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Abstract: Numerical simulation of turbulent channel flow with periodic two— dimensional ribs has been performed
in order to investigate the turbulent characteristic behind the ribs. The Reynolds numbers based on the friction
velocity and the channel half width are 10- 1500. In the wake region, the mean flow becomes asymmetric with
respect to the centerline of the geometry through the Coanda effect. Large — scale vortices are generated at the
height of the ribs edges. The small — scale vortices are convicted toward the channel center. The budgets of the
Reynolds stresses have been computed. The significant differences are found between the budgets in this study and
those in backward — facing step turbulence. The positive Reynolds shear stress @' is observed owing to the flow
contraction just behind the ribbed.
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1. Introduction behind the ribs.

The ribs are often used to control the flow rate and
to enhance the mixing in practical mechanical 2. Numerical model and validation
equipments. In the numerical studies of separated flows, 2.1 Governing equations
the flow over a backward — facing step [4] , the ribbed For steady incompressible turbulent flow, the
channel [18] and the roughened channel flow [16],[14]  Reynolds averaged equations for conservation of mass
are frequently employed. In particular, the flow through ~ and momentum may be written as follows:

a two — dimensional backward — facing step is the most Continuity: du _ 0 (1)
popular. The effect of step height was studied by [5]. g
The Kelvin-Helmholtz (K-H) vortices and the Momentum:
longitudinal vortices were observed behind the step 8 Bu 19p B B
[17]. Recently, the simulations for more practical 5 [‘u’u: v+ “‘t)a] e T [Ut ax.
configurations have been performed, for example, the 2) where u is the
flow over riblets or with one wavy wall [7]. velocity component x-direction, P is pressure, U is
In present work, the separation, the reattachment  kinematic viscosity and v is the eddy viscosity
and also the contraction occur near and behind the  gbtained from the turbulence model.
ribbed therefore; the study of flow field with ribbed is Among several variations of widely used
useful to investigate the effects of the flow acceleration  two-equation  turbulence ~ models, the  low

/ contraction in the separated flow. In this study, the  Reynolds-number (near-wall) properly resolve the
flow acceleration is defined as the positive streamwise  complex flow behind around the ribs, following the work
mean velocity gradient (d11/dx > 0) and the flow  of [19]. This particular model is chosen because of its
contraction 3V/9X = 0and/or §V/57 = 0, where U  proven robustness and unambiguous near-wall treatment,
is the streamwise mean velocity and V the wall — two essential attributes in numerical modeling of
normal mean velocity. separated flow about distributed ribs. The eddy viscosity
In the present work, numerical simulation of a is determined from two transport equations:
turbulent channel flow with periodic two — dimensional ~ Turbulence kinetic energy (k): o
ribbed has been carried out for Re_;=10-1500, where is 3) :#[H,I,; (J | :f)z:] =1 Bk

the friction velocity defined later, the channel half width i .
k 5 4/15+(Re./Re)

and the kinematic viscosity. The purposes of this study  He, = Br=_ . _ C Hp=8 ¥
are to obtain the turbulent statistics for the development e e ITHERe

in turbulence modeling and to examine the relationship ~ SPecific dlss1pa;10n rate(w): o Be "

between the turbulent structures and turbulent statistics ®) 3 [um - (u + ?EJE] =a— P~ P’
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Where #;the production of turbulence kinetic energy
and the eddy viscosity is is related to k& and @ as:
6 v,=a'=

2.2. Computational domain and boundary conditions

The configuration of the computational domain is
shown in fig. la. A periodically repeating spatial unit
with two-dimensional ribs is simulated. The periodic
boundary conditions are employed in the streamwise (%)
and spanwise (Z) directions. The no-slip boundary
conditions are used on all the walls. To ensure the grid
resolution even close to the ribbed wall, a large mesh
number is employed in the streamwise direction (see
table 1). In the wall-normal direction, the density of the
computational mesh is high at the height of the ribbed
edges and near the walls (sees fig. 1b). The specific
dissipation rate, w is specified at the first grid off the
solid surface and given a value 6v/(94n%/125) where
An denotes the normal distance from the wall [21].

