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Abstract: Moment-based methods derived from gaskinetic theory using an entropy-maximization
formulation lead to a set of first-order hyperbolic balance laws with stiff relaxation source terms for
the description of viscous fluid flow. Despite offering a viable alternative to the Navier-Stokes (NS)
equations, moment-based methods do not appear to have been considered for the direct numerical
simulation (DNS) of turbulent flow. A key enabler in this work for performing novel DNS studies
with hyperbolic moment models has been the development and implementation of a recently-
proposed third-order, coupled space-time discontinuous-Galerkin Hancock method with an efficient
locally-implicit treatment for stiff source terms. The use of hyperbolic equations to model turbulent
viscous flow provides several computational advantages over employing the NS equations: i) to offer
a physics-based model with finite propagation speeds; ii) to avoid the discretization of elliptic-type
operators, which can be associated with more severe time-step restrictions and violation of the
maximum principle; and iii) to reduce the sensitivity to grid irregularities induced by gradient
reconstructions. A key advantage of describing viscous flows with moment-based models derived
from gaskinetic theory is that they extend the model validity beyond the continuum regime of
the fluid flow. This novel capability of our modelling framework paves the way to investigate
essential and long-lasting questions related to turbulent flows: can there be non-continuum effects
present at Kolmogorov scale for turbulent flows? If so, how relevant is it that these effects are
accounted for? Computational studies using the benchmark Taylor-Green vortex problem with
Mach and Reynolds numbers equal to 0.1 and 1,600, respectively, are included here to demonstrate
the predictive capabilities of the hyperbolic moment-model for DNS of turbulent flow. Although
the moment-based solution approaches closely the reference NS result obtained with a spectral
method, some differences are still observed even when using a fine computational grid with 5123
elements.
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1 Introduction

Turbulence is a phenomenon of fundamental importance to myriad flows. The traditional understanding for
the past century is that all turbulence scales occur in a continuum regime [I], and therefore, turbulence is
almost exclusively studied at the hydrodynamic (continuum) level. However, this established assumption
has been more recently revisited in relation to certain flows [2], and scale analysis arguments suggest that
non-continuum effects could play an important role at the small scale motion of turbulence flows, with the
smallest of these being the Kolmogorov scales [1]. In fact, there are cases of practical interest [2] [3] in which
the Kolmogorov length and time scales can be within one-to-two orders of magnitude of the mean free path,
Imtp, and the mean collision time, ¢y, respectively. For a gas flow with a turbulent Mach number, M;, and
a turbulent Reynolds number, Re;, a scaling analysis [2] shows that the ratio of the Kolmogorov length scale,
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respectively. Here, v is the kinematic viscosity and ¢ = f% is the dissipation rate given by the rate of

change of turbulent kinetic energy, k. Assuming a high-speed gas flow with M; = 1 and Re; = 10,000, the
first and second ratios in Eq. [1| are approximately 10 and 100, respectively [2]. In such instances, studying
turbulence and energy exchange at the molecular kinetic level may offer new physical insights.

In terms of the spatial scales, the situation can be analyzed through the Knudsen number [4], Kn = Ll‘:%,
where L¢nar is a characteristics length scale of the fluid mechanical system, which, in the case of turbulent
scales, is related to the eddy size [5]. The Knudsen number value is a good indicator of what kind of local flow
conditions are encountered. The simplest situation occurs when Kn < 0.01 since the continuum hypothesis
is assumed valid. In this case, the flow is well described by the Navier-Stokes (NS) equations. However, the
condition corresponds to free molecular flow for Kn 2 10, and a molecular level description such as the full
kinetic (Boltzmann) equation is well suited. Direct simulation Monte-Carlo (DSMC) method [3] is a suitable
technique for solving Boltzmann equation in this flow regime. Between the continuum and free molecular
flow limits, there is a transition regime, i.e., 0.01 < Kn < 10, where the NS equations, which are based on
the continuum fluid assumption, cease to be valid, and the alternative, physically valid option provided by
DSMC is typically computationally prohibitive.

Performing an analysis of the Knudsen number based on the Kolmogorov scale, 7, the so-called “micro-
structure Knudsen number”, Kn,), can be expressed as a function of M; and Re; as [5]
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where ~ is the gas adiabatic index. The weak dependency on turbulent Reynolds number (i.e., —1/4 power)
suggests that the continuum hypothesis will generally hold over a wide range of Reynolds numbers. Never-
theless, non-continuum effects present at Kolmogorov scale for turbulent flows are also possible, according
to Eq. 2] for flows of practical interest, and their investigation requires computational models that account
for non-equilibrium effects.

