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Abstract

A three-dimensional computational model, solving Reynolds equations with the k-¢
turbulence closure, has been presented to simulate the flow field in an open channel
near a side-discharge channel. The purpose of this study was to exam this model’s
applicability for simulating the three-dimensional recirculation velocity field in the
vicinity of the side discharge channel. The numerical simulations show that both the
height and length of the recirculation zone were correctly predicted when compared
with laboratory measurements. The predicted trend of the shape of the recirculation
zone under different flow conditions agrees with experimental data. It was confirmed
that the SMART upwinding scheme performs better than QUICK and HYBRID
schemes, since it induces less numerical diffusion and no oscillations. It was found
in this study that the SMART scheme needs some minor modifications for complex
flow computations.

Notation

- width of discharge channel,

— width of main channel,

— roughness parameter,

— gravitational acceleration,

local water depth,

— mean water depth,

— lateral size of the recirculation eddy,

— turbulence energy,

- longitudinal size of the recirculation eddy,
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p —  pressure,
P — pressure,
R — momentum flux ratio,
U, — mean velocity in the main channel,
Va - mean velocity in the discharge channel,
u,v,w — time-averaged velocity components in x, y, and z directions,

respectively.
W, v,w - turbulence intensity in x, y, and z directions, respectively.
Uy — shear velocity,
£ — turbulence energy dissipation rate,
L, — numerical diffusivity,
p — density of water,
- water surface elevation,
v, — kinematic and turbulence eddy viscosity
T — shear stress.
Subscripts

i,j — positive integer indices,
d - discharge channel,
0 - main channel.

1. Introduction

The discharge of waste water into rivers causes ecologically degraded zones with
relatively high pollutant concentration stretching far downstream. High velocity of
the side discharge would sometimes result in erosion and deposition in the area
of recirculation developed by turbulent jet and river flow. Pollutant concentration
trapped in the recirculation zone would be much higher than that in the far field
area and could cause serious ecological problems in the near field area. Predicting
the flow configuration and concentration distribution in the polluted zones is one
of the major problems in environmental engineering nowadays.

Interaction of the main flow and side discharge has been an interesting re-
search topic for many researchers. Strazisar and Prahl (1973) performed physical
experiments on turbulent jet entering perpendicularly into the channel flow. Based
on the measured trajectories of the jet and sizes of the recirculation zone, it was
found that the longitudinal sizes of a recirculation zone depend on the ratio of
jet to channel velocities and widths, but not on the flow depth. An equation for
calculating the trajectory of the jet was developed. Mikhail et al. (1975) conduc-
ted similar physical experiments and concluded that the transversal height of the
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recirculation zone in wide channels depends only on the ratio of momentum flux
of the jet and the channel flow. They pointed out that the ratio of the longitud-
inal and transversal sizes of a recirculation zone is almost constant and does not
depend on the flux ratio.

As physical experiments are expensive and data available not as much as one
desires, numerical modelling has been conducted to examine the performance of
numerical schemes and explore the applicability of numerical models to simulate
complex flows. McGuirk and Rodi (19780 considered the perpendicular side dis-
charge of the passive pollutants into the wide open channel over the total water
depth. They proposed a 2D mathematical model to calculate the depth averaged
velocity field in the vicinity of the discharge. The model, however, cannot account
for 3D features of side discharge. Rodi and Srivatsa (1980) proposed a 3D finite
difference calculation procedure for a small reverse-flow region. The procedure
treats the reverse-flow region as elliptic only and the rest of the flow as either para-
bolic or partially parabolic. The hybrid difference scheme was used to solve the
governing differential equations. They concluded that the procedure gives much
better results than the parabolic, as well as the partially-parabolic approach.

