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Abstract

In this paper, we tackle the modeling and numerical simulation of polydisperse sprays. Starting
from a kinetic description for point particles, we focus on an Eulerian high-order geometric method of
moment (GeoMOM) in size and consider a system of partial differential equations on a vector of successive
fractional size moments of order 0 to N/2, N > 2, over a compact size interval. These moments correspond
to physical quantities, which can be interpreted in terms of the geometry of the interface at small scale.
There exists a stumbling block for the usual approaches using high-order moment methods resolved with
high-order numerical methods: the transport algorithm does not naturally preserve the moment space.
Indeed, reconstruction of moments by polynomials inside computational cells can create N-dimensional
vectors which can fail to be moment vectors. We thus propose a new approach, as well as an algorithm,
which is high-order in space with limited numerical diffusion, including at the boundaries of the state
space, where a specific study is proposed. The main contribution of this work is the design and analysis
of a high-order scheme preserving the bounds on the velocity, the moment space and capturing void
and d-shocks solutions. We show that such an approach is competitive compared to second order finite
volume schemes, where limiters generate numerical diffusion and clipping at extrema. An accuracy study
assesses the order of the method as well as the low level of numerical diffusion on structured meshes. We
focus in this paper on cartesian meshes and 2D test cases are presented where the accuracy and efficiency
of the approach are assessed.

Introduction

The present work aims at proposing and analyzing a high-order numerical scheme for a system of weakly
hyperbolic conservation laws modelling sprays of droplets. In practice, this system is constructed by first
considering a collisionless kinetic equation on a distribution function of droplet ([49, 21]), and then by ex-
tracting the first few moments with respect to the kinetic variables. The resulting system is underdetermined
and it is closed using a quadrature-based approach ([46, 42, 12]). This construction has been widely used
(see e.g. the previous work [23, 22, 17] and references therein) to model clouds of spherical droplets. More
recently, this approach has also been exploited in [40] for the modelling of multi-scale flow with non-spherical
liquid inclusion at small scale.

The considered moment system consists of a pressureless gas dynamics (PGD) system augmented with
conservation laws on geometric moments. Therefore the study of the moment system exploit the one of
the PGD: First, it is necessary to look for solutions in a weak sense ([6, 4, 7, 50, 5]) because, even with



reasonable smooth initial and boundary conditions, this problem may involve measures, so-called delta-shocks
transported with the flow (see also [57, 37, 35]). Second, the uniqueness of the weak solution is only ensured
under additional constraints ([6]). Among those constraints, two properties of the initial and boundary
values are preserved through space and time: the density remains non-negative and the velocity satisfies a
maximum principle, which is closely related to the total variation diminishing (TVD) property. Therefore,
these two properties needs also to be preserved by numerical schemes for stability reasons. Enforcing the
positivity of the density in the PGD corresponds to enforcing that the solution remains in a convex set,
called realizability domain or moment set (as it is the set of moments of the non-negative distributions ;
[18, 54, 36, 19, 32]), for the moment model. Two types of solutions are difficult to capture by most numerical
approaches, those involving concentration of the solution in a spatial point (delta-shock solution), and those
involving void regions where the solution is zero as such a value belongs to the boundary of the realizability
domain.

At the numerical level, a first order approach for the PGD preserving positivity of the density and the
maximum principle on the velocity has been first proposed in [3] based on kinetic interpretation of the
PGD, so-called kinetic finite-volume (KFV) scheme. It has been extended to second order in [8] using linear
reconstructions with slope limiters to preserve the TVD property on the velocity, and to the considered
moment model in [23]. However its construction is restricted to linear reconstructions, therefore to second
order schemes usually involving clipping of extrema, since such a reconstruction can be interpreted as a
convex combinaison of the value at each boundary of a cell, while higher order reconstructions do not
satisfy such a property. When associated with a strong stability preserving (SSP) Runge Kutta (RK) time
discretization ([28, 56]), the discontinuous Galerkin approach (DG ; [14, 15, 20]) has been shown to be a
good alternative to construct high-order discretisations for hyperbolic systems with discontinuous solutions.

The DG method produces accurate results if the solution is smooth or contains (relatively) weak disconti-
nuities, otherwise significant oscillations and nonlinear instabilities may occur. To avoid such difficulties with
numerical oscillations, the DG method needs to be accompanied by a limitation procedure such as minmod
[16], artificial viscosity [41], total variation diminishing [31], weighted essentially nonoscillatory (WENO)
[45, 52] techniques or extrema preserving limitations [63, 61]. In addition, there are other techniques for
bound-preserving limiters, such as flux corrected transport algorithms [2, 47, 29, 38] and monolithic convex
limiting approaches [30, 53]. There have been intensive studies on positivity-preserving and maximum-
principle-satisfying methods. The genuinely high-order maximum-principle-satisfying DG method has been
proposed in [63, 61] for scalar hyperbolic equations. This procedure has been rapidly developed for different
problems ever since, for the Euler equations [64, 65], Navier-Stokes equations [62], shallow water equations
[59] and fluid flow in porous media [13], among others. Exploiting a quadrature interpretation of the cell
reconstructions, a pointwise limitation has been suggested in this framework. This limitation is rather simple
to use, both in term of implementation and to obtain theoretical estimates. However, those estimates are
only obtained under the constraint that the solution remains away from the void regions, even if this specific
limit is interesting and frequently encountered in applications. Such a scheme has also been tested for the
PGD in [60] and for another moment model in [55], which does not involve void or concentrated solutions.

The present work aims at constructing, analyzing and testing some limitation strategies for high-order
RKDG discretisations applied to the considered weakly hyperbolic geometric moment system, thus combining
the difficulties of moment space preservation within the framework PGD solutions, which can be potentially
singular or involve void regions. More specifically, we study the impact of such a limitation in the vicinity
of void regions. In practice, the considered limitations can be interpreted as projections of the discrete
solution onto the set of admissibility, that is the set of vectors satisfying both the bounds on the velocity
and the realizability condition on the geometric moments, while preserving the mean value of the solution
in a cell. Two choices of projections towards the cell mean are focused on: one consists in enforcing first
the realizability then the overall admissibility, the other consists in projecting all the solution in a single
step. These two projections show different behavior in the void region in terms of accuracy and of numerical
diffusion.

The paper is organized as follows. In the next section, the construction of the moment model from a
kinetic description is recalled and we present its main features in more details. In Section 2, the DG scheme



is presented and the discrete versions of the constraints are specified. Section 3 presents limitation strategies
to preserve the realizability and the velocity bounds and their behavior in the vacuum limit is tested on a
few test cases. A numerical study is provided in Section 4 to illustrate accuracy and the behavior of the
numerical scheme with delta-shocks or vacuum solutions. The last section is devoted to concluding remarks.

1 High-order geometric moment modelling

We present here the construction of the system we aim at solving numerically in the next section, and analyze
the properties of its solution we need to preserve at the numerical level.

1.1 Construction of the moment system

The considered system is obtained by evaluating the moments with respect to velocity and size variables of
a kinetic model.

1.1.1 Kinetic description

The spray of droplets is described by a Number Density Function (NDF) f, such that f(¢, 2,5, v)dx dS dv
represents the probable number of droplets located in z, with size S and velocity v. The NDF satisfies a
Williams-Boltzmann equation ([58]), that models the transport of a spray carried by a gaseous flow

Ocf + divg(vf) = 0. (1)

This model is a simple toy problem, but we aim at modelling a more realistic physics. This can be achieved
in two manners from (1). First, we can enrich the description of the droplet, typically having a more precise
geometry of the droplets, by considering a more complex phase space than only the size variable S € RY
(e.g. modelling mean curvatures, temperature or oscillation of the droplets; see e.g. [40, 39, 23, 22]). Second,
considering other physical effects such as the drag and evaporation of the droplet (see e.g. [44, 22, 23] and
references therein) can simply be modeled through additional terms in (1), potentially depending on these
additional variables. However the present contribution in terms of numerical methods naturally extends to
these more complex models as the main difficulties arise at the numerical level from the resolution of the
transport operator.

1.1.2 Velocity moments

The kinetic phase space is composed of the size variable S and the velocity v. Concerning the velocity
variable, we characterize the velocity dependence of f by two quantities: its first two velocity moments

p=/ fdv, q=/ vfdv,
R4 R4

that correspond to a density and a momentum. Extracting those moments from (1) yields (formally) the
system

Orpt+diveq =0,

Orq+div, (/ m;dev>— 0,
Rd

In order to close this system, and for simplicity, we make the hypothesis that all droplets at a location x are
transported at the same velocity u. This corresponds to approximating the distribution f by

flt,x,8,v) =~ p(t,z,S)d(v — u(t, x)). (2)



With such an approximation, we obtain a closed system

Oip+divg(pu) =0, (3a)
Orq+divg (quT)= 0, (3b)
q=pu. (3¢)

This system corresponds to the pressureless gas dynamics (PGD) system, that has been widely studied in the
literature (see e.g. [3, 6, 9] and references therein), and where the variable S appears as a parameter. Remark
that the absence of pressure in our approach can be justified by the absence of collisions in the underlying
kinetic model (1), that is the infinite Knudsen limit, which is valid in many realistic configurations (see

e.g. [43)).

