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SUMMARY

The theory of the high-resolution multidimensional positive-definite advection transport algorithm
(MPDATA) has been extensively developed since its invention in the early eighties. Many successful
applications for geophysical flows followed. This paper introduces the original development of an
MPDATA solver operating on a classical set of conservation laws, applicable to high-speed compressible
flows. The solver belongs to a general class of the second-order nonoscillatory forward-in-time schemes.
Theoretical considerations are supported with numerical examples. An elementary three-dimensional
spherical wave-propagation problem illustrates that MPDATA correctly captures signal transfer in acoustic
flows. Copyright © 2007 John Wiley & Sons, Ltd.
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1. THEORETICAL CONSIDERATIONS

An abstract theory of nonoscillatory forward-in-time (NFT) methods for fluidst has been put
forward in the early nineties [1,2]. In principle, NFT solvers can operate on various forms of
fluid equations—see [3] in the same issue, for a discussion of anelastic systems—and they can be
implemented using any nonlinearly stable (e.g. nonoscillatory) two-time-level advection (convec-
tion) algorithm that is at least second-order accurate for an arbitrary time-independent flow. Our
method of choice is MPDATA [4-6] for its genuine multidimensionality, easy accuracy-sustaining
generalization to unstructured meshes [7], and suitability for direct numerical simulation (DNS),
large eddy simulation (LES), and implicit large eddy simulation (ILES) [8].
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iThe term ‘nonoscillatory forward-in-time’ labels a class of second-order-accurate two-time-level algorithms built
on nonlinear advection techniques that suppress/reduce/control numerical oscillations characteristic of higher-order
linear schemes; and is meant to distinguish these algorithms from classical centered-in-time-and-space linear methods,
but not to imply perfectly oscillation-free solutions.
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The underlying theory of NFT solvers derives from the truncation-error analysis of upwind
approximations for an archetype inhomogeneous partial differential equation (PDE) for fluids

0

a—(f—FV-(V(j)):R 1)
in abstraction from any particular assumptions on the nature of physical forcings R, and their
relation to dependent-variable densities ¢, but driven solely by the requirement of the second-order
accuracy for an arbitrary velocity field V(x,#). One resulting template algorithm for (1) takes a

particularly simple and compact form
P =t (¢" +0.56tR", V' T1/2) 10.55t R" ! )

Here n and i refer to the temporal and spatial position on the mesh, ./ symbolizes a two-time
level nonoscillatory transport operator (viz. advection scheme) assumed second-order accurate for
a homogeneous case of (1) with time-independent V. Furthermore, V" +1/2 is an 0(5¢2) estimate of
V at t40.56¢, and R"+! = R(t 4 6t) 4+ O(5t>) can either be an explicit estimate or depend implicitly
on all relevant problem variables ¢.

In (2) there are two key elements defining the solver: (i) the choice of the transport operator
o/; and (ii) the approach for evaluating R"*! on the rhs. The latter depends on the adopted
form of the conservation laws and selection of dependent variables. In contrast to the proven
record in computing incompressible and anelastic flows [8], there is little experience with the
NFT simulations of gas dynamics. Except for its simplest isentropic limit [7, 9]—convenient to
illustrate the mechanics of MPDATA-based NFT methods—the efficacy of the NFT solvers for
compressible flows is largely unknown.

Herein, we extend the previous work [7, 9] to solve the standard set of conservation laws used
in the simulation of gas dynamics. The Euler equations for mass, momentum, and total energy are
expressed in the form adhering to (1), respectively, as:

0
P ov.(Vp)=0 3)
ot
where p denotes gas density;
q' n__Op
—+4+V-(Vg')=——— 4
V- (Vah=——7 @)

where g/ =pV! (for I=1,2,3) denote momenta and p stands for pressure; and
OE
E—FV-(VE):—V-(Vp) 5)

with E = pe+(1/2)pV?, wherein e=c,T is the specific internal energy, while T and c, denote
the temperature and specific heat at constant volume.

In general, solving (4) and (5) implies an implicit problem due to the dependence of pressure
on the energy and flow. We proceed in the spirit of the Crank—Nicholson schemes, by iterating (2)

¢rH = o1 (¢" +0.560R", V) 4055t R = gF 0.5t R T 6)

where u=1, ..., m numbers successive iterations, and the first guess R0 is either a first-order
predictor or, simply, R"*10=R". Importantly, the computationally intensive explicit part @7 is
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evaluated only once per time step—by executing an advection module prior to (6)—thus remaining
fixed during the iteration process. Using J¢ that satisfies the Courant—Friedrichs—Lewy stability
condition for the integrated PDE system (1) suffices for a rapid convergence of (6)—even with
RMLO—pRr =2 provides second-order-accurate solutions to (1), while m =3 also ensures an
0(513) estimate of R"*! proven advantageous for the accuracy of NFT schemes [2].