28

Figure.1.(a) configuration of the computational domain
(b) computational mesh.

The ratio of ribbed height to channel height f is set
to be 0.5, i.e., the distance between the wall and ribbed
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edge h is 0.56 in this study. The non — dimensionalized
local friction velocity W5(—11./11_4) for is shown in
fig. 2. The streamwise —averaged friction velocity

(Ur)aued Urn is 0.26 in this case.
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Figure.2. The non-dimentionalized actual friction

velocity profiles for Ret0=600.

2.3 Numerical solution procedure

The above equations are solved by a finite-volume
method in an orthogonal body-fitted grid.

Second-order accuracy is assured by adopting the
central differencing scheme throughout except for the
convective derivatives that are discretized by the
QUICK scheme. The continuity and the momentum
equations, and the model equations for k and L, are
solved iteratively until convergence. The convergence
criterion imposed in the calculation is that the sum of
the residuals of mass source be less than10 27,

2.4. Validation tests

The major difficulty of model validation in the
present case is the lack of adequately detailed
experimental data for various rib shapes and block
arrangements. In view of this, model validation is
focused on two important features of the analysis:
computation of separated flow and implementation of
an orthogonal grid system.

The numerical model outlined above is validated
against two test cases, namely, the backward facing step
flow, and the square-ribbed channel flow, for which
previous calculations provide a basis for comparison.
Other researchers have also used these cases to validate
their solution procedures and turbulence models.
Therefore, it suffices to provide a very brief description
of the results.

Fig.3. Backward facing step flow for Eey = 2800 and
bp/h=11 at x/h=-3E (a) streamlines and
pressure contours; (b) <y distribution along the channel.
, For the backward facing step flow, calculations were
performed in a solution domain —3.8 < x/h < 80 with
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a grid 180x80x%240 , in which 30 of the 80 grid points are
distributed in the expanded region, for a Reynolds
number (Rey, ), based on step height h and the mean inlet
velocity, of 2800. The inlet velocity profile is constructed
to match the turbulent boundary layer of the experiment,
i.e.6/h = 1.1 Fig. 3 shows the overall flow field and the
friction coefficient along the wall downstream of the step.
There is good agreement with the measurements of Vogel
and Eaton (1985) .The computed reattachment length of
6.67h. These results provide a degree of validation of the
numerical method and turbulence model.

Finally , the flow over the regularly distributed
square ribs with h/D, = 0.1 and w,h = 7.2 where D,
is the hydraulic diameter, is examined for
Rep. = 7,200 .The mean velocity profiles at various
cross-sections plotted in Fig.4 are seen to be in good
agreement with the measured data of [9].
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Figure.3. Backward facing step flow for Re,=2800,
(a)streamlines and pressure contours, (b)Cs distribution
along the channel.

The discrepancy observed near the top surface of
the rib, where the mean velocity attains a local maximum,
was first suspected to be due to the insufficient grid
resolution(100 x 80 x 256). An additional calculation
with much finer grid(160 x 150 x 256) confirms that
the solution is indeed grid-independent. The two-layer
model of Chen and Patel (1988) may be the only
exception that qualitatively shows the local maximum in
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the mean velocity in that region. The results of the
standard k — @ model with the wall function are shown
in the Fig.4.for reference.
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Figure.4. the mean velocity profiles at various
cross-sections.

3. Discussion about results
3.1. Asymmetry phenomena
reattachment length

The streamlines of the mean flow for Re =20, 50,
300, 600, and 1500 are given in fig.5. The mean flow is
asymmetry behind the ribbed in the cases of higher
Reynolds numbers. These phenomena are referred to as
the Coanda effect. The asymmetric direction depends on
the initial flow field. We obtained the flow attachment
to the upper and lower walls nearly with the same
probability. In this study, the mean symmetric flow can
be observed in the cases of Re. = 20, i.e.,, Rey = 110,
and the mean flow becomes asymmetric in the cases of
Rey = 30 up to Re,=1500, i.e., Rey, =7800.

