
Los Alamos National Laboratory

LA-UR-08-169030 Associate Directorate for Theory, Simulation, and Computation (ADTSC) LA-UR-09-01756 

Understanding the nature of compressible turbulence 
is of fundamental importance in many applications 
ranging from astrophysics to combustion and 

aerospace engineering. Highly compressible turbulence is 
now thought to control star formation in dense molecular 
clouds [1]. The ability to parameterize the effects of 
turbulence is necessary for the modeling of exothermic 
reacting flows and high-speed flows and is a required 
ingredient for designing the next generation of ramjet 
engines and hypersonic vehicles.

There are many differences between compressible turbulence 
and the more commonly studied incompressible turbulence. 
In many applications, such as ocean dynamics and large-
scale atmospheric motion, the velocity fluctuations are small 
compared with the speed of sound, the density is nearly 
constant, and the irrotational effects are small. However, 
as the velocity fluctuations become comparable to the 
sound speed and/or exothermic reactions take place, new 
phenomena occur: shock waves, localized expansion and 
contraction providing a distinct dissipation mechanism, new 
nonlinearities leading to additional scale coupling, and strong 
fluctuations of the thermodynamic quantities.

We research the nature of compressible turbulence using 
direct numerical simulation (DNS), where all scales down 
to the viscous dissipation range are fully resolved (see [2]). 
Our simulations use a 3D triply periodic domain with up 
to 10243 grid points, and are by far the highest resolution 
compressible Navier-Stokes DNS to date. The Taylor 
Reynolds number is 300 or greater, which is much higher 
than previous studies. Each large simulation requires 
a week of run time using 1024 processors on Purple, a 
supercomputer at LLNL. Preliminary results show that the 
total energy spectrum follows the Kolmogorov 1941 k -5/3 

law, while the dilatational (compressive) spectrum is steeper 
than k -5/3 (Fig. 1). The characteristics of compressibility can 
be observed in visualizations of pressure and density, where 
large variability and gradients can be seen (Fig. 2). Shocklets 
are small, isolated shock waves that occur in these areas, 
and are thought to be responsible for many of the effects of 
compressible turbulence [3].

Fig. 2. Large variations in 
pressure and density are 
typical in compressible 
turbulence.

Fig. 1. Energy spectrum from 
a 10243 isotropic simulation. 
The total spectrum (black) 
and solenoidal spectrum 
(red) closely follow a slope of 
k-5/3 (dashed line), while the 
dilatational spectrum (blue) 
has a slope of  k-5/3 for small 
k, but has a steeper slope for 
larger k.
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In order to control the dilatational energy in these 
simulations, we have developed a new method of forcing for 
compressible fluid simulations. Forced simulations inject 
energy so that the dynamics reach a stationary state where 
the injection rate (usually at large scales) is equal to the rate 
of energy dissipated at small scales. We chose deterministic 
forcing, because it has more realistic properties than 
traditional stochastic forcing. However, deterministic forcing 
methods developed for incompressible fluids do not apply 
directly, because the dilatational energy component may 
grow without bound, resulting in an unstable simulation. 
Our new method allows the user to specify the dilatational 
and solenoidal (incompressible) energy dissipation, as well as 
the Kolmogorov scale, ensuring that the simulation is stable 
and well resolved.

The control of the new forcing method allowed us to conduct 
a large study of Mt - χ parameter space, where Mt is the 
turbulent Mach number, and χ is the ratio of dilatational 
to solenoidal kinetic energy. These parameters exhibit the 
effects of compressibility—low Mt, low χ simulations are 
nearly incompressible, while high Mt, high χ simulations 
have strong density gradients and shock waves. Plots of 
long-time averages of statistics in Mt - χ parameter space 
show how these quantities vary (Fig. 3). This type of data 
is useful for developing parameterizations of the effects of 
compressible turbulence in engineering-scale simulations 
where the smallest scales are not resolved. For this study, 18 
simulations with a Taylor Reynolds’s number of ~100 were 
conducted on the San Diego Supercomputer Center’s Blue 
Gene system.

The next topic in our study of compressible fluids is 
turbulence-shock interaction. To this end, we record data 
from the isotropic simulations and introduce it as an inlet 
condition in a shock tube domain, where the isotropic 
turbulence is passed through a shock. Statistics such as 
streamwise stress anisotropy, streamwise mass flux, and 
density-volume correlation, which are useful to modelers 
focusing on moment closures, are recorded over the shock. 
Our study will use shock Mach numbers of 1.2 to 3, 
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Fig. 3. Numerous simulations, 
each denoted by x, were 
performed to explore the 
behavior of turbulence as 
a function of dilatational 
energy ratio, χ, and the 
turbulent Mach number, Mt. 
This contour plot shows that 
normalized pressure gradients 
increase with both χ and Mt.

turbulent Mach numbers of 0.02 to 0.5, and Taylor Reynolds 
numbers of 70 to 300. This range of parameters is much 
larger than previous studies [4,5], and approaches realistic 
values of physical experiments [6].

For further information contact Mark Petersen at 
mpetersen@lanl.gov.
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