2 Scope of Work

Recently, Gallis et al. [3] provided the first demonstration that molecular-level methods based on gas kinetic
theory and molecular chaos can simulate turbulence and its decay, by applying DSMC to simulate the Taylor-
Green vortex (TGV) flow [6] at Mach and Reynolds numbers of 0.3 and 450, respectively. This simulation
required eight billion cells (2,000%) and a total of 0.24 trillion particles. Although Gallis et al. [3] successfully
demonstrated that the DSMC solution recovered the NS result, the simulation used 0.5 million cores on the
Sequoia System (IBM Gene/Q processors), or about a third of this petascale supercomputer, for 500h (i.e,
21 days). This result is descriptive of the high computational cost associated with the application of DSMC
method in the continuum flow regime, even for a modest Reynolds number.

More recently, Gallis et al. [7] investigated a range of Mach and Reynolds numbers for the TGV problem
using both the DSMC method for noncontinuum molecular gas dynamics and the direct numerical simulation
(DNS) of turbulent flow described by the NS equations. For the Mach and Reynolds numbers examined, it
appears the two methods produce the same energy decay, although the DSMC flows evolve along trajectories
in phase space that are different from but basically similar to those of DNS. In a very recent and revolutionary
paper, McMullen et al. [8] have provided evidence based on studies with the TGV that deviations between the
spectra decay generated by the molecular-gas-dynamics and NS simulations occur, thereby concluding that
the NS equations are not guaranteed to describe the smallest scales of gas turbulence for any positive Knudsen
number. These precursor studies clearly illustrate the significance of elucidating the role of non-equilibrium



effects in canonical turbulence situations, which could lead to fundamental changes in the understanding of
turbulence.

Despite its relative success for a range of relatively lower Reynolds number cases, DSMC is an expensive
technique for resolving phenomena from molecular to hydrodynamic (continuum) length scales in gas flows
as it uses probabilistic Monte Carlo simulation to solve the Boltzmann equation. Alternatively, the moment-
based methods [9, [I0] used in the present work lead to a set of first-order hyperbolic balance laws with stiff
relaxation source terms for the description of turbulent viscous, compressible fluid flow, that extends over
the continuum limit of flow regimes into the transitional domain. Despite offering a viable alternative to the
NS equations, moment-based methods do not appear to have been considered for the DNS of turbulent flow.
Thus, the investigation pursued here is novel and a first-of-a-kind in its approach.

Moment-based models derived from the gaskinetic theory can be used for the prediction of continuum
and non-equilibrium flows, and offer computational advantages over other fluid-flow models such as the NS
equations. Moment models are described by first-order hyperbolic partial differential equations (PDEs),
thereby avoiding the complications raised by elliptic-type operators. For instance, they are less sensitive to
grid irregularities due to their hyperbolic nature [II]. Furthermore, they allow for an additional degree of
accuracy over second-order PDEs for an equivalent number of degrees of freedom.

The diatomic extension [I2] for the ten-moment (Gaussian) closure [I0] offers a viable model for viscous,
compressible fluid flow that extends over the continuum limit of flow regimes into the transitional domain.
However, the absence of heat flux in the Gaussian system limits its range of application [10]. Moreover, the
presence of stiff local source terms requires a careful numerical treatment in the solution procedure. A key
enabler in this work for performing novel DNS studies with the hyperbolic ten-moment model [12] (see Sect.
for details) has been the development and implementation of a recently proposed third-order, coupled
space-time discontinuous-Galerkin Hancock (DGH) scheme with an efficient locally implicit treatment for stiff
source terms [13,[14]. To the best of our knowledge, this is the first application of hyperbolic moment-models
to the DNS of turbulent flow.

This paper is organized as follows. In Sect.|3] after a brief review of the moment-closure procedure and the
class of maximum-entropy closure, the Gaussian closure system used for performing DNS of turbulent flow
is presented. The extension [12] of the ten-moment Gaussian closure for diatomic gases leads to a hyperbolic
system of eleven PDEs with stiff relaxation source terms, which are used here. Section[]provides details about
the discretization procedure used in the present work to solve the hyperbolic model for viscous, compressible
fluid flow at large computational scale. Computational DNS studies performed with the aforementioned
moment-closure procedure for the decaying turbulence produced by the TGV are presented in Sect.
Finally, some conclusions concerning the applicability of moment closure approach for the DNS of turbulent
flow are drawn in Sect.