1.1.3 Size moments

Concerning the size variable S, we use a fractional moment method ([23]). We use the half order moments
m = (m07m1/27m17 m3/2)T

ma(t,aﬁ):/o Sp(t, x,S)dS, (4)

where the maximum and minimum admissible sizes are chosen to be Sy, = 0 and S;,q, = 1 for simplicity.
The reason for this choice of m is that we retreive from those moments the following geometric quantities
commonly used in the context of separated phase modeling ([21])

R N 1
YG = 4wmg, YH = 2y/mmy s, ¥ =mu, o= ﬁmg/g, (5)

where the « is the volume fraction of liquid, X is the interfacial area density and G and H are respectively
the densities of Gauss and mean curvatures averaged over the surface of a droplet ([40, 39, 23, 22]).

Eventually, we extract the moments with respect to b(S) := (S°,S%/2, 8, 8%2)T from (3a) and the
moment with respect to S only from (3b) to obtain

U + div,(UuT) =0, miu = q, (6)

where U = (m” ¢7)T with the moment vector m = (my, my /2, M1, m3/2)T. The surface area density ¥ = m;
acts like a density in this model, and the moment against S of (3b) was used to construct ¢. Following [23],
this choice is more relevant when considering drag or evaporation effects, that are not considered in the
present work but are part of future projects.

1.2 Properties of the moment system

The considered properties are presented for a 1D version of (6) as such a system can be decomposed into two
subsystems widely studied in the literature. The analysis of those 1D subsystems provides some constraints
on the solution, our numerical scheme has to satisfy. Eventually, we extend those constraints in a multi-D
framework.

1.2.1 Bounds on u

The first subsystem rewritten in 1D is the PGD system on m; and g = (mju) which simply consists in a 1D
version of (6) where the vector m is replaced by mq, or of (3) replacing p by m; independent of S.

This system has been analyzed in [3, 8, 6] and we recall a few results here. One specificity of the PGD (3)
is the possible appearance of so-called d-shocks in the solution. It consists of a Dirac measure of mass m;
transported at velocity u. For this purpose, one needs to focus on solutions in the following weak sense
(see [3)).



Definition 1. A couple (m1,q) € C (]0, T[; Myoe (R))? is a duality solution to the 1D equation (3) if
e The momentum g < m; is absolutely continuous with respect to the mass.
e The mass m; > 0 is non-negative.
e There exists a velocity u € L>(]0, T[xR) and a function a € Lj,.(]0,T[) such that

— One-sided-Lipschitz condition: d,u < a.
— Weak solution: For all ¢,1 € C°(]0, T[xR), then

/ 1 (91 + udyb) = O,
/(J(aﬂ? + udz1p) = 0.

— Representation of u: miju = g a.e. with respect to the measure m.

Remark 1. e In this definition, the velocity u = d(’iqu corresponds to the Radon-Nikodym derivative of
g = (myu) with respect to my on its support Supp(my). It is therefore u(¢,-) € L (dmy(t,-)) for all
t > 0. Only its definition on Supp(my) matters, but this function can be extended in the complement
R\ Supp(my) into some L (]0, T[xR) function (see the notion of universal representative in [3, 6, 4]).

e The requirements on u allow to define a unique characteristic curve X in the sense of Filippov ([50, 26]),
i.e. an absolutely continuous function X (z,ty) € W (R*) of ¢ satisfying

¢
X(t;z,tg) = / w(X (152, t0))dr, X(to;x,to) = x.

to
For the numerical application in the next section, we exploit the following property.

Property 1 ([4]). Consider a duality solution (m1, ¢) to the 1D equation (3) with initial data m{ and ¢° and

dq dq°

denote u = ZL- and ul = 75. Denote the essential infimum and supremum of a function f with respect to
1

d
the measure p on the interval I by inf,” f and sup " f. Define

(0] 0
Uinf = inmeluo, Usup = supleuo.
e Global bound on u: For all ¢ > 0, the velocity u satisfies
Uinf < inmel (tv')u(tv ')7

(7)

Sup];gl(t).)u(ta ) S Usup»

e Local bound on u: For all 0 < 7 < t, and all non-empty interval = € I° = (¢, d) with ¢ < d, define
the interval
I = (¢ — UsupT, d — UinfT) .

Then the velocity u satisfies

inf (e - 7)< nf 2, ),

supITl(t")u(t, ) < supxig;T")u(t —T,).

(8)

These constraints are closely related to the total variation diminishing property (TVD; [31]) on velocity,
which is also proved to be satisfied by w in [3]. Numerical schemes violating the discrete equivalent of
this property can trigger oscillations or overshoots around discontinuities. For this purpose, we rewrite the
previous condition.



Property 2. These constraints can be rewritten in terms of the solution (mq,q) by:

e Global bound on u: For all ¢ > 0, and all non-empty intervals (¢, d) with ¢ > d, the solution (m1, q)
satisfies

Uinf /cd dmy(t,-) < /Cd dq(t,-) < usup /Cd dmy (t,-). 9)

e Local bound on u: For all 0 < 7 < t, and all non-empty intervals x € I° = (¢, d) with ¢ < d, the
solution (my, q) satisfies

d d d
(infﬁfi(f;ﬂ')u(t -7, )) / dmq(t,-) < / dq(t,) < (sup;':igfﬂ')u(t -7, )) / dmq(t,-).  (10)
c c c

Especially, one observes that the integral of the solution ( fcd dma (t,-), fcd dq(t, )) over an interval (¢, d)
always belongs to a closed convex cone defined as the intersection of three half spaces: m; > 0 and the two
ones defined either globally with w;, s and gy, in (9) or locally in (10).

Also, the velocity u can not create new local extrema in x and the local minima, resp. maxima, increase,
resp. decrease. Following the definition of [31], the velocity is therefore monotonicity preserving and TVD.

1.2.2 Preservation of initial data set

A second subsystem rewritten in 1D yields

Oym + 9, (mu) = 0, (11)

where m = (mq, my 2, m1, mg/g)T is the vector of moments of n with respect to the basis functions b(S) =
(1,8%2,8,53/%)T and the velocity u is the one found in the previous paragraph from the PGD. We consider

again weak solutions in the sense:

Definition 2. A set of functions m € C(]0, T'[; M(R))* is a duality solution to (11) if every of its components
M, for a =0, 1/2, 1, 3/2, satisfies for all ¢ € C°(]0, T[xR)

/ma(atgé + ud,¢) = 0.

The considered solutions preserve the initial states:

Proposition 1. Suppose that m% < m{ are absolutely continuous with respect tom9 for alla =0, 1/2, 1, 3/2
and that u(t,-) € L>®(dmq(t,-)) is obtained from a duality solution to the 1D equation (3). Then the duality
solutions to (11) satisfy for all borel set B and t > 0,

m(t, B) € Cone ({m°(y), y € R}).
where Cone(-) is the convex cone pointed at the origin generated by all initial m°.

Proof. This results from the method of characteristics in the sense of Filippov ([26, 50]). Remark that
all the components m,, follow the same characteristic curve which provides the result. The requirement
that m? is dominated by m{ simply provides that Supp(m?) C Supp(m?) and therefore following the
characteristics provides Supp(mq(t,-)) C Supp(mi(t,-)) and ensures the uniqueness of the velocity in the

support Supp(mq(t,-)). O



1.2.3 Moment set and Hankel determinants

This initial set is encompassed into a larger set, that is the set of moments of n with respect to b(S), also
called the realizability domain. This set of moments is often studied when constructing moment models
because an important part of the physics is put into the nonlinear source terms, which are only defined
and numerically evaluated under realizability constraints. This constraint extends the constraint m; > 0 in
Definition 1.

Definition 3. The set of all realizable moment vectors or realizability domain yields

R = {/olbw)du(sx pe M1}

Property 3 ([1, 18, 48]). This set is a closed convex cone characterized by its extremal points
R = Cone({b(S), S €]0,1]}).
This set is characterized by numerical constraints following Hausdorff problem.

Proposition 2. The vector m = (mo,ml/g,ml,mg/g)T € R* is realizable if the following matrices are
symmetric non-negative

H! — (m1/2 my > 7 H2 — (mo — My Mi/2 — m1> 7 (12a)

my Mg/ My —MmM1 M1 — M3z/2
and all their components are non-negative. This is equivalent to requiring their trace and determinants are
non-negative, which reformulates h;(U) > 0 with
hi(U) = my/o +mg)2, ha(U) = mg — my /o +my —mg/a, (12b)
hg(U) = m1/2m3/2 - m%, h4(U) = (mo - ml/g)(ml - m3/2) - (m1/2 — m1)2.

Proof. The fractional realizability condition simply follows from the solution of Hausdorff moment problem
([18, 36, 54, 19, 32, 48]) after using a change of variable S = 72 in the integration. O

1.2.4 Admissible set

Eventually, we call globally, resp. locally, admissible the set of function that satisfy both the global, resp.
local, bounds on u of Section 1.2.1 and the realizability of Section 1.2.3.