Recognizing the importance of the estimation of the convective/advective
terms to the success of simulating hydrodynamics and transport, upwinding tech-
niques were studied and evaluated using general transport problems and the side
discharge case. Leschziner (1980) considered the steady state, laminar plane and
axially symmetric recirculating flows. When solving partial differential equations,
three finite difference discretizations were used, namely: hybrid central/upwind,
hybrid central/skew-upwind and QUICK scheme developed by Leonard (1979).
Applications of these schemes to laminar, recirculating flows have shown that
strong artificial diffusion was introduced by the first scheme and boundedness
problems by others. Demuren (1983) presented the results of the numerical cal-
culation of the steady 3D turbulent jets in a cross-flow. Turbulence effects were
modelled by the k-¢ model. The basic equations were solved using two finite-
difference numerical procedures, the quadratic upstream weighted (QUICK) and
the hybrid/upwind difference scheme. The results depend on the numerical scheme
and the widely employed hybrid scheme introduced a serious error, which was in-
terpreted as false or numerical diffusion.

Demuren and Rodi (1983) applied a 3D mathematical model to describe the
velocity field in an open channel flow just below the outlet of perpendicular side
discharges. They employed the time-averaged equations governing the mass and
momentum conservation for the turbulent flow in an open channel together with
k-e turbulence model. Using both the hybrid central/upwind differencing approach
and the QUICK scheme solved the equations. The numerical predictions of the
size of the recirculation zone were compared with measurements for smooth and
rough bed channels. The QUICK scheme predicted the length of the recirculation
zone correctly in both the smooth-bed and rough-bed cases. The Hybrid scheme
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underestimated the size of the recirculation zone as much as 50% due to numerical
diffusion. Estimated numerical diffusion coefficient for a 2D case indicated that
the ratio of numerical to physical diffusivity could be as much as 50.

Although its accuracy is high, the weakness of the QUICK scheme is the
numerical oscillation where high concentration gradient is concerned. Gaskell and
Lau (1988) pointed out the importance of numerical boundedness to accuracy and
stability. A new numerical algorithm SMART, which preserves a boundedness and
maintains a high degree of accuracy, was derived. Leonard and Niknafs (1991)
adopted a similar concept of numerical boundedness and came up with a high
order, non-oscillatory upwinding scheme: ULTIMATE.
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Fig. 1. Sketch of the flow pattern (x —y plane), channel configuration and basic dimensions

Discharge channel

The present paper considers a simplified problem: water is discharged per-
pendicularly into a straight river channel. A 3D turbulent jet is formed and bends
over by the river flow. On the other hand the river flow is diverted by the side dis-
charge towards to the bank opposite to the side discharge entrance. Interaction of
the jet and the channel flow leads to the formation of a very complex flow field -
the recirculation zone behind the jet near the bank (Fig. 1). The 3D mathematical
model for simulating the flows in the vicinity of the side discharge is presented.
The model is based on Reynolds equations governing a steady, uniform-density
flow. The turbulence stress terms, representing the transport and mixing of mo-
mentum by the turbulent fluctuations, are expressed by eddy-viscosity concept
and k-¢ closure. This model can be used to predict the flow field and recircula-
tion configuration, in particular, the sizes of the recirculation eddy, location of
the reattachment point and the magnitude and direction of velocity at any point
within the recirculation eddy. Results from both experimental and theoretical ap-
proaches were used to examine the shape of recirculation zones.
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2. Mathematical Model

Three-dimensional open channel flows can be described by the mass and mo-
mentum conservation laws. The turbulence stresses are related to the mean rate
of strains and the eddy viscosity according to Boussinesq’s assumption. These basic
equations can be written in the form:

auj
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o M
ouju; a ouj  du; 1 9p«
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where subscripts i and j may vary from 1 to 3, and stand for longitudinal, transvers
and vertical components of the Reynolds averaged velocity in x, y, and z direc-
tions, respectively. Notations, u, v, and w for velocities in these three directions
will also be used, v, is turbulent eddy viscosity and v is kinematic viscosity, p, is
the piezometric pressure, solved in the same way as that used by Long, Steffler,
and Rajaratnam (1991), and p is total pressure. Eddy viscosity was modeled by
the equation:
k2
b = G, @)
€
The transport equations were solved for turbulence kinetic energy k, and
energy dissipation rate &:
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Standard coefficients were adopted, i.e., C,= 0.09, C;=1.44, C,=1.92, 0, =1.0,
o=1.3.

