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ABSTRACT

The aim of the present work is to determine the secondary currents structure in a compound
channel flow. We have tested two turbulence models based on one point closure. The first
order k-¢ model and the second order Reynolds stress model. The numerical simulations of
the transport equations is realised by the computational fluid dynamic code PHOENICS
which integrates these two turbulence model.

Numerical simulations show that the k- model can not reproduce the secondary currents. The
Reynolds stress turbulence model is therefore necessary to reproduce the flow structure. The
secondary currents affected the main velocity, kinetic energy and turbulent intensities
distributions. This effect is shown by the isovalues bulging in the vicinity of the main channel
floodplain interface. These bulges are due to the secondary convection that expressed the
momentum transfer on the main channel flood plain interface. The momentum transfer is
guantified by the apparent shear stress. The secondary currents structure is affected by the
relative depth variation. In fact, the free surface vortex disappears when relative depth drops.
These interpretations refer to the three-dimensional nature of the flow.

The three-dimensional study has allowed to evaluate the dispersion coefficient o which
appears in the integrated 1D models. In the fluvial hydraulic, a is equal to 1. Calculations
show that a is really different from the 1 and it is dependent to the relative depth through a
polynomial relation.

1- INTRODUCTION

After a strong rain for along time, the floods occur and generates an increasing of the water
level and overbanks. Water level can reach the areas around the river which can be agriculture
zones, forest, habitation or other. This emphasises the need of more accurate predictions of
river flood levels and required advanced studies of the elementary phenomena that governs
the river flow.

The river with it’s floods regions constitute a compound channel. The compound channel is
composed by two elements, the main channel that contains the permanent and faster flow, and
the floodplain which is often shallow and where there is a slowly flow. In nature, the
compound channel is formed by many intermediate stages between main channel and flood
plain and are not easy to reproduce because of their variability. So, laboratory researches and
numerical simulations use elementary forms : rectangular or trapezoidal. In the case of a
rectangular compound channel flow we note a strong shear stress on the main channel — flood
plain junction. It is governed by the mechanism of secondary currents. These are expressed by
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two vortexes : the main channel one and the free surface one. This gives to the flow a three-
dimensional structure.

The researches about the compound channel flows is wide and concerned one, two and three
dimensional flow. The one dimensional studies are empirical and have as objective to correct
classical discharge formulae. We can mention the works of Knight and Demetriou (1983),
Myers (1987), Shino and Knight (1991), Myers and al. (2001), Seckin (2004) and others. But
these studies do not give information about the flow structure which require a three
dimensional flow analysis with an appropriate turbulence model. In the case of a Newtonian
fluid and a parabolic flow, the first order model k-& based on the isotropic approximation of
Boussinesqg can not determine the secondary currents structure near the separation region
between main channel and flood plains. Hence, some researchers developed the non linear k-¢
model for high Reynolds number (Pezzinga, 1994) and low Reynolds number (Sofialidis and
Prinos, 1998). But a few works treated the second order model RSM (Reynolds stress model)
as the study of Krishnappan and Lau (1986) who use an algebraic Reynolds stress model.
Cokljat and Younis (1995) have applied the full Reynolds stress model; they validate their
numerical simulations with the experimental data of Tominaga and al. (1989). The simulation
showed that the Reynolds stress model can reproduce the anisotropy of flow, especially near
the interface.

In this work we propose to apply the Reynolds stress model (RSM) in order to reproduce
momentum transfer representing the interaction between the main channel and floodplain
interaction in the case of a rectangular open compound channel flow. The tested R;; model is
developed by Launder and al. (1975) and it is integrated in the CFD code PHOENICS. The
validation data is those of Tominaga and al. (1989). The simulation results show that the
dispersion coefficient vary in function of the relative depth for the same width parameter.

2- GOVERNING EQUATIONS

2-1 Transport equations

In the case of a stationary (% =0) and parabolic (derivation through z direction is zero) flow

and a Newtonian fluid with constant viscosity, the Reynolds averaged Navier-Stockes
equations are written in Cartesian tensor as following (Schiestel, 1993) :
- Continuity eguation :

i(r Ui)=0 (1)
1x;
- Reynolds average transport momentum equation :
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| : Convective transfer;

Il : Pressure gradient;

[11 : Diffusion due to molecular viscosity;

IV : Diffusion due to the Reynolds stresses;

V : Gravity field.

