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Abstract

The thermal radiative transfer (TRT) equations form an integro-differential system that
describes the propagation and collisional interactions of photons. Computing numerical solu-
tions of the TRT equations accurately and efficiently is challenging for several reasons, the
first of which is that TRT is defined on a high-dimensional phase space that includes the
independent variables of time, space, and velocity. In order to reduce the dimensionality
of the phase space, classical approaches such as the Py (spherical harmonics) or the Sy
(discrete ordinates) ansatz are often used in the literature. In this work, we introduce a novel
approach: the hybrid discrete (H{,) approximation to the radiative thermal transfer equations.
This approach acquires desirable properties of both Py and Sy, and indeed reduces to each
of these approximations in various limits: Hzlv =Py and Hg = S7. We prove that H% results
in a system of hyperbolic partial differential equations for all 7 > 1 and N > 0. Another
challenge in solving the TRT system is the inherent stiffness due to the large timescale sepa-
ration between propagation and collisions, especially in the diffusive (i.e., highly collisional)
regime. This stiffness challenge can be partially overcome via implicit time integration,
although fully implicit methods may become computationally expensive due to the strong
nonlinearity and system size. On the other hand, explicit time-stepping schemes that are not
also asymptotic-preserving in the highly collisional limit require resolving the mean-free path
between collisions, making such schemes prohibitively expensive. In this work we develop
an asymptotic-preserving numerical method that is based on a nodal discontinuous Galerkin
discretization in space, coupled with a semi-implicit discretization in time. In particular,
we make use of a second order explicit Runge—Kutta scheme for the streaming term and
an implicit Euler scheme for the material coupling term. Furthermore, in order to solve the
material energy equation implicitly after each predictor and corrector step, we linearize the
temperature term using a Taylor expansion; this avoids the need for an iterative procedure,
and therefore improves efficiency. In order to reduce unphysical oscillation, we apply a slope
limiter after each time step. Finally, we conduct several numerical experiments to verify the
accuracy, efficiency, and robustness of the Hlf, ansatz and the numerical discretizations.
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1 Introduction

The thermal radiative transfer (TRT) equations describe the interaction of matter and ther-
mal radiation, and are used in a wide range of applications including remote sensing, glass
manufacturing, and combustion [38]. The TRT equations model the propagation, absorption,
and emission of photons, as well as the coupling of these dynamics to background media via
a material-energy equation. Accurate and efficient numerical solutions of the TRT equations
are challenging for several reasons:

1. The TRT equations form an integro-differential system that is posed on a high-dimensional
phase space: the time dimension, up to three spatial dimensions, two velocity direction
dimensions, and a frequency dimension;

2. Optically thick media introduces stiffness due to the large timescale separation between
propagation and collisions;

3. The material-energy coupling equation introduces strong non-linearity.

1.1 Discretization of the Phase Space

Two broad classes of solution approaches have been used to tackle the TRT equation (1)
stochastic methods and (2) deterministic methods; each approach offers their own advan-
tages and disadvantages. The main workhorse of the stochastic approach is the Monte Carlo
(MC) method, which is considered one of the most reliable methods in the radiation commu-
nity [9,31,43]. Monte Carlo methods produce statistical noise due to under-sampling of the
phase space; and therefore, to compensate for this under-sampling, many MC histories are
required, which in turns makes the MC calculation expensive. As a result, high performance
computing approaches are needed. In the realm of deterministic approaches for the angular
dependence, the most popular methods are the discrete ordinates (Sy) method [3,17,20—
22,36] and the spherical harmonics (Py) method with various closures [24,28,32,33,35].
One of the advantages of these approaches is that, relative to Monte Carlo, they are less
computationally expensive.

The S approximation scheme creates a system of equations along a discrete set of angular
directions that are taken from a specific quadrature set [4,14,23,40], and angular integrals
are calculated via the given quadrature set. The Sy method has been the subject of intense
research, and many large-scale efficient solution techniques have been developed, including
approaches that have been shown to scale on leadership-class computers [1]. The Sy method’s
main drawback is the phenomenon known as ray effects [20,21], which arises due to the fact
that particles move only along certain directions in the quadrature set. These effects are
conspicuously observed in optically thin materials with localized sources or sharp material
discontinuities.

On the other hand, the Py method approximates the solution with a spherical harmon-
ics expansion that by construction is rotationally invariant and converges in the L? sense
[13]. The main disadvantage of the Py approach is that it is plagued by Gibbs phenomena
(i.e., unphysical oscillations) due to the fact that it is a truncated spectral method and can
thereby produce the negative particle concentrations [13,29], which is physically undesir-
able. Additionally, in the Py method, when N is small, the wave speeds are reduced because
the system eigenvalues can be far from unity. Closures have been developed to deal some
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of the shortcomings of the Py method, such as the My method [6,12] and other techniques
[11,18,44].

1.2 Stiffness

Another challenging aspect in accurately and efficiently solving the thermal radiative transfer
(TRT) equations is that the system is inherently stiff. This stiffness is especially pervasive
in the diffusive regime (i.e., highly collisional), where there is a large timescale separation
between propagation and collisions. The reduction of the kinetic TRT system to a lower
dimensional system of partial differential equations (PDEs) via an ansatz such as discrete
ordinate (Sy) or spherical harmonics (Py) does not alleviate this problem.

From the perspective of numerical methods, the stiffness challenge can be partially
overcome via implicit time integration, although fully implicit methods may become compu-
tationally expensive due to the strong nonlinearity and system size. On the other hand, explicit
time-stepping schemes that are not also asymptotic-preserving in the highly collisional limit
require resolving the mean-free path between collisions, making such schemes prohibitively
expensive.

An efficient alternative to both fully implicit and fully explicit schemes are semi-implicit
schemes, where, at least roughly-speaking, the transport is handled explicitly, while the
material coupling term (i.e., collisions) are handled implicitly. For example, Klar etal. [15,16]
developed and analyzed an operator splitting approach that was shown to be asymptotically-
preserving while at the same time relatively efficient in all regimes. A different semi-implicit
approach for TRT was subsequently developed by McClarren et al. [28], in which a two-stage
second-order Runge—Kutta (RK) scheme was used for the streaming term and the backward
Euler scheme was used for the material coupling term. This scheme was also shown to be
asymptotic-preserving in the diffusive limit.

1.3 Strong Nonlinearity in the Material Coupling Term

In the absence of material coupling, the thermal radiative transfer equations and its various
reductions (e.g., Py or Sy ) represent a system of linear constant-coefficient partial differential
equations. The presence of the material coupling term introduces strong nonlinearity. For
explicit time-stepping methods this nonlinearity does not pose a direct challenge, although, as
mentioned above, explicit methods will then suffer from small time-steps. For fully implicit
time-stepping methods the nonlinearity results in large nonlinear algebraic equations that
must be inverted in time-step, resulting in significant computational expense. For semi-
implicit time-stepping approaches, a nonlinear material coupling term only introduces a
local nonlinear algebraic equation (i.e., local on each element), although even this can add
computational expense. Fortunately, McClarren, Evans, and Lowrie [28] showed that the
local nonlinear problems presented by a semi-implicit approach can be linearized via a
simple Taylor series argument. It was shown that this linearization reduces the computational
complexity and does not adversely affect overall accuracy of the method.