In addition, we tested also an inlet- outlet boundary
condition case (non- periodic) with a driver section
which is a computational sub part to generate a fully
developed turbulent channel flow for the inlet boundary
condition [13]. The convective boundary condition is
applied at the outlet boundary of the main part. Size of
the used domain is 126 x28x66 and the grid number is
256x128%256 for the driver section. For the main
section, the domain is 1686%x26x6.46 and the grid is the
512x128%256. The ribbed is stationed at 46 in the
streamwise direction from the connecting plane between
the sub and main parts. The time—averaged streamlines
in the case of the inlet- outlet boundary condition are
shown in (Fig.6).The mean flow becomes asymmetric
as seen in the periodicity adds less effect on the
asymmetry phenomena.

A large primary bubble is observed from the back-
end of the rib to 99 in the x-direction at the lower wall
(Lryin Fig.5). In addition, a secondary bubble (B in
Fig.5) generates to approximately 7.34 in the x-direction

and mean
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(see Lr; in Fig.5), i.e., 1.8h from the rib for Re z=600.
Le et la. (1997) reported that the length of the secondary
bubble in the x-direction Lr, is 1.76h for backward-
facing step flow. Therefore, the length of the secondary
bubble is almost same in both the cases.

The reattachment length Lr; and the secondary bubble
length Lr, are shown in (Fig.7). as a function of the bulk
Reynolds number. In this study, the reattachment
location is determined by the location of dU/dy = 0 at
the wall.
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Figure.5. Averaged stream lines;(a) Re=20,(b)
Re=50,(c) Re,=300,(d) Re,=600,(¢) Re,,=1500,(f)
enlarged view of the rectangular A in(d).

back-end of the ribbed to the reattachment location.
Because the mean flow is asymmetric, the Lr; and the
Lr, are obtained as an average of those on the upper and

lower computational domain, i.e. the averaged
reattachment point is calculated from (7).
1/2 |:aUfl;ﬂ.'«""lIl.wnﬂ:,. - ﬁUf;a.}rlupumj = %

In the range of Rey<400 range, the Lr; increases
with increasing the Reynolds number. On the other
hand, in Rep>400 range, the reattachment length Lris
characterized first by a sharp decrease and subsequently
by a gradual one. These results are similar to those
described in the case of the backward- facing step
experiment [2]. One can clearly identify the laminar
(Rep<400), the transitional and the turbulent
(400<Re,<7800) ranges as implied by the shape of this
profile.
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(Fig.5). Reynolds number dependence of rectangular

length Lri/h and secondary bubble length Lry/h from the

back-end of the orifice.

The secondary bubble cannot be observed in the
laminar region (Rep<400). In the range of
(400<Rep<7800) ranges as implied by the shape of this
profile.

The secondary bubble cannot be observed in the
laminar region (Rep <400). In the range of 400< Rey
<550, the secondary bubble length Lr, increases with
increasing the Reynolds number and it becomes almost
constant in Rep>550 range. Therefore, the secondary
bubble is generated in the transitional and the turbulent
regime. In addition, the reattachment length Lr; at a
higher Reynolds number (Rep> 2000) is approximately
6h (=30) in this study. This corresponds roughly to the
well- known length of 5-8h in the case of the turbulent
flow over a backward—facing step [15].
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Figure.6. Averaged stream lines in the case of the
inlet-outlet boundary condition.

The length Lr, is defined as the distance from the
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In this section, the relationship between the
turbulent structures and the turbulent statistics in the
case of Rey, = 600 are reported. In Fig.8 the wake
region is classified based upon the budgets of the

Reynolds stresses and the turbulent structures.
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The region |1]| is the channel center near the rib. The
Reynolds stresses and the turbulent energy in this region
are much smaller than in other regions. The minimum
value of the u'u near the channel center is about 4.3 of
the maximum value in the shear layer at %,./6 = 1.0.

Reattachment Poing
Figure.8. classification of the wake region.

