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Abstract. The laminar turbulent transition on a channel flow depends on many factors such as distur-
bances at the channel entrance, roughness and Reynolds number between others. In the present work,
the effect of the roughness is studied using Direct Numerical Simulation (DNS). The numerical tool em-
ployed is the Incompact3d code, which solves the incompressible Navier-Stokes equations and allows
to model roughness at the wall with the Immersed Boundary Method (IBM) . First, numerical simula-
tions are performed for Re, = 6300 in a periodic channel in order to validate the code. Results are
well compared with data from the literature. Then, three simulations (two with roughness and one with-
out roughness) are performed using the same Reynolds number (i.e. the same flow rate), on a channel
with an inflow-outflow boundary condition in the streamwise direction to calculate the evolution of the
friction coefficient from the laminar state to the fully turbulent one. Results show that right after the
entrance a disturbed laminar regime is presented. The evolution of this regime to a fully turbulent state is
then compared with the case without roughness to evaluate the effect of the roughness on the transition
phenomenon. It was found that the roughness increases the friction coefficient by a factor of 1.8 and
accelerates the transition in the streamwise direction for approximately 18.5 channel half-heights.
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1 INTRODUCTION

The study of laminar-turbulent transition is very important in engineering problems and in the
scientific field. In this regime, parameters like the Nusselt number Nu or the friction coefficient
C'f have a large variation (Tam and Ghajar, 2006). For this reason the design and operation
in this regime is not desirable, for example, in thermohydraulic devices. However, in many
applications such as wings of airplanes, in space vehicles, in heat exchangers, etc., the transition
cannot be avoided (Schlatter, 2005). In Argentina, the RA6 Research Nuclear Reactor operates
in a transition regime and may possibly present spatial transitions in the coolant of the Fuel
Elements (Silin et al., 2010, 2012). Therefore, the study of this phenomenon is of interest
to the personnel that operates the Nuclear Reactor. In this paper the roughness effect on this
phenomenon will be studied.

The study of the effect of roughness in rectangular channels is extensive found in the liter-
ature. Orlandi (2007) showed that the roughness can be modeled with transverse square bars,
which can be classified into K-type and D-type. He also found that the main difference be-
tween both types of roughness is related to the different contribution from the frictional drag
and pressure drag to the total stress. Smalley et al. (2002) showed that the Anisotropy Invariant
Map (AIM) signature for K-type differs significantly from that for a smooth wall. For D-type
roughness, the AIM signature is much more similar to that for a smooth wall. Ashrafian et al.
(2004) studied the influence of roughness on high order statistics. They found that the roughness
tends to increase the intensity of vorticity fluctuations in the vicinity of roughness. Ashrafian
and Anderson (2006b) studied the influence of roughness on the dynamics of the flow and on
the lengths of the scales. He found that structures outside the rough sublayer are strongly af-
fected by the condition of the walls. The study of laminar-turbulent transition with roughness
is hardly found in the literature. Orlandi (2014) studied the transition phenomenon in periodic
turbulent channel flow with roughness effect. He found condition on the velocity fluctuations
in the crest of the roughness element and on the height of the roughness so that a flow becomes
turbulent. He found that the value of the fluctuation has to be greater than 0.6 and the height of
the roughness has to be greater than 15, both in wall units.

In this paper, the effect of uniform K-type roughness on the spatial laminar-turbulent tran-
sition is studied numerically. The outline of the work is divided in 4 sections. In the section 2
the numerical method is presented. Then the principal results of the present study are shown in
section 3. Finally the main conclusions of the work are presented.