1.4 Scope of This Work

In order to address some of the shortcomings of classical deterministic methods, we introduce
in this work the hybrid discrete (HK,) approximation, which hybridizes aspects of the Py and
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Sy methods. The H{, approximation is equivalent to spherical harmonics (P ) approximation
when the number of the discretized velocity space (T') is one and only depends on the order
of spherical harmonics basis functions (N). Also, it is equivalent to the discrete ordinate (S y )
method for a certain quadrature set. By hybridizing Py and Sy, the Hﬁ approximation is
able to acquire beneficial properties of both of these classical approaches. We prove that Hﬁ
results in a system of hyperbolic partial differential equations forall 7 > 1 and N > 0.

Once we have shown how to reduce the TRT equations into their H;, approximate form,
we will discretize the resulting PDE system via the same semi-implicit time integration
scheme introduced by McClarren et al. [28]. In particular, this approach uses a second order
Runge—Kutta explicit time discretization schemes for the streaming term and a backward
Euler scheme for the material energy term; this allows us to resolve the stiffness of the TRT
systems and to preserve the asymptotic diffusion limit. Furthermore, in order to solve the
material energy equation implicitly after each predictor and corrector step, we linearize the
temperature term using a Taylor expansion; this avoids the need for an iterative procedure,
and therefore improves efficiency. In order to reduce unphysical oscillation, we apply a slope
limiter after each time step.

In the present work we will consider only grey, i.e., frequency-averaged, radiation transport
equations in slab geometry. Non-grey and multi-dimensional radiative transfer will be studied
in future work. For the grey TRT system in slab geometry we consider several standard test
cases in order to validate the accuracy, efficiency, and robustness of scheme, as well as to
highlight benefits over Py and Sy solutions.

The remainder of this paper is organized as follows. In Sect. 2 the novel hybrid discrete
(Hlf,) approximations in slab geometry are derived ands discussed. In Sect. 3 we develop
a semi-implicit nodal discontinuous Galerkin finite element scheme for the resulting HK,
systems. In Sect. 4 we provide numerical results of HIT\, approximations on various bench-
mark problems to show its robustness and asymptotic preserving property. Conclusions are
presented in Sect. 5.

2 Hybrid Discrete Approximation

In this section, we formulate H/{, approximations to the radiative transfer in one-dimension.
We begin with the thermal radiative transfer in slab geometry, and then derive the hybrid
discrete approximation. We prove that the H{, system is always hyperbolic.

2.1 Frequency-Independent Grey Thermal Transfer

Consider the 1D scattering-free thermal radiative transfer equation (e.g., see [28]):
1aT+ a[AJFAIA A§+§ 2.1
-— — 4ol =0 -, .
cor M 2
where T(t, zZ, 1, v) : Rso x R x [—1, 1] x R = R is the specific intensity, t € Rx is time,
z € R is the spatial variable, ;© € [—1, 1] is the angular variable, i.e., u = cos ¢ with polar
angle ¢ € [0, ], v € R s the frequency of the photon, 5(z, z,1) : Ry x R x R+~ Risan
external source term, o (z, v) : R x R — R is the opacity, B(v,0) : R x Rsg > Rxq is
the Planck function that satisfies:

4
B(6) = / B, 6)dv = %, (2.2)
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where 6(t, z) : R>9 x R = R>q is the material temperature in keV, ¢ = 3 x 1010 cm 5!

is the speed of light, and @ = 1.372 x 10'* ergs cm™ keV~* is the radiation constant. The
notation ™~ is used to signify quantities that depend explicitly on the frequency v. Equation
(2.1) couples to the material-energy equation:

o _ / / &z v) (Tt 2. 1t v) — B(v, 0))dvdp, 2.3)
ot wdv

where e(p, 0) : R>¢ x R>o > R is the material energy per volume and p(z, z) : R>o X
R — R is the material density.

For the remainder of this paper we consider only the case where the opacity is frequency
independent: ¢ (z,v) — o (z). In this approximation, we define the following frequency-
integrated quantities (which now removes the = notation):

I(t,z, ) i= /T(r,z, povydv, s, z) = /?(t, z,v)dv, 2.4)
v v
and Eq. (2.2). We also define the angular moment of the radiation intensity T as follows:
1 -~ 1
E(t,z) = */ /I(Z,Z,M,v)dvdu = */ I(t, z, ) dp. 2.5)
cJuly ¢ Ju

Furthermore, we will assume throughout this work that the material density, p, is constant,
which results in the following:

Q¢ 9edf deop c o0

— v,

9¢ _0¢9v  9¢90p , 2.6
o 0o opar (2.6)

where C, = 0.3 x 10'® erg/cm3 /keV is the heat capacity at constant volume.

Under the assumption of a frequency independent opacity and a constant material density,
we can integrate (2.1) over the frequency v and arrive at the following grey transport equation
and material-energy equation:

L or = toacet + @7

car The Tl =0 Ty '

30 !

CU$=O’</ I(t,z,u)du—ac94>. 2.8)
—1

respectively. These equations are definedont > 0, z € (z1, zr), and pu € [—1, 1], and must
be equipped with initial conditions at = 0 and appropriate boundary conditions at z = zy,
and 7 = zp.

2.2 Formulation of the 1D H[, Approximation

Equations (2.7)—(2.8) represent an integro-differential equation for the intensity, (¢, z, ),
and the material temperature, 6 (¢, z). One class of techniques for approximating such systems
is the dimension reduction via ansatz in p. Standard techniques for reducing the dimension-
ality of these equations to a system defined only over (¢, z) include the Py (i.e., spherical
harmonics) (e.g., see [2]) and Sy (i.e., discrete ordinates) [3] methods. Spherical harmonics
(Py) suffer from producing negative (and therefore unphysical) intensities, while discrete
ordinates (Sy) suffer from ray effects. In this work we consider an alternative approach that
was first developed in Shin [37], namely the HX, (i.e., hybrid discrete) approach. The main
advantage of H;, is that it allows us to work with an approximation that combines desirable
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(a) (b)
Fig. 1 The H{] approximation. Panel a shows the discrete velocity bands, each of which is centered at
Hj € (—=1,1) for j = 1,2,...,m. Panel b shows the discrete velocity bands with the physical z-mesh
superimposed

aspects of both Py and Sy. In particular H{, reduces to each of these approximations in
various limits: H}\, =Py and Hg =S7.