3. Boundary Conditions

To solve these governing equations, boundary conditions must be prescribed at all
boundaries: the inlet, outlet, solid walls and water surface. The boundary condi-
tions at the inlet section are particularly important for the turbulence transport
equations. Realistic solutions would depend on proper evaluations of the kinetic
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energy and the energy dissipation rate at this section. There are a several ap-
proaches to estimate boundary values for the k-¢ model. Rastogi and Rodi (1980)
used an uniform distribution in the inlet section by applying depth-averaged val-
ues of k and ¢. Leschziner (1980) specified the inlet boundary conditions for k
using experimental data and for ¢ using equation & = Cﬂ" “k3/2Lyp, Ly is a mixing
length.

In this study, the semi-empirical relationships for the turbulence intensities
(Nezu and Rodi 1986) were adopted for the estimation of the kinetic energy at
the inlet cross-section, assuming that flow was fully developed.

'

;‘_ = D, exp(—A &) +03271 - T), (8)
3‘ = Dw CXP(*AwE)a (9)

Z+
e e, (—-B—,) : (10)

where &' and w’ are turbulence intensities in longitudinal and vertical direc-
tions, respectively. u, is shear velocity of the main flow at the entrance, § =z/h,
D,=226, D,,=1.23, A, =0.88, 1,,=0.67, B'=10, zt= zu,/v, I is the van Driest
damping function, and A is the local water depth. Together with the assumption
that the turbulence intensity in the transvers direction is equal to that in the
vertical direction and the definition:
2 2 2

o E_+”2_+i, (11)
one can obtain the boundary values of kinetic energy at the inlet cross-section.
Although these relationships were obtained in the central plane of the channel,
they applied to the whole cross-section. Errors introduced were considered negli-
gible, since the channel flows studied in the paper were of shallow water, and the
inlet section was placed some distance from the discharge channel. Turbulence
eddy viscosity at the inlet cross-section was assumed parabolically distributed as
suggested by experimental data and analytical considerations (Nazu and Rodi
1986).

v = kush(l — §)E, (12)

where « = 0.41 is the Karman constant. The turbulence energy dissipation rate &
was obtained from equation (4). This approach has been used to produce reas-
onable results of channel flow simulations [6]. The inlet section was located at
x=14hy (ho is the mean water depth) upstream of the discharge outlet. A trans-
versal distribution of flow discharge per unit width was specified as a power func-
tion of distance from the wall with a power of 1/7, and the vertical distribution
of velocities of the inlet section was assumed to be logarithmic. Variables thus
specified are shown in Fig. 2.
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Fig. 2. Inlet boundary conditions velocity « (m/s), turbulence kinetic energy k (m2/s3),
energy dissipation rate ¢ (m%s*) and eddy viscosity v, (m2/s)

At the outlet cross-section, longitudinal gradient of the variables u, v, w, p,, k,
and ¢, were set at zero. At the water surface, the gradients of u, v, p*,k and ¢

in the vertical direction were zero. The vertical velocity component at the water
surface, can be obtained using the kinematics condition

an an
wn—una—vnazo, (13)

where 7 is the water surface elevation and p, = pgn was applied at the water
surface. The water surface elevation can be adjusted by 3p./dz near the surface
(Rastogi and Rodi 1980). The numerical grid in the vertical direction was not
adjusted due to water surface change as the variation of the surface was very
small in this case. The logarithmic law of the wall was applied to compute shear
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stress, and turbulence properties k and & in regions very close to the channel bed
as well as the vertical walls. The equation

U’ = %ln(Ez*'), for 30 <zt <300, (14)

(ut =u/u,, z* =zu,/v and E is a roughness parameter) was solved iteratively
to obtain shear velocity u, and shear stress 7 = pu?. The wall boundary values of
k and & were estimated assuming the local equilibrium of turbulence energy:

E i
., e=— (15)
cP KZ

At the discharge channel, boundary values for k and & were specified in the same
way as in (Demuren and Rodi 1983), i.e.

k=

kl.S
ki =0004V2, e=CY* 0‘5%. (16)

4. Numerical Approach

Governing equations were solved using the control volume method and SIMPLE
procedure (Patankar 1980). Staggered grid and ADI method were adopted. It is
well known that a convection term is the most difficult to deal with when the flow is
of convection dominance. Efforts have been made to approximate the convective
phenomena more adequately and accurately.