2 NUMERICAL METHOD

The numerical study of laminar-turbulent transition with uniform roughness is performed
in a rectangular domain (see figure 1a). The roughness parameters are taken from Ashrafian
and Anderson (2006a). The parameters of roughness are k/w = 0.125 and k/h = 0.034,
where £ is the height of the roughness, w is the width between two obstacles and A is the half
height of the channel (see figure 1b). These parameters lead to the K-type roughness. The
Navier-Stokes equations are solved in the fluid field. For this purpose, a precise numerical tool,
Incompact3d (Laizet et al., 2010; Laizet and Li, 2011), and linear stability theory (Schmid and
Henningson, 2001; Schlatter, 2005), that allows the transition from laminar flow to turbulent
flow in affordable computational times, are used. To model uniform roughness the IBM based
on the method of Direct Force of type u = 0 (Gautier et al., 2014) , available in the numerical
tool, is employed.

The hydrodynamic field is modeled using the Navier-Stokes equations and the continuity

Copyright © 2019 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecénica Computacional Vol XXXVII, pags. 1119-1130 (2019) 1121

2h

\/

(b)

Figure 1: Sketch of the domain for the study of laminar-turbulent transition with uniform rough-
ness, where z is the streamwise direction. a) domain and b) the roughness parameters (w and
k) where (1 is the middle of the crest and ()2 is the middle between two bars.

equation. The distance, the instantaneous velocity, the pressure and the time are dimensionless
with the half height of the channel A , the maximum velocity in the streamwise direction U, the
density p and the cinematic viscosity . The dimensionless equations are shown below:

= u u u - u = — u
ot 2 p Re, ’
V.t =0, )
where: @* = Uio is the velocity field (7" = (u*,v*, w*)), &* = £ (Z* = (z*,y", 2")), t* = Lo

is the time, p* = p%g is the pressure field, Re = Re, = @ is the Reynolds number. Note that
in the equation 1 the convective term is written in its antisymmetric form. This specific form
allows a better conservation of the kinetic energy for the spatial discretization used in the code
(Kravchenko and Moin, 1997).

The boundary condition are: inflow/outflow in the streamwise direction (z), periodic in z
and no-slip in y (u*(z*, 0, 2*) = u*(z*, 2, 2*) = 0). The inflow condition, in the present work,
is a disturbed Poiseuille flow (Schlatter, 2005; Machaca Abregu, 2015; Machaca Abregu and
Teruel, 2016). For the outflow boundary condition, the convective condition (Lamballais, 2014;
Machaca Abregu, 2015) is used.

With the equation of hydrodynamic field and the boundary condition, the results of the
present study are presented in the next section. For simplification purpose we will use the
variables without (x).

3 RESULTS

First, a case of a periodic turbulent rough channel is presented as validation. Then the spatial
laminar-turbulent transition is analyzed.

3.1 1IBM validation

Previous simulations in periodic turbulent channel (Machaca Abregu and Teruel, 2017; Machaca Abregu,
2015) flow were performed by imposing a constant flow rate (CFR) (the present spatial laminar-
turbulent transition use that force too). The CFR approach, according to Quadrio et al. (2016),
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has a fast convergence to the steady state than the Constant Pressure Gradient (CPG). However,
in the literature the CPG force is widely used (Jin and Herwing, 2013; Ashrafian et al., 2004;
Ashrafian and Anderson, 2006a). For this reason the CPG is implemented in Incompact3d to
carry out the validation.

Periodic simulations were performed in the domain of figure 1 using the CFR and CPG
conditions. The domain used is 3.264 x 2 x 3.14 with discretization of 384 x 237 x 128 in
x, y and z, respectively. The roughness parameters on both walls were k/w = 0.125 and
k/h = 0.034, which correspond to 12 bars in both walls. The Reynolds number used was
Re, = 6300. The Um, dpdx and Re, were calculated. The results in the statistically steady
state are shown in the table 1, where there is a good agreement between both simulations (CPG
and CFR) suggesting that both conditions can be employed to simulate the flow.

Re CPG CFR
dpdx Um | Re; | Um | dpdx Re,
6300 | —0.004031 | 0.623 | 400 | 0.623 | -0.004114 | 404.1

Table 1: Results using CPG and CFR for Re = 6300 with uniform roughness effects. Bold
numbers show the calculated parameters.