The Hf, approximation of Shin [37] begins by constructing a mesh in velocity space. In
1D this means a mesh in the angular variables © € [—1, 1]:

T
Ap Al 1 2
= — i+ — i=—1 —=]A Ap=— 2.
H[u; 2,u,+2] I +<J 2) My and Ap=-, (29)
which we depict in Fig. 1a. With this velocity mesh, the H;, approach defines on the velocity
band centered at  ; the following band-localized intensity:

N2k +1\
1(t, z, ju(a)) ~ 19, z,0) == Z (7> W, D)pr@), (2.10)
_Ap oo Aw 2

“E[“/ 2 Mt 2] k=0

forj=1,2,...,T,where « € [—1, 1] is a local variable in each velocity band centered at
wj with thickness Ap:

Ap

ule)=pj+a - ) (2.11)

and py («) is the k™ order Legendre polynomial:

2k — 1 k—1
prla) = (7) api—1(a) — <7> pr—2(a), pol@) =1, pi(a) =a,

k k
) ) (2.12)
d do = —=—— ) Skm-
an /_1 P () pm(c) dex <2k+1> o
The moments in (2.10) are defined as
u(t,2) = / 19, z, @) pr(@) da, (2.13)
-1
for j = 1,2,...,T. Note that in the H]T\, approximation 7 is the number of p-cells, while

N is the number of basis functions used in ansatz (2.10).
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Using the Hz(/ approximation, on each interval u € [;Lj - %, wj+ %], Eq. (2.7) can
be written as follows (where we have also temporarily assumed that s = 0):

191 Apy oI 51

- ( ; a—“)— + oIV = —gaco?, (2.14)
c ot 2 oz 2

for j = 1,2,...,T and @ € [—1, 1]. Plugging ansatz (2.10) into (2.14), multiplying the
equation by the Legendre polynomial py, integrating over [—1, 1], and using the orthogonality
of Legendre polynomials (2.12), gives the following equations:

() () N ()
1 du, ou, Ap _ Ouy ) 4
Py +M1¥+§7 U(aiz +ou,” = oacd Sy, (2.15)
for¢ =0, 1, ..., N, where via the three-term recurrence relationship and orthogonality from
(2.12):
2k+ 1Y\ (! kY (!
Py = > o pi (o) pe(a)der = 3 Pr—1(e) pe(o)da
-1 -1
k41 1 g, itl=k—1, (2.16)
+(3*>[Hmﬂmmmma= s, ife=k+1,
0, otherwise.
We can write the resulting system of equations as follows:
1 au aul) ,
~ S A S =g (w0, 2.17)
c ot oz

4 o NT
for j =1,2,..., T, whereu") = (uéf) u(lj) u%)) e RV*1L

0 1
1 2
3 0 3
. A )
AD = i1+ ftid 5 i (2.18)
2 . .. N—1
: © 2N-3
N—1 0 N
2N—1 N N1
INFI 0
q (u(j), 0) = —ou¥ + oact94e1, (2.19)

where e; = (1,0,...,007 € RVFD T AV ¢ RWVFDXNTD and g (u, ) : RVHD x
R > RN*D_ Finally, we obtain the linear system:

10 0
E§+A£=Qmm, (2.20)
where
A q(u®,6) )
A= , Qu,0) = : ,and u=|[ : |, @21
AD q (™. 6) u®

where A € RVEDTXVHDT Q (u, 6) : RVEDT x Rog > RVFDT and u € RVFDT,
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Proposition 1 Equations (2.20)—(2.21) is a system of strictly hyperbolic partial differential
equation.

Proof To prove hyperbolicity we must show that the matrix A € RN+DTxWN+DT iy (2 20)—
(2.21) is diagonalizable with only real eigenvalues. Showing this is equivalent to showing
that each block matrix AY) € RIN+DX(N+D jg diagonalizable with only real eigenvalues,
since A is simply a block diagonal matrix with blocks AY for j=12,...,T.

To show that A is diagonalizable with only real eigenvalues, we write the tridiagonal
matrix AY) as follows and define a diagonal matrix D:

a by 1
cir a b %u
1
; ¢ a . 2
AD — 2 . D= b :
o by
CN-1 a by o
CN a by

(2.22)
wherea = pjandforallk = 1,2, .. N:b; = k/(2k—1) #0andcy = (k+1)/(2k+3) #
0. It can then easily be shown that PY) = D™! AU) D, where

a  Jbict
Vbici a b
pU) = Vb a (2.23)
VBy—ien—1 a Vbnen
NI a

Now since the matrix PU) is real and symmetric, it has only real eigenvalues. Also, all the
eigenvalues of P) are distinct since all off-diagonal elements are nonzero [34]. Hence, A/
has only real eigenvalues and all the eigenvalues are distinct by similarity to P/). O

Proposition 2 The eigenvalues of the matrix A € RWHDTXIN+DT 13, (2 20)—(2.21) are real,
distinct, and given by

Met(j—1)(N=1) = Mj + <%) sk for k=1,....,.N+1, j=1,...,T, (2.24)
where s € (—1,1) fork =1,2,..., N + 1 are the real distinct roots of the degree (N + 1)
Legendre polynomial. If we assume that the N + 1 Legendre roots are ordered so that sy
is the largest root (i.e., closest to +1), then the largest eigenvalue (in absolute value) of A is
given by

A

"
pA) = —A1 = Aw+1)T = UT + <7> SN+1- (2.25)

Proof Tt can be shown that the eigenvalues of AV € RNFDXNVHD from (2.17) are given
by the following formula (e.g., see Cohen [5]):

. A
A}({n:Mﬁ(T")sk, for k=1,2,...,N+1, (2.26)
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where s € (—1,1) fork = 1,2,..., N + 1 are the roots Qf the degree (N + 1) Legendre
polynomial. Since A is just a block diagonal matrix with AY) € RNV+DXN+D a5 the blocks
for j =1,2,..., T (as shown in (2.21)), it follows that the eigenvalues of A are of the form:

An .
}»k+(j,1)(]v+1)=,uj+<7)sk for k=1,...,. N+1, j=1,...,T. (2.27)

The most negative and most positive eigenvalues in (2.27) are A; (k = 1, j = 1) and
A+ (k= N +1, j = T), respectively. This follows directly from the assumed ordering
of sg, as well as the ordering assumed in the definition of u; (see Eq. (2.9)). In fact, these
two eigenvalues have the same magnitude, since by definition: s1 = —sy41 and w1 = —ur.
This gives the desired result: Eq. (2.25). O

Remark 2.1 The importance of the formulation of the hyperbolic system in numerical simula-
tions can be explained by two factors, stability and well-posedness. For example, the stability
of the initial value problem for strongly hyperbolic systems is shown in Chapter 5 of [10] and
stiff well-posedness of the Cauchy problem for strongly hyperbolic system has been proved
in [26].

Proposition3 p(A) < 1 forany T and N ofHIT\,.

Proof A simple calculation, using the fact that sy < 1, shows that

A A A A A
s (1= ()2 (1= (2)(2)
— p(A) < 1.

Furthermore, we note that p(A) = 1 — O(Ap) as Au — 0. O

Remark 2.2 The H{, model possesses the correct physical property that the propagation rate
cannot exceed the speed of light, i.e., the characteristic speed is less than the speed of light.

Remark 2.3 We have shown via the above propositions that all of the eigenvalues of A are
real, distinct, and strictly between —1 and 1. In practice, we would also like to impose the
condition that A not have a zero eigenvalue; this additional requirement is useful especially in
the computation of steady-state solutions and in the imposition of inflow/outflow boundary
conditions. We can always ensure that A does not have a zero eigenvalue if either of the
following conditions are satisfied:

1. T is even; or
2. T isodd and N is odd.

These assertions follow directly from definition (2.27).