Definition 4. Suppose that the solution U to (6) for all time 0 < 7 < t. The set of globally admissible

vectors is
Lob,
f’[?l’b? = {(mT,q)T such that m e R, miupms < g < mlusup} ,

and the set of locally admissible vectors

Aoy = {(m",¢)" such that m € R, miu,r < q < mlu;up} , (13a)
afy(t) = inf G0 ult =), (1) = sup T ult — ), (13b)

Again, these sets are defined as intersection of closed convex cones and are therefore closed convex cones.
These sets are defined such that the vectors obtained by integrating the solution U(¢,-) to (6) over any
interval I belong to this set, i.e.

d
( / dU(t, -)) € A (o CAIT

and where the velocity u in the Definitions 4 is the one resulting from the solution U over 0 < 7 < .



1.2.5 Extension to multi-D problems

We extend the framework for muldi-D problems, but the analysis is left for future work. When considering
a problem of spatial dimension d > 1, we consider duality solutions under the following sense.

Definition 5. A couple U = (mT,¢T)T € C(]0, T[; Mioe(R%))**¢ is a duality solutions of (6) if:

e Every component g;,m, < my for alli =1,...,d and « = 0, 1/2, 1, 3/2, is absolutely continuous
w.r.t. my.

e The vector m € R is realizable m-a.e.
e There exists u € L>(]0, T[xR%)¢ such that

— Weak solution: For all component U; and V¢ € C°(]0, T[xR?), then
/Ui (00 + u" Vo) = 0.

— Representation of u: miu = q is satisfied ms-a.e.

Remark that an entropy condition a la Oleinik has been present in Definition 1 in the 1D case. It is
missing in the present extension, and we do not perform a proper analysis of the multi-D model. A first
result in this direction has been proposed in [7] for the transport equation and extension of this work to (6)
is left for future work.

Assuming that there still exists a unique Filippov characteristics passing at every (¢, z) €]0, T[xR<, then
we extend in multi-D:

e Globally directional velocity bound: The bound (9) on the velocity applies in every direction, i.e.
for all n € S?, all non-empty set C C R?, for all ¢t > 0,

Tn); mq ) S TLT ) S uTn su mq .
<un>mf/cd (t,></cd< 9(t) < ( )p/cd (t.),

0 0
where (un)int = infﬁgj (uT'n) and (uT'n)sup = supgj (uTn).

e Locally directional velocity bound: The bound (10) extends for all n € S, all non-empty set
C% c RY, for all t > 0,

(intg T ute = 7, [ dmate) < [ date) < (supgie T ute =) [ dme,),
C C C

where
CT = {x —u, z e C, (uTn) S [T(UTTL)SHP, T(UTn)inf] } .

e The realizability property m € R naturally extends if this vector is transported along characteristic
curves.

Eventually the admissible set (13) extends into

Al o= {(m",q)" such that m € R, ml(uTn)ZTnf <q"'n<mi(un)l,}, (14a)
(uTn);—nf(t) = infCTtl—(f—)iT’.)u(t - T ')? (uTn);-up (t) = Sup[?zig—t)i‘r“)u(t =T, ) (14b)



1.2.6 Discussion on numerical difficulties

Two types of difficulties are focused on in the numerical section below:

e The appearance of void: at certain locations, the moment solution can become zero. In this limit,

one of the inequality in (12) becomes an equality, and therefore the moment m = (mq, m, /2, m1, mg/g)T € OR

belongs to the boundary of its admissible set. Furthermore, the velocity u is ill-defined in this limit
because it only appears multiplied by m; in (6). Such an issue has been illustrated in [3] through a
1D test case for the PGD, that we extend in the present framework into

1
0 _ ayQ —1 0/ N _ 0 0.5 for x > 0,
ma(x)f/o SdS =(1+a) 7, q°(z) =mj(x) x { C05 form <0 (15)
This m? is in the interior of R and generates a void region in finite time as the solution simply yields
_ 1 _ 0.5  for z > 0.5¢,
ma(t,r) = (14 a)" x (1 = 1_g.50.54(7)), q(t,z) = 0.5 x { 05 for < —05t.

e The appearance of d-shocks: the solution may contain Dirac measures that are propagated with
the flow. Again such a solution has been exhibited in [3] through a test case rewritten into

00, — -1 0/\ _ .0 —-0.5 x>0,
mia) = (st P =i x {20270

It generates a d-shock as the solution yields

mea(t,z) = (14 ) (1 4 2téo(x)), q(t,z) = ¢°(z).

(16)

The following section presents a high-order scheme preserving the bounds on the velocity, the moment space
and capturing void and §-shocks solutions.

2 RKDG scheme preserving admissibility

Following the derivation of the model (6) from the kinetic model (1), seen as a Galerkin approximation with
respect to the kinetic variable, we extend here this construction with a strong stability preserving (SSP)
Runge-Kutta discontinuous Galerkin (RKDG) scheme. A special focus is given to the imposition of the
admissibility enforcement on the numerical solution.

2.1 Discontinuous Galerkin (DG) space discretization

In order to construct the space discretization of (6), remark first that the moment method of Section 1 is
already a Galerkin approximation of (1) with respect to the kinetic variables (.S, v) using b for the test func-
tions and (2) for approximation function. We extend the Galerkin approximation with space discretization.

For simplicity, we use a Cartesian grid D = [J, Q. where . is a product of intervals of the form
[#;_1,@;11]. Define polynomial test functions g € P,(€2e) of degree r with respect to the space variable x
and compute the integral

0—/ / / b(S,v) (0 f + divy(vf))(t, z,v,5)drdS dv
Rd

/Rd/ / )f(t,2,v,8)dzdS dv (a7)
/Rd/ / Veg(x)' v)b(S,v) f(t,2,v,S)dzdS dv

/]R/ /(m ())b(S,v) f(t, z,v,5)dz dS dv,



where n denotes the outgoing normal to the boundary 9. In the spirit of [3, 8], following the characteristic
curves suggests to decompose f in the last integral into two parts coming from both side of the interface.
Considering x € T'eer = Q. N Qe on the interface between (), and (2., and denoting n the normal directed
toward 2./, this corresponds to writing

(v () f(t, 2,0, 8) = lim (v"n(y)+f(ty,0,8) + lim (v n(y))-f(ty,v,5), (18)
5695: yyefze/

where ax = (a % |a|)/2 designate the positive or negative part of a. Now, following (2), we approximate f
by fy defined as

frn(t,z,v,8) = pp(t,z,S) H 6u,~,h(t,x)(vj) = Z pe(t, z,S) H 5u§(t,z) (’Uj)lQe (2), (19)
- - ;

J

where the subscript h refers to the functions defined by parts and the superscript e refers to the functions in
the cell .. The functions u® and p® are chosen such that z +— U¢(t,z) = ((m®)T, (¢°)T)(t,z)T € P,.(Qe)*+
are polynomial function of space in every cell )., where

Uc(t,x) :/0 /Rd b(S,v)p°(t, x, S) l;éuf(tvf)(vj)ds :/0 b(S,u®(t, z))p®(t, z, S)dS (20)

are polynomials of degree r over the spatial cell €).. Eventually, only the moment equation is solved, and
the fact that U,(x) is polynomial is sufficient for the construction!.

Now, we choose the g; such that it forms a basis of polynomials, which is orthogonal with respect to the
L? scalar product on €. Denote z;, some quadrature points. In practice, we simply choose in 1D the Gauss-
Lobatto points such that they include the boundary of each interval, and they maximize the accuracy in the
sense that the space integrals are exact up to degree 2r — 1. Finally, denote [;, the Lagrange polynomials
associated to these quadrature points. This structure (quadrature points and Lagrange polynomials) is
simply tensorized in multi-D (see [61, 64] and references therein). Reinjecting it in (17) provides

0= M%U—F(U) + E(), (21a)

where the unknown (Ujx)j=1,.. 44d = ((my)T, (gx)T)T approximates U(zy) = (m®)T, (¢)T)(zx)T at the

quadrature points x; and
dUu dU; i
M— | = i (2) 1 (2)d D2 21b
( dt)m- Ekj(/ﬂegu)k(x) o) (211)

FU);,; = Z (/Qe gi(as)vgglk(x)de) urUj g, (21c)

k

where the velocity uy satisfies my pur = g ~ q(xr) = mi(xp)u(zg). It is a scalar in 1D, or a vector in
multi-D of the same size as V li(x). The case mq j = 0, which corresponds to the zero mass mq = 0 case,
will be treated in the next section.

