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Abstract. The radiative transfer equation (RTE) arises in many different areas of sci-
ence and engineering. In this paper, we propose and investigate a discrete-ordinate
discontinuous-streamline diffusion (DODSD) method for solving the RTE, which is a
combination of the discrete-ordinate technique and the discontinuous-streamline dif-
fusion method. Different from the discrete-ordinate discontinuous Galerkin (DODG)
method for the RTE, an artificial diffusion parameter is added to the test functions in
the spatial discretization. Stability and error estimates in certain norms are proved.
Numerical results show that the proposed method can lead to a more accurate approx-
imation in comparison with the DODG method.
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1 Introduction

The radiative transfer equation, which describes the scattering and absorbing of radiation
through a medium, plays an important role in a wide range of applications such as astro-
physics, atmosphere and ocean, heat transfer, neutron transport and nuclear physics, and
so on. Today, research on the RTE remains to be very active and important, especially in
the biomedical optics fields, see e.g. [2,6,14,26,28].

The RTE can be viewed as a hyperbolic type integro-differential equation. Due to the
involvement of both integration and differentiation in the equation, as well as the high
dimension of the problem, it is challenging to develop effective numerical methods for
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solving the RTE. The numerical methods can be basically divided into two categories:
statistical schemes and deterministic schemes. The interested readers are referred to [11-
13,15,17,19,24,25,27].

The discrete-ordinate (DO) method [8,22,23], also called the Sy method, is the most
popular deterministic method for the RTE, owing to the good compromise among ac-
curacy, flexibility, and moderate computational requirements. This method solves the
radiative transfer equation along a discrete set of angular directions, which are the nodal
points of a numerical quadrature approximating the integral term on the unit sphere,
thus reducing the RTE to a semi-discretized first-order hyperbolic system. To solve the
semi-discretized hyperbolic system, it is natural to use the discontinuous Galerkin (DG)
discretization, leading to the so-called discrete-ordinate discontinuous Galerkin method.
In [16], a DODG method was proposed for the RTE, and error estimates in certain discrete
norms were obtained.

The object of this paper is to propose and investigate a discrete-ordinate discontinuous-
streamline diffusion method for solving the RTE. Such a method is a combination of the
discrete-ordinate technique and the discontinuous-streamline diffusion (DSD) method.
The streamline diffusion (SD) finite element method was proposed by Hughes et al. [20]
and Johnson et al. [21] in order to cope with the usual instabilities caused by the convec-
tion term for the convection-dominated problem. In [3, 4], the streamline diffusion finite
element method was analyzed for the multi-dimensional Vlasov-FokkerPlanck system
and Fermi pencil beam equation. The DSD method keeps the fundamental structure of
the DG method while replacing the Galerkin elements by the SD framework in the up-
wind iteration procedure. In [9], the DSD method was employed successfully in solving
first order hyperbolic problems, where such a modification preserves the advantages of
both the upwind approach and the DG method, and also further improves the stability.
In this contribution, we seek to improve the DG method for RTE by employing the DSD
scheme and derive error estimates of the DODSD method in a norm including the direc-
tional gradient. While the DSD approach has been developed and applied to hyperbolic
systems or convection-dominated problems, this paper represents the first attempt, to
our knowledge, to construct DSD schemes for the RTE. Our numerical results show that
the DODSD method can lead to a more accurate solution in comparison with the DODG
method.

The rest of this paper is organized as follows. In Section 2, we introduce the RTE
and recall a few basic related results. In Section 3, we derive the discrete-ordinate
discontinuous-streamline diffusion method, and in Section 4 we present a stability and
convergence analysis for the proposed method. Numerical examples are presented in
Section 5, illustrating the performance of the numerical method and providing numer-
ical evidence of the theoretical error estimates. Finally, a few concluding remarks are
given in Section 6.