Velocity fluctuations in wall units (4) were calculated in the middle of the crest (1) and
in the middle between two bars (()2) (see figure 1b), and compared with the data calculated
by Ashrafian and Anderson (2006a). Results are shown in the figures 2,3 and 4 (the results
were calculated using the CPG because similar results were obtained with CFR). An excellent
agreement is observed between present results and those found in the reference. This gives
support to present results to simulate a rough channel with both, the CFR and CPG approaches.
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Figure 2: < «/tu/* > fluctuations calculated in the present work (lines) and those calculate by
Ashrafian and Anderson (2006a) (symbols).
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Figure 3: < v*o'" > fluctuations calculated in the present work (lines) and those calculated by

Ashrafian and Anderson (2006a) (symbols).
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Figure 4: < w'tw'™ > fluctuations calculated in the present work (lines) and those calculated

by Ashrafian and Anderson (2006a) (symbols).

3.2 Roughness in channel flow with inlet-outlet boundary condition

Spatial laminar-turbulent transition simulations are performed for three cases: two with the
roughness parameter of Ashrafian and Anderson (2006a) and one without roughness. The per-
turbation parameters are shown in the table 2. Using these parameters, the disturbance is calcu-
lated for Re, = 6300. The domain and discretization are shown in the table 3. The simulations
with roughness were run for 360000 time steps with At = 0.001 . Statistics were taken during
the last 40000 time steps when the flow was in statistically steady state. Case I was carried out
in the TUPAC cluster employing 8 nodes with 64 processes each. This simulation lasted for
approximately 30 days. Case II was carried out in the new cluster of the Department of Com-

putational Mechanics of the Bariloche Atomic Center employing 10 nodes with 20 processes
each. The simulation lasted approximately 21 days. The simulation without roughness was run
at the LNCC cluster and lasted approximately 1 day employing 8 with 16 processes each.
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Re

Waq

Wsd

B

Asq

A3d

6300

0.3

0.3

2.0944

0.8

0.1

Table 2: Perturbation parameters to destabilize the flow in spatial laminar-turbulent transition

(Schlatter, 2005; Machaca Abregu, 2015).

Case | Ly x Ly X L, | ny X ny X n, At

I 65.28 x 2 x 3 | 7681 x 237 x 64 | 0.001
1I 9792 x 2 x 3 | 11521 x 237 x 64 | 0.001
III 90.0 x 2 x 3 | 1801 x 65 x 64 0.001

Table 3: Parameters for laminar-turbulent transition simulations with uniform roughness (case
I and II) and without roughness (case III).

The pressure in the statistically steady state < p > is calculated for the three cases analyzed.
The results are shown in figure 5. We can see that the case without roughness (case III) presents
a different evolution from the other two. This is expected, since at the same flow rate the
roughness increases the pressure drop. In the fully developed region the pressure gradient is
approximately increased by a factor of 3.2 respect to the smooth channel.

Case| +
Case Il
0.15 Caselll =
0.1 B
0.05 |- R
N i
o
v -0.05 | R
-0.1 a
0.15 |- R
-0.2 | B
»025 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90

X
Figure 5: Re. in function of streamwise direction.

The local friction coefficient (i.e. shear stress at the wall) in the rough channel is strongly
dependent on the location where it is calculated respect to the bars that are employed to simulate
roughness. Therefore, we propose to Re. is calculated using the following equation where the
pressure gradient is extracted from figure 5:

Re 1= Re\/—a<—p>.
ox
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Results are shown in figure 6a together with the smooth channel case (note that we have not
applied a filter to the numerical calculation of the pressure gradient and for these reason there
is some noise in the result). On the other hand, the Re. is also calculated using the equation 4,

4)