For the exchange term E, the boundary 0, = Uy T'cer of the cell is splitted into the interfaces I'cer =
Q. N Qe and one remarks that the quadrature points xj along I'e.r in 2. are identical to those on the other
side, along I'c. in Q./. Therefore, reinjecting (18) in the last integral of (17) and using the approximation (19)
leads to (see also [3, 8])

EW)i;= Y. Y, (/F gi(w)lk(w)dﬂf) X ((U{n(iﬂk)hUa‘,k + (upn(er)) Uj,k'>7 (21d)

e’ s.t. k s.t. ee’
Fee’;é@ LS

1Such an approximation can be achieved in several ways, as such underlying p® and u® exist. For instance, p®(t,x,S) =
S ait, x)ds, (S5), uf(t, ) = p; (t,2) /(X5 @ilt,z)S;), with @ — a;(t,z),p;(t,z) € Pr(Qe) and some distinct fixed S; €
(0,1) provides such Ue. Other choices are possible and this formula does not impact our construction.
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where the index k refers to the quadrature points along the edge I'c.s in €2, and the index k' # k corresponds
to the quadrature point in )./ at the same location xp = xp € I'eer. In 1D, this exchange terms reduces to
the kinetic fluxes [3].

2.2 Numerical admissibility constraint

The conditions (12) and (8) satisfied by the duality solution at the continuous level need to be transposed
at the discrete level.

Realizability: For the realizability condition (12), despite providing a discretized version of the un-
derlying kinetic model, the transposition of this condition at the discrete level is essentially driven by the
applications we have in mind. Indeed, violating a discrete version of the pointwise realizability criteria (12)
would not affect the precision nor the stability of the scheme, as a non-realizable vector would simply be
transported at velocity u. The main motivation for imposing this constraint arise from the additional physical
effects discussed in Section 1.1.1 that would require a strong imposition of this property.

Velocity bounds: The preservation of monotonicity in the solution, and therefore the bounds on velocity,
is closely related to the total variation diminishing property (TVD; [31]). In 1D, the velocity u has been
shown to be total variation diminishing (TVD) in [3] at the continuous level and preserving the bounds on
the total variation at the numerical level is essential for stability. These bounds are applied at the cell level
Q. to the cell mean values.

Formulation of the requirement at the cell level: First, denote U, the integral of the approximation
U*¢ in the cell .. Using the appropriate Gauss-Lobatto quadrature weigts wy > 0

_ 1 1 !
U= [ Uae= Y wtix o [ [ ] b s)aasas,
1Qe| Jo, (@) k; A Q| Jo, Jo Jra (. ) )

TR €Qe

which approximates the moments of f in the spatial cell Q. with ||, the element size. Assuming that
U(t",-) is of the form (20) at time " with positive p(¢",-), then we expect the integral of exact solution to
satisfy UP+! e Ar‘%‘t,ﬂe as defined in (14) for all cell Q.. This rewrites:

= nt1 it ¢ +1 n+1
mg € R q]ne [ T (u e])min e’ ml ,e (U e])max ei 9
—n\T T T
( ) min,e — min ('U/Z/) n, (u n)maxe = max (ue’) n,
e’ s.t. e’ s.t.
QenQE/;é(A Qeﬁﬂel;ﬁ@
where g satisfies my iy = ¢¢'. Assuming that the time step satisfies a condition of the form At <

max, 4 R(€.) where the radius R(€2.) is the maximum distance between two points of 2., this corresponds
to imposing (12) and (8) to the approximate solution f" averaged in a cell {2, at time t"*1.

Formulation of the requirement at the node level: Exploiting the positivity of the quadrature
weigts of Gauss-Lobatto and the convexity of the admissible set, U?+! € AS', holds if UPt! € ADY
holds for every quadrature point z; € €., or equivalently

n+1 € R q?zl [m?tl(u e])min e’ m?J’gl(u e])max e:| I (23)

implies (22). For the applications below, we impose (23) and we rewrite the discrete admissible set as

»:={U suchthat meR, mi(u"e;)l.<q < ml(uTej)maxe} , A" = H.AZ, (24)

min ,€

using velocities (u”

€ )in,e and (uTej)&aX’e given at a time step " in the cell Q.. Especially, at every time
step, the discrete admissible set is a closed convex cone defined using the solution U™ ! at the previous time
step.

Imposition of the requirement: A numerical scheme preserves admissibility if

ne AL = pUntle gn,

11



At each time step, we enforce realizability (12b) of the moments vector (it boils down to the positivity
of the density for the PGD system [3]) and local maximum principle for the velocity (8). Global bound
preserving limiter can limit the approximation order reached by the numerical scheme (see [66]). These
constraints (13) holds true at the continuous level and we seek to satisfy them at the discrete level (23). If
admissibility is lost at some time step and at some quadrature point during the simulation, we correct this
numerical solution in the following way.

For U ¢ A", we define a corrected value (P"U) as a projection onto A™ and it needs to satisfy:

e (P"U) € A™ is admissible,

e For all Q.
Z wkUk = Ue = Z wk(P"U)k. (25)
k s.t. k s.t.
TR €Qe TR E€Qe

The second criteria aims at imposing conservativity of the scheme. Indeed, the numerical scheme satisfied
by the cell-averaged quantities U?*! with the time discretizations of the next subsection can be rewritten in
a conservative (finite volume) manner. Correcting the numerical solution at every time step such that (25)
holds, this numerical scheme can still be written in a conservative way, but with modified fluxes.

In practice, we also expect the correction |[U —P"U]| to be as small as possible in order not to deteriorate
the accuracy of the scheme. Especially, the restriction P"| 4~ to the admissible set must be the identity.
This additional error is studied in the next two sections.

Following the work of [61, 63, 64, 65], we consider corrections of the form:

(P"U)ip =07 Ui+ (1— 926)@,6 for all %k such that =z € Q., (26)

where the convex combination parameters 67, € [0,1] are such that (P"U) € A". They can be different
for the different components i of the vector U = (m7”, )7, for different cells Q. and for different time ¢".
But they are the same for every quadrature points zp € 2. among the same cell in order to satisfy the
conservativity property (25).

Property 4. Corrections of the form (26) preserve the conservativity property (25) of the scheme (21).

Proof. Let (P™U);,. be the modified polynomial after corrections in cell €2, for the different components i,
such that
(P"U)Le(xk) = ('PnU)i,k, T € Qe.

Then, the cell average (P"U); . satisfies:
Prl)ie= > WP V)i = > wi (07 Ui+ (1—07)U;c)

k s.t. k s.t.
TR €N €N

=0, E wpUip | + (1 =07 )Ui e E wi | = Uipe,
k s.t. k s.t.
TR €N TR EQe

since 07, does not depend on the quadrature point z; and the quadrature weights verifies > owp=1 0O
k s.t.
TR €Q,

2.3 SSP Runge-Kutta time discretization

Concerning the time discretization, we exploit the strong stability preserving (SSP) Runge-Kutta (RK)
framework ([28, 56]). Such schemes have been originally designed to preserve the TVD property while going
higher order.

12



2.3.1 Admissibility of the explicit Euler-finite volume scheme

Rewriting the DG semi-discretization (21a) of the last subsection under the form

du
—=9(U) = M~Y(F - E)(U), (27)
then the explicit Euler iteration reads

Ut = Un + AtG(UM), (28)

that can be corrected if U™+ ¢ A"™. The explicit Euler time discretizations combined with first order kinetic
finite volume spatial discretization reads (28) where G is defined in (27) with M, F' and E defined in (21) and
using only one quadrature point per cell and therefore only one function I (z) = 1 = g1 () per cell (such that
V.li = 0). This yields especially U, = U, for the unique z3 € Q.. Then decomposing the term UZ =UJ
over the dual mesh (in Cartesian geometry) as in discrete duality finite volume (DDFV ; see e.g. [10, 11]),
the scheme (28) reduces to (for k such that x, € Q)

(i) rnerr ), U+ ((ue) " roer) _ U

uptt=up - At Y

Ax
T €9, k!
s.t. Fcc/;ﬁ@
n _ Tn T
n kk’ k'k n n n
=Uy — At E S Ve Five = ((ui) ' nwwr) U, (29)
Ty Gﬂe/ kk
s.t. Do #0
and, remarking that a4 = —(—a)_, we used u}} = ¢}}/(m1)} and
!
T — X
Azgr = Azprg = |2 — T4 Nkr = —Nprg = k
b )
Az

First, we rewrite the result (similar to those in [3, 8]) in the simple first order framework:

Proposition 3 (Admissibility preservation of explicit Euler-kinetic finite volume scheme). Suppose that

U” ¢ A" 1 and that
At ma |

<1. 30
min Azpy — ( )
(wk7wk/)EQe><Qe/

s.it. Toor#0

Then the update U™ € A" computed with (29) on a Cartesian grid is admissible.

Proof. From (29), the scheme rewrites (for k& such that xj € €2.)

n\T n \T
Z ((u) nenr) U+ At Z ((up)'ng k)+U’?/,
4 €Qy ATpy 2 €D/ ATpk

s.t. Tpor#0 s.t. Dpor #0

Uptt = 11— At

and, under the CFL condition (30) and since the mesh is Cartesian, it is a convex combination of the previous
values U}'. Therefore, it preserves any convex set, and especially it preserves the admissibility property. [

Remark 2. This construction extends out of the Cartesian framework under a modified CFL condition.
Cartesian grids were found sufficient for the present applications.