Throughout this paper, standard notation is used for Sobolev spaces, and the corre-
sponding semi-norms and norms [10]. Moreover, the letter C denotes a generic positive
constant whose value may be different at different occurrences.
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2 Radiative transfer equation

Let X be a bounded domain in R? (d=2,3) with a smooth boundary dX. Denote by n(x)
the unit outward normal for x € 9X. Let () be the angular space, i.e., the unit circle in
R?, or the unit sphere in R3. For each fixed direction w € (), we introduce the following
subsets of 0X:

0Xw,— ={x€0X: w-n(x) <0}, 0Xyu+={x€0X: w-n(x)>0}.
Then, we define
I ={(xw): x€0Xyp_,weQ}, Ti={(xw): x€dXp+ wecO}

as the incoming and outgoing boundaries.
We define the integral operator S by

(Su)(x,w) = / 2(x,w-@)u(x,@)do(@),
0
where ¢ is a nonnegative normalized phase function satisfying
/g(x,w-d))da(d))zl VxeX, we. (2.1)
0

In most applications, the function g is independent of x. As an example, a commonly
used phase function is the following Henyey-Greenstein (H-G) function:
1—1?
o 2m(1+n2—2nt)’
g (t) - 17172

4 (1452 —2nt)3/27

d=2,
(2.2)
d=3,

where the parameter 17 € (—1,1) is the anisotropy factor of the scattering medium. Note
that # = 0 for isotropic scattering, # > 0 for forward scattering, and # <0 for backward

scattering.
With the above notation, a boundary value problem of the radiative transfer equation
(RTE) reads
w-Vu(x,w)+oi(x)u(x,w)=0s(x)(Su)(x,w)+f(x,w), (x,w)eXxQ, (2.3)
u(x,w)=0, (x,w)eT_. (2.4)

Here 0; = 0,+05, 0, is the macroscopic absorption cross section, ¢ is the macroscopic
scattering cross section, and f is a source function. We assume these given functions
have the properties that

01,0s € L¥(X), 0s>0a.e. in X, and 0y — 05 > ¢¢ in X for a constant ¢y >0, (2.5)

f(x,w) € L*(X x Q) and is a continuous function with respect to w € Q). (2.6)

It is shown in [1] that the problem (2.3)-(2.4) has a unique solution u € H%(X xQ)),
where

Hi(XxQ):={vel}(XxQ): w-VveL2(Xx0)}

with w- Vv denoting the generalized directional derivative of v in the direction w.
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3 A discrete-ordinate discontinuous-streamline diffusion
method

In this section, a discrete-ordinate discontinuous-streamline diffusion method is pre-
sented for solving the radiative transfer problem (2.3)-(2.4). The numerical scheme is
formed in two steps: First, we use the discrete-ordinate method to approximate the
integral term in the RTE, resulting in a system of linear hyperbolic partial differential
equations. Then these coupled linear hyperbolic equations are further discretized by the
discontinuous-streamline diffusion method.

3.1 Angular discretization
To approximate the integration term Su, we employ a numerical quadrature of the form
L
/F(w)da(w)%zwlF(wz), w0 >0, w e, 0<I<L, (3.1)
0 1=0
where F is a continuous function over the unit sphere Q).

3.1.1 Quadrature scheme in the two-dimensional (2D) domain

Introduce the spherical coordinate system
w= (Cosﬁ,sinG)T, 0<0<2m. (3.2)

Noting that do(w) =d6 holds for the coordinate system (3.2), we have

/Q F(w)do(w) = /O " F(0)db,

where [ stands for the representation of F in the spherical coordinates.
One possible quadrature scheme for the above integral is the composite trapezoidal
formula

/Ozﬂﬁ(e)dez% (F(90)+LZ_12F(91- )+ E(6) ) Zwl (3.3)
i=1

where {6;} are evenly spaced on [0,27t] with a spacing hp=27/L, i.e., 0;=ihg, wo=wp = h—29,

and w; =hy for 1 <i<L—1. It is known that (see, e.g. [5])

L-1 71']’12

/OZHF(G)dG—h?O< (60) +22F +F(9L)> ZEpe). (3.4)
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3.1.2 Quadrature scheme in the three-dimensional (3D) domain

Introduce the spherical coordinate system
w= (sinf)cosw,sin()simp,cos())T, 0<6<m, 0<¢p<2rm. (3.5)

Then we have do(w) = sinfdfdy. By using the spherical coordinate system (3.5), we

obtain N
/Q F(w)do(w) = /0 /0 E(0,1)sin6d6dy.

One family of quadratures for the above integral is given by the product numerical
integration formulas. For example,

/ F(w)do(w)~ =
(@) m:

where {6;} are chosen so that {cos6;} and {@;} are the Gauss-Legendre nodes and
weights on [—1,1]. The points {¢;} are evenly spaced on [0,27r] with a spacing of 7r/m.
Regarding the accuracy of the quadrature (3.6), we have (see, e.g. [18])

Y @i (6 4)), (3.6)

<c¢sn°||Fllsa YEFEH’(Q), s>1, (3.7)

/Q (w)do(w Zw,zr w)

1=0

where ¢, is a positive constant depending only on s, and n denotes the degree of precision
of the quadrature.