Gaskell and Lau (1988) have developed a scheme (SMART) based on the
concept of convective boundedness. The scheme was used to compute the first
derivative of an unsteady, linear transport equation without source terms. As is
well known, the interpolation method for evaluating the transported scalar at the
control volume surface is the key to the success of the scheme. This scheme is
stable according to Leonard’s convective stability criteria (Leonard 1979), and
accurate, and attractive as shown in (Falconer 1992). The SMART scheme virtu-
ally combines the scheme of QUICK and concept of a convective boundedness.
It uses unwinding when variation of the concentration being transported is large
and the interpolated value at the control volume surface is not bounded. The
QUICK scheme is applied for cases in which the variation is mild and interpol-
ation bounded. As a result, the SMART scheme avoids oscillating the nature of
QUICK when concentration gradient is large and preserves a high order of accur-
acy for moderate variation of concentration. A similar idea was proposed in (Le-
onard and Niknafs 1991), where the convective boundedness was interpreted and
formulated as the ULTIMATE limiter. The interpolation at the control volume
surface by any method would satisfy the limiter and not be changed if monotonic,
the interpolated value would be replaced by the nearest one in the limiter if this
it is non-monotonic.

i
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Fig. 3. Comparison of QUICK, UPWINDING and SMART scheme, ¢ — non-dimensional
concentration, X - non-dimensional distance; figure above: transport of a concentration block,
figure below: transport of a Gaussian Cone

Additional tests of a concentration block and Gaussian cone transport cases
(Fig. 3) confirmed the conclusions: SMART is good in handling shock wave
fronts, it induces no oscillations and negative concentration problems. However,
it smooths the Gaussian cone faster than QUICK. The first order upwinding
scheme showed unacceptable numerical diffusion in both cases. These comparis-
ons confirmed the superiority of SMART, which was therefore adapted to SIMPLE
procedure to compute the advection terms.

To demonstrate the SMART scheme, one can consider the transport in one
dimensional space with uniform grid (i —2, i —1, i, i +1, ...). The centre of
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the control volume is located at i, and the values at control volume surfaces:
i—1/2 and i +1/2 are to be estimated. For velocity u(i —1/2) > 0, the value of
¢ ati —1/2 is computed based on those located at i —2,i —1, and i. Note, if
u@i —1/2) < 0, one should use values ati — 1,i, and i + 1 to estimate ¢ ati — 1/2.
Estimation at i + 1/2 can be made in the same way. The formula for estimating
the value at i — 1/2 with u(i — 1/2) > 0 is given in (Gaskell and Lau 1988):

i1 if ¢i-1€l0, 1] (1)
. 3¢i-1 if ¢-1€[0,1/6] (2
$i-12=1 3 . L~ (17
'8‘(2¢i—1 +1) if ¢i-1€[1/6, 5/6] (3)
[ 1 if ¢1€[5/6,1] &
where ¢i_1 /2 $i_1 are normalized values of ¢;_1/2 and @1, respectively, defined
as
A di—1/2 — di—2
g = ————, 18
o 1/2 o — 2 ( )
A $i-1 — $i—2
| = 19
e ¢ —¢.i-2 W)

Eq. (17-1) is the backward differencing upwinding scheme for the non-
monotonic variation of ¢, Eq. (17-3) is the QUICK scheme for monotonic vari-
ation of ¢, Eq. (17-2) and Eq. (17-4) are transition curves between Eq. (17-1)
and Eq. (17-3). The main difference between Eq. (17) and ULTIMATE is Eq.
(17-2) which may be outside the limiter when the Courant number is less than
1/6. To secure a unique solution in the region (5/6, 1], equation Eq. (17-4) was
slightly modified as R i

di—12 = 0.95 + 0.05¢;—1. (20)