3 Hyperbolic Governing Equations for the Direct Numerical Sim-
ulation of Turbulent Flow

3.1 Moment-Closure Methods

Moment closures follow from the kinetic theory of gases [I5]. In this theory, the particle nature of a gas is
not ignored, however, the individual evolution of each atom or molecule is not directly tracked. Rather, a
distribution function, F(x;, v;, t), is defined which gives the phase-space density of particles of a single-species
gas at a position, z;, with velocity, v;, at a time, ¢.

Traditional macroscopic variables can be computed by taking moments of F. This is done by multiplying
the distribution function by an appropriately chosen weight and integrating over all velocity space. For
example, the spatial number density of particles is given by

n(x;,t) :/ F dv; = (F) .

Here, the weight is simply taken as the constant of unit value, and the compact notation, (-), denotes



integration over all three dimensions of velocity space. Other commonly used moments are
nu; = <Uz]:> 5 nPij = <CiCj]:> 5 nQijk = <CiCjCk]:> .

Here, u; is the average particle velocity at a point and time. This allows the difference between individual
particle velocities and the local average to be defined as ¢; = v; — u;. The variance-covariance tensor, P,
represents the pressure tensor and describes the spread of particle velocities and the correlation between
individual components of the particle velocities. This tensor is symmetric, with six distinct entries. For a
monatomic gas, it is related to the traditional thermodynamic pressure with p = P;;/3, and to the deviatoric
(viscous) stress tensor with 7,; = pd;; — P;;. The third-order tensor, Q;;x, is the generalized skewness tensor
and represents asymmetries of the distribution function. Moments of arbitrarily high order can be taken,
however, the interpretation of their physical meaning becomes harder.

For a fluid with particles of the same kind, the evolution of the particle distribution function is governed
by a kinetic equation,
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which is the well-known Boltzmann equation of gas dynamics [4]. Here, a; is the particle acceleration due to
effects such as drag or external fields, which is neglected in the present work. The local source term on the
right-hand side is chosen to be appropriate for the situation of interest. For example, if the right-hand side,
S, is taken to be the Boltzmann collision integral this term models the effects of inter-particle collisions on
the distribution function.

Equation is extremely flexible and can be adapted to model a very wide range of situations, however
it is extremely high dimensional. The equation exists in three space dimensions, three velocity dimensions,
and time. Any solution through a direct discretization would be extremely expensive and limited to trivially
small problems. Fortunately, a lower-dimensional equation can be derived for a given macroscopic statistical
moment of the F. For example, given a weight function, W, that corresponds to an arbitrary moment,
U = (WF), a moment of Eq. gives
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For many situations, all terms on the right-hand side of Eq. can be evaluated in closed form and yield
algebraic expressions. However, on the left-hand side, one sees that the time evolution of an arbitrary
moment will always depend on the divergence in space of a moment of one order higher. This will lead to
an infinite set of coupled equations and is obviously impractical.

Any technique used to close the infinite set of equations resulting from Eq. is known as a moment
closure. The most popular way of doing this is by restricting the allowed form of F to have a prescribed
form in terms of a finite number of closure coefficients. In doing so, the number of degrees of freedom is
restricted and the moment equations naturally close.

Though many techniques exist for closing the form of F, in this work, an entropy maximization principle
is used [9, [16 17]. In this method, a set of moments of interest are chosen, then F is restricted to be
whatever has the highest entropy while being consistent with the known moments. The prescribed form for a
maximum-entropy closure is given by F = e®' W where the number of free parameters, o = (a1, g, ..., an]T
is the same as the number of desired macroscopic properties, U. The closure coefficients are the Lagrange
multipliers obtained from the constrained entropy-maximization problem. Moment closures of this type yield
an expanded sets of first-order hyperbolic balance-laws for the evolution of the chosen moments, U, which
can be expressed as

ou OoF;
ot 8:5, a

where F; = (v;WF) is the flux dyad and S = <W%> is the vector of local source terms. There are also
strong physical arguments as to why models derived in this fashion should provide accurate predictions
[9, [10].