2.3 The Radiation Energy Density

Using the H]T\, asantz (2.10), the angular moment of the radiation density (2.5) can be written
as follows:

1! 1A 1,
E@,2) :=f/ l(t,z,u)dlt:*ZT/ 19, z, @)dar
c J Cj=1 —1

T 1

1 Ap
_E; 2/,

[y

T
2k + 1 () 1 A ()
z (T) @ Dpr@de = - ; @0,

(2.28)
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Using this result, we can rewrite material-energy equation (2.8) as follows:

T
AR (i
=0 Z 7“81)0’ z) — oact*. (2.29)
j=1

o0
ot

v

3 Semi-implicit Discontinuous Galerkin (DG) Method

In this section we develop a discontinuous Galerkin (DG) finite element method with a
semi-implicit time discretization for solving the 1D H,{, system (2.20)—(2.21) along with
the material-energy equation (2.29). The strategy that we employ is similar to the method
developed by McClarren et al. [28] for the P equations, but here we extend that work to the
Hﬁ approximation as described above.

3.1 Discontinuous Galerkin Spatial Discretization

The H](, approximation as described in the previous sections divides the phase space into
discrete velocity bands, inside of which we approximate the specific intensity, (¢, x, i), by
a finite polynomial ansatz; this is illustrated in Fig. 1a. In order to spatially discretize the
resulting HlT\, equations: (2.20)—(2.21) and (2.29), we additionally introduce a mesh in the
z-coordinate:

e Az Az
[z, zr]l = LJlﬁ, where 7; = [Zi -l + 7:| , 3.1)
1=
o1 IR — 2
=2+ (z - 5) Az, and Az= RNZ L (3.2)

The full z — u phase space mesh is illustrated in Fig. 1b. On each mesh element we define a
local coordinate as follows:

Az
| =z )¢, h -1, 1]. 33
2‘77 z,+<2)$ where £ €[ 1 (3.3)

The test and trial functions for the discontinuous Galerkin scheme will come from fol-
lowing broken finite element spaces:

M eqn

ME n
Wit = {WAZ € [L°° [ZL,ZR]] Twh e [P (Maeg)]

; V’Ti} , (3.4)

where Meg, is the number of equations and PP (Mdeg) is the set of all polynomials with
maximum polynomial order Mgeg. On each mesh element we define the Mye; + 1 Gauss-
Lobatto points: §; € [—1, 1]for j =1, ..., Mgeg+1 (e.g., see [42]). For each Gauss-Lobatto
point we define the associated Lagrange interpolating polynomial:

Mgeg+1 _
;@& =[] ((f_i_’;)) st. @ (&) =8j; for j,e=1,...,Maeg+1. (3.5
=t
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The approximate solution on each element can then be written as

Myeg+1
[ube @z @0, 0%,z (5))}‘ = Y {umo.ey0fe©. 66
7 j=1
where u?(1, 2) : Rog X R > WH, 117, 04%(1,2) : Rao x R > WP, @ (8) : [—1, 1] >
R,and U;(t) : R>p > RW+DT  Similarly, we write the approximate source as

Md5g+l

= > QUi (1).0;(n) ;). (3.7)

7; j=1

QAZ (uAZ 0 AZ)

To obtain the spatially discretized version of Hlf, system (2.20) on each element 7;, we
replace the exact solution by (3.6), the exact source by (3.7), multiply (2.20) by a test function
®y (£), integrate over the element, and apply integration-by-parts in &:

Meg+1
! U O 2V [op) F (1) — O F (¢
e X a5 [0 7y 1) = S (=D F_y 0]
= (3.8)
2 Mgeg+1 Meg+1
- (E) A DY UiONg = Y QUj(). ©(t)) My
j=1 j=1
foreachk =1, ..., Myey, where we used the fact that 9, = (2/Az) 9¢, and where
1 1
My 2/ Dp(§) Pj(5)ds and N :/ D;(§) D () dé. (3.9
—1 -1
The numerical flux on each element face is defined as follows:
1 Mdeg+1
Fiy®=34 1 (U150 @) + U () @5 (1))
j:
Maegt1 (3.10)
1
+3 1AL Y (Um0 @) = Uy (0 0,(=D).
j=1
fori =1,..., N; + 1. In the above expression, |A| is defined through the eigenvalues of A:
A=VAV'! — J|A|=VI|A|IV], (3.11)
where V is the matrix of right eigenvectors of A, A = diag (M, e A(N+1)r) is the diagonal

matrix of eigenvalues of A, and |A| = diag (|A1 [yoon, |)L(N+1)T|).

In order to close this semi-discrete system, we also need to semi-discretize material-energy
equation (2.29). Following all of the above outlined procedures, this results in the following
equation:

Mdeg+1 d@ (t) Mdeg"rl T A,LL
ij 0 4
C Y oMy = > <c7 > = Uiy ) = oac (03(1) )Mk_,, 3.12)
j=1 j=1 =1
where U l.(f()l) refers to the (1 + (£ — 1)(N + 1)) component of U;; (i.e., the first component

of Uj; in the £ velocity band).
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For the remainder of this paper we consider the case Mgeg = 1 (i.€., the piecewise linear
DG approximation), which yields a second-order accurate spatial approximation. The basis
functions in this case are

1 1
1) =51 —§) and ®(§)=71+8). (3.13)

In this case, all of the above expressions simplify greatly. For example, the values defined in
(3.8) reduce to the following:

12 1 I[-1 -1

After some simple algebra, we arrive at the following semi-discrete system:

1dU;y 2% T4, — 3A(Un + Un)

c dr Az :Q(Uilv®il), (3.15)
%d:ljtiz * 4fi+% K ZﬁéA_Z A0 = Q(Uiz, G)iz), (3.16)
C, dd®tij — KXT; %Ui(f()l) —oac®};, forj=12, (3.17)
fori =1,..., (N + 1)T. The numerical fluxes in the Mg, = 1 reduces to the following:
Fiii(t) = %A(Ui 1) +Ui—12(0) — % Al (U; 1(1) = Ui_12(0)), (3.18)

fori=1,..., N, + 1.

3.2 Semi-implicit Time Scheme: Nonlinear Version

For the time integration we adopt the semi-implicit scheme by McClarren et al. [28], which
is a two-stage Runge—Kutta method. The first stage (i.e., the predictor step) can be written
as follows:

1 0 _—_— \ .
RO B BTN
c A2 Az it 9" ) :

1 0 . , .
lU;'l;z - U?Z _ _4]:1'-"-% +2}—i_% 3A(Ui1 +Ui2) n Q(U’H—% ®n+%) (3 20)
c A2 Az i2 ") :

,n+l
®; * -6 LN 1 1\ 4
i ij MU (l)n+5 ) n+1 )
C”T/z - “ZTUfjm  —oac <(”)ij 2) , for j=1,2. (3.21)
=1

Similarly, the second stage (i.e., the correction step) can be written as follows:

n+% n+% n+% n+1

putt g 2 HAE oA (U“ "+ Ui 2)

1V i 2 2 +Q(U(z+1 ®(l+l)
c At AZ il > il ’

(3.22)
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41 L1 11 41
LU _on 47’-in+f +27'-in_12 —3A (UZ "+ U 2)
1V 2 _ 2 2 +Q(U”+1 ®p+1)
c At AZ 2 i2 ’
(3.23)
el —on T A 4
ij ij Mo @) n+1 +1 .
C L =0y SRU —oac(off!) . forj=1.2, (3.24)
The numerical flux in both the first and second stages is of the following form:
1 1
= SAUS + UL ) — S IAI(UF - U p,), (3.25)

where * € {n, n—+ %}

The time-stepping scheme described above is semi-implicit in that it is explicit on the
wave propagation terms and implicit on the collision terms. Since in the TRT system the
collision source is a nonlinear function of the temperature, the result is that in each stage
a nonlinear algebraic equation must be solved. In order to avoid this, we show in the next
section how to linearize the source.

