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ABSTRACT. This paper assesses the general idea of implementing transversal baffles to improve hydraulic efficiency of rectangular
ponds used in water and wastewater treatment processes. The paper concentrates on long ponds with the length-to-width ratio of 4:1.
Three different scenarios of plain (baffle-less) pond and ponds with four transversal and two longitudinal baffles were considered. A
two dimensional Computational Fluid Dynamics (CFD) conservative tracer study was performed. Results showed that the longitudinal
layout of the baffles yielded to a hydraulic regime closer to the plug-flow condition, while application of limited number of transverse
baffles in long ponds showed an adverse effect on the overall hydraulic performance. Such baffles layout yielded to increased
dispersion, as well as comparable dead zones in comparison with the plain pond. A three dimensional analysis was also conducted to
evaluate the effect of volumetric dispersion, which yielded to the same results. Possible reasons for this phenomenon were discussed.
Results suggest that application of limited number of transverse baffles in long ponds needs extra consideration.
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1. Introduction

Plug-flow condition is the desired hydraulic regime in
various physical, chemical and biological treatment proce-
sses of water and wastewater (chap. 4, Tchobanoglous et al.,
2003). For instance, waste stabilization ponds are ideally de-
signed as plug flow reactors which provide uniform hydra-
ulic retention time (HRT) for removal of biochemical oxy-
gen demand (BOD, the oxygen needed for completion of an

aerobic biological process) (Wood et al., 1998; Persson, 2000).

In this case, each control volume of the fluid which carries
passive scalars (like dilute solute mass) will have identical
HRT to the pond. Consequently, each molecule of the scalar
will experience the pond nominal HRT (HRTy) (chap. 5,
Crittenden et al., 2005).

On the other hand, what happens in reality generally
differs from the ideal plug-flow condition. Thermal stratifi-
cation (Sweeny et al., 2005), wind effect (Banda et al., 2006)
and inlet and outlet hydraulic conditions (Persson, 2000) will
usually have two adverse effects on the overall performance
of the pond. First, these parameters may create dead zones in
ponds, which are the regions in which the mass is trapped in a
circulating flow (pp. 1081, Crittenden et al., 2005). These
zones reduce effective volume of the pond and consequently,
the real (or mean) HRT (HRTy) will be less than HRTy.
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Second, existence of molecular, turbulence and mechanical
dispersion causes each control mass of the scalar to expe-
rience a HRT which may differ significantly from HRTy (chap.
5, Crittenden et al., 2005).

Both of the mentioned problems (reduced HRTr and
increased variance of the HRT spectrum) yield to adverse
effects on hydraulic performance of the pond. For instance, in
BOD removal process in facultative ponds, if a control mass
remains less than HRTy in the pond, the desired BOD re-
moval is not achievable. On the other hand, if the control
mass remains longer than the desired HRTy, the system may
shift to an anaerobic condition (Salter et al., 2000).

One of the passive methods to circumvent such pro-
blems is making use of various types of barriers such as berms,
artificial islands and baffles (Persson, 2000). Such construc-
tions, if properly designed, distribute the flow over the entire
cross section of the pond and consequently, the hydraulic
performance of the pond is modified.

Several experimental and numerical studies on the effect
of pond shape and baffle orientation on the overall per-
formance of the pond have been conducted during the recent
decades (e.g. Wood et al., 1995; Ta, 1997; Ta, 1999; Vega et
al., 2003; Shilton and Mara, 2005; Shilton et al., 2008).
Generally, these studies have demonstrated that one of the key
parameters for improving hydraulics of plain ponds is in-
creasing length-to-width (LtW) ratio of the pond. For the case
of baffled ponds, it is shown in the literature that imple-
menting transversal baffles in short ponds (with LtW ratio
about 2:1) modifies the effective flow path and prevents
short-circuits (e.g. Persson, 2000). In this case, implementing
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Figure 1. Application of limited transversal baffles in short
and long ponds.
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Figure 2. 2D geometries under consideration. The thickness
of baffles is 25 cm. Figure is not to scale.

a certain number of baffles increases the LtW of each baffled
segment, as shown in Figure 1, in comparison with the overall
LtW ratio of the pond. Consequently, the baffled pond may be
considered as a series of baffled segments with higher LtW
ratio. However, this may not be the case for longer ponds.
Figure 1 shows a counter-example.