The traditional Euler equations are provided by the five-moment closure with the weight vector Wy =
[m, mv;, mv;v;]T. Another low-order member of this hierarchy is the ten-moment Gaussian model which is

S, (5)



derived using Wio = [m, mv;, mv;v;]T. This Gaussian closure model is well suited for describing viscous,
adiabatic flow, and is used in the present study.

3.2 Ten-moment (Gaussian) Closure Model for Viscous, Compressible Fluid
Flow

One successful member of the maximum-entropy hierarchy for gases is the ten-moment, or Gaussian, moment
model, which was first proposed by Levermore and Morokoff [I0] for a monatomic gas. This model results
from choosing the number density, the local average velocity, and the velocity variance-covariance tensor as
the moments of interest. The maximum-entropy theory [9] leads to a distribution function of the form
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where ©;; = Pii/p is an anisotropic “temperature” tensor. Insertion of this assumed form into Eq. (4] gives

a set of three tensor equations for ten independent fields,
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This first-order hyperbolic model for viscous compressible gases can be seen as an alternative to the com-
pressible Navier-Stokes equations. In fact, by allowing for anisotropic temperatures, the ten-moment model
can remain accurate for significant departures from local thermodynamic equilibrium, in cases for which
the Navier-Stokes equations lose validity. This model has proven successful in predictive viscous flows both
in and out of thermodynamic equilibrium [I8, 19, 20, 21]. In addition to being accurate and efficient, the
first-order nature of the resulting equations has been shown to make numerical solutions less sensitive to
grid quality [II]. This is especially advantageous for practical situations with complex geometry for which
high-quality grid generation is very difficult.

As previously mentioned, the Gaussian closure was originally derived for a monatomic gas with only
three translational degrees of freedom, and no internal degrees of freedom associated with rotational and
vibrational modes. Later on, Hittinger [I2] extended the formulation to account for the rotational energy
that can be present in internal degrees of freedom for a diatomic gas. In this case, assuming a “dumbbell”
model of a diatomic molecule, the total velocity distribution for the diatomic gas becomes

n?I T 1. 1.5
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where the rotational velocities are assumed statistically independent of each other and of the translational
velocities, I is a moment of inertia, and w is the magnitude of an angular velocity vector defined in an ap-
propriately chosen coordinate system about the center of mass of the diatomic molecule (see [12] for details).
Making an analogy to the translational degrees of freedom and the associated translational temperature, T,

a rotational temperature, Tyo;, can be defined for the temperature of rotational degrees of freedom. The

variable R is given by R = % (Tit) Aside from time, this distribution function is now defined in seven-

dimensional space consisting of three position coordinates, three translational velocity components, and an
angular velocity dimension. In this case, moments of the distribution function are achieved by integrating not
only over all velocity space, but also over the angular velocity space. Though the rotational and translational
temperatures need not be equal in general, they will become equal only when the gas is in thermodynamic
equilibrium.

The final form of the Gaussian-moment system used in the present work to describe viscous, compressible




fluid flow of diatomic gas is given by [12]
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Here, the relaxation times can be related to the gas viscosities with
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where p is the molecular fluid viscosity, up is the bulk viscosity, and p = (Pj; + 2E,ot) /5. In comparison
to a monatomic gas, Eq. [I2] for a diatomic gas with rotational degrees of freedom introduce an advection-
relaxation equation for the rotational energy density of the gas, E..;. Furthermore, there is an additional
relaxation on the time scale 7, of the generalized pressure tensor to equilibrium. This model provides a
description of diatomic ideal gas at moderate temperatures in which the heat transfer is negligible.

4 Discretization Procedure

In addition to their physical modelling advantages, moment-based methods are highly desirable numerically,
as they take the form of first-order hyperbolic balance laws. The first-order nature of the models has been
shown to greatly increase the robustness of numerical solution of lower quality meshes [I1], as compared to
the numerical solution of the Navier-Stokes equations. These moment equations do, however, often have stiff
local source terms. Fortunately, as the source terms are entirely local, they do not add global stiffness to the
problem. Point-implicit time-marching methods can be used to efficiently advance numerical solutions.