3.3 Semi-implicit Time Scheme: Linearized Version

The scheme we propose in this work for solving the 1D HJTV system (2.20)—(2.21) along
with the material-energy equation (2.29) is a variant of the semi-implicit scheme described
by (3.19)—(3.24), but with the additional feature that the source is linearized. The proposed
scheme is a Hﬁ extension of the scheme developed for the P system in [28]. The details of
this scheme are provided in this section.

We begin this discussion by recalling that source, Q, in (3.19)—(3.20) and (3.22)—(3.23)
can be written as follows:

Q(Uy. 0}) = ~oUy; + oac (@) e, (3.26)

where « € {n+ 1,1 + 1} and & € RV+DT is a vector with the following components:

(3.27)

ey =

- 1 if m=1+Gk-DWN+1) for k=1,2,...,T,
0 otherwise.

These sources are clearly nonlinear in the temperature ©. In order to linearize Q we invoke
the following two Taylor expansions in temperature:

1\ 4 4 3 1 1 :
<®fj+2> = (op) +4(ep) ((9?;2 - %) +0 ((9?2 - 95'3') ) - (328

(@;'jﬂ)“ _ (@7_,.)4 +4 (@;3)3 (@yj+1 _ @;’_,) o ((@l’_'j“ _ @;?J.)z> . (329)

Since our overall method is only accurate to second order, we can safely disregard the second
order corrections in the above expressions. Furthermore, the linear differences in the Taylor
expansions can be replaced via the update formulas (3.21) and (3.24), respectively, yielding:

T

4 4
+3 4 3 At Al (@n+l 41
(@l’.‘j 2) ~ (o;;) +4(®;‘j) e <o§ :TUU(]I; *—oac(©7) ). (3.30)
=1
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T
4 4 3 At An 4
"t & (@ Q On+l _ o+l
(O?j ) ~ (OZ) —|—4(Ol’»‘j) . <a E 5 Uij(I’; oac (OZ ) ) (3.31)

Treating the above approximations as equalities and solving (3.30) and (3.31) for the fourth

2

power of @?;— and @27—1’ respectively, yields:

T
3 Al @)+t
n Cyv 1 2
. (en) (d®ij+2m§ Ul
7 (=1

~n41
(Oij z) — — — , (3.32)
=t +2Atac (@ij)
(o) (@op +anr Y By
4 ij o ij 2 ij(l)
(&1 = = . (3.33)

Cy 4A e 3
- + tac ij

Using these versions of the fourth power of the temperature successfully linearizes the source
terms in (3.19)—(3.20) and (3.22)—(3.23).

In order to complete the linearization of the source terms, we now turn our attention to
(3.24). In particular, we replace the fourth power of @Z.Jrl in (3.24) by (3.33). After some
simple algebra, we now arrive at the final semi-implicit discontinuous Galerkin scheme that
is advocated in this work. The first stage is

n+d 27" +4F" | = 3A(U}, + U} 4
Un " —Uh T T i (h + 0t ~UST ac(807) & (a4
oc(A)2) oAz " " S
nt} 4F" | 4+2F" | = 3A(U7 + U7 4
Un  —Uh _ “i+d "7y (Ui + V) SUS T ac (857 & 335)
oc (A1)2) oAz ? vy

where @)?fz is defined by (3.32) and € is defined by (3.27). The second stage is

1 1 1 1
n+l _ ym 2‘#14_12 +4‘7:ﬂj_l2 —3A U:l]+2 +U72+2
U Ui i+2 =2 nt1 ~nr1\*
ocAt =t oAz — Ui Fac (®“ ) e
(3.36)
i+ 4 i+ ntt n+d
—— 4]-';+f +2]-';7f —3A (U” 24U, 2) y
i2 2 _ _ 2 2 UL ac (04! &
ocAt oAz i2 ac\Pia ’
(3.37)
r 4
At |:Z %U(Z()In)-‘rl —ac < ’7.) :|
5 ij ij
ot =@ + —= , forj=12, (3.38)

St 4ntac (o2
o t4Atac|B;;

where (:3?1.“ is defined by (3.33) and € is defined by (3.27). Note that by the time we reach

(3.38), U:.le is already known, meaning that this step has the computational complexity of
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an explicit update. Again, the numerical fluxes in both the first and second stages are of the
form (3.25).

3.4 Slope Limiter

In order to remove unphysical oscillations from the numerical method described above, we
include a slope limiter. McClarren and Lowrie [30] pointed out that the double minmod slope
limiter, also known as the monotonized central slope limiter, is asymptotic-preserving for
hyperbolic systems with stiff relaxation terms while the minmod limiter does not preserve
the asymptotic limit due to discontinuities at the cell edge. Therefore, in this work we use the
same double minmod limiter to preserve asymptotic limit. In particular, after each predictor
and corrector step we compute the cell average:

— Ug+U;
U = i1+ 12’ (339)
2
and then modify the original nodal values as
Uy =T — SE and Up =T, + %’ (3.40)

where
Si(e) = mm( Uiny — Uiy, @ Uiy —Uic1)) » o (Uigie) — ﬁi(l))) (3.41)

where @ € [0,2],i =1,...,N;, [ =1,...,T(N + 1), and the minmod function is defined
as follows:

sign(a) min (lal, [b], [c[), if sign(a) = sign(b) = sign(c),

mm(a, b, ¢) := [ (3.42)

0, otherwise.

As explained in [28], « = 0 is the first-order upwind or Godunov scheme, @ = 1 is the
minmod limiter, and @ = 2 is the monotonized central (MC) or double minmod limiter. We
use o = 2 in all our numerical tests.

3.5 Boundary Conditions

To complete the numerical methods section, we briefly explain how boundary conditions
are implemented. The three types of boundary conditions considered in this work in various
examples are reflective, Dirichlet, and vaccuum conditions. In all cases we prescribe the
intensities on the left and right boundaries via the following expressions:

IOUt(tv ZL, I"L) lfl‘l' > 03 _ I(tv ZR» l‘l/) lf/“L > 07

I, p) = . I8, ) = . (3.43)
I(t,zp, p)  ifu <O, Tout(t, zg, ) if u <0,
respectively, where
1(t,z, —p) if reflective BC,
Tow(t,z, 0) = ¢ I(t,z, u)  if Dirichlet BC, (3.44)

0 if vacuum BC.

