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Abstract—A modified approach is suggested to achieve even flow distribution (i.e., the equality of flow distribu-
tion) in an open channel in water treatment plant. The suggested approach includes installing a longitudinal baffle with
orifices in the main flow direction. To evaluate the efficiency of suggested model, both computational fluid dynamics
(CFD) model and pilot tests were carried out. The pilot tests, which were scaled down to 1/8 of full scale, showed that
the equalities of the flow distributions in the modified channels were up to 30% higher compared to those in the con-
ventional channel when the equalities were quantified using the standard deviation of the flow distributions. In addition,
the velocity contours computed by numerical simulation in the conventional full scale channel were compared with
the velocity contours in the remodeled channel in order to verify the more even flow distribution in the modified one

than that in the conventional one.
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INTRODUCTION

In water treatment plants the incoming flow must be evenly dis-
tributed to the process units, especially for a series of successive
lateral basins. Distribution channels are commonly used to evenly
distribute the flow from the rapid mixing basins into the flocculation
basins. If the flow to each flocculation basins is not evenly distrib-
uted, the retention time will be considerably different from a designed
value in the flocculation basin and other locations that are con-
structed as a package. For example in a basin with lower flow rate
than the designed value, the lower velocity and longer retention time
will make particle deposition accelerated in the sedimentation pro-
cess. On the other hand, the higher horizontal velocity and shorter
retention time in a basin with higher flow rate than the designed
value could yield re-floating sludge [1]. Since the higher flow rate
and velocity increase the surface loading rate, which is inadequate
for particles to settle down within sedimentation basin.

To obtain an even flow distribution (i.e., the equality of flow dis-
tribution) in open channels, it is very important to determine the
design factors, such as the inlet structure, sectional geometry, length,
outlet size, and shape. However, since it is too difficult to under-
stand the factual hydrodynamic behavior in channels accurately, it
has been designed with trial-and-error methods that were based on
experiments. Due to the complexity of most hydraulic construc-
tions, it is impossible to establish a generalized design method. Partic-
ularly in the case of the distribution channel, fluid behaviors are so
complicated that three-dimensional analysis should be performed
in order to predict the actual flow phenomena. If this kind of hy-

“To whom correspondence should be addressed.
E-mail: nspark@kwater.or.kr

201

drodynamic problem is analyzed with a one-dimensional time func-
tion or two-dimensional code based on shallow water theory, a seri-
ous error may occur [2]. It is because the theory lacks proper as-
sumptions which help to simulate the actual flow behaviors in the
distribution channels.

Fig. 1 shows the top view of a typical open type distribution chan-
nel with a constant width. The most important factor for designing
an open type distribution channel is the Froude number, which rep-
resents the ratio of inertia force to gravity force, or the ratio of the
average velocity to surface wave transfer velocity [3].

The ‘step method’ proposed by Chao and Trussel in 1980 has
been widely used to design an open type distribution channel [3].
In this method, the flow distribution to each basin (flocculation or
sedimentation basin) is determined by proceeding step by step from
the downstream end of the channel to the upstream end where the
flow enters. A number of modification approaches have been also
proposed to correct the uneven flow distribution in the basic open
type channel, including changing the weir elevation, tapering the
channel to keep the Froude number constant, and slight adjustment
of the elevation of each weir coupled with the tapered channel as
the modification approaches [4]. However, it was proved that an
even flow distribution could not be achieved in most channels which
were designed by the ‘step method’ [1]. This uneven distribution
occurred mainly from the abrupt turn of the flow direction due to
inadequate inlet geometry. Ultimately, this phenomenon has signif-
icantly impaired the treatment efficiencies [2,5].

Therefore, the objectives of this study are to recognize and quan-
tify the problems of the conventional distribution channel that are
associated with the uneven flow distribution and to suggest a modi-
fied measure to improve the equality. To test the feasibility of the
suggested measure, the computational fluid dynamics (CFD) tech-
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Fig. 1. The top view of an open type distribution channel between rapid mixer and flocculation basins.
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Fig. 2. The pilot scale channel to represent the conventional distribution channel.
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nique was used, and to verify the CFD simulation results, pilot tests
were carried out for the pilot scale channel, which was scaled down
to 1/8 of a full-scale distribution channel being operated in the Kosan
Water Treatment Plant, Republic of Korea. Furthermore, to estab-
lish the dynamic similarity between the full-scale and pilot scale,
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EXPERIMENTAL METHODS

