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SUMMARY

A cost-effective method to generate inflow conditions for direct numerical simulations of wall-bounded
flows is presented. The method recycles a finite-length time series of instantaneous velocity planes
extracted from a precursor simulation and has earlier proved efficient for free shear layers. Now a spatially
developing plane channel flow is considered. Different durations f#; of the time series are tested and
compared. Excellent agreement with fully developed channel flow statistics is observed when #; equals
or exceeds the large-eddy turnover time scale. The present results are more realistic than those obtained
with synthetic turbulence generation and at the same time substantially cheaper than running an auxiliary
simulation in parallel. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Specification of realistic inflow boundary conditions for spatially developing turbulent flows is still
a problematic task since the use of periodic boundary conditions is not suitable. Since DNS solves
for all scales in time and three-dimensional space the inflow conditions should contain wide ranges
of time and length scales which represent correctly the turbulent behavior based on the continuity
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condition and furthermore the momentum balance. Several methods of different complexity have
been investigated previously in order to provide inflow data for inhomogeneous turbulent flows.

Kristoffersen and Andersson [1] used the simplest method to generate inflow boundary conditions
by adding perturbations on a laminar solution from which the turbulence then develops. This
method may require a very long streamwise computational domain to allow realistic turbulence to
develop from the imposed perturbations. Spalart and Watmuff [2] introduced the ‘fringe method’
in order to simulate the self-similar turbulent boundary layer using periodic boundary conditions
by adding a forcing term to the Navier—Stokes equations close to the inflow and outflow. The
fringe method decreases the boundary layer thickness and re-modifies an equilibrium boundary
layer before it is introduced again as inflow. Lund er al. [3] used a rescaling technique for the
velocity field at a certain location downstream of the computational domain and re-used it as inflow
condition in order to simulate the self-similar turbulent boundary layer. For spatially developing
channel flow Johansson and Andersson [4] used proper orthogonal decomposition (POD) by
solving evolution equations only for the most energetic eddies in the flow to generate dynamic
flow boundary conditions. Later Keating et al. [5] compared several methods to generate turbulent
inflow: a synthetic method, a recycling method and a forcing method using large-eddy simulations
(LES).

‘Time-dependent’ inflow is the most realistic type of inflow conditions for spatially developing
turbulent flows where the inflow boundary conditions are obtained from a separate auxiliary
(precursor) simulation with periodicity in the streamwise direction. The auxiliary case must be
run either synchronously or prior to the actual computation for spatially developing turbulent
flow. A finite time series of data taken from the auxiliary case is either to be stored on disk and
re-used as inflow or to be read simultaneously as an inflow for the actual simulation. Using this
approach several spatially developing flows have been simulated [6—8]. However, this method is
computationally very expensive in terms of CPU time and storage costs since the auxiliary case
must be simulated for long time in order to give long enough time series which is essential to get
reasonable statistics for the spatially developing flow.

Li et al. [9] simulated a spatially developing mixing layer. As inflow condition they used a
finite time series of instantaneous velocity planes with duration equal to the integral time scale
of the flow taken from a periodic simulation. This signal was transformed into a periodic one by
using a conventional windowing technique and was re-used in the actual simulation by recycling
through these input velocity planes as many times as required to obtain converged statistics.
Li et al. [9] demonstrated that their method appeared as a cost-effective strategy in the generation
of inflow data for turbulent free shear layers as compared to using time-dependent inflow. The
success of their method was ascribed to the inviscid instability mechanism due to the presence of
an inflection point in the mean velocity profile. This instability constitutes a powerful mechanism
for the amplification of small disturbances and therefore tends to destabilize the flow and rapidly
weaken the periodicity induced by the inflow. It was left as an unanswered question whether or
not this method also can be applied to wall-bounded flows. The aim of the present study is to
address this yet open issue.

2. NUMERICAL CONFIGURATIONS

Direct numerical simulations of spatially developing turbulent channel flow have been performed
by solving the incompressible Navier—Stokes equations using a finite volume code (MGLET) on
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staggered grid. The code is second-order accurate both in time and space [10]. Several channel flow
cases have been simulated in order to investigate the effect of the inflow boundary conditions on
the turbulent flow at Reynolds number Re;=u.h/v of 180, where & is half of the channel height.
The computational box size is (Ly X Ly X L;) = (4mh x 2h x 21h) and the grid resolution is (N, X
Ny x N;)=(192x192x192) in streamwise, wall-normal and spanwise directions, respectively.
No-slip conditions were imposed at the solid walls and periodic boundary conditions were used
in the homogeneous spanwise direction. All the cases have been sampled for 8.44/u; with time
step 0.0003%/u, using the same computational box size, Reynolds number and spatial /temporal
resolution.