3.1.3 Discrete-ordinate method

Based on the numerical quadrature (3.1), the integral operator S is approximated by a
discretized operator S; given by

Squ(x,w) Zwlg (x,w-w;)u(x,w;). (3.8)
i=0

For later analysis, we define

L

m(x)= OIB&XLZng X, W) w;). (3.9)

In the 2D case, if g(x,t) is continuous in x € X and twice continuously differentiable with
respect to t € [—1,1], then we get from (3.4) and (2.1) that

L
1-Y wig(x,w;-w;)| <O(h3). (3.10)

i=0
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This implies
[11(2) 0,00, x <1+O(H2). (3.11)
Therefore, for hy sufficiently small, there exists a positive constant c{, satisfying

o —m(x)o; zat—as—(’)(hg)as Zco—(’)(hg)as >cp VxeX. (3.12)

In the 3D case, if g(x,w;-) is an H°(Q)) (s >1) function for any fixed x € X and w; € (),
then we get from (3.7) and (2.1) that

L
1—Zw1g(wl-wi)

i=1

<csn”[g(wr)lsa- (3.13)

This also implies that ||m(x)||0,c0,x = 1 and (3.12) holds in the 3D case when a high-order
quadrature rule is used.

Remark 3.1. Numerical tests are provided in [16] to demonstrate that (3.13) holds for the
Henyey-Greenstein phase function (2.2).

Using the operator S;, we can discretize the radiative transfer equation (2.3)-(2.4) in
each angular direction wj to get

L .
wl-Vul—HTtMZ:USZwig(-,wl-wi)ul—kfl inX, u'=00nd X, 0<I<IL, (3.14)
i=0

where f;=f(x,w;) and u'=u'(x) is an approximation of u(x,w;). Here and below, we use
the simplified notation 9%, X := 09X, .

Remark 3.2. Note that the Henyey-Greenstein function (2.2) is smooth for 7 <1. Formally,
=1 corresponds to the case where there is no scattering among different directions and
(Su)(x,w) =u(x,w). As a result, the system (3.14) is reduced to a set of uncoupled first
order transfer equations, which can be solved easily, and the analysis is the same as that
for a single transfer equation.

3.2 Spatial discretization

After the angular discretization, the RTE is reduced to a system of first-order hyperbolic
partial differential equations in space. Now we discretize (3.14) by the discontinuous-
streamline diffusion method.

Let {Tj }1, be a regular family of finite element partitions of X, i being the mesh size
parameter. Denote by ng the unit outward normal to 9K for K€ Tj,. Let E}, be the set of all
interior boundaries (faces for d=3 or edges for d =2) of Tj,. For any positive integer k, let
P¢(K) be the set of all polynomials on K of a total degree no more than k.

Downloaded from http:/www.cambridge.org/core. The University of Iowa, on 05 Dec 2016 at 17:00:14, subject to the Cambridge Core terms of use, available at http:/www.cambridge.org/core/terms.
http://dx.doi.org/10.4208/cicp.310715.290316a


http://dx.doi.org/10.4208/cicp.310715.290316a
http:/www.cambridge.org/core
http:/www.cambridge.org/core/terms

C. Wang, Q. Sheng and W. Han / Commun. Comput. Phys., 20 (2016), pp. 1443-1465 1449

For a fixed direction w), we define the incoming and outgoing boundaries of K € T},
by
o K={x€dK: w;-n(x)<0}, 9 K={xcaK: w;-n(x)>0}.

We remark that each edge of an element K € T, is either an incoming boundary or an
outgoing boundary.

Let K, and K be two adjacent elements sharing e € E}, where the normal direction 1)
pointing from K' to K, satisfies w-nl >0 (cf. Fig. 1). For a scalar-valued function v, we
define

vﬂr:lei, vl_:v]Kz_, and [0']=7, —v. one.

For any domain D C X with boundary oD (resp. 0. D),let (-,-)p and (-,-)ap (resp. (-,-)aziD)
be the L2 inner product on D and on 9D (resp. 9’ D).

w
I

Figure 1: An example of KL, Kﬂ_, and né in 2D.