Fig.9a and b show the streamwise evolutions of the
streamwise mean velocity and the Reynolds stresses,
respectively, where U¥the non-dimensionalized s
streamwise mean velocity at the channel center and u,u,
indicates the Reynolds stresses on the centerline. The
mean velocity increases in the streamwise direction in
the range of 5.0 < x/8 < 7.3 by the flow acceleration
through the ribbed.

The region | 2| for region (¥,/8 = 0.6), Reynolds
stress uu  exhibits the significant value and the mean
velocity gradient dU/dx is positive. This positive
dU/0x is caused by the flow acceleration through the
ribbed. Therefore, the negative production of u'u” is due
to the flow acceleration/contraction through the rib.

uw'u',

2

4
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Figure.9.(a) Streamwise evolution of the streamwise
mean velocity on y/d =1line;(b) Streamwise evolution of
the Reynolds stresses on y/6 =lline;(c) vortices behind
the rib for Re,nx=600 .

The region @ indicates the shear layer in the
recirculation region. These profiles are characterized by
the sharp peaks of the production and the large negative
pressure strain for 0.5 < y/& < 0.75 on the lower side.
The peak production is caused by the large positive
mean velocity gradientdU/dy. In the budgets of u'v" the
8U,/ 3y also mainly contributes to the negative peak of
the production term. In the shear layer, the pressure

strain terms of v'vand w wexhibit large positive
values. Hence, the redistribution from uu'tov'v and

w w is the dominant process in this region.

In the region [4] (%/5 > E and 0.5 <¥/5 < 1 on
the lower side of the channel), the turbulent diffusion
term plays an important role. This term removes the
turbulent energy from the shear layers and transports it
to the channel center.

The contribution of the turbulent diffusion to the
budgets becomes larger downstream in the center region
of the flow (the center of the channel), i.e.,¥/6 = 1.0, is
not equal to the flow center because of the flow
asymmetry. Thus, the turbulent diffusion contributes to
the increase of the Reynolds stresses and the turbulent
kinetic energy in the central region. Therefore, the
turbulent diffusion adds more effects on the turbulent
statistics at the channel center than in the case of the
backward-facing step flow.

The region | 9] is located near the reattachment point (cf.
the time-averaged reattachment length Ly/5 = 2.6 on
the lower side forReg = 600).

4. Conclusion
In the present study, we performed numerical
simulation of turbulent channel flow with the periodic
two-dimensional rib in various Reynolds numbers for

10 =< Reyy = 1500 (40 < By, < 7800) and
investigated the asymmetry phenomena. Mean
reattachment length, vortex structures and the

relationship between turbulence statistics and structures.
The mean flow becomes asymmetric behind the rib
because of the Coanda effect. In this study, this
asymmetry phenomena can be observed for
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30 < Reyy <7800, e, 180 < Rep = 7800.The
Reynolds number dependence upon the reattachment
length is similar to those described in the case of the
backward-facing step experiment length is observed at
Reyp = 400 This is the transition from laminar to
turbulence. The secondary bubble can be seen in the
turbulent regime. The length becomes constant in the
higher Reynolds number range.

The budgets of the turbulent kinetic energy and
Reynolds stresses were calculated. We classified the
wake region into five regions based upon the budgets of
the Reynolds stresses and the turbulent structures. The
several differences are found between the Reynolds
stresses budgets in the present case and those in
backward—facing step turbulence. The potential region
is generated in the channel center near the rib. In shear
layers just behind the rib, the Reynolds shear stress u'v’
becomes positive owing to the effect of the flow
contraction. In addition, the production terms of
u'u'exhib its negative value near the ribbed edge. This is
because of the flow acceleration/ contraction effects.
These behaviors cannot be observed in the backward-
facing step turbulence. At the shear layer in the
recirculation region, the redistribution from u'u'to
v'vand ww is the dominant process. In the channel
center at the recirculation region, the turbulent diffusion
term transfers the turbulent energy from the shear layer
to the channel center. In the wall vicinity of the

recirculation region, the redistribution from v'v'to uu
is promoted by the large scale splitting effect.
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