Pond « in Figure 1 is a short pond with a LtW ratio of 2:1.
On the other hand, the LtW ratio for pond & is 4:1. Four
transversal baffles are implemented in both ponds. Conse-
quently, the LtW ratio of each baffled segment in ponds a and
b is 2.5:1 and 1.25:1 respectively (note that due to the flow
direction, the length of each baffled segment is identical to the
pond width). This implies that while implementing four
baffles changes pond « to a sequence of baffled segments with
higher LtW ratio, such quantity and orientation of baffles in
pond b yields to baffled segments with a lower LtW ratio than
the original pond.

Based on the discussion above, the aim of this paper is to
evaluate potential effects of implementing limited number of
transversal baffles in long ponds. In practice, a two dimen-
sional (2D) study compares performance of ponds with LtW of
baffled segments lower than the original pond with ponds in
which this ratio is higher. The comparison is conducted with
respect to the difference between HRTr and HRTy. The di-
spersion characteristics of each pond is also analyzed. Results
are also compared with the counterpart values in a plain pond.
Finally, the effect of pond depth is also evaluated in a three
dimensional (3D) study.

2. Problem Description

Generally, 2D ponds with a LtW ratio of 4:1 are
considered here (Figure 2). Inlet condition of all the ponds
comprises a uniform flow with a width of 1/40 the pond width,
located at the upper left corner. Reynolds number (R, = 2 Ud/v,
where U is the average velocity [LT"], d is the radius [L] and
v is the kinematic viscosity [L°T™'] (Bird et al., 2001)) is
assumed to be 5000 at the inlet. Outlet is located at the lower

right corner, comprising the same geometry of inlet. The
ponds have HRTy = 1.4 day (d). Three internal layouts are
considered for the pond; plain pond, pond with two longi-
tudinal baffles (referred to as LB pond from this point forward)
and pond with four transverse baffles (referred to as TB pond
from this point forward). In order to evaluate hydraulic per-
formance of the ponds, a pulse of conservative scalar solution
with a concentration equal to 1 is injected at the inlet. The
injection period is 2 seconds. It is aimed to trace the path of
passive scalar solution and evaluate the hydraulic perfor-
mance of the three mentioned ponds.

3. Governing Equations

Steady-state Reynolds-averaged Navier-Stokes (RANS)
equations are used to model the flow (chap. 10, Pope, 2000).
The eddy viscosity term in RANS equations is closed by the
Low-Re number (LRN) Launder-Sharma model. This model
has shown acceptable performance for semi-complex geo-
metries like backward steps and corners (Bergmann and
Fiebig, 1999). In order to keep this paper short, the reader is
referred to study of Rodi and Mansour (1993) for in-detail
description and governing equations of various LRN models.

The Launder-Sharma LRN model which is implemen-
ted in this study is built in OpenFOAM CFD package.
OpenFOAM is a well-established, open-source, finite-volu-
me, numerical package which includes various models for
different transport phenomena (OpenCFD, 2008). Once the
hydraulic modeling is finished, velocity and eddy diffusivity
(D7 = vi/Scr, where vy is the turbulent viscosity [LZT'I] and
Scr= 1 is the turbulent Schmidt number (Sookhak Lari et al.,
2010; Van Reeuwijk and Sookhak Lari, 2012)) profiles are
defined. Consequently, it is possible to solve the mass trans-
port equation (chap. 21, Bird et al., 2001):

& WVe=VV(D+ D)o M

where ¢ is the concentration [ML?], D is the molecular
diffusion coefficient [L*T'],vis the velocity vector [LT],
and ¢ represents time [T]. All of the equations (RANS and
mass transport) are subjected to no-slip boundary condition at
the walls (Weigand, 2004).