It was found that the SMART scheme has problems to converge when it is used
for solving non-linear Navier-Stokes equations for such a complicated flow field
as the side discharge flow. Hence, some minor modifications of equations (17-2)
and (20) were adopted. According to equations (18) and (19), equations (17-2)
and (20) may be written in a dimensional form as (21) and (22), respectively:

$i_1/2 = 3bi—1 — 2Pi-2, (21)

¢i—172 = 0.05¢;_1 +0.95¢;. (22)

If these expressions were used to solve a non-linear problem, they would
probably cause instability as confirmed by the authors’ numerical tests. To modify
these equations, equations (18) and (19) were used, the final formulas being:

Gi—12=Pi-1 — 12¢i:1 (¢i-1 — &), ¢i-1 €[0,1/6], (23)
—¢i-1




Simulation of Three-dimension Side Discharge into an Open Channel 13

1 A

Gi-172 = ¢i—1 +0.95 (S_ - 1) (i-1 — di-2), #i—1€(5/6,1].  (24)
i1

After the above changes, (21) becomes equivalent to expression (23), and the

equivalent expression for (22) is equation (24). Numerical tests for flow field

simulation demonstrated that equations (23) and (24) converge while (21) and

(22) do not.

Table 1. Comparison of computed recirculation length (L/hg) for case 2. The measured length

was L/hg =33
HYBRID | QUICK | SMART
Fine Grid, L/hy = 18 38 32
Coarse Grid, L/hy = 16 38 31

Table 2. Caluclated and measured [2] sizes of recirculation zones for smooth bed: B = 1.82 m,

hy =0.06 m, and rough bed: B =1.82 m, hy = 0.053 m

Case | ¥V Uy b bed H H (m) L L (m)
(m/s) | (m/s) | (m) (m) | measured | (m) | measured
1 0.03 | 0.1 0.3 | smooth | 0.11 0.13 192 1.86
2 04 0.1 | 0.0225 | smooth | 0.35 0.39 2.00 2.04
3 0.6 0.1 | 0.0225 | smooth | 0.5 — 245 -
4 0.2 0.1 | 0.0225 | smooth | 0.11 — 0.8 —
5 0.6 | 0.07 | 0.0225 | smooth | 0.68 — 29 —
6 0.6 | 0.06 | 0.0225 | smooth | 0.8 — 295 —
7 003 | 0.1 0.3 rough 0 0.1 0.053 0.69
8 0.4 0.1 |0.0225 | rough | 0.18 0.19 1.1 1.2

To check the properties of the SMART scheme, the numerical simulations of
the velocity field were made also by two other numerical schemes, HYBRID and
QUICK (Table 1). These simulations were performed for Case 2 (see Table 2)
and showed that the SMART converges slower than HYBRID, but faster than
QUICK. Convergence of QUICK requires adjustment of a pseudo-transient coef-
ficient (Han et al. 1981). If the solution of HYBRID was used as an illustrative
solution, the SMART and QUICK scheme would converge much faster. Two mesh
systems, 33 x 22 x 8, and 45 x 30 x 8 were generated to exam consistency, accur-
acy and numerical diffusion of these schemes. Mesh spacing near the bed, walls
as well as near the discharge channel were made extra fine. The fine grid has
almost twice as many nodes as the coarse one. Since the variation of the physical
phenomena is much stronger in the horizontal than the vertical direction (water
depth is small), the grid in the vertical was fixed. Table 1 summarizes the results
of calculations by using the three different numerical schemes. The geometry of
the simulated recirculation was obtained by measuring the shape of the computed
trace lines.
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These results indicate the accuracy of the SMART scheme. In fact, its res-
ult was closer to the data than the QUICK. Because solutions of SMART were
not sensitive to the mesh size, the coarse mesh (33 x 22 x 8) was used for more
simulations. These results confirmed the study of Demuren and Rodi (1983) that
HYBRID scheme significantly underestimated the length of recirculation zone
downstream the side discharge. This is due to the fact that the truncation error
of the HYBRID scheme introduces the numerical diffusion that can be very large
especially when the flow is skewed to the numerical grid. In this situation the nu-
merical diffusion flux normal to a velocity vector occurs and leads to substantial
errors. The numerical diffusivity in this direction can be expressed by formula [2]

[ w@ +v)Ax Ay
T 2l Ax +v3Ay)

(25)

where Ax, and Ay are grid sizes in the x and y directions, respectively. The ratio
of the numerical to physical diffusivities was calculated for the HYBRID scheme,
and is presented in Fig. 4. The maximum value of this ratio, in some areas, can
be as high as 90, which is unacceptable.