Pilot tests were carried out using two pilot scale channels (refer
to Fig. 2 and 3) according to six different experimental conditions,
as shown in Table 1 before being compared to the CFD simulation

the Froude numbers were set to be identical. results.
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Fig. 3. The pilot scale channel with the modified baffle.
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Table 1. Pilot test conditions matrix

Hvdraulic characteristics Average velocity Froude No. Water level at inlet Note
Y (V, m/sec) (dimensionless) to channel (m)
The conventional Test 1 0.0359 0.376 0.36
channel (without
longitudinal baffle) Test 2 0.0040 0.042 0.36 - The Froude num-
Test 3 ber from the full-
(Opening ratio 0%) 0.008 0.010 04 scale channel is
0.031
i Test 4 0.008 0.010 04 - Total inlet flo
The rflodlﬁedlcha..nnel (Opening ratio 26.7%) ' ' ' oW
(setting longitudinal rate (Q) for pilot
baffle with six orifices)  Test> 0.008 0.010 0.4 channels is 0.4 L/
(Opening ratio 66.7%) sec
Test 6 0.008 0.010 0.4

(Opening ratio 100%)

* The opening ratio means the ratio of open area to total area with a gate

Fig. 3 shows the modified hydraulic structure suggested in this
study to solve problems related to the uneven distribution within
the conventional channels. The low average velocity within the chan-
nels may let micro-floc settle down before entering the flocculation
basins and grow. The phrase “low average velocity” used in the pre-
vious sentence means the velocity which makes the Froude num-
ber less than 0.1 because the numerator term for expressing the Froude
number is the average velocity and the denominator is the surface
wave celerity. As can be seen in Fig. 3, installing a longitudinal baftle
with orifices within the conventional channel would cause the inlet
water to turn at the end of the right side. As the inlet water flow runs
from the left side to the right side, the water level at the left side
would be higher than that at the right side due to wall friction. After
the water turns at the end of the right side, as it flows from the right
side to the left side, the water level gradient is reversed. Since water

passes through the orifices on the longitudinal baffle, the water level
above each outlet orifice can be kept constant. Although both of
the channels have the same theoretical retention time, the average
velocity within the modified channel can be twice as high as that
within the conventional channel because the cross-sectional area
decreases to half. It is expected that this increased average velocity
can diminish the micro-floc settling within the channel.

In addition, the results of pilot tests would be used to investigate
the effect of various hydraulic characteristics and operating condi-
tions on the equality of flow distribution. Under each condition, the
steady state flow rates from six outlet orifices were obtained sepa-
rately using a stop watch and cylinder.

Two pilot scale channels (both conventional and modified chan-
nels) were scaled down to 1/8th of the full-scale distribution chan-
nels. Figs. 4 and 5 show the geometries of the full scale channel.
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Fig. 4. Full scale channel without modification baffle (inlet velocity: 0.087 m/sec).
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Fig. 5. The full scale channel with modification baffle (inlet velocity: 0.174 m/sec).

To achieve the dynamic similarity to the operation condition of the
full scale channel, the Froude number, as a scale parameter, was
selected to be identical for both the pilot and the full scale channels
(refer to Table 1). Even though the Froude numbers vary from 0.01
to 0.049, it can be thought that those are similar enough to achieve
dynamic similarity from the viewpoint of orders of magnitude. Gen-
erally, in the case that Froude number is selected as a scale parame-
ter, it can be acceptable to make orders of magnitude the same for
two channels with different scales. The opening ratio of orifices on
the centrally installed longitudinal baffle could be changed by con-
trolling each gate. The opening ratio means the ratio of open area
to total area with a gate. The size of each orifice was designed to
be 30 cm® (width 4 cm>height 7.5 cm).