The auxiliary simulation (Case 1) has been performed using periodic boundary conditions also
in the streamwise direction. The spatially developing cases (Case 2 till Case 6) have been simulated
by applying inflow—outflow conditions in the streamwise direction. The inflow condition is based

Table I. Simulation cases. The total simulation time is 16.8%/u..

ts Flow type
Case 1 Periodic Auxiliary-fully developed
Case 2 0.03h/u, Spatially developing
Case 3 0.3h/u., Spatially developing
Case 4 1.0h/u. Spatially developing
Case 5 2.0h/u. Spatially developing
Case 6 16.8h/u, Time dependent-spatially developing
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Figure 1. The mean velocity profiles at different cross-sections. —, Case 1;
-, Case 2; — — —, Case 3; — - —, Case 4.
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Figure 2. Turbulent statistics at the same cross-sections as in Figure 1: (a) turbulent intensities and
(b) Reynolds and viscous shear stress. —, Case 1; ---, Case 2; — — —, Case 3.

on different finite-length time signals of the instantaneous velocity planes extracted at a certain
cross-section of the auxiliary fully developed simulation Case 1. These time signals comprised all
three velocity components in the cross-sectional plane. The signals of five different durations
in terms of large-eddy-turnover-time % /u, are gathered. As outflow boundary condition gradients
normal to the outflow cross-section have been set to zero. Irrespective of the size of the inflow
time series (see Table I), all simulations were run for 16.8% /u, and the inflow data were therefore
recycled as many times as required, except for Case 6 (‘time dependent’) for which the inflow
time signal size was just as long as the entire simulation time and no recycling was needed. Let us
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Figure 3. Turbulent statistics at the same cross-sections as in Figure 1: (a) turbulent intensities and
(b) Reynolds and viscous shear stress. —, Case 1; — — —, Case 4; ---, Case 5.

emphasize that our Case 6 is essentially equivalent with the technique used in References [6—8].
This is the best choice in order to produce perfectly realistic inflow data. The penalty is that the
precursor simulation inevitably must be run for equally long as the actual inhomogeneous flow
simulation. Considerable savings can therefore be achieved by the recycling technique advocated
by Li et al. [9]. The recycling strategy is therefore adopted also in the present study, but without
the windowing technique used by Li ef al. [9] in order to match the fields at the beginning and
the end of the time sequence, thereby introducing a periodicity in the resulting flow field.
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Figure 4. Turbulent statistics at x/h=2n: (a) turbulent intensities and (b) Reynolds and viscous shear
stress. —, Case 1, — — —, Case 4; ---, Case 5; x, Case 6.

3. RESULTS AND DISCUSSION

The different inflow cases show no differences when it comes to the mean velocity profile compared
to the fully developed channel flow simulation (Case 1), except some variations for the shortest
time series case (Case 2) as shown in Figure 1.

The turbulent statistics in Figure 2 indicate the unrealistic turbulent intensity and turbulent
shear stress for the short time signals Case 2 and Case 3. The failure of Case 2 and Case 3 to
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Figure 5. Skewness
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Figure 6. The l>-norm of the residual turbulent intensities through out the channel: (a) I, (Case 6,
Case 1); (b) I (Case 5, Case 1); and (c) I (Case 5, Case 6). —, urms; - - =, Urms; ***» Wrms-

produce reasonable results is ascribed to the far too short time signal length 0.034/u, and 0.3h /u.,
respectively. The inflow data do therefore not cover a representative sample of the large-eddy
motions. For this reason results from Case 2 and Case 3 are excluded in the following. The
rms-velocities and the turbulent shear stresses for the longer time series in Figure 3 exhibit a
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substantial improvement as compared with the corresponding profiles in Figure 2. The distortion
at the last cross-section x/h =4m in Figures 2(b) and 3(b) is believed to be due to reflections from
the outflow boundary.

Figures 4 and 5 show just one plane halfway downstream of the channel. All the other cross-
sections have been investigated and indicate similar behavior. The results show that Case 4 cannot
be a good choice due to the large deviations in the high-order moments compared to the fully
developed channel.

The results so far show that Case 5 closely approximates the results from the fully developed
Case 1 using periodic boundary conditions even when the skewness is considered. The l-norm
results in Figure 6 show that Case 5 compares favourably both with the fully developed Case 1
and the time-dependent Case 6. The I;-norm is defined as

Ny
I>(Case;, Casej) = kz (ucase,' — Ucase; )T (Ucase; _ucasej)
=1

where
Urms
U= Urms

Wrms

4. CONCLUSIONS

Inflow boundary conditions generated as suggested by Li et al. [9] for free shear layers have
been used for the first time to wall-bounded flows. As long as the inflow sampling period #; is
sufficiently long, i.e. 2.0k /u., the potential periodicity introduced by the recycling of the finite time
series vanishes due to the intense non-linear scrambling and the turbulent statistics are unaffected
shortly downstream of the inflow plane. Recycling of finite-period inflow data is certainly a cost-
effective strategy compared to running a precursor simulation of the same duration as the actual
one. Substantially longer sampling is required for inhomogeneous flows than for homogeneous
flows where sampling can be performed not only in time but also in the homogeneous direction(s).
The expected cost savings is therefore particularly large for more complex flow configurations.
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