Using the above notation, the DODG method, which has been developed in [16], is to
find uil € P¢(K) such that for any Ke Tj,, 0<I<L,

(wl-Vuil—FUtuL,v;l) + < [”L]/US- |w; -n]>al p

L
:( Z w;g(-,w;-wj uh+f1,vh> Vol € P(K) (3.15)
K

with
ul =0 ond Kco X. (3.16)
We now replace the Galerkin elements in the above DODG formulation (3.15) by the

SD framework, and add an artificial diffusion term in the test function. Then the discrete-
ordinate discontinuous-streamline diffusion (DODSD) method can be described as fol-
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lows: to find uiz € P¢(K) such that for any Ke Ty, 0<I<L,

<wl-Vuil+atu§1,vz+5wl-VUL>K+<[ML],vl+lw1 -n]>al p

L
( Z Wy w; )iy + fr,0,+ 6w Vvh> Vo, € P (K) (3.17)
= K
with

ul =0 ond Kcod X. (3.18)

Here 6 =Ch is an artificial diffusion parameter with some ¢ >0 and v, := (v} ) .

Obviously, the DODG method is the special case of the DODSD method with § =0.
The effect of adding the diffusion parameter will be analyzed in the next section, and
illustrated by some numerical results in Section 5.2.

4 Error analysis

In order to analyze the proposed DODSD method, we first present the global formulation
of the discrete method (3.17)-(3.16). Associated with a direction w;, we define

={vel*(X): v|g € P(K) VKE T}, (4.1)
w,iz{weLz(x): w|x € C(K)NH(K) VKETh}. (4.2)

Letting V;, = (V}) M1 and W, := (W) E1 we have V, CW,. A generic element in Vj, will
be denoted by v, := {0} }}_; or simply v, := {0} }.

The global formulation of the DODSD method (3.17)-(3.16) is then expressed as: Find
{ul} €V, such that

L
Y w Y (wl-Vufﬁ—atuL,v;l—Mwl-Vvi) +Zw1 ) < uh], o' |w;- n]>

=0 KeT =0 KeTy, LK
L L ‘
=Y w Y (o5 wig(-,w;-w;)ujy+ fi,0),+6w; - Vo, v{vl} eV, (4.3)
I=0 KeT, \ i=0 K
with
ul =0 ond Kco' X, 0<I<L. (4.4)
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We define a bilinear form a;,: W;, x W, — R as

n (1w, 0p) Zwl ) <wl-Vu;l—ktftuiz,viﬂ—éwl-Vviz)K
1=0 KeTy,

+Zwl ) < ) oy |wr- n|> P

= KETh
L .
— Zwl Z Os Zwig(-,wl -wi)uiz,viz +dw;- Vv;l
=0 KeT, i=0 K

and a linear form f: W;, — R by

L
o)=Y w Y (fz,v;l—kéwz -VUDK

1=0 KeTy,

Then we rewrite the DODSD method for the problem (2.3)—(2.4): Find uj € V;, such

that
ap(up,op) = f(op) Vo, €V, (4.5)

with
[ul]=u, ond Kcod' X, 0<I<L. (4.6)

4.1 Stability and unique solvability

We begin with a useful lemma.

Lemma 4.1. For any v, ={v},}, w,={w!} € (L*(Q)) B we have

Zwl (%szg /i “’Z)Uh/w;l>
X

=0 i=0
1 1
L 2( L 2
-] ]
< Zwl (mUSUh,Uh) Zwl (maswh,wh>
=0 x| Lo X

Proof. Interchanging the order of summation, we have

L L
I:=) w <(752ng LW W; vh,wh> Zwlz(Uswlg(-,wl-wi)v}q,wDX
X

1=0 i=0 i=0 =0
Using the Cauchy-Schwarz inequality, we get

L o irL 1
Z [g:(%wzg wz.wi)v}q,vi)xl [Z(aswzg wz.wi)wz,wQ)X] . 4.7)

i=0 1=0
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It follows from the definition (3.9) that
> o) < (me )
osw (-, wy-wi)vy,vy, ) < mosv,v;,
= X X

Therefore, a combination of the inequality (4.7) and the Cauchy-Schwarz inequality leads
to

1
2

—~
IA
-
&
—
3
S
cH
N—
I
-

(Uswlg(-,wl -waé,wé) X]

1
2

L L
< Zwi (masv;l,v;z>x Zw Z (Uswlg( wl'wi)w;uwiz>X]

I~
Nl—

_L %
< Zwi<masv§1,v§1>x Zw1<masw}q,wi)x ,

which completes the proof of the lemma. O

For any v, € W), we define a norm |||-||| by

L L
onll2=Y s 3= collohle+Yw Y (oholwrem)
+

I=0 KeT, I=0 & Kcd\ X
+6Y Y ([ei) [eh]lwinl) -
I=0 KE€T, I=0 KeT, -

We remark that [0} ] =0, ond' KCd' X, 1=0,--- L.
Then we prove a stability estimate for the method (4.5)-(4.6).