13



2.3.2 Admissibility of the cell-averaged value of the Euler-DG scheme

A first step toward the high-order RKDG scheme is the explicit Euler-DG scheme, namely high order in space
and first order in time. It is given in (28). When using a higher order DG spatial discretization, i.e. with a
large set of polynomials (I;); and (g;);, then the scheme a priori does not preserve admissibility. However,
for the admissibility of the full SSPRK-DG scheme in the next paragraph, we only need the admissibility of

its cell-averaged value, i.e. if U, € A?~! for all e, then we need ﬁ:ﬂ € A? for all e, where

ﬁ:Jrl _ Z wkU]?+17 (31)

Tk EQe
rrn+1 - : :
and U™ is given in (28).

Proposition 4 (Admissibility preservation of the scheme on the cell-averaged of the SSPRK-DG scheme).
Suppose that U € A"~ and that

A ma g

<1. (32)

min Az | X minwy
(Ik,mk/)GQCXQe/ k
s.t. FCC/#@

Then the updated value Un+1 € A" of the cell-averaged U™ computed with (31) on a Cartesian grid is
admissible.

Proof. We simply reformulate proofs from the literature (e.g. in Theorem 2.1 [64], Theorem 4.1 [60], Theorem
12.33 [33]) to the present framework. The scheme (31) can be written as a combination of Euler-KFV steps

—— At ((UZ)T’I’LMCI)JF Up + ((uz”,)Tnkf)7 Ug
Ut = 7 33
Z 'LUk» k wk Z Axkk' ’ ( )
T €e T €Qyr
s.t. f‘ee/#@

by redecomposing the mesh into another one with cells Q. and edges .. constructed such that there is only
one quadrature point xj per cell at its center. This scheme was shown to preserve the admissibility from
one step to another in Proposition 3 under the considered CFL condition, by dilatating At by a coefficient
1/wk. ]

This implies that the cell-averaged values of the numerical solution remain admissible at every iteration,
but the value at each quadrature point might leave the admissible set anyway. This is circumvented by the
projection in the next section.

2.3.3 Admissibility of the limited SSPRK-DG scheme

When using a higher order DG spatial discretization, i.e. with a large set of polynomials (I;); and (g;);, then
the scheme a priori does not preserve admissibility. For this reason, the scheme is corrected into

Un—i—l — PnUn-&-l’ (34)

n+1
)

where the projections pryntl = ’P"(U"+17 U toward the cell-averaged values T are defined in the

next section. For this projection to exists this cell averaged value needs to be admissible U " e A, and the
scheme satisfied by these values needs to preserve admissibility, as described in the last paragraph.

14



Eventually, we construct a corrected m-stage SSPRK-DG scheme under the form

ASE =",
U z o P" ( U® + AtLegU®), Uo + At%g(U(ﬂ)) for j=1,...,m, (35)
yntl U(m)

where the coefficients «; ;, 8;,; are chosen such that the RK scheme is strong stability preserving (SSP ; [28]),
i.e. they satisfy

j—1
Qi Bia =0, Y ayi=1. (36)
i=0

The cell averaged scheme U(?) 4 A 23t Bii Q(U(Z)) in (35) corresponds exactly to (33) by replacing At by AtZ2- Bii

In this work, the RK method is always chosen of the same order as the one in space. These schemes
are chosen to be SSP in order to preserve admissibility (see Proposition 5 below), and up to fourth order to
use only standart explicit SSPRK methods. Higher order discretizations would require further development
beyond the present objectives. The parameters o and [ used in Section 4 below are given in Propositions
3.1, 3.2 and 3.3 in [27] for the second, third and fourth order SSPRK schemes. These coefficients are choosen
such that if no correction is needed, that is if P" = Id for all j in (35), then (U*! — UP)/At = O(AtP) at
a certain order p.

Proposition 5 (Admissibility preservation of the SSPRK-DG scheme). Suppose that U™ € A"~ and that

Iﬂg lI

At max X m}?,xHu};H
i,
<1. (37)
min Az | X minwyg
(g, )EQe X Qs k
s.t. Ty #0

Then the update UL € A™ computed with (35), with parameters «, B satisfying (36), with a projection P™
onto the admissible set A™, on a Cartesian grid, is admissible.

Proof. This scheme is again constructed as a convex combination of admissible values P™ (U, ﬁ) e A",
well-defined under the given CFL condition according to Proposition 4. O

3 Projection methods

Two projections of the form (26) are constructed and studied in this section in order to enforce admissibility.
They are defined locally as functions P depending on U € R*+4 and U € A7, corresponding respectively to
the quadrature value U}’ and the cell value U'. Rewrite (26) generically

PWU,U); =0,U; + (1 —0,)U,, (38)

where the coefficients 0; are defined below.

3.1 Projections enforcing realizability and TVD of the velocity

We define values of 6; to enforce the admissibility requirement. This condition rewrites h;(U) > 0 for
i=1,...,4+ 2d, the first four correspond to realizability, the last to the TVD of u. In practice, we impose
h;(U) > € > 0 with a small value of € in order to avoid admissibility loss due to round-off error. This
parameter is fixed to 10712 such that the admissibility domain is not too reduced, this was found sufficient
for our applications.
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3.1.1 Realizability projection
First, we define the projection to enforce realizability:

Definition 6 (Realizability projection). For m and m such that h;(U) > e and h;(U) < e for some
i=1,...,4 (defined in (12b)), the realizability projection is defined by

Preel(U,U) = 6;U + (1 — 6,)U,

such that 0; € [0, 1] satisfy h;(PU) = ¢ and thus are given by:

E*hl(U) 0 7€*h2(U)

= — =——" 39a

' mU-T) P ha(U D) (3%0)
~b+ Vb2 — dac ~b+ Vb2 — da¢

b= % BT (39b)

with { a:hg(Ufﬁ), C:hg(U)*E,
b =My /2(msje — Mg 2) + (M1 /2 — Ty j2)M3/3 — 2y (my — ),

i=hyU-T), ¢=hyU) e,

b= (o — My /2)(m1 — M1 —mg/s + Mgz/3)
+(m1 — Mg 2) (Mo — Mg — My /2 + 7 /2)
—2(mijz — M) (myyz — My —my + ).

One verifies that each ; € [0,1] is well-defined as long as h;(U) < € and h;(U) > .

3.1.2 TVD projection
Similarly, the constraints (24) on ¢ for the TVD property on « rewrites h;(U) > 0 for i = 5,...,4 + 2d with:
hyto;—1(U) = q; — mi(u” ;) min, hato;(U) = my(ulej)maz — qj- (40)
DeﬁnitiAon 7 (TVD projection). For U and U such that h;(U), hs(U) > e for i = 1,...,4 and hi(U) > ¢
and h;j(U) < e for j =5,...,4+ 2d, we define the TVD projection of the form
PIVP(U,U) = 0;U + (1 - 6;)T,
where 6; € [0,1] is such that h,;(PU) = e. This yields

g, - == 1U) (41)
h; (U —U)

Remark that this definition requires m € R to be realizable for the coefficients 6; € [0,1]. Therefore,
in order to construct projections over the admissibility domain, we need to combine these two projections
Preal and PTVP | and the realizability one needs always to be imposed first. Two combinations of those
projections are considered in the next paragraph.

3.2 Assembling the projections
3.2.1 Minimal projection

We first introduce a projection P, that is only used for accuracy study.

Definition 8 (Minimal projection). The closest admissible vector to a non-admissible one U ¢ A? (red
curve on Fig. 1):

Puin(U, U) = argmin ||U — V|| (42)
VeAn
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The projection Puin does not depend on U. Especially, it can a priori not be written in the form (38)
in order to preserve the conservativity Property 4. For this reason, it is only exploited below for accuracy
studies, but it is not used for the limitation in the DG scheme.

By definition, this projection P, (U, U) € A? is the admissible vector the closest to U ¢ A7. Especially,
for the accuracy study below, we exploit the estimation between the projection P, (U, U) and the exact

solution U**

[ Panin (U, U) = US| < |[Proin (U, U) = U + U = U*|| < 2||U = U**||. (43)
1.00 le—-11
0.75 A
0.50 LIS :-——-l
S
0.25 | =
Ay
N
v 0.00 A -
—0.25 A
_0504 "~ P Straight
' ®m  Non admissible sol
B Mean cell value
—0.759 == P Step by step
== P Min
-1.00

"-1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75
le-11

1.00

Figure 1: Cut in the (m1, ¢) plane of the admissible set and the minimal, step-by-step and straight projections
of a non-admissible vector with ¢ = 1072,

3.2.2 Step-by-Step projection

Definition 9 (Step-by-step projection). Inspired of [61, 64, 65, 63, 66, 62, 59], the projection is performed
in two steps. We first project m onto € R, then project U = (m”, ¢7)T onto A".

e Define first = Py (U, U) such that (blue curve in Fig. 1)

U =P (U,T) = (6'm” + (1—6Ym”, ¢")",

where 6' = min 6, (44a)

=1,...,

where 6; = 1 if h;(U) > ¢ or equals (39) otherwise, such that P(U,U) satisfies (12). Remark that P;
has its first components m equal to those of P7¢% but has different g.

e Then, project U= P1(U,U) onto A" using the functions h; for i = 5,...,4 + 2d:

Psvs (U,U) = 0°U + (1 — 0*)U where 6*= min 6, (44b)

1=5,..., 4+2d

where 6; = 1 if h;(U) > ¢ or equals (41) otherwise, such that Pgys (U,U) satisfies (23).