2. RESULTS

2.1. Spherical acoustic wave

Statements appear in the literature implying that upwind approximations are inadequate for simu-
lating propagation of acoustic modes. While this may be true for some upwind schemes, one
should withhold generalizations as upwinding may take different forms and operate on a variety of
auxiliary-dependent variables. In particular, MPDATA is constructed using properties of iterated
upwinding, yet when applied in accord with the notion of NFT methods, it is capable of simulating
difficult problems of wave dynamics. For substantiation, we paraphrase the classical problem of a
spherical sound wave propagation (Problem 1 in Section 70, Chapter VIII of [10]). The problem
considers ‘a sound wave in which the distribution of density, velocity, and other flow variables,
depends only on the distance from some point’. It employs the spherical wave equation for the
velocity potential in the zero free-stream Mach number limit. Assuming initial sphere of radius
ro compressed so that density excess p’ =dp=-const for r<rg and p’ =0 otherwise, it evinces the
analytic solution (away from the initial disturbance region) in the form of the spherical shell of
thickness 2rg, located at r €[cot —ro, cot +ro], where co denotes the speed of sound (constant).
Within the shell, p’=0.5(r —cot)dp/r; where upon the gas is compressed in the outer portion of
the shell » > cot and rarefied in the inner portion r < cot. Figure 1 shows the analytic and numerical
NFT solution, the latter as specified below.

In the absence of a significant free-stream flow, the first term on the rhs of the equality in (6)
reduces, virtually, to its linear kernel; that is, a centered-in-space (and time, as u /'00) approx-
imation for (1). The resulting algorithm is dispersive [2], and the smooth solution in Figure 1
is achieved by enhancing dissipativity of the upwind advection with an ((5x2) residual, in the
spirit of the FCT methods; see the Appendix in [11] and consider that our diffusion coeffi-
cient v=0.020x26¢"" is one order of magnitude smaller. To further substantiate the adequacy of
MPDATA-based NFT schemes for wave propagation, we alter the classical problem as follows.
An isothermal hemispherical density excess of p’/py,=0.082 with radius rp=0.2m, is centered
at the bottom of the 6.38 x 6.38 x3.19m> domain. A uniform free-stream flow is assumed with
ug=co/3, where c0=2340.3ms~!. The domain is discretized with 319 x 319 x 159 uniform grid
intervals dx =9y =09z=0.02m; whereby, ro=100x. Numerical integrations of the posed initial
value problem are carried out using constant temporal increment 6t =107 s. Boundary conditions
are periodic in x and y and rigid in z.

Because the classical (linear) solution is Galilean invariant, the modified problem should yield
the same solution as the classical problem in the reference frame translating with ug. Indeed,
the spherical wave propagates radially with cg, away from the center translating with the free-
stream flow. Figure 2 shows the NFT MPDATA solution after time # =7200¢. The selected time
of the figure is long by the standards of, e.g. the Sod benchmark [12], purposely to emphasize the
symmetry and phase errors; here cot =12.25 ro=2.45m. In contrast to the result in Figure 1, the
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Figure 1. Spherical sound wave; normalized pressure perturbation dp=(p— po)/po at y=z=0 after

t>>ro/co (ro is the initial perturbation radius): (top) fully nonlinear 3D NFT result in the xy plane at z=0

with superimposed induced flow (|| dv loo=0.6ms™1); (bottom) & p at y=z=0 for the analytic solution
(solid line) and the corresponding NFT result (dashed line).

solution in Figure 2 shows a slight symmetry breaking, presumably reflecting the Courant-number
dependence of the truncation error characteristic of second-order advection schemes [13]. Here,
we used basic MPDATA scheme with FCT monotonicity enhancement, and further improvements
are possible [35, 6].

2.2. Aerodynamic benchmarks

The performance of the outlined algorithm is illustrated next for a steady-state transonic flow over
an airfoil—AGARD test case 04 for NACAO0O012 airfoil at Mach number M =0.8 and incidence
angle o=1.25° [14], which we documented earlier [9] for the potential temperature equation in
lieu of (5).

Figure 3 shows the standard display of the surface pressure coefficient C), for the triangular
and quadrilateral mesh, respectively. Identical numerics were used for both meshes. The MPDATA
results show the sharp, single-point shock capturing that is consistent with the results discussed
in [7,9]. Additionally, the MPDATA solutions are compared with the Jameson Runge—Kutta
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Figure 2. As in top panel of Figure 1 butin M = % free-stream flow, and with superimposed
perturbation flow ov=(u—ug, v) vectors.
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Figure 3. C), pressure coefficient for NACA0012 airfoil; M =0.8, «=1.25°. A comparison of MPDATA
results with Runge—Kutta computations, for the triangular (left) and quadrilateral (right) meshes.

scheme [15]. Results from structured and unstructured meshes show that MPDATA gives a much
sharper pressure jump on the weaker lower-surface shock (located in the region of higher wall
curvature). Results for the structured mesh also indicate better upper shock capturing by MPDATA.
MPDATA solutions use the FCT monotonicity enhancement [7] and relaxation of the antidiffusive
correction in high gradient regions [9].
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3. CONCLUSION

We introduced an NFT MPDATA solver for simulating gas dynamics, using a standard set of Euler
equations important for high-speed flows. The results presented here, together with the earlier
published evidence [9], demonstrate the validity of MPDATA for a range of fully compressible
flows, from zero to high Mach number. Given the proficiency of the MPDATA-based NFT approach
for studies in geophysics [8], the present development opens new avenues for simulation of
environmental acoustics and extreme events.
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