? Discharge

Fig. 4. Ratio of numerical to physical diffusivity, x —y plane

The predicted reattachment distance with the QUICK scheme in this study,
was greater than that of Demuren and Rodi [2], due, probably, to the differences
in grid configurations and boundary conditions. As has been discussed, the cur-
rent model prescribes k and ¢ at the inlet section with a different method. The
inlet boundary conditions for the momentum equations were also different. The
distance from the inlet section to the discharge channel was 4, and the primary
velocity at this section in the transverse direction was constant in Demurén and
Rodi’s computation (1983). A much greater distance is equal to the 1449 and 1/7
power law for transverse distribution of velocity were used in this study. Because
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the case concerned subcritical flow, the side discharge would affect the upstream
flow to some extent. It is reasonable to place the inlet section sufficiently far away
from the side discharge to allow the flow to develop gradually upstream of the
discharge channel. The maximum height of the recirculation zone for the simu-
lated cases was about 13.3h, 14hy was thus adopted as the length of the approach
channel for all simulation cases.

5. Computation Results and Discussion

The numerical simulations show that the vertical distributions of flow velocity
direction and magnitude vary at different locations. The flow is three-dimensional
especially along the trajectory of the side discharge, i.e., the velocity profiles are
skewed, vectors near the bed are towards the recirculation zone and those near the
water surface are towards to the main channel. The largest deviation appears in
the immediate vicinity of the discharge channel, the deviation angles then decrease
along the trajectory of the discharge. In the regions away from the trajectory, the
flow turns gradually to two-dimensional in the vertical direction, i.e., the velocity
vectors at one location from the bed to the surface are of the same direction. Fig.
5 shows the value of F computed using equation (26) and the flow condition of
case 2 of Table 2.

F = ’Vsurf| | Voeal Sin(p;urf» Voed). (26)

Where Vi r and Vg are the velocity vectors taken very close to the water
surface and to the channel bed, respectively. Higher values of F indicate greater
magnitude of the vectors, as well as the deviation angle. The rapid decrease of F is
mainly caused by the reduction of the angle, as the velocity reduces only gradually
along the trajectory. One can note that the flow is strongly three-dimensional near
the side discharge where strong mixing occurs.

The mathematical model described in previous sections has been verified as
regards experimental measurements conducted by Rodi and Weiss (see Demuren
and Rodi 1983) and Mihail et al. (1975). Rodi and Weiss made their experiments in
both smooth and rough-bed channels with two different ratios of side discharge to
cross-flow velocities, R = 0.3 and R = 4. The discharge channel width was b = 0.3
m for R = 0.3, and b = 0.0225 m was used for several cases with R = 4. Artificial
roughness elements were applied to make the rough-bed channel. The pattern of
recirculation was taken from photographs of the confetti particles sprayed onto
the water surface. The values of the roughness parameter in the logarithmic law of
the wall were chosen as E =9 and E = 0.065 for the smooth and rough channel,
respectively. In order to evaluate the capability of the model and to study the
geometry of the recirculation zone in different flow conditions numerically, some
more cases were simulated with flow conditions in the neighborhood of those used
in the experiment. All of the simulated conditions are listed in Table 2.
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=

ain Flow

Side‘Discharge Jet

Fig. 5. Contour lines of F in the vicinity of a side discharge, x — y plane (case 2, Table 2)

