this
situation, when the size of the recirculation zone is
enlarged, the peak concentration decreases, as shown
previously. But, the passing time of peak concentration
decreases.

Figure 9d shows a comparison between the FTC
of the two di�erent cases, which were calculated using
precise ow �elds and a QUICK scheme without nu-
merical di�usion. In the submerged discharge case, the
FTC is changed in such a way that it approaches the
ideal step FTC that could be considered as a sign of
higher hydraulic e�ciency.

Through the FTC, some important parameters,
such as the level of short-circuiting, the mixing level
inuenced by both di�usion and/or recirculation zones,
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Figure 9. FTC for (a, b) surface and (c) submerged, discharge cases and (d) comparison with each other.

and overall e�ciency, could be calculated. The time it
takes for the �rst dye to appear at the outlet is de�ned
as the short-circuiting level and is shown by t0 and t10
indices (tn is the time which takes until n percent of
the total injected dye into the tank is passed through
the outlet). The value of these indices depends on both
the ow �eld and the mixing level. When the values are
low, one may conclude that short-circuiting exists and
it shows a false designing of the tank. The mixing level
in the tank, de�ned by t75 � t25, t90 � t10 and t90=t10,
is increased by increasing the di�usion coe�cient and
the size of the recirculation bubble. Nevertheless, the
performance of the tank is increased by the former and
decreased by the latter. t50 and tmax, the passing time
of peak concentration, are indices to express the overall
e�ciency of the tank.

All the computed FTC characteristic indices of
the Karlsruhe tank are summarized in Table 2. The

short-circuiting indices are decreased or, in other
words, the level of short-circuiting is increased by
increasing the separation bubble (compare columns 1
with 2 or 4 with 5) and the virtual di�usion coe�cient
created by additional numerical di�usion (compare
columns 2 with 3, or 5 with 6). In addition, Table 2
shows that the tank's mixing level is increased when the
above-mentioned factors increase. This high mixing
disturbs the still circumstances, which are required
for e�cient settling. Altogether, it is inferred from
Table 2 that increasing the recirculation size causes
a high level of short circuiting and mixing. The
result of these complicated events can be seen on
the reduction of t50 and tmax indices that indicate
tank performance. Conversely, the e�ciency of the
tank is not more sensitive to the di�usion coe�cient;
however, the mixing level in the tank is increased by
its increasing (see columns 2, 3 or 5, 6 of Table 2).
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Table 2. FTC indices of Karlsruhe tank.

Si=h = 0:588 Si=h = 0:91

FTC Index
Standard
k � "
Quick

Non-Linear
k � "
Quick

Non-Linear
k � "

HYBRID

Standard
k � "
Quick

Non-Linear
k � "
Quick

Non-Linear
k � "

HYBRID

Exp.
Adams

et al. [4]
Short

Circuiting
t0 0.67 0.653 0.59 0.62 0.584 0.407 0.45

t90 0.865 0.843 0.828 0.73 0.713 0.66 0.65

Mixing

t75 � t25 0.225 0.258 0.276 0.228 0.253 0.307 0.32

t90 � t10 0.513 0.577 0.601 0.554 0.604 0.679 0.59

t90=t10 1.593 1.684 1.726 1.755 1.847 2.029 1.91

E�ciency

tmax 0.965 0.942 0.953 0.811 0.797 0.797 0.78

t50 1.023 1.01 1.018 0.862 0.859 0.872 0.87

CONCLUSION

This paper has presented the main reasons for de-
�ciency in the standard k � " turbulence model in
prediction of the separation point length of the ow
in the Karlsruhe tank. The non-linear k� " model was
used to overcome the weakness of the linear model and
to calculate the size of the recirculation zone exactly.
Comparing the computed streamwise velocity pro�les
with measurement data in several critical sections
shows that the non-linear model is more e�ective. In
addition, incorporating the velocity �elds, obtained
by the two di�erent turbulence models, shows that a
precise ow �eld is the main requirement for calculating
an accurate FTC. If the size of the separation bubbles
in the Karlsruhe is predicted slightly larger, a reduction
will appear in the tank's overall e�ciency. However,
this reduction is not very notable because the size of
the recirculation zone is small, with respect to the
tank's volume, and strong 3-D e�ects were present in
the tank.

To consider the complicated e�ects of the recir-
culation zones, the non-linear k � " model was used
to calculate the FTC. This is reasonable because the
non-linear model has no increased computation costs
and can be incorporated simply into codes with the
standard k � " model.
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NOMENCLATURE

C mean dye concentration
Co reference concentration
CD coe�cient of non-linear terms in

Reynolds stresses formula
C"1; C"2 experimental constants in " transport

equation
C� dimensionless constant in Reynolds

stresses formula
E(X) root mean squares error of variable X

in a selected cross section
h depth of basin
hi width of inlet slot
k kinetic energy of turbulence
L length of basin
min total injected mass of dye
n normal distance from the solid wall
N number of data in each cross section to

calculate E(X) (� 20)
P turbulence production term
~p modi�ed mean pressure
q inlet ow rate
Re Reynolds number de�ned with respect

to inlet slot high
Si location of inlet slot above tank bottom
Sij mean rate of strain tensor
Soij frame-indi�erent Oldroyd derivative
Tth theoretical detention time
t time
tmax passing time of the peak concentration
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u; v mean velocity components in the x and
y directions

uin inlet velocity
x; y streamwise and vertical direction
xr separation point length
yp normal distance to the wall from wall

adjacent grid point
�ij Kronecker delta
�t isotropic eddy di�usivity coe�cient
�num numerical di�usivity
" turbulent dissipation rate
� kinematic viscosity
�t isotropic eddy viscosity
�c turbulent Schmidt number for dye
�"; �k Schmidt number for k and "
�xx; �yy normal components of Reynolds

stresses
�xy shear component of Reynolds stress
 mean ow stream function normalized

by ow rate (q)

Subscripts

1; 2 x and y directions, respectively
n percent of total injected dye which has

passed through outlet
e experimental data
ref selected reference grid
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