The domains in Figure 2 are discretized by clustered
finite volume grids in which more resolution is provided near
the boundaries to capture the viscous sublayer (Pope, 2000).
Total numbers of 10000, 20000 and 20000 cells are used for
the plain, TB and LB ponds respectively. A maximum relative
residual equal to 10 is also considered as the convergence
criterion for all the variables.

4, Results

Figure 3 shows the plume of the passive scalar concen-
tration of all three ponds in different time intervals. As it is
seen in this figure, the plumes in plain and TB pond travel
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Figure 3. Scalar concentration in different time intervals (colored figure): 1) 20 min, 2) 0.25d, 3) 0.5d, 4) 0.75d, 5) 1 day.

much faster than the LB pond. While the HRT of the plumes
core in plain and TB pond is about 0.7 ~ 0.8 day, this time is
near 1.3 days in LB pond. This issue implies that the volume
of the dead zone in plain and TB pond is almost equal. This
volume is much lower in LB pond. In other words, the HRTy
in LB pond is near the HRTy= 1.4 days.

As was discussed before, in addition to the dead zones
(which affects the HRTR), another problem which occurs in
ponds is dispersion. This problem is studied in Figure 4 in
which results of the instantaneous concentration at the outlet
are plotted versus time. As it is seen in this figure, the tail of
the scalar concentration plume is highly extended in plain and
TB pond. On the other hand, the LB pond shows a more
uniform concentration plume. This implies that the disper-
sing property of the LB pond is less than the other two ponds.

Defining HRT and variance as:
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Figure 4. Instantaneous concentration at outlet (2D).
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streamlines. (colored figure). Two of the side walls are
intently not demonstrated.
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Figure 6. Concentration contours in different time intervals (colored figure). 1) 20 min, 2) 0.15d, 3) 0.3d, 4) 0.45d, 5)

0.6d, 6) 0.75d.

Table 1. HRT, Variance and Effective Volume of Ponds

Internal layout HRT R (day) o’ (day?) e

Plain 0.798 0.81 0.57
TB 0.871 0.96 0.62
LB 1.22 0.16 0.87
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Figure 7. Instantaneous concentration at outlet (3D).

as the effective volume fraction, these values are calculated
for three ponds and shown in Table 1. As it is seen in this
table, application of four transverse baffles in a pond with a
LtW ratio equal to 4:1 does not show a considerable influen-
ce on reducing dead zones, since HRTgs for plain and TB
pond are 0.798 and 0.871 d respectively.

In addition, such orientation yields to higher dispersion
(or higher variance) in comparison to the plain pond. For the
mentioned layout of baffles, the LtW ratio of each baffled
segment is less the LtW ratio of the pond itself (1.25:1 vs.
4:1). Considering the TB pond as a sequence of plain ponds
with LtW ratio equal to 1.25:1, this issue causes numerous

considerable dead zones in each baffled segment of the TB
pond. Furthermore, each segment of the TB pond is not long
enough so that the flow becomes fully developed (i.e., the
variation in the streamwise direction becomes negligible).
Consequently, sharp gradients of velocity occur frequently.
This ends to a higher dispersion in TB pond.

The LtW ratio of each baffled segment of the LB pond is
12:1.This ratio is much higher than the plain pond LtW ratio =
4:1. Considering the LB pond a sequence of plain ponds with
LtW ratio of 12:1, this means that performance of each
segment is increased in comparison with the plain pond.

5. Three Dimensional Verification

The study presented in previous section focused on the
performance of the three ponds in a horizontal section. How-
ever, existence of the vertical mixing due to molecular and
turbulence diffusion may affect the results (Talvy et al., 2007).
In order to perform a verification on the most critical finding
of the 2D study (i.e., poorer performance of the TB pond in
comparison with the plain pond), a 3D study is conducted in
this section. The geometries of plain and TB ponds introduced
in Figure 2 are now modified to 3D ponds with a depth of 5 m.
The position of inlet and outlet are not changed in horizontal
section. They are also located at the half-depth of the ponds.
Atmospheric boundary condition is applied at the upper faces
of the ponds.