Property 5. The second projection (44b) does not alter the realizability property, and the step-by-step
projection is a projection onto the admissible set, i.e. if U € AZ, then Pgps(U,U) € AZ for all U.
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Proof. First, one remarks that A7 is a convex cone, since it is the set of moments of positive distributions.
This implies that for all 4

hi(V), hi(W) >0 = h(0V+(1—-)W)>0 Voelo1].

Especially, since both hZ(U) >cand hy(U) > e for i =1,...,4, then the second projection (44b) does not
alter the realizability of m. O

Equivalently, the projection Pgps corresponds to fixing 6; = 62 onto the component ¢ (i.e. i > 5) and
0; = 0162 (i.e. i < 4) onto the components m in (38).

3.2.3 Straight projection

Definition 10 (Straight projection). This projection consists in using the same parameter 6 for every
component (see green curve in Figure 1)

Por(UU) =00 + (1 —0)U, U=0U+(1-6"T, (45)

where 6! is defined in (44a) and 62 is such that Py, (U, U) satisfies (23). It yields 6% = '—5mi£l o 0; with

either 0; = 1 if h;(U) > 0 or it equals (41) otherwise.

1.00 =1L
®  Projection Pmin k
e ~
0.75 - ®  Non admissible sol \\
AN
~
0.50 = )
: ~
S
~
i ~
0.25 AN
r0.00 e i
0.25 7
. ,//
e
—0.50 A1 | 2
’
7’
’
—0.75 v i
4
-1.00

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.0
M1 le—-11

Figure 2: Projection P, applied to (mq,q)

Property 6. These projections are comparable in several regimes:
e When m; > ¢, then Psys(U,U) = Psy,- (U, U).
e When 0 < ¢ < €Upqq (in blue on Fig. 2), then Psys (U, U) = Puin (U, U).
e When ¢ > cumax and my < ¢, then Pgys(U,U) # Psi-(U,U) a priori.

Eventually, both Pgps and Pgy, take the form (38) and can therefore be used in a conservative manner
in the DG scheme, while Py, can not. Their accuracy are studied in Section 3.3.
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3.3 Behavior near the vacuum regime

Following the work of [61, 64, 65, 63, 66, 62, 59], one easily derives error estimations with the different
limitations under the condition that U is far from the boundary 9.A”. However, as illustrated in Section 1.2.6,
the near vacuum regime m; — 07, that corresponds to a case along the boundary A% can be trigger by
relatively common configurations and is therefore relevant in many applications. For this reason, we study
the properties of Psys(U, U) and Psy,-(U, U) in the limit m; — 07. For simplicity, we conduct this study in
1D in the (my, ¢) plane where the admissibility property simplifies into:

£ S my, M1Umin + € é q S MijUmax — &, (46)

but this extends to the case where the condition m; > ¢ is replaced by m € R.

3.3.1 Mass comparison
First, one observes that the mass is higher with Step-by-Step projection in this limit.
Proposition 6. Consider U = (my,q)T ¢ A" and U = (my,q)T € A? such that

)q — EUmax

q<€umax_(5_m1 p—
myp — €&

or q>q.

Then, writing Psys(U,U) = (m5%%, ¢ and Py (U,U) = (m$t, ¢ T

mftr < mbe-

Proof. Suppose that m; > e, then m7% = m7*r. B

Suppose that m; < e. One verifies that the first case ¢ < cumax — (6 — ml)q:niij‘E"" also provides
mitS = = mtr.

Finally, for the case ¢ > @, comparing the values (44a) and (45) provides the inequality. O

Remark 3. The vacuum limit corresponds to having § € [M1Umin, M1Umax] in the limit M7y — 07. Near
this limit, and assuming that the numerical error of the DG scheme is much bigger than €, the case ¢ < g
is less probable. Indeed, the size of the interval [i1tmin, M1 Umax] in which falls § is much smaller than the
DG error.

This comparison is supported by some numerical examples below and may result in larger numerical
diffusion effects on m; with Pgpg than with Pgy,..
3.3.2 Error comparisons
For a quantitative study of the error, we obtain the following estimations:

Lemma 1. Consider vectors U ¢ A?, U, U € AZ, and a projection P(U,U) € A% onto the admissibility
domain, using the average value U. Then

IP(U,U) = U®|| < (P = Prin) (U, U) || + 2|U = U7 (47)
Proof. Following the computations of [61, 64, 65, 63, 66, 62, 59],
[PU.T) = US| < (P~ Pinin) (U, )| + | Prnin (U, U) = U,
and using (43) provides the result. O

The discrete solution U ¢ A? is supposed to approximate the exact one U € A” with a certain
accuracy (typically O(AzP) in the DG framework). Then, we need to study the distance (P — Pypin) for the
two projections Psps and Py, when U — (&, cu) with u € [tmin, Umaz)-

Concerning P,in, straghtforward computations provide:
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Lemma 2 (Values of Pyin). e Suppose that (in yellow on Fig. 2)

M1Umazr — ¢ < 0 and my + qUmaz = €<1 + u?naw)’

then Pmin(U,U) is the orthogonal projection onto the azis ¢ = MiUmax, i€

mi1 + QUmax

Pmin(Ua U) = (m11nzn’ m;nlnumaw) 5 mgnln = T+ Unas

e Suppose that (in red on Fig. 2)
My + QUmae < (1 +u2,,) and g > Unagt,

then

7Dmin([]a U) = (67 6umax) .

e Suppose that (in blue on Fig. 2)
0 < q < Umazé,
then Pmin(U,U) = (g, q).
The ones for negative q can be deduced by symmetry.

Eventually, straightforward computations yield the distance ||(P — Puin)(U,U)|| in (47) in the different
cases:

Proposition 7 (Error estimation with Psys). Assuming that (46) holds, then we have U = (g,q)T as defined
in (44a) and
M1 Umax —

B q_q_umax(e_wl>.

Psus (0.0) = 0,0 + (1= 6)T, ¢,
Then, suppose additionnally that
e Either (red on Fig. 1)

mi1 + qUmaz < 5(1 + Ufmx)y and q 2 Umaz€,
then o
| (Psvs = Prin) (U, U)|| < [[(1; tmaa) || [1 = 04| (M1 — £).

Especially, lim || (Psps — Prmin) (U, U)|| = 0.

U—(e,eu)
e Or (yellow in Fig. 1)
my + Qumar > e(1+u2,,) and my <e,
then - 4
| (Psbs — Pumin) (U, U < (1, wmaa) | "gqml +mi(l —04) —mi™"|.
Especially, lim || (Psts — Prmin) (U, )| = ||(1, Umaz ) |[|m7™ — g| # 0.

U—(g,eu)
In the last case (yellow in Fig. 1), one needs further assumptions on U to control this error. This is

typically done in the DG framework by exploiting the value of an exact solution U¢* assumed to be close to
U.

Proposition 8 (Error estimation with Pgy,.). Assuming that (46) holds, then

. _ . € — M1 mlumaqu
~(OU)=0U+(1-0)U, 0= Omy bq) s Oy = ———=, 04= - —- (48
Psir (U.T) = 0U + (1 - 0) min (O 0) Oy = e g = s (48)

We distinguish the two cases 0 = 0,,, and 6 = 0, (see Fig. 3) depending on the location of U and U. Suppose
additionnally that
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Figure 3: Projection Pgy,. depending on the location of U

e Case 1: 0 =0,,, and (red in Fig. 1)
My + QUinaz < (1 +Upay),  and g > Upmagt,
then

0q+ (1 —0)g
U= .
Omy + (1 — 6)my

|(Pstr — Prain) (U, U)|| = €|t — tmax|,
Especially, ||(Psir — Pumin) (U, U)|| is always considered negligible.
o Case 2: 9 =0, and (red in Fig. 1)
My + QUmae < (1 +u2,.)  and g > Unass,

then
H(,Ps’tr — Prain) (U7U)H < ”(17 umax)” ‘mftr - 5| ) mftr =0m; + (1 - G)m_l

Especially, using ¢ < m7t" <y, then lim ”(PStr — Prin) (U, E)H =0.
mi1—€
e Case 3: 0 =0, and (yellow in Fig. 1)
my + QUmaz = 5(1 + 'Ua,znax) and my <eg,

then
H(PS” = Pumin) (U, U)” < elu — Umaz| + Umazle — mP""|.