In this work, the DGH method is selected. This numerical scheme was developed by Suzuki and van
Leer [13] specifically for the efficient and accurate solution of moment equations. It is based on the upwind
moment scheme of Huynh [22], and extends the method for the efficient solution of hyperbolic laws with
stiff local sources. Somewhat remarkably, this coupled space-time method achieves third-order accuracy in
both space and time, while only using linear elements [23, 24] [T4]. The DGH method can be implemented in
a highly efficient manner for execution in parallel computational resources, as neighbouring cells only need
to exchange information once per time step. Also, the time-step stability limit for the DGH method is far
less restrictive that that of traditional high-order Runge-Kutta-DG methods, meaning larger time steps can
safely be taken. The result is that the scheme can easily achieve extremely high parallel efficiency, even when
hundreds of thousands of cores are used, as demonstrated in [I4]. It is also very amenable to implementation
on unstructured grids or when adaptive mesh refinement (AMR) is used.

In the DGH scheme, each moment member of the conserved solution vector, U(z;,t)|q,, in Eq. and
Eq. is assumed to be a linear polynomial function over the domain of each grid element ;. Moreover,
the space of scalar test functions in this Galerkin formulation is taken to be the same as the space for the
solution, yielding

U(zj.t)la,, v(zj)le, € P (), (13)

where z; = [z,y, 2] is a position vector in a Cartesian coordinate system and

P () = span {¢o(x;), ¢1(x;), d2(x;), ps(x;)}
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Here, ©, = [Ty, Yoy 2c,] 18 the centroid of the element €. Thus, the numerical solution for a particular
computational element k is taken as

U = Up + (B U)il@ = z,) + (ByU)i(y — ye,) +
where Uy, is the cell solution average, and (A,U)y, (A,U)y, and (A, U);, are the components of the solution
gradient in the x, y, and z Cartesian directions, respectively. These solution variables represent the degrees
of freedom for which the equations of the ten-moment model, Eq., are solved for.

The weak form of Eq. for an element €2y is obtained by applying a Galerkin approach [13], which after
performing integration by parts yields

+(AO)i(z = 2e,) (15)
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where T is the time interval over [t”7 t"“}.

Inserting the solution representation given by Eq. into the weak formulation, Eq. , and performing
integration using each test function yield update formulas for the solution degrees of freedom (i.e., cell solution
average and slopes). The right-hand side of the update equations contains five integrals defined over coupled
space-time domains [13] [T4]: i) two surface integrals for the boundary flux through the coupled space-time
surface of the computational element, ii) a flux volumetric integral, and iii) two volumetric integrals for the
source term. Since the local source term is stiff, the Radau IIA method is used for time integration, which
leads to solution update formulas at time "5 and "1 Finally, the application of the Gaussian quadrature
rule for space domain integration, and the use of Hancock’s predictor step for the solution evaluation at the
half time steps, Uh(:ri,t’”r%) and Uh(:ci,t’”r%), yield the following discrete formulas for the solution cell-
average and slope updates (see [13] 4] for details):
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Here, the following quantities are used: As = (¢ — (., is the distance along a particular coordinate ¢
between an arbitrary Gaussian boundary point with index & and the cell centroid of element €y, wg is the
Gaussian weight, J(¢;) is the Jacobian of the trilinear transformation mapping the hexahedral element €2,
to a canonical cube, y index denotes volumetric Gaussian points, and K and Y matrices are given by

Kp= I, I, I.|l ,x=|0 K., o0/, (20)
L., I, I. 0 0 K

where Iec = [[[(& = &.,.)(C — () dz; is the product moment of area for & and ¢ axes. I € R3%3 is the
Qg

identity matrix. ﬁg is the vector of computed fluxes normal to the element edge OT'j, and is computed here
by using the Harten-Lax-Leer-Einfeldt (HLLE) approximate Riemann flux function [25].

5 Taylor-Green Vortex Problem

To demonstrate the ability of the ten-moment model described in Sect. to perform the DNS of turbulent
flow, the Taylor—Green vortex problem is considered.

The TGV is a synthetic flow field that has been widely used for performing the DNS of turbulent flow. An
exact initial condition can be specified which is an infinite periodic array of vortices having counter-rotating
neighbors, thereby allowing comparisons of different solution methods. In three dimensions, vortex stretching
occurs and energy is transported from large scales to smaller scales, such that new small-scale vortices appear,
while the base vortex decays. This cascading process leads the flow to transition to turbulence, followed by
a subsequent decay phase similar to homogeneous isotropic turbulence.