Lemma 4.2. For sufficiently small h, we have
|[|on][|* < 3ay (v, 01) Vo, € W

Proof. Noting that wj is a constant vector, we get from the Green formula that
1
(w1 N0y, 01) g = = (0,01 NV 0p) g+ (0n, Opwy 1) o = 5 (0, Vneor 1) o (4.8)

Thus,

n(op,op) ZZUZKZT 8| - VUhHOK—i—ZZUZKZ% (Utvh,vi) +h+DL+ 141,
=0 €lp I=0 €lp
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where

L
_ I ol
Il—lZwl Z ((SUtvh,wl Vvh>K,

=0 KeTy,
L

L=Y w Y Yoot wyn +{[0}],7, |w;-n|

2= l 7 VWi 9K hl V4 Wi yK)’
1=0 KGTh —

L L .

13:_Zwl Z ‘TSZwig('/wrwi)Ui,,vi, ,
1=0 KeTy, i=0 K
L L

L==Yw Y | o) wig(-w wi)vjdw-V,
I=0 KEeT, i=0

K
By the Cauchy-Schwarz inequality, we get

1
2

L L
[h|< |y w ) <50tv§1,0tv§1> Yow Y <5w1-Vv§1,wl-Vv§1)

I=0 KeT, Kl liZ0  Ker, K
1. & 1&

<=8Y w ) (atv;l,atv;l) +=Y w ) <5w1-vaz,wl-Vv§Z) :
213 Ker, K213 ke, K

A simple calculation yields

1 1
L=Y w <——<v U |wy n!> +—<vl_,vl_w1 n> +<[vl],vl |w n|> >
EO th 2\ T K2 J, hir= 3 K
:ZL:wl <—1<vi,v+]wl n]> l +1<vl 0L |wy n|> [ +<[v;l],vi]w n]> [ )
= Ker,\ 2 ?K 2 o K

—Yw Y <%<[U§Z]I[U§J|wz'n|>alK>+ZL:wl 3 §<vl,vlrwz-n|>a@ o

I=0 9! Kcd, X

where the condition that v/ =0 on 9" K C 9" X is used.
Using Lemma 4.1, we get

L
BI<Y w ), (m(fsvfz,v;l)K

1=0 KeTy,
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NI—=

L
Zwl Z (masézwl -vaz,wl . VUL) K]

I=0 KeT, 1=0 KeT,,

1
L 3
|1y < [Z 1Y (masv;l,vDK]
1oy Lo l I
<65 w <masvh,vh> += 53 Zwl ) <masw1-Vvh,wl-Vvh)
2 20 ke, I=0 KeT, K

Combining the above inequalities, we have

L
ap, (o, o) > Zwl Z <%(5 (1—(5%711(75) w -VUL,@-VUL)

1=0 KeTy, K
L 1 2 I
+Zwl ) ( <Ut — 807 — (1403 )mas> vh,vh>
=0 KGTh 2 K
1
+sz L (3t blenl), )Xo T 3 enl),
I=0 KeT, 2 < > - 1=0 al Keal 2 < >al+K
Then the lemma can be obtained by taking a sufficiently small . O

The unique solvability of the method (4.5)-(4.6) is a direct consequence of the above
lemma.

Theorem 4.1. For sufficiently small h, the DODSD method (4.3) has a unique solution.

4.2 Error estimate

For any K € Ty, let Px be the orthogonal projection operator from L?(K) onto Px(K). Then
by the scaling argument and the trace theorem we can easily obtain the following result

(cf. [7]).
Lemma 4.3. For all ve H'" (K) with r >0 and K € T),, we have
llo— Pollo.x+ o — ol +h 2 [[o— Prollo ok < CHE™ R o], .
For later analysis, we make a regularity assumption:
for some r >0, u' € H'*"(X)NC(X), 0<I<L. 4.9)

Theorem 4.2. Let {u'} and uy, be the solutions of (3.14) and (4.5)-(4.6), respectively. Under
assumptions (2.5) and (4.9), we have a constant C >0 such that for all sufficiently small h,