Except for test 1 condition (Reynolds number is 2540), flow in
the open channels could be considered as laminar flow since Rey-
nolds number less than 2100 represents laminar flow condition. In
the case of test 2 in Table 1, the Froude number was calculated as
0.042, which is the closer to the number (0.031) from the full-scale
channel compared to the other cases. On the other hand, test 1, where
the Froude number is relatively high, was conducted to investigate
the effect of the average velocity and Froude number on the flow
distribution within an open channel. The ratios of the open area (i.e.,
opening ratio in Table 1) for six orifices on the longitudinal baffle
were uniformly set to be 0% (closed), 26.7%, 66.7%, and 100% in
the conditions of tests 3, 4, 5, and 6, respectively. Tests 1 and 2 rep-
resent the conventional full-scale channel, and test 3, 4, 5, and 6
conditions represent the modified full-scale channel. Since the hy-
draulic radius increases in tests 3 to 6, in which the longitudinal baffle
with orifices were installed within the channel, the Froude number
tends to decrease.

CFD SIMULATION METHODS

In this study, fluid behavior in both pilot (Fig. 2 and 3) and full-

scale (Fig. 4 and 5) distribution channels was simulated by the com-
putational fluid dynamics (CFD) technique to evaluate the equality
in each channel. Figs. 4 and 5 depict both geometries of the conven-
tional full-scale distribution channel being operated in the Kosan
Water Treatment Plant, Republic of Korea and the modified distri-
bution channel for improving the equality of the flow distribution
based on this concept. The Froude numbers calculated from the con-
ventional and the modified measure approaches are 0.031 and 0.049
for Q=2.375 m’/hr, respectively.

The velocity and water head distributions within each basin, which
are associated with the equality, were simulated using 3-D com-
mercial the CFD code, CFX 10.0 developed by ANSYS [6]. For
the simulations, 880,000 cells (tetrahedron shape) were generated
for both the geometries of the conventional and the modified chan-
nels. The time-averaged Navier-Stokes equations for momentum
and continuity were solved for steady, incompressible, turbulent,
and isothermal flow.

The equations below represent the continuity (Eq. (1)) and momen-
tum (Eq. (2)), respectively:

V-(U)=0 (1)
V-(pU®U- 4¥U)=B+VP-V-(pu®u), @)

where p and g are the fluid density and dynamic viscosity, respec-
tively; P the pressure; U the fluid mean velocity; B a body force;
and u the fluctuating velocity.

Mean flow and turbulence characteristics of open-channel flows
are studied either by experimental measurements or numerical com-
putations [7]. In many engineering problems in fluid mechanics and
hydraulics, the k-£ model has been most widely employed due to
well-established empirical coefficients of the model [7]. All cases
were simulated by using a turbulence modeling method in order to
investigate the eddy flow and energy dissipation in detail. There-
fore, a standard k-£ model was selected for modeling the turbulence
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Fig. 6. The results of pilot tests 1 and 2.

transport of momentum. The empirical coefficients and weighting
constants suggested by Lopez and Garcia were used in the CFD
simulation [8]. In addition, no-slip condition was assumed on the
surfaces of sides, bottom, and longitudinal baffle, and the well-known
standard wall function was applied to bridge the viscous sub-layer.
To model the free surface, which is contact face between air and
water, VOF (Volume of Fraction) method was utilized [9].

RESULTS AND DISCUSSION

1. Pilot Test Results

Fig. 6 shows the results of pilot tests conducted under the test 1
and test 2 conditions for the pilot scale channel. Fig. 6(a) shows the
comparison between two conditions; one is the case where the Froude
number is higher (0.376) than 0.1 and the other is the case where
the Froude number is lower (0.042) than 0.1. Fig. 6(b) shows the
results of test 2 only, whose condition is relatively more similar to
the current operating condition for the full-scale channel than test 1
(refer to the fourth and the last column in Table 1). As can be seen
in Fig. 6(b) compared to Fig. 6(a), the scale on the Y-axis decreases
to emphasize maldistribution along with the channel length.

From the comparison between tests 1 and 2 in the case of rela-
tively higher Froude number, the further the orifice is located from

Table 2. Standard deviation from the results of pilot tests
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Fig. 7. The results of pilot tests 2, 3,4, 5 and 6.

the inlet, the more outlet flow-rate through orifice is. On the other
hand, in the case of relatively lower Froude number, the further the
orifice is located from the inlet, the less outlet flow-rate through
orifice is. Froude numbers from the full-scale and the pilot channel
(test 2) are 0.031 and 0.042, respectively. Considering Froude num-
ber as a dynamic similarity parameter, it could be assumed that hy-
draulic characteristics of each flow within two channels are similar.
From the results of test 2, the standard deviations of six outlet flow
rates were calculated at 0.011 L/sec.