The TGV benchmark has been used in connection with many numerical methods, including high-order
discontinuous-Galerkin methods, flux reconstruction schemes, different variants of the lattice Boltzmann
method, and DSMC (see [3| 6] [7, 8 26, 27, 28] 29], 30, B1] and the references therein). This flow problem
was one of the cases considered in all first five international workshops on high-order CFD (computational
fluid dynamics) methods, including as a challenging test in the first three.

The test case of a three-dimensional (3D) TGV at the Reynolds number of 1,600 and Mach number of
0.1 is chosen here as this specific test case is well studied, and reference solutions based on the NS equations
for energy decay, enstrophy evolution and energy spectra are readily available from the literature. Note that
for this particular flow conditions, reference data are not only available for the increasing enstrophy but
also for decaying enstrophy. As described in [6], the 3D incompressible NS equations with constant physical
properties are typically used as the governing equations for this flow. Additionally, the temperature field
does not need to be computed. Alternatively, the 3D compressible NS equations at low Mach number can
be used for the simulation of this test case.

For the present study, we follow the setup of Wang et al. [6] which was also used by Jacobs et al. [27].
The flow is solved in a periodic domain given by (z,v, 2) € [0, 27 L]3, with a non-dimensional reference length
L = 1. The initial condition is given by the set of primitive variables Wy = [p, uz, Uy, u,, p|T which is taken
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Here, the non-dimensional velocity V' = 1, and density is computed with the equation of state p =

ypM?

ref
using a reference temperature T = 1 and a Mach number of M = 0.1. The Reynolds number of the flow

etV L . _
is defined as Re = il , and is equal to 1,600. The reference density is taken to be pf = 1, and the

appropriate viscosity islfchen 1 = 1/1,600, with the bulk viscosity approximated as up = 3pu. Figuredepicts
the initial variation for the velocity and vorticity magnitudes for this problem.

In the present study, the solution is time-marched to final non-dimensional time ¢ = 20, using a CFL
(Courant—Friedrichs-Lewy) number of 0.1 for all mesh resolutions considered. The HLLE flux function and
no slope limiter were used. Computational studies have been performed with the DGH scheme on a series of
Cartesian meshes ranging in size from 1283 to 5123 uniform elements for a total of 2,097,152 and 134,217,728
cells, respectively. Figures [ID] to show 3D contour plots of the predicted instantaneous velocity and
vorticity magnitudes obtained on the 5123 Cartesian grid at the time instances ¢ = 2.5,9.0,15.0 and 17.5,
respectively. Note that the vorticity magnitude is plotted along 30 Q-isosurfaces equally distributed across
the instantaneous range of positive Q values. As discussed in [32], positive Q isosurfaces isolate areas where
the strength of rotation overcomes the strain, thus making those surfaces eligible as vortex envelopes.

To validate the results, the temporal evolution of certain integrated quantities has been compared against
the reference data from Wang et al. [6], which was obtained by solving the incompressible NS equations
on a grid with 5122 elements using a spectral method. Specifically, the integrals of the kinetic energy and
enstrophy for the entire domain €2,
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respectively, have been computed by performing accurate Gaussian quadrature integration for the integrands,
which were evaluated with the predicted DGH solution and solution gradient (see Eq. . Additionally, the
k

temporal evolution of the kinetic energy dissipation rate, € = ST can be related to the enstrophy exactly
for incompressible flows as
Pref €
_ 7 23
o (23)

and this expression holds also approximately true for compressible flows at low Mach number.

Figure [2a] depicts the predicted temporal evolution of the kinetic energy on three uniformly refined
Cartesian meshes with 1283, 2563, and 5122 elements. As the grid is refined, it is quite obvious that the
kinetic energy predicted by the DGH scheme approaches the spectral prediction of Wang et al. [6] on
5123 elements. An inspection of Fig. shows that the 3rd-order DGH solution appears to be converging
towards the reference data, although some slight differences can still be noticed at the end of the dissipation
dominated phase (i.e., beyond about ¢ = 15).