The unknown - r u'; u; =t isexpressed by the Reynolds stress transport equation which is

written in tensorial notation as:
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The Djj expressed the diffusivity of Reynolds stresses by the velocity fluctuation. Thistermis
expressed by the model of Daly-Harlow (Banjac and Vasiljevic, 2004) :

k fit ;
Dy =-—(C,—t ,, — 4
ﬂxm Cerotm e Q)
Csisan empirical constant.
The production P; does not need to be modelled, the expression is:
U, U,
P =-(t. ! +t . ! 5
ij ( im ﬂxm jm 1.[Xm) ( )
The destruction s;j is modelled assuming the local isotropy :

e =- gr edij (6)

ij = D'J + F)U - elJ +Qij (3)

The Iast term Q.& expresses the pre$ure~stra|n correlation is modelled through the sum of two
part Q.J and Q;°. The flrst part Q.J is the slow pressure-strain correlatlon It is composed to
the slow correlation (Q.J ) and the wall reflection correction (Qy" Y,

The second part |s the rapid pressure-strain correlation WhICh is also composed to two parts
the main term (Q.J ) and the waII reflection correction (Q;" 2,

Launder and al., expre%d Q.J by :

Qj = (t.J d r k) (7)

C,isan empirica constant.

The wall reflection corrective term of the slow pressure-strain correlation is:
e 3 3
Qi\jm:CWlEfw(t km Mk nmdij_Et kinknj_Et kinkni) (8)

fw is the wall dumping function f,=C, I— Yn is the normal distance from the wall. | is the

%
turbulence length scale | =C k?, Cp is constant. C,, is function of the near wall grid point
— Yo
P
The second part of the pressure-strain correlation or the rapid correlation Qijz' is modelled by
four methods : the quasi-isotropic model (QI), the isotropisation of production (IPM), the (1P)
of Younis and the (SSG) model. These turbulence model closure are integrated in the

PHOENICS code. In this work, we have applied the (IP) model of Launder and al.. So, the
Q;® ismodeled as:
1

Q.JZ =- Cz(Pij - édij Pe) 9

P; is the stress production.
The second wall reflection correction term for the rapid part is:

: 3 .,
Q wz W(kan n, d Qénknj'_Qijnkni) (10)
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The RSM model require the averaged equation of the turbulent kinetic equation and the
dissipation rate €. The corresponding transport equations of k and ¢ are :



- Turbulent kinetic energy equationk :
— — (N
Uiﬂ—k=%(n—t$—k)- u', u'j%-{e (12)
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| : Convection of k;

[l : Diffusion;

[l : Production;

IV : Dissipation.

- Dissipation rate equétion e :
Tetig=- T, Byurllcp-co a2
X, i1 o6 ' W2m24 448
Pmoas 1%a42%4% 1

|

| : Convection of g

[l : Diffusion;

I11 : (Production) — (Destruction).

The following table shows the values of the empirical constants.

Table 1. Empirical constants values (Banjac and Vasiljevic, 2004)

Cs C1 Co Cw1 Cw2 Co Cm Ce Cal

0.22 1.80 0.60 0.50 0.30 0.13 0.50 0.80 1.45

1.90

2-2 Boundary conditions

Near the wall, the velocity is represented by the logarithmic wall law :
T 1 +
u = In(y'E) (13)

r=u

U==,y = % (30 <y* < 100) and E is the roughness constant equal to 8.6.

U*
In addition, the apropriate wall shear stressesis set equal to zero.

The free surface is considered as a symmetric plane (Krishnappan and Lau, 1986).

The inlet conditions imposed are :

\/u_'2+v_'2+w'2

* kin:(l\/\/in)2 ; I

= the turbulent intensity. (14
JU+V-HN
0.1643k°
*e, = I—”‘ ; Im is 1% of the hydraulic radius. (15)

m

* The normal Reynolds stressesare: U'2 = viZ=w'2 =

wIN
~

(16)
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* The tangential Reynolds stresses are zero.
3- NUMERICAL SIMULATIONS




3-1 Tested cases

The experimental data presents three cases of the relative depth p (b = HTh , (H-h) isthe

flood plain depth and H is the total depth) and for constant A (the width parameter | :%, B

the total width and b the width of the main channel) (fig. 1). The following table contains the
geometrical and experimental conditions.

Table 2 : Data of Tominaga and al. (1989)

Cae | B(m) | b(m) | ~=Bb | h(m) | H(M) | p=(HNH | Wy (M)
1 0.195 0.094 2.07 0.0501 | 0.1001 0.500 0.315
2 0.195 0.094 2.07 0.0501 | 0.0661 0.242 0.320
3 0.195 0.094 2.07 0.0501 | 0.0763 0.343 0.273
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Figurel: Tested cases

For a developed flow, the flow field depends only on x and y directions. So, the grid is
composed with meshes of different sizes in this plane. The numerical scheme used by
PHOENICS code is the finite volume method. The following table and figure summarise the
grid dimensions for each case.