Especially, the first term e|lu — Umaz| is negligible, but the second term |e — m{*"| is a priori not
controled and one needs again further assumptions on Ppin(U,U).

o Case 4: § =0, and (yellow in Fig. 1)
my + QUmaz 2> 5(1 + u?naz) and  my < g,
then B |
[|(Pstr — Prain) (U, T)]] < (1, Uz ) |[|m5 T — mimin.
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e Case 5: 0 =0,,, and (yellow in Fig. 1) 0 < q < eupmaz. Then Psir(U,U) = Ppin (U, U).
e Case 6: 0 =0, and (yellow in Fig. 1) 0 < ¢ < eUmas- Then
| (Prin = Psir) U D)|| < el = tmas| + tmas ™ — .

Especially, the first term e|u — Umaz| s negligible and, since e < m7t" <y, the second term satisfies

lim | —mft| = 0.
mi1—€

4 Numerical experiments

The present approach is constructed to reach high-order accuracy (restricted to second order in [8, 34, 25, 24])
while remaining robust with void regime and singularities. This is illustrated in this section through five
representative test-cases, with increasing difficulties. The first is a smooth 1D case to study the accuracy
of the method. The second and third cases test the robustness of the method respectively when void or
d-shocks appear. The last test cases extend the void and §-shock studies in a 2D framework. Our numerical
results are compared with a kinetic finite volume scheme (KFV; [8, 34, 25, 24]). It is a finite volume scheme
using the kinetic fluxes (21d) at the interfaces, together with a MUSCL linear reconstruction in each cell.
A minmod limiter based on u and the so-called canonical moments formulation is used. It consists in a
non-linear transformation of the realizability domain R onto [0,1]*. However, this strategy is limited to
second order. The time step satisfies the following CFL condition for the second order kinetic finite volume

scheme:

At L Ax
X, = CFLmax <u@| + |Du@2) , (49)

where CFL < 1 is defined by the user. The quantity . is different from the cell average quantity u. and is
determined depending on the slope Du, and conservation properties. The slope Du, is calculated in order
to satisfy realizability and maximum principle conditions. The expressions of @, and Du,. are given in the
appendix D of [24]. The time step for the RKDG schemes satisfies the CFL condition (37) where the first

1
Gauss-Lobatto weight wy is 1 for the second order RKDG scheme, 3 for the third order scheme and g for

the fourth order scheme.

4.1 Accuracy study for a 1D spray
The first initial condition yields

1
o (2,0) = /0 SOG(2,1/2)dS = (@ + 1) G(2,1/2),  q(x,0) = —ma(z,0), (50)

for = 0,1/2,1,3/2, where G(z,z.) = exp (—(z — z.)?/0?) with o = 0.1. Periodic conditions are used at
the boundary of the [0, 1]-domain. With such a field, all the moments are transported at velocity u = —1.
Fig. 4 (left) shows the numerical solution mg (the other moments show identical features) with 100 cells at
time t = 2, i.e. after two periods. Fig. 4 (right) shows the relative /!-distance of the numerical solutions m{’

obtained with the different schemes to the exact solution at final time t& = 2 as a function of Ax
> W |mg)\,{q — mo(zq,t = 2)’
e q

22D wgmo(zq,t = 2)

e q

e(Ax) =

Both limitations of Section 3 have no impact for this simulation and give identical result. Therefore, only one
is shown and the RKDG schemes yield the desired order. The KFV scheme [34] with the minmod limitation
yields a slightly slower convergence than the theoretical second order, and the maximum is clipped. Without
limitation, the RKDG and the KFV schemes yield a similar underlying spatial reconstruction. The difference
in the behavior is due to the considered limitation and the minmod limitation on the canonical moments
affects more the local extrema of the solution.
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Figure 4: Moment myq (left) obtained with the 2nd and 3rd order RKDG schemes and the 2nd order KFV
scheme [34] at ¥ = 2 with the initial condition (50). Relative [* distances (right) between the numerical
solutions m{)’ at ¢V = 2 and the exact solution.

4.2 Vacuum test case

We extend a test case from [8] in the present moment framework (see (15)). We use the initial condition
derived in (15):

04  ifz<050rz> 18,
Mma(2,0) = (a+ 1)1, q(z,0) = my(z,0) x { 0.4 if0.5<x<l, (51)
ld—2 fl<z<18.

The first gap in the initial velocity is meant to trigger the low density region and periodic boundary conditions
are used.

Fig. 5 displays the numerical solutions mq (left) and ¢ (right) at t¥ = 0.5 with 100 cells. Vacuum is
created at the location of the velocity discontinuity in the initial condition. The KFV scheme is more diffu-
sive in this region. As in the previous test case, the profile in the higher density region is sharper with the
third order scheme and more diffused with the KFV scheme. However, the RKDG schemes present larger
overshoots on the sides of this profile and in the middle of this region. This was already observed in [8].
This effect reduces when raising the order of accuracy. Other slope limiters allow to damp these oscillations
near shocks like WENO-based limiters [67]. This limitation procedure is achieved by using a troubled-cell
indicator [51] to identify the cells that require reconstruction. Then a polynomial reconstruction is made
with a WENO-inspired approach (see [67]). In our work, we seek to ensure realizability and local maximum
principle and we identify the cells violating these two constraints to correct them with the slope limiters (26).

A further study is carried out with Fig. 6 and Table 1. Here, we seek to compare the behavior near
vacuum of the RKDG scheme when the step-by-step (44a)-(44b) or the straight projection (45) is applied in
the limitation. Fig. 6 show zooms on this void region with the second and fourth order RKDG schemes where
the two projections are compared. Table 1 presents the minimal value of m; obtained with the second, third
and fourth order RKDG schemes where the two projections are also compared. The safety parameter used in
the limitations (39) and (41) is set to € = 107!2. At second order with coarse mesh size, the two projections
show identical minimal value of my, this corresponds to the case where only one constraint is violated i.e.
the realizability and positivity of m;. In all the other simulations, the straight limitation P (45) shows
lower values of m; compared to the step-by-step one P3%5 (44b), as observed in Subsection 3.3.1. The
even orders, i.e. odd order polynomial reconstructions, show lower values of m; in the void region with the
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Figure 5: Moments myg (left) and ¢ (middle) obtained with the RKDG schemes and the KFV scheme at
t = 0.4 with the initial conditions (51).

Mesh size RKDG Order 2 RKDG Order 3
Psbs Pstr Psbs Pstr
N=25 8.015 x 1073 [ 8.015 x 10~3 1.225 x 1072 [ 1.225 x 10~2
N =50 6.497 x 107° [ 6.497 x 10~ ° 6.297 x 10~° [ 6.510 x 10~ °
N =100 4221 x 1079 | 4.221 x 1079 2.813 x 1076 | 8.459 x 10~°
N =200 1.775x 1072 | 1.403x 10~ 12 6.881 x 1077 | 5.688 x 10~ 8
Mesh size RKDG Order 4 KFV Order2
Psbvs Psitr
N =25 3.188 x 1073 | 5.096 x 10~7 | 5.859 x 10~3
N =50 2281 x 1073 | 1.448 x 107° 6.103 x 10~°
N =100 2460 x 1077 [ 1072 =¢ 5.587 x 1077
N =200 2.060x10712 [ 1072 =¢ 10712 =¢

Table 1: Minimal value of m, with the different schemes and limitations in the vacuum test case.

straight projection than with the step-by-step one.
robust when considering solutions with very low mj.

As a summary, the present high-order scheme remains

4.3 1D /4-shock test case

We extend another test case from [8] using:

me(z,0) = /01 S (G(x,acl) + ;lG(l'wTQ)l[o'&l](S)) ds

= (a+1)71 <G(x,w1) + %(1 - 0.50‘+1)G(x,x2)) : (52a)

q(z,0) =my(x,0) (1g- (z — 0.5) — ), (52b)
where the Gaussians’ parameters are o = 0.075, 1 = 0.15 and x5 = 0.85. This initial condition is plotted
in Fig. 7. All the simulations are made with a mesh of 100 cells and periodic boundary conditions are used.
The coefficient 4/3 is chosen such that m; is symmetric in the domain, and since « is antisymmetric, such
a configuration triggers a stationnary d-shock. Remark that the monokinetic assumption (2) is not valid at
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Figure 6: Zoom of the mg-plot in the vacuum region z € [0.3,0.7].

this location, and the kinetic solution to (1) is composed of the sum of the two distributions defined in (52a)
crossing each others at the velocity given (52b). On the contrary for the moment solution to (6), the two
masses do not cross each others, but enter into a stationnary d-shock located in x = 0.5. This §-shock is the
sum of the masses coming from both sides of the shock which are symmetric for m; but not for mg, my /» and
mg/o. Fig. 8 shows mg and my with the different schemes at tN = 0.4. The limitations mainly activate in the
region where the two masses enter in the J-shock. In this region, the moments m are far from the boundary
OR. Therefore, the two limitations gives again identical values and only one (those with Pgy,.) is shown in
Fig. 8. Due to the shape of the initial velocity (see Fig. 7, right), it is crucial to impose velocity bounds
that are computed locally (as in (8)) rather than globally (as in (7)) in order to filter spurious oscillations.
One observes furthermore in Fig. 8 (right) that the velocity profile with the RKDG schemes is less diffused
compared to the one with the KFV scheme.