Note that z; and zr denote the left and right boundaries, respectively.
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3.6 Asymptotic Analysis

The grey transport equation (2.7) and material-energy equation (2.8) reduce to the so-
called equilibrium diffusion limit under a certain rescaling of the underlying parameters.
The rescaled parameters are as follows:

o

o —> —
&

3

c> S, C,>¢eC,, a—ca, (3.45)
£

where ¢ > 0, which results in the following rescaled transport and material-energy equation
(where we have set s = 0):

8261+ o . L (3.46)

—_— (C/’ —_— —_ - N .

c ot 'ubz “ ZOaC

2, 90 ! 4

£ Cva =0 I(t,z, p)dp —aco™ | . (3.47)
-1

As shown in Larsen et al. [19], the highly collisional limit, ¢ — 0%, results in the following
nonlinear diffusion equation:

o] 4 0 [ac o 4
_ 0© 0©® —— == (p©® 4
ot |:CU ta ( ) 0z |30 oz ( ) ’ (3.48)

where 0(® refers to the leading order term in a power series expansion of the temperature 0
ine.

A numerical method for system (3.46)—(3.47) is called asymptotic-preserving if for fixed
discretization parameters (At, Az, and Apu), the numerical method in the limit & — 0T
reduces to a consistent and stable discretization of (3.48).

Proposition 4 (Asymptotic preserving (AP) property in the equilibrium diffusion limit) The
numerical method given by (3.34)—(3.38) with (3.25), (3.27), (3.32), and (3.33), after rescal-
ing (3.45), produces the following consistent and stable discretization of (3.48) in the limit
as e — OV when the discretization parameters (At, Az, and Ap) are held constant:

v v 4 v v 4
C, O +a (O — c, 0" —a (B19")
At

4 4 4
[0]n [0]n [0]n
<®i+12) -2 (®i2 ) + (®i1 )

=ac 5 ,
30 Az

(3.49)

where the superscript [s] represents the s™ term of the expansion in & and the weighted
average () is defined as follows:

. 1 - 1A - 1A
iz = 3 [((')i+1(1) - g(')i+1(1)> + <(')i(1) + g(')i(l))] .

| ! (3.50)
8 [t + Ol O = 51O = il

()i = 3

We note that one obtains the same limiting numerical scheme independent of the number of
velocity bands, T, and that this limiting numerical scheme is the same as the one achieved
by the Py approximation [28].

@ Springer



Journal of Scientific Computing (2022) 90:2 Page170f29 2

Proof The proof of the above claim follows exactly the same steps as the one given in
McClarren et al. [28] for the Py system with only one minor modification: for the proposed
method considered in this work, we need to sum update Egs. (3.34)—(3.37) over all velocity
bands (% ZzT= 1) before applying the perturbation series analysis. O

4 Numerical Results

In this section, numerical results for six standard benchmark problems for the TRT system are
provided, including examples in the optically thin and thick regimes: (1) bilateral inflow (Sect.
4.1), (2) streaming in a vaccuum (Sect. 4.2), (3) Su-Olson problem (Sect. 4.3), (4) diffusive
Marshak wave (Sect. 4.4), (5) Marshak wave in thin medium (Sect. 4.5), and (6) smooth
Marshak wave problem (Sect. 4.6). Note that the problems (1) and (2) are free streaming.
The material-energy coupling equation (2.29) is only required for in the examples described
in Sects. 4.3-4.6.
Unless otherwise stated, we choose a CFL condition for all simulations as follows:

CFL := -2 <03, 4.1)
X

where p(A) ~ 1 is the spectral radius of a matrix A as defined in Eq. (2.25). For numerical
examples in which the diffusion dominates, for example problems like the diffusive Marshak
wave problem, we are able to achieve very relaxed CFL number between 2 and 3.

4.1 Bilateral Inflow

This problem is used to test the H{, scheme without the opacity o and the external source s;
this shows how well the hybrid discrete approximation of the free-streaming kinetic operator
and its corresponding numerical discretization captures the correct wave speeds and resolves
discontinuities. In this setting, Eq. (2.7) reduces to the following:

1 al o/

cor Ma T
for which the analytic solution can easily be computed from the method of characteristics
(e.g., see [8]):

0, 4.2)

I(t, 2. ) = 1%z — cpt, ). 4.3)
We choose the initial condition as
acé(u—1) ifz=<0.2,
@ w=1{0 if0.2 <z <0.8, (4.4)
0.5ac if z > 0.8,
where 6 (u — 1) is a Dirac delta centered at u = 1, ¢ = 3 x 1019 ¢cm s is the speed of light,

and a = 1.372 x 10'* ergs cm ™3 keV~* is the radiation constant. The exact angular moment
of the radiation intensity, E(t, z), is given by the following if 0 < ¢t < 0.3:

1 ifz <0.2+ct,
0 if 0.2 t <0.8—ct
aVE(t,2) = H0.2der<z= o @s)
(z—084ct)/Qct) if0.8—ct<z=<08+ct,
1 if z> 0.8 4 ct.

@ Springer



2 Page180f29 Journal of Scientific Computing (2022) 90:2

(a) Bilateral inflow: P3 vs HE, (b) Bilateral inflow: Ps vs HY,
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(¢) Bilateral inflow: Py vs HII:] (d) Bilateral inflow: P»3 vs HIT\,
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Fig.2 (Section 4.1: bilateral inflow) Comparisons of P and H]C solutions for the bilateral inflow problem at
ct = 0.1, N; =500, with CFL = 0.3

We run the code until cfepg = 0.1, in the physical domain z € [0, 1] with inflow/outflow
boundary conditions based on the exact solution (4.3)—(4.4) . This example is challenging
for moment closure methods such as Py and H](, due to the fact that there is a delta function
in velocity, as well as discontinuities in both z and p. Furthermore, in this example there are
no collisions to help smooth out the solution.

The scaled angular moment of the radiation intensity, E (¢, z)/a, for various Py and H/{,
approximations are shown in Fig. 2. Each panel in Fig. 2 shows solutions with models that
have the same DOFs: (a) 4 moments: P3 and H2, (b) 6 moments: Ps, H?, and H%, (c) 8
moments: Py, H‘I‘, and H_Z, and (d) 24 moments: P»3, H}z, and H‘Sl. In each case, the HK,
model with 7 > 1 gives less oscillation than the Py model with the same DOFs.