Table2 : Grid dimensions

Zonel Zonelll Zonellll
A x (m) Ay(m) A x (m) Ay(m) A x (m) Ay(m)
Coarse grid b/10 h/10 b/10 (H-h)/10 (B-b)/16 (H-h)/10
Thin grid b/30 h/18 b/30 (H-h)/38 (B-b)/68 (H-h)/38
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Figure2: Thegrid repartition

3-2 First order turbulence model

The fig. 3 show the main velocity variation (7W ) inthe case of B = 0.5 when we apply a k-¢
Wmax

turbulence model. Numerical simulations show that the k-¢ model can not reproduce the
isovalues bulging in the vicinity of the main channel - floodplain interface (figure 3).
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Figure 3 : Secondary currentsin thecase of p = 0.5 (numerical and experimental data)

In order to reproduce the secondary currents structure we use the second order turbulence
model (RSM) and we in present the following the corresponding results.

3-3 Secondary currents

They are characterised by the presence of two vortexes near the junction between main
channel and floodplain for the p = 0.5. The numerical results obtained by RSM model are in

accordance with the experimental data of Tominaga and al. (1989) (fig. 4).
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The secondary currents structure is affected by the relative depth variation (fig. 5 and 6).

Their intensity rises when 3 decreases.
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Figure4 : Secondary currentsin thecase of p = 0.5 (numerical and experimental data)
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Figure5: Secondary currentsin thecase of = 0.343
(numerical and experimental data)
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Figure 6 : Secondary currentsin thecase of p = 0.242
(numerical and experimental data).

3-4 M ain velocity variation

The fig. 7, 8 and 9 show the main velocity variation in the case of § = 0.5; 0.343 and 0.242.
The isovelocity W  bulges near the junction towards the free surface within the inclined

max

plan beginning from the junction and finished near the free surface. The bulging effects are
decreased when 3 diminished. The bulgings are due to the secondary flow near the junction.
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Figure 7 : Numerical iso-velocity 7W compared to Tominaga and al. (1989): g = 0.5.
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Figure 8 : Numerical iso-velocity 7W compared to Tominaga and al. (1989): p = 0.343.
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Figure 9: Numerical iso-velocity 7W compared to Tominaga and al. (1989): p = 0.242.
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3-5Wall shear stress

The figure 10 shows the variation of t /t on the floodplain where t =r U, isthe shear stress

on the floodplain (U. is the friction velocity) and t =r U. is the average shear stress (U- is

the average friction velocity on the bed). The wall shear on the floodplain rises considerably
near the junction. Figure 10 shows that numerical simulation underestimates them.
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Figure 10 : Shear wall in the floodplain bed (p = 0.5)

3-6 Local velocity variation

The local velocity W, profile is parabolic near the centre of the main channel (fig. 11). Near
the junction, numerical results show that the velocity profile present same discontinuity near
the wall (fig. 12). It turns to the parabolic form near the vertical wall of the floodplain (fig.
13).
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Figure 11 : Velocity profile near the symmetric plane (p = 0.5)
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Figure 13 : Velocity profile near the vertical wall of the floodplain (p = 0.5)

The comparison of numerical simulation with the data of Tominaga and al. (1989) proves that
the CFD code PHOENICS gives acceptable results. So, we are used to check the coefficient
dispersion value appeared in the integrated models.

4- RELATION BETWEEN THE DISPERSION COEFFICIENT AND

THE RELATIVE DEPTH

4-1 The 1-D integrated equations

SW
- Continuity : % =m (17)
- Momentum: 1@SWW) _ s TH L gsa- g (18)
1z fz

m; : mass flux;
| : The channel slope;
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S : Transversal flow section;
J : Energy slope;
a : Dispersion coefficient.

The dispersion coefficient is computed by the following relation :

<WW >
a="""= (19)
Ww
W=<W> :% QS s the space averaging. (20)
S

4.2 Proposed correlation between o and B

The computation results confirm that o is different from the unity and varies as a polynomial
function with B. The calculation result provides the following form :

a=a+bb+cb’ (21)
The values of the constants a, b and c are obtained by correlation (figure 14). The final
equation is:

a =105+ 0.3b- 0.66 b (22)
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Figure 14 : Variation of a with p

o- CONCLUSION

In this work, we have validated the second order turbulence model RSM (Reynolds stress
model) for a rectangular compound open channel flow. The numerical results show that the
flow structure of the main flow is affected by the secondary currents which expressed the
interaction between the main channel and the flood plain (the momentum transfer). This effect
is showed by the isovelocity bulging around the main channel and floodplain junction. The
flow structure depends on the relative depth B value. Nevertheless, the numerical simulation
under-estimate the wall shear stress variation.

Beyond the previous conclusions, the numerical computation of the dispersion coefficient o
allows to express it in function of § with a polynomial relation. An experimental study is
necessary to prove this relation.
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