As a representative, Figure 5 shows the applied finite
volume mesh for the TB pond, including 460800 cells. In
order to keep the HRTy identical for both 2D and 3D cases,
Re = 25000 is applied at the circular inlet. The figure also
demonstrates particles path line for a number of 100 parti-
cles released at the entrance. This demonstration visualizes
active parts of the pond.

The mass transport study conducted in previous section is
now performed for the introduced 3D geometries. Similar to
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the previous case, a passive scalar stream with the con-
centration of unity is injected at the inlet of both plain and TB
ponds for 2 seconds and the instantaneous scalar concen-
tration is measured at the outlet.

Figure 6 shows contours of the concentration in TB pond
for different time intervals. This seen in the figure that (as
expected) the effect of depth in dispersion is significant (since
the contours are extended throughout the depth). The same
phenomenon was also observed for the plain pond (not
shown). To quantify such phenomenon and compare it for
both plain and TB ponds, the instantaneous concentration at
the outlet is plotted in Figure 7. The figure indicates that the
findings in previous section are qualitatively confirmed.

Using Equation 2, the value of HRTy for the 3D plain
and TB ponds are 0.76 and 0.82 respectively, showing a fas-
ter average transport and therefore, a poorer performance ra-
ther than the 2D case. Furthermore, the values of 6° for the
two ponds are 0.83 and 0.97 respectively which are again
higher than their 2D counterpart values. This finding shows
the positive effect of the third dimension in increasing the
dispersion which is qualitatively in agreement with other stu-
dies (Talvy et al., 2007). However, the fact which remained
untouched in both 2D and 3D cases is poorer performance of
the TB pond under study than the plain pond.

6. Conclusions

Several experimental and numerical studies have been
done to evaluate optimized number and orientation of baffles
(as well as other passive techniques) to modify hydraulic
performance of rectangular ponds. In practice, the most simi-
lar flow pattern to the plug-flow condition is desirable. In this
case, HRTy and HRTy of the pond under study should be
identical. In addition, pond dispersive property should be
minimized as well. Following the same objectives, the cu-
rrent paper aimed to evaluate preferred baffle orientation in
long ponds.

It was discussed that implementing limited number of
transversal baffles in long ponds causes the LtW value of each
baffled segment to be less than the pond overall LtW. A case
of transversally baffled pond with the LtW value of the
baffled segments less than the overall LtW (introduced as TB
pond) was considered. The 2D numerical analysis showed that
the TB long pond does not demonstrate a significant im-
provement in comparison with a plain pond. Dead zones in
plain and TB pond were 43 and 38% (determined as 1-e, see
Equation 4) of the pond volume respectively. This value was
13% in a longitudinally baffled pond (introduced as LB pond)
of the same size but higher segmental LtW than the overall
LtW. In addition, both plain and TB pond showed a large
dispersion (variance of the concentration plume) in com-
parison with the LB pond. Consequently, it was discussed that
the LB pond shows better plug-flow behavior in comparison
with the other two ponds,

In order to spot more light on the results, the cases of
plain and TB pond were modified in a 3D study to consider
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the effect of the pond depth. Results showed higher disper-
sion and lower HRTy in both ponds in comparison with the
2D simulation. However, the results remained unchanged with
respect to the better performance of the plain pond in
comparison with the TB pond.

Based on the results of study, it is suggested that com-
plementary numerical and experimental studies are perform-
ed on implementation of limited transverse baffles in long
ponds. Possible effects of the inlet and outlet position, wind,
thermal stratification and other parameters such as variations
in flow should be included as well. At this stage, it is sugge-
sted that extra consideration is spent for using such layout of
baffles in field applications.
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