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Abstract—Direct numerical simulations of statistically-stationary homogeneous isotropic turbulence
require an artificial input of energy via a forcing scheme. Previous forcing methods based on a stochas-
tic addition of energy have resulted in a poor representation of the energy-containing range of the
energy spectrum function and significant temporal fluctuations of energy and other large-scale quan-
tities. In this work a deterministic forcing scheme for direct numerical simulation is developed which
uses wave number-dependent linear amplification of the lower-wave number modes, relaxing them over
time toward a model energy spectrum function, which accurately represents grid turbulence. The
scheme is shown to be robust and computationally efficient, resulting in velocity and scalar fields which
quickly reach stationarity. It also has the significant advantages over stochastic forcing methods of not
introducing additional statistical variability into the computations and allowing more physically realistic
large-scale motions. © 1998 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

Direct numerical simulation (DNS) solves the exact flow equations without modeling and has
been very useful in the study of mixing and reaction of scalars in homogeneous isotropic turbu-
lence. Since the turbulent fields are random, in determining statistics it is advantageous to time-
average to reduce statistical variability, which requires statistical stationarity of the flow.
However, homogeneous isotropic turbulence is not stationary, so energy must be added to the
largest scales via a forcing method, with the expectation that the small-scale quantities, which
are of most interest, will not depend on the details of the large-scale dynamics, but only on its
gross effects (e.g. the energy-addition rate).

All forcing methods rely on the cascade notion of Kolmogorov [1] for high Reynolds num-
bers, which states that the small scales of turbulence are independent of the details of the large-
scale motions, solely depending on viscosity and on the rate of energy transfer from the large to
the small scales. The high Reynolds number requirement is not met by most DNS, however,
and so it is necessary to show that forcing can be justifiably used. Therefore, it is useful to com-
pare the results of various forcing schemes, as is done in this study, to show that the details of
the large-scale forcing has little if any effect on the small-scale statistics.

A number of forcing schemes have been previously developed for DNS and all take advantage
of the pseudo-spectral nature of the computations. Siggia and Patterson [2] simply froze the mag-
nitude (not the phase) of the lower-wave number modes at the desired value. Similarly, She et al.
[3] introduced a scheme to maintain the total energy in each of the first two wave number shells
(1 <k < 2and 2 <k < 3)constant in time, with the ratio between them consistent with the K33
law. Chen et al. [4] report achieving stationarity of the velocity field in 5-10 eddy-turnover times
using this scheme, which is a longer time than ideal. Note that both of these forcing schemes pro-
duce a variable energy addition rate, ¢;. A disadvantage of these schemes is that they also freeze
the anisotropy in the large scales, making it difficult to achieve the isotropic statistics desired.

In 1981 Kerr [5] developed a simple deterministic scheme which forced the lower-wave num-
ber modes with a constant amplitude forcing coefficient, f, independent of the wave number. He
forced all the Fourier modes with wave number components equal to zero or one. This scheme
as well results in fluctuations in the energy addition rate, ¢;= (f-u) (where u is the velocity vector
and the angled brackets denote the volume average). As pointed out by Vincent and Meneguzzi
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