In all the simulations shown in Fig. 2 we have used the double minmod limiter to control
unphysical oscillations and to remove negative density values; without the double minmod
limiters active, both Py and H;/ solutions suffer from negative densities near the discontinuity.
In order to show how the double minmod limiter affects the solution we also provide Fig. 3,
in which we show a direct comparison of the unlimited and limited Hg‘ solutions.
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Fig.3 (Section 4.1: bilateral 2 T T T T
inflow) Hg solution with and _Hg w/o limiter
without the double minmod M
limiter for the bilateral inflow 157 —H; w/ limiter (1
problem at ct = 0.1, N; = 500,
with CFL = 0.1 ;
E
w
05 | 1
0 - -
05 : ' : :
0 0.2 0.4 0.6 0.8 1

4.2 Free Streaming in a Vacuum

In this section, we test our scheme on the propagation of photons in a vacuum. We choose
a zero initial condition, 1°(z, u) = 0, on the computational domain z € [0, 1] with the
following Dirichlet boundary conditions:

I(t,z=0,pn) =ac and I(t,z=1,p) =0. (4.6)

The analytic solution for + > 0 with the given initial and boundary conditions can be
obtained by the method of characteristics as in the previous bilateral problem:

_Jac ifz/en <p <1,
It z,p)= [0 if —1<pu<z/(ct). “n

The exact solution for the angular moment for # > 0 in this case is

1
a 'E(t, 2) =/ du =1—2z/(ct). 4.8)
z/(ct)

In Fig. 4 and Table 1 we compute the absolute L error in the scaled angular moments,
E(t, z)/a, for various H% approximations:

N 172
1 < T 2
L, error := W Z(EN (fend» 2i) — Eexact (fend, Zi)) , (49)
=1
1 T
L error := max *(EN (Tends Zi) — Eexact (Tend, Zi)) s (4.10)
1<i<N; |a

where E;} is the angular moment solution calculated using the HK, approximation. In par-
ticular, we show in Fig. 4a the L, convergence of H;, with increasing N and in Fig. 4b the
L, convergence of Hlf, with increasing 7. Figure 4a shows rapid convergence in terms of
N for the H?v and H?v solutions, however PN=(H}V) shows a much slower convergence rate.
Meanwhile, Fig. 4b shows rapid convergence with a much steeper slope than Fig. 4a, which
suggests that increasing 7 is a better way to achieve the desired accuracy than increasing
N when a discontinuity exists in the underlying intensity /(¢, z, ;). This observation agrees

@ Springer



2 Page200f29 Journal of Scientific Computing (2022) 90:2

1 2 3 T T T
(a) Hy, (=Pn) vs HY, vs HY, (b)H vsH vs H{
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Fig.4 (Section 4.2: streaming in a vacuum) Convergence study of H{, solutions for the vacuum propagation
problem at t = 2.5 x 10~ !!'s with N, = 100 and CFL = 0.3 with respect toa N and b T

Table 1 (Section 4.2: streaming in a vacuum) L, and L errors for the vacuum propagation problem for
various methods that all have the same degrees of freedom (DOF = 16)

Error H H3 H3 Hls (=Pjs)
Ly 2.1623 x1072 2.4764 x 1072 27112 x1072 2.7934 x 1072
Loo 5.6687 x 102 6.2532 x 1072 6.3653 x 102 7.3359 x 1072

with the numerical values shown in Table 1, where the L, and L, errors are shown for
various methods that all have the same degrees of freedom (DOF = 16).

Additionally, we study the profile of E(¢, z) for various methods in Fig. 5. Each Hlf,
solution in Fig. 5 shows the propagation of multiple waves depending on the number of
distinct eigenvalues of the matrix A defined in (2.18) and (2.21). In particular, in Fig. 5a, b
we compare Hzlv and H%V solutions with various N, respectively. Analogously, in Fig. 5c, d
we compare various HlT and H2T solutions with different 7', respectively. Finally, in Fig. Se
through Fig. 5h we plot in each panel a different Hlf, method with DOF = 16: (e) H} 5. (D)
HZ, (f) Hg‘, and (g) H? Again, we conclude from these simulations that in the case when
the intensity is discontinuous, increasing 7 is more effective than increasing N. We also
demonstrate in these panels that when 7 is odd and N is even (i.e., A has a zero eigenvalue—
see Remark 2.3), the solutions show incorrect boundary values: Fig. 5a (H; and H‘]‘) and in
Fig. 5d (H} and H3).

4.3 Su-Olson Problem

The nextbenchmark problem we solve is the non-equilibrium Su-Olson problem with material
coupling [39]. In order to compare the numerical solutions to the semi-analytic solution, we
follow the conditions used in [39], i.e., 0 = 1, and the external source term is given by

ac if —05<z<0.5,
S(t,z) = - 4.11
@.2) 0 otherwise. ( )
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Fig. 5 (Section 4.2: streaming in a vacuum) The H;, solutions for the vacuum propagation problem at 1 =
2.5 x 10711 with N, = 100 and CFL = 0.3
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(a) Su-Olson: P53 vs H% (b) Su-Olson: Ps vs H%
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Fig.6 (Section 4.3: Su-Olson problem) Three different simulations using H{] for the Su-Olson problem with

N; = 100, CFL = 0.3, and cfepg = 1.0, 3.16, 10, respectively. Panels a and b show P3, H% Ps, and H% on
a linear scale, while panels ¢ and d show those same solutions on a log-log scale

We use the computational domain z € [—cfend — 1, cfena + 1] with periodic boundary
conditions. For this problem, both Py = Hzlv and H{, perform very well even with small N.

Figure 6 shows the results from three different simulations with cfepg=1.0, 3.16, and 10.0,
respectively. The solutions to these three cases are shown on a linear scale in Fig. 6a (P3 and
H%) and Fig. 6b (Ps and H%), and on a log-log scale in Fig. 6¢ (P3 and H%) and Fig. 6d (Ps
and H%). The reference solutions are obtained from [39].

4.4 Diffusive Marshak-Wave Problem

In this section, a diffusive Marshak-wave problem is investigated; this problem is a standard
test case in the literature [7,25,28,41]. This problem consists of a semi-infinite medium of
material with the opacity

o = 300/6°. (4.12)

The computational domain is z € [0.0,0.6] and the initial conditions are given by the
following with g = 10~* keV:

1
1(t=0,2p) = 5ac@o“ and 0(t=0,z) = 6. (4.13)
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Fig.7 (Section 4.4: diffusive I I I I I
Marshak-wave problem) The H% 12F O t= 1.0x107%s]|]
solutions for the material X t= 50x108
temperature, 6(t, z), for the 18 ﬁ. A:A A t=100x108s|
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We use the isotropic incoming boundary condition corresponding to a 1 keV temperature

source on the left boundary z;, = 0, and no incoming radiation on the right boundary at
IR = 0.6:

1
I(z,zL,//,>0)=5ac and I (t,zgr,u <0)=0. (4.14)

We compute the material temperature, 6 (¢, z) at various times: ¢ = 10785,5x 1078 s, and
10~7 s. In our numerical tests for this problem all H[{/ solutions look similar, thus, we only
present H% solutions in Fig. 7. In this test, we use N, = 16 with the mesh size Az = 0.0375.
Despite the fact that we use a coarse mesh, the H}{, solution is able to adequately capture
the wave propagation front. Due to the fact that diffusion dominates, we are able to achieve
stable results with a relaxed Courant number: CFL = 1.7. The reference solution shown in
this plot is the semi-analytic equilibrium-diffusion solution (e.g., see [28]).