Fig. 7 shows the flow distribution dependent on the orifice open-
ing ratio from the pilot tests conducted under test 2, 3, 4, 5 and 6
conditions. Among them, only test 2 represents the channel with-
out baffle, and the others do the modified channel with baffle. It
can be observed from Fig. 7 that the flow distribution patterns on
test 3, 4, 5 and 6 are more equitable than that on test 2. To quantify
the equality of flow distribution in detail, the standard deviation of
six outlet flow rates for each condition was calculated as shown in
Table 2. The smaller standard deviation means the more evenly dis-
tributed flow rates. The equalities of the flow distributions in the
case of the modified channels (tests 3, 4, 5 and 6) were up to 30%
higher (i.e., standard deviations for the cases of the modified chan-
nels were up to 30% smaller) than those in the conventional chan-
nels. In more detail, the highest and smallest standard deviations
for the conventional and modified channel are 0.011 and 0.0076,
respectively. In addition, pilot test results revealed that the opening
ratios of orifices had little influence on improvement of equality as
shown in Table 2.

2. CFD Simulation Results

Figs. 8 and 9 show the simulation results for the conventional
full and pilot scale distribution channel and the modified channels,
respectively.

As can be seen in Fig. 8, the longer the distance between the orifice
and inlet point is, the lower the velocity of the flow passing through
the orifice becomes. On the other hand, in the case of modified chan-
nel, a relatively uniform distribution of the velocity could be ob-
served within overall channel (refer to Fig. 9). The portion of the

Test condition Test 1

Test 2 Test 3 Test 4 Test 5 Test 6

Standard deviation of six outlet flow rates (L/sec) 0.0092

0.011 0.0079 0.0077 0.0076 0.0079
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Fig. 8. CFD simulation results for the conventional distribution channels.
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Fig. 9. CFD simulation results for the modified channels.

Korean J. Chem. Eng.(Vol. 29, No. 2)



208 A.-K. Lee et al.

dark blue area in the key, representing lower velocity than that repre-
sented by sky-blue color, is concentrated on down stream. In the
case of modified channel, sky blue color area is distributed more
uniformly and widely.

From the results of pilot tests 3, 4, 5 and 6, the outlet flow rates
through orifice No. 3 and 6 were relatively less than those through
other orifices. As can be seen in Fig. 8(b) pilot scale (right hand
side), the sky blue area in near No. 3 and 6 orifice is relatively smaller
than other orifices. Although the reason why this phenomenon oc-
curred has not been clear, these experimental results are observed
from the results of CFD simulation where the local pressure near
No. 3 and 6 orifices is relatively lower than those near to other orifices.

CONCLUSIONS

This study was conducted to quantify the problems of the con-
ventional distribution channel, which are associated with uneven
flow distribution, and to suggest a modified measure to improve
the equality of flow distribution. To test the feasibility of the sug-
gested measure, the computational fluid dynamics (CFD) technique
was used and pilot tests were carried out for the pilot scale channel,
which was scaled down to 1/8th of a full-scale distribution channel
being operated in a water treatment plant in the Republic of Korea
to verify the CFD simulation results. The key findings are as follows.

1) From the results of CFD simulation and pilot tests, the modifi-
cation of the hydraulic structure in the distribution channel, which
is to install the longitudinal baffle with orifices in the main flow
direction, can increase the equality of flow distribution. It was quan-
tified by calculating the standard deviation of the flow rates of all
the outlets through each orifice. The equalities of flow distributions
within the modified channels were up to 30% higher than those within
the conventional channels.

2) In the case of a relatively low Froude number (<0.1) within
the open distribution channel, the further the orifice is located from

February, 2012

the inlet, the less the outlet flow-rate. On the other hand, if the Froude
number is relatively higher (>0.1), since the dissipated energy due
to the loss of flow mass and the friction with the walls may be less
than the accumulated energy from the successive supplement, the
trend of flow distribution is opposite to the former. The criterion of
these controversial phenomena is the Froude number.

3) From the results of pilot tests, the opening ratio of the orifices
on the longitudinal baffle did not influence the equality of flow dis-
tribution if the average flow velocity and Froude number were rela-
tively low (Froude number~0.01).
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