Additionally, for cases I and II, Re,2 is calculated in the middle of the crest of each bar. Result
are shown in the figure 6b and suggest that the spatial evolution of the friction coefficient can
be obtained considering discrete points at the wall that corresponds to the periodicity of the
roughness. In both figures, downstream the inlet a laminar zone is observed, then a transition
zone and finally a turbulent zone. It is also observed that the roughness increases the friction
coefficient (Re,) by a factor of 1.8 and accelerates the transition for approximately 18.5 channel
half-heights.
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Figure 6: Re, in function of streamwise direction for spatial laminar-turbulent transition with
uniform roughness (case I and II) and without roughness (case I1I)

To validate the results of the spatial transition with uniform roughness effects, the velocity
fluctuations and velocity in wall units (u) are calculated in the fully turbulent zone. The
calculation of these amounts are made in x = 62.73 (Q)1) and x = 62.87 (()2) (see figure 1b)
for the case I. The results are compared with those calculated in a periodic turbulent channel
flow with the same parameters than those used to study the spatial transition. All results (spatial
laminar-turbulent transition and periodic turbulent channel flow) were dimensioned with the
Re, calculated in the periodic case (Re, = 436). The results are shown in the figures 7, 8, 9
and 10. A good agreement is observed between the transition case and the periodic turbulent
channel flow case suggesting that the laminar-turbulent transition simulations is well resolved.
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Figure 7: < u/u’ > fluctuations calculated in the turbulent zone of spatial laminar-turbulent
transition (lines) and those calculated in periodic turbulent channel flow (symbols).
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Figure 8: < v’v" > fluctuations calculated in the turbulent zone of spatial laminar-turbulent
transition (lines) and those calculated in periodic turbulent channel flow (symbols).
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Figure 9: < w'w’ > fluctuations calculated in the turbulent zone of spatial laminar-turbulent
transition (lines) and those calculated in periodic turbulent channel flow (symbols).
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Figure 10: Velocity in wall units ™ calculated in the turbulent zone of spatial laminar-turbulent
transition (lines) and those calculated in periodic turbulent channel flow (symbols).

Finally, in figure 11 the vortex in laminar-turbulent transition is shown. Similarly to the
smooth channel case (Machaca Abregu and Teruel, 2016) there is a presence of A and hairpin

type coherent vortices in the transition zone (x

coherent structures are lost.

~
~

16). In turbulent zone, upstream the outlet,
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(a)

Figure 11: Vortices in a rough channel in spatial laminar-turbulent transition. The figure is the
isosurface of A5 (Chakraborty et al., 2005) colored with the streamwise velocity. The isosurfaces
of \p = —0.4in z € [0 : 32] are shown at the top. The isosurfaces for \y = —4 inz € [32:
64.24] are shown at the bottom.

4 CONCLUSIONS

The Incompact3d numerical tool was first validated to simulate a rough channel employing
both, the CFR and CPG conditions. The Re. and the velocity fluctuation were calculated and
compared with reference data in excellent agreement.

Then, a spatial laminar-turbulent transition simulations were carried out in three cases: two
simulations with roughness effects and one without roughness. The pressure in the statistically
steady state was calculated for all cases. It was found that the pressure drop is greater for
cases with roughness effects than the case without roughness by a factor of 3.2. The Re, in
streamwise direction was also calculated using the pressure gradient ag_£> (cases I, 1T and III)
and using the streamwise velocity gradient ag—;” |,=2 in the middle of the crest (cases I and II).
Downstream the inlet a laminar zone is presented, then a transition zone and finally a turbulent
zone. It was found that the roughness increases the friction coefficient by a factor of 1.8 and
accelerates the transition for approximately 18.5 channel half-heights. The velocity fluctuations
and velocity in wall units were calculated in turbulent zone. These quantities were in excellent
agreement with the results calculated in periodic turbulent channel flow. Finally the vortices in
the spatial transition were shown. The A and hairpin type vortices were found in the transition
zone.
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