4.5 Marshak-Wave in Thin Medium

Here we apply our scheme to a Marshak-wave problem in an optically thin medium with an
opacity given by

o =3/6% (4.15)

The radiation temperature is given by

Orad (1, 2) := 1] E(;’ Z), (4.16)

and the computational domain is z € [0, 0.35]. We use the isotropic incoming boundary
condition corresponding to a 1 keV temperature source on the left boundary z; = 0, and no
incoming radiation on the right boundary at zg = 0.35:

1
I(I,ZL,M>0)=§ac and I (t,zg, u <0)=0. 4.17)
The initial conditions are given by the following with 8y = 107> keV:

1
1(t=0,2p) = 5ac@o“ and 0(t=0,z) = 6. (4.18)
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(a) The HJ solutions with N, =400 (b) H3 convergence rate in position space
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Fig. 8 (Section 4.5: Marshak-wave in thin medium) The H% solutions and convergence rate for the thin
Marshak-wave problem at t = 1079 with o = 3/93, 6y = 105 keV, and CFL = 0.3

Fig.9 (Section 4.5:
Marshak-wave in thin medium)
Error in various HITV
approximations with N; = 512
and CFL = 0.3

L2-error

In Fig. 8a we show the H% solution with N, = 400 for the material temperature, 6, and
the radiation temperature, 0,9 (4.16). In Fig. 8b we show the material temperature error for
H% for various N;. The error is computed by comparing the H% solutions with various N, to
the P5 solution with N, = 2048. This figure shows the expected degradation of the order of
accuracy to first order in space for this problem due to the discontinuity of the solution.

Furthermore, in Fig. 9 we investigate the various convergence rates of H! ’szvv Hj‘v and
H?v with N; = 512 as a function of N. In particular, we compute the following approximate
L, error:

. 1/2
035 /.7 T 2
Lyeror i= | So= ;(92 1 et 2) = 00y ety 2)) |, (419)
forj=1,2,...,9, where 9; represents the material temperature as calculated with the H/{,

model. Due to the non-smoothness of the solution we note a fairly rapid convergence as a
function of T with fixed N, and slower convergence as a function of N with fixed T'.
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4.6 Smooth Marshak-Wave

Finally, a smooth Marshak-wave problem is considered in this section to observe the con-
vergence rate of our numerical scheme on a smooth solution in an optically thin medium.
The opacity and radiation temperatures are again given by (4.15) and (4.16), respectively.
Following [27,28], the computational domain is z € [0, 0.8] and the smooth initial conditions
are given by:

16=02m=5 [1 ~ 0.498(1 + tanh [50(z - 0.25)])}, (4.20)
1
E@=0.2) Z)>4 : 4.21)

a

9(t=0,z)=(

The boundary conditions are given by
I(t,zp,p>0)=1(0t=0,zr,u) and It zr, u<0)=0, (4.22)

where z;, = 0 and zg = 0.8.

In Fig. 10 we show the solution for the material temperature, 6 (¢, z), at various times: (a)
The initial condition for the material temperature, 6 (¢, z), is shown in Panel (a) of Fig. 10.
In Fig. 10b we show a direct comparison of the material temperature as computed with Ps
and H22, both methods have DOF = 6, for N; = 128. In Fig. 10c, d we show the material
temperature as computed by Ps and H22 with various N,, respectively.

Finally, in Fig. 11 we demonstrate second-order convergence of the HZ2 with increasing
mesh resolution N, . In this figure, the dashed-line indicates a slope of two on a log—log scale.
In these convergence experiments the approximate L error is calculated via the formula:

N,

0.8 2048/(2m)\ 2
Lo® - 6™ = | T2 (6 — 672, (4.23)
? k=1
where 1
2048/ (2m+1y 2048/(2™) 2048/(2™)
Oy =5 (92(k71)+1 + 92(k—1)+2) ; (4.24)
form=0,1,...,7. Here 92048 represents the reference temperature solution on mesh with

N, = 2048 cells, and the superscript k stands for the k™ grid cell. The idea encapsulated in
formulas (4.23) and (4.24) is that we project the reference solution 2% onto coarser mesh,
ie., N; =2048/(2™),form = 1,2, ..., 8 by taking the average of left and right cell on finer
mesh, to obtain 81024 9512 98. once we have projected this solution down to the mesh
on which 0 is defined, we can directly compute the L, distance. In Fig. 11 we have used this
strategy with N, = 8, 16, 32, 64, 128, 256, 512, and 1024 to show the convergence rate.

5 Conclusion

In this work we have developed the hybrid discrete (H;/) approximation method for the
thermal radiative transfer (TRT) equations, and implemented a numerical discretization of
these equations using a second order discontinuous Galerkin finite element method in con-
junction with a semi-implicit time-stepping scheme. The Hﬁ approach acquires desirable
properties of two classical methods for the TRT equations, namely Py (spherical harmonics)
and Sy (discrete ordinates), and indeed reduces to each of these approximations in various
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(a) The initial condition (b) Ps vs HZ with N =128
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Fig. 10 (Section 4.6: smooth Marshak-wave) Comparison of the P5 and H%V solutions for the material tem-
perature for the smooth Marshak wave problem with CFL = 0.3

Fig. 11 (Section 4.6: smooth 107! T
Marshak-wave) Convergence rate s
of the material temperature 6 for , LT
the smooth Marshak wave 107 F .20 )
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limits: H}, = Py and HY = S7. We proved that the H%, approximation results in a system
of hyperbolic partial differential equations for all 7 > 1 and N > 0. In particular, in one
spatial dimension, the HL scheme is essentially a collection of Py approximations localized
in each velocity band. Because of this structure, HT, just like Py, can exhibit negative den-
sities. However, because H;, has band-localized structure, we are able to control unphysical
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numerical oscillations by increasing the number of discrete regions in velocity space, thereby
blending properties of Py and Sy.

Once the Hlf, approximation was developed for TRT, we introduced a semi-implicit numer-
ical method that is based on a second order explicit Runge—Kutta scheme for the streaming
term and an implicit Euler scheme for the material coupling term. Furthermore, in order to
solve the material energy equation implicitly after each predictor and corrector step, we lin-
earized the temperature term using a Taylor expansion; this avoided the need for an iterative
procedure, and therefore improved efficiency. In order to reduce unphysical oscillation, we
applied a slope limiter after each time step. Finally, we proved that our scheme is asymptotic-
preserving in the diffusive limit.

In the numerical results section we compared the solutions of the H{, and Py schemes
for the various benchmark problems. We demonstrated for a variety of problems that for a
fixed total number of moments, we are able to achieve accuracy gains over the Py = H}v
approximation by balancing 7' and N. With a more balanced choice of T and N, HIT\, shows
less oscillation than Py, especially in the presence of discontinuities. One may use the large
T when the problems include strong shocks or the solutions are non-smooth. Otherwise,
one can use high N instead. The control of the variables T and N can compensate for the
shortcomings of Py and Sy schemes.

In future work, we will develop extensions of the HX, method for multi-energy group
models or frequency-dependent equations in multiple dimensions. In particular, just as we
have done in this work, we will investigate various choices of N and T to achieve accurate and
efficient moment closure in the multidimensional setting. We will also investigate adaptive
strategies for selecting 7 and N in the presence of some appropriate error indicator.
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