Finally, we compare in Table 2 the value of the moment vector inside the d-shocks with the exact solution.
Straightforward computations leads to an exact value

1/2 4 5/6
md = (a+1)7" G(x,21)dz + - (1 — 0.5%T1) G(z,z2)dx | .
1/6 3 1/2

The exact solution is compared to the approximate solutions given by the second and third order RKDG
schemes and the second order KFV scheme. The value of the moments mg, my /2, m1, m3/2 and myu inside the
d-shocks are presented in Table 2. The limitation strategy in the RKDG schemes uses the straight projection
(45) and the KFV scheme, a minmod limiter. All the schemes overestimate the value of the moment vector
inside the d-shocks. The third order RKDG scheme gives the most accurate approximation of the exact
solution compared to the two other schemes for the moments mg,m; /2, m1 and mg ;. Comparing the two
second order schemes, the KFV scheme outperforms the RKDG one. As a summary, the present high-order
schemes remain robust when tackling one of the singularities of the moments model based on monokinetic
assumption, the d-shocks.

4.4 2D /)-shock test case

This case corresponds to (6) with U = (m7, ¢)T where ¢ = (q1,¢2)” and = = (21, 22)T are two-dimensional.

The initial condition are:

Mo (2,0) = (a+1)71, q(#,0) = —0.25 x my(z,0) x (sign(z1), sign(z2))” . (53)
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Figure 7: Initial conditions (52) on m,, (left) for « = 0,1/2,1,3/2 and on u = ¢q/m; (right).
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Figure 8: Moments mq (left) and my (middle) and velocity profile u = ¢/m; obtained with the RKDG
schemes and the KFV scheme at ¢ = 0.4 with the initial conditions (52).

mo my/2 my m3z/2 q

Exact 0.083 0.062 0.05 0.042 0
RKDG Order 2 | 0.1112 | 0.0828 | 0.0667 | 0.056 | 0.0105
RKDG Order 3 | 0.0988 | 0.0722 | 0.0575 | 0.0479 | 0.0071
KFV Order 2 0.101 | 0.0740 | 0.0591 | 0.0493 | 0.0062

Table 2: Moment vector inside the §-shock with the different schemes.

The computational domain [—1,1]? is meshed with 100? uniform cells with Az = Ay = 1/50. Homogeneous
Dirichlet boundary conditions are imposed. The final time is t¥ = 0.5. The initial configuration has a
uniform mass m; over the domain, and the initial velocity profile (53) is such that d-shocks form along
the axis x = 0 and y = 0. This symmetric setup also leads to a mass concentration at the origin. Fig. 9
shows the numerical solution m; obtained with second order RKDG scheme with the straight projection
limitation (45). The result is similar to the 1D case in Subsection 4.3. As expected, the mass accumulates
along the axes and at the origin. The robustness and stability of the RKDG scheme with the limitation
procedure are preserved in 2D even in presence of d-shock singularities.

This case is modified in Section A.1 and A.2 of Appendix A with asymmetric §-shocks or §-shocks not
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Figure 9: Moment m; (left) and velocity field (right) at ¢ = 0.5 with the initial condition (53).

aligned with the mesh.

4.5 2D ¢-vacuum test case
Eventually, we consider the initial condition:
ma(2,0) = (a+1)74 q(z,0) = 0.4 x mq(z,0) x (sign(z1), sign(xg))T. (54)

The numerical parameters are identical to the previous case. The initial mass m; is uniform. The initial
velocity is directed outwards the axes x = 0, y = 0 such that it generates vacuum region m, ~ 0 around
these two axes. Fig. 10 mg with the second order RKDG scheme with the straight limitation (45). The

1.00 1 1.0 1.00
0.75 1 075 %%
0.8 N
0.50 0.50
0.25 0.25 41
0.6 :
0.00 0.004:
~0.251 04 025"
—0.50 1 —0.504--~
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—0.75 1 —-0.754~
~1.00 ~1.00

. - . T T T T T T T
—1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 —1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Figure 10: Moment mg (left) and velocity field (right) at ¢ = 0.5 with the initial condition (54).

numerical results agree qualitatively with the expected solution. This case is modified to generate a vaccuum
not aligned with mesh in Section A.3 of Appendix A.

5 Conclusion

The purpose of this contribution has been to construct high-order RKDG schemes able to cope efficiently
with the peculiarities of a weakly hyperbolic system of moments equations, which is frequently encountered
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in fluid mechanics and combustion applications, where a spray of polydisperse droplets is to be found either
coupled to a gaseous flow field or as a small scale modeling in two-scale gas-liquid flows. The key feature
of the proposed method has been to maintain high-order for smooth solutions but also to cope efficiently
with convex admissibility set preservation, be it the moment space or the maximum principle on velocity, in
the presence of singularities and void. A specific limitation procedure has been introduced in order to limit
numerical diffusion when vacuum is created and to handle properly singularities. The proposed strategy has
been shown to be competitive in terms of accuracy and of robustness compared to a reference kinetic finite
volume scheme [8, 34, 24] at second order but also has the ability to reach third and fourth order within the
same paradigm. Such a feature is essential for applications where spray dynamics experience preferential
concentration and where vacuum is always present, thus influencing the local mixture fraction and the
evaporation rate for combustion applications in particular but it has a much broader range of applications.
The present piece of work is also the building block for the construction of a numerical strategy for more
complex multi-variate cases such as in [40] for oscillating droplets flows. The aim is to simulate a cloud of
non spherical oscillating droplets by taking into account the geometrical dynamics described by the phase
variables. This is work in progress.

A Additional numerical results

Here we include some additional 2D numerical results in order to illustrate the behavior of the second
order RKDG scheme associated to the straight projection (45). In all the numerical experiments below, the
computational domain [—1,1]? is divided into 100 x 100 uniform cells with Az = Ay = 1/50. Homogeneous
Dirichlet boundary conditions are imposed and the computations are performed until the final time tV. In all
the cases, we solve a Riemann problem where the initial data in each quadrant are constants. The quadrants
are indexed conventionally: from the first to the fourth in a counterclockwise direction, starting from the
right upper one.

A.1 Asymmetric /-shock case

The initial condition is:

4
maf,0) = (@ + 17 (L + e + 51 = 057 (Ixea + Tne) ) (0)
q(z,0) = —0.1 x mq(z,0) x (sign(zy), sign(zsz)).

(55)

We start from the configuration where the mass my is equally distributed over the domain, but not the other
moments. The initial velocity profile (55) is chosen to generate stationnary J-shocks along the axes z = 0
and y = 0. Fig. 11 shows the moments mq and m, at final time ¢tV = 0.25. The moments my, my /2 and
mg/, are different in the quadrants next to each others. The velocity profile at the end of the simulation is
the same as the one observed in the 2D d-shock test case with equally distributed mass (53).

A.2 Diagonal §-shock case
We use the initial condition:

me(Rz,0) = (a+1)71,

q(Rxz,0) = —0.1 x mq(z,0) x (sign(z1), sign(za)). (56)

with Rz = (cos(w/3)x1 + sin(7/3)xe, —sin(mw/3)x; + cos(m/3)xz2). The initial mass m4 is equally distributed
over the domain and the initial velocity (56) is chosen to generate d-shocks along the diagonals y = x+/3 and
y = 2/+/3. The velocity is heading towards the two diagonals and the solution of the moment system (6)
yields d-singularities located at the origin and the two axes. This is illustrated on Fig. 12 which shows my
and u = q/m at final time ¢ = 0.25. The numerical solution exhibits the expected behavior, i.e. stationary
S-shocks along the two diagonals y = zv/3 and y = x/v/3 (see Fig. 12 (left) for moment m;). The result
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Figure 11: Moments mq (left) and m; (right) at t = 0.25 with the initial condition (55).
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Figure 12: Moment m; (left) and velocity (right) at t¥ = 0.25 with the initial condition (56).

is similar to the 2D case (53) after applying a rotation of angle w/3. The robustness and stability of the
RKDG scheme and its limitation procedure are preserved even in the case of §-shock singularities that are
not aligned with the mesh.

A.3 Diagonal vacuum case

Eventually, we consider the initial condition:
Mo (Rz,0) = (o +1)74 q(Rx,0) = 0.4 x mq(z,0) x (sign(z1), sign(zsz)). (57)

The initial mass m; is equally distributed over the domain and the initial velocity (57) generates vacuum
me ~ 0 along the diagonals y = zv/3 and y = x/ V3. Indeed, the velocity is heading outwards these axes.
Fig. 13 shows the moment m; and the velocity u = ¢/m; at final time ¢t = 0.5. Again, the behavior of the
numerical method agree qualitatively with the structure of the expected solution. Indeed, we can observe
that the numerical solution approximates well the vacuum that are not aligned with the mesh. Because
of the presence of vacuum, the limitation procedure is activated in order to avoid non-realizable vector of
moments as in the 2D case of (54) after applying a rotation of angle 7/3.
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Figure 13: Moment mq (left) and velocity (right) at t = 0.5 with the initial condition (57).
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