Fig. 6 shows the distribution of the longitudinal component of computed ve-
locity at the water surface along the cross-section coming across the centre of the
recirculation. To see the influence of the flow velocities of the main channel and
that of the discharge, only those cases with smooth bed and the same width of
the discharge channel (Cases 2, 3, 4, 5, and 6) were plotted. It is easy to note
the influence of the side discharge on the lateral velocity distributions. When the
discharge velocity is larger, the location of the maximum velocity is further from
the discharge wall. The velocity near the opposite wall also increases in this case.
The backward velocity in the recurculation zone responds similarly. In general, all
the numerical simulations conform well with the data, with the exception of that
for the rough bed channel at low side discharge (case 7), which does not show
any recirculation whereas, the laboratory experiments shows some, although very
small. The sizes of the recirculation zones for cases 1, 2, and 8 predicted by the
model were the same as those measured. Although the recirculation in physical
experiments showed multiple cells, all the simulated eddies had only a large single
cell, the same as simulated by Demuren and Rodi (1983). One may need an extra
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Fig. 6. Water surface velocity distribution across centre of recirculation zone, U = main channel
velocity, ¥ = discharge channel main velocity, y = distance from the discharge bank

fine grid and more complicated turbulence closure schemes to handle these small
eddy structures.

Mikhail et al. (1975) carried out their measurements in a 61 cm wide open
channel with a water depth of 5.1 cm. Side discharge velocities vary from 5 to
15 cm/s, and three widths of the discharge channel were used (0.64, 2.54, and
6.4 cm). Their dimensional analysis revealed that the non-dimensional size of the
recirculation eddy (L/B and H/B) should be a function of the momentum flux
ratio, R,,, only.

2
=R, = AR, where Ry= 14 @)

In the case of very wide channels, the functions were supposed to be linear
and the ratio H/L (eddy shape factor) should not depend on the momentum flux
ratio.

The experimental data and the computational results (smooth bed) are plotted
in Figures 7 and 8. It can be seen that the numerical model faithfully reproduce the
characteristics of the recirculation eddy observed in physical modelling. Function
fu, initially (Fig. 7), grows with R,, almost linearly, and this slows down gradually
at a higher value of Ry,. There is one pair of data (measurement and calculation)
representing the case with a very wide discharge channel, ten times wider than the
remaining cases (case 1, Table 2). These data do not follow the main trend, which
is characterized by narrow discharge channels. Mikhail et al. (1975) suggested that
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H/B approximately approaches a constant, 0.7. This is perhaps influenced by the
opposite wall: having a larger recirculation height would have stronger constraint
from the opposite wall. It can be seen that the wall constraint effect starts from
about R,,=0.2.

The eddy shape factor indicates a slight divergence with the Mikhail data:
H/L would remain a constant, equal to 0.13 for all the values of R,, (Fig. 8). The
data from (Demuren and Rodi 1983) and the numerical simulation results show
that this relationship is not universal: H/L increases with R,, when R, is large.
The shape factor might also be related to other hydraulic conditions in addition
to Ry,. It is not possible to simulate Mikhail’s experiments since only some non-
dimensional relationships are available. In order to fully verify the applicability of
equation (27) to general practices, further research works are needed including
both physical experiments and numerical simulations.

6. Conclusions

The mathematical model presented in the paper is capable of simulating a 3-D
velocity field in the vicinity of a side discharge channel. The characteristic sizes of
the recirculation zone (height and length) are estimated correctly in comparison
with laboratory measurements. The simulations also show good conformity with
the characteristic shape of the recirculation zone developed by Mikhail et al.
(1975), differences might result from the experimental condition of the two sets
of data. The mathematical model could not predict multi-cell structure in the
recirculation eddy as observed in the experiments. Further research on better
turbulence closure schemes has to be conducted where detailed flow structure
within the recirculation is concerned.

The SMART scheme preserves the accuracy of the QUICK scheme, and re-
duces or eliminates its oscillation nature with high gradient of concentration, the
SMART scheme is therefore more stable and converges faster than QUICK. The
HYBRID scheme reveals strong numerical diffusivity, and predicts only about
half the size of the recirculation zone with a fine grid. Minor modifications are
necessary to improve the SMART capability in handling complex flow problems
in transition regions. The “universal” relations (8, 9) for estimating the turbulence
intensity can provide reliable boundary conditions for k — & model in calculating
open channel flows.
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