The temporal variation of enstrophy, £, has also been examined based on both evaluation formulas, and
the results are depicted in Fig. 2Bl The direct evaluation of enstrophy, referred to as “DGH” in the figure,
uses Eq. and the DGH solution slopes to compute the flow vorticity. To evaluate enstrophy based on
Eq. denoted as “DGH, Ej-solution based” in Fig. a 4th-order finite-difference approximation for the



time derivative of the kinetic energy variation depicted in Fig. 2al has been used. The examination of Fig. 2]
reveals that, as in the case of kinetic energy, the predicted enstrophy variation by the DGH scheme converges
towards the spectral prediction [6] as the mesh is refined. However, in contrast to the observed behaviour for
the kinetic energy, the estimated enstrophy computed directly with the solution slopes predicted by the DGH
scheme is approaching the reference data at a relatively slower rate. Nevertheless, the indirect estimation
of the enstrophy based on numerical differentiation of Fj temporal variation reveals significantly improved
predictions that are much closer to the reference data. This behaviour can be explained by considering that
the enstrophy relies on derivatives of the velocity field whereas the kinetic energy depends directly on the
velocity field. Recalling that the 3rd-order DGH scheme relies on linear elements for the solution procedure
(see Eq. , it is obvious that the solution slopes are approximated with lower accuracy than the solution,
and this fact is reflected in the direct evaluation of the enstrophy in this case.

Although the Ej-solution-based enstrophy approach the reference solution as the mesh is refined, the
prediction on the most refined grid does not fully agree with the continuum result, and the differences
between the two curves are more significant than in the case of kinetic energy. A first plausible explanation
for these differences is that the DGH solution is still not fully converged, considering that the comparison
is performed between the prediction of a 3rd-order scheme versus that of a spectral method for the same
grid resolution, with the latter being obviously more accurate. Although no definite conclusion can be made
about the numerical convergence of the DGH result on the finest resolution, an inspection of the Kolmogorov
scale for this problem [3I] at the time when the enstrophy peaks, i.e., t = 9.0, reveals that it is on the order
of the cell length. Furthermore, the Knudsen number of that scale, based on our results, is approximately
0.008 which corresponds to regimes at which non-equilibrium effects begin to be observed. Therefore, it is
conceivable that the differences might persist even as the mesh is further refined, and be deemed as modelling
differences between the continuum fluid representation used in the Navier-Stokes equations and the extended
hydrodynamics formulation provided by the moment method. To elucidate the exact nature of the observed
differences additional high-resolution studies and analyses of this case would be required.

6 Conclusions

The present work has demonstrated that the ten-moment (Gaussian) closure model for viscous, compressible
fluid flow can be used for the DNS of turbulent flow. To the best of our knowledge, this is the first application
of hyperbolic moment-models to this type of simulations.

The DGH scheme proved to be a key enabler of this work by providing third-order solution accuracy with
only linear elements, an efficient treatment for the stiff local source terms in the ten-moment model, and
allowing the development of an efficient, large-scale computational framework for execution on massively
parallel architectures [14]. The results presented for Taylor-Green vortex problem demonstrate that the
3rd-order DGH method is able to resolve small-scale structures accurately in the DNS of a turbulent flow.

Comparisons against the spectral data of Wang et al. [6] for the TGV problem, show that the DGH
prediction on the most refined grid does not fully agree with the continuum result. The differences in the
predicted temporal evolution of the kinetic energy are relatively minor, but more significant differences are
observed in the predicted temporal evolution of the enstrophy. Although no definite conclusion can be made
about the numerical convergence of the DGH result, the determined Knudsen number at Kolmogorov scale
shows that the differences might potentially occur due non-equilibrium effects. Further investigations are
required to elucidate the observed discrepancies.

The moment-based approach provides an extended hydrodynamics model that is not only valid beyond
the continuum regime of the fluid flow, but also is more computationally afordable than DSMC for certain
non-equilibrium flow regimes. Thus, the approach proposed in the present work could also be used for the
investigation of non-continuum effects that might be present at Kolmogorov scale for turbulent flows, as
theoretically predicted and recently observed in numerical experiments.
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Figure 1: Contour plots of the magnitude of velocity (left) and vorticity (right) for the TGV problem at
various non-dimensional times. The solutions are predicted by solving the ten-moment model with the DGH
scheme on a Cartesian grid with 5123 elements. The vorticity magnitude is plotted along a number of Q-
isosurfaces equally distributed across the instantaneous range of positive Q values. The number of isosurfaces
is 15 for the solution at t = 0.0 and 30 for the rest of the time instances.
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