1
L 2
[11{u} =y ||| < Cpmintrkd+ (ZH”IHH-LX> : (4.10)

1=0
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Proof. By the regularity assumption (4.9), we have

a ({ul},{zﬂh}) =0 V{vllew,. (4.11)

Subtracting the above equality from (4.5), we obtain the Galerkin orthogonality

a ({ul}—uh,{zﬂh}) =0 V{vllev,. (4.12)
Let P, denote the Lz—orthogonal operator onto V!l 0<I1<L,in an elementwise way,
ie., forve L2(X), let
PhZ)|K :=Pgv VKeT,.
Set

nl:ul—Phul, Cl:Phul—uL, and el:ul—ui.

Note that ¢! |5 =0 for each 9’ KCd' X.
From Lemma 4.2 and the Galerkin orthogonality (4.12), we have

e I <3y ({'},{e'}) =3m, ({e'}{n'} ). (4.13)

On the other hand, by the definition of the bilinear form ay,(-,-), we have

ap ({el},{n’}> =L+L+1L+L+Is, (4.14)

where

IlZZL:wz Y. (wl'Vel/Ul)K,

1=0 KeTy,

L I I
L=Y w ) 5<w1-Ve ,w;- V1 >1<’

1=0 KeT,

L
Iz= Zwl Z (Utel,ﬂl+(5wl -V;yl)

=0 KeT, K

L L .
L=Y w ) <(752wig(x,wl-wl-)el,171+<5wl-V171> ,
0 K

I=0 KeT, \ i=0

=Y w ), <[e],17+]w1 n|>al P
: 2

=0 KeTy,
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By using the Cauchy-Schwarz inequality, Young’s inequality, and Lemma 4.3, we get

L
LI <Y wr Y llw- Ve floxlly' lox

1=0 KeTy,
L 14+ min{rk} 1 i
1 ’
<) Wi Z Chy |wr- Ve floxllu [lr+1,x
1=0 KGTh
L
1 .
s w ) <g(5llwz-w’||%,K+Ch?<”““{”” Nllu’ll%H,K), (4.15)
I=0 KEeT,

L= Y (8l Ve lollwr V7o)
1=0 KeTy,

Z SHE R oy o1t |1,
KeT;

_IA

<ge
i

( 6 lcor- Vel||0K+Ch2mm“"}5||u’||r+1K) (4.16)
|I3 (

lote!llo.clln'+8er- V' lo.)

IN
Mh Il Mh
mM

e Ix+C (I I+ llr-V' ) )

IN
I
o
&
~
m
=
N
N =

2+2 k 2 k
colle! 13 +C (1 2m ful |2,y g orgmn }||ul||,m<)), (4.17)

IN
™=
g
A/~
NI

T
o
~
m
=

Nl—

|€ZH%,I<

1
L 3
[sz y unwwz-wwaK]

1=0 KeTy,

|4 <C [

IN

MP‘ Il Mh

e B+C Y X (1130l V' e

1=0 KeT,

“M“
mM
cm»—\ mm

1 L k Jk
<Yw gc'or|elr|5,K+csz Y (P R o 0 2 ),
I=0 KeT, I=0  KeT,
(4.18)
L L/ 1o
< — . .
i< o 8 (G (b arn), 4 (ot ), )
= h
L
1 k
<Y T (g(ELelral), O 2 ). @19
1=0 KeT, 6 -
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Combining (4.13)-(4.19), we obtain

142 k
eI < S IR+ ™09 Y 3 2 (4.20)
1=0 KeTy,
where 6 =¢ch is used. Thus we complete the proof of this theorem. O

Remark 4.1. Note that ||w;-V (u' —ul) |0k is included in the norm |||{u'}—uy|||, there-
fore (4.10) also gives a stability estimate for ||w;-V (u’ —ul)||o x in terms of ||u'||,+1,x. We
remark that this estimate was not established for the DODG approximation solution of
the RTE, cf. Theorem 4.6 in [16].

Error estimates between the solution u to the RTE and the solution {u'} to the semi-
discretized equation (3.14) have been proved in [16].

Theorem 4.3. Let {u'} and u be the solutions of (3.14) and (2.3)-(2.4), respectively. In 3D, if
the regularity assumption (4.9) holds, then we have

(Zw ). H (- w; H2K>2 <cn1 </XHM(.,.)H$+Lde>%, 4.21)

1=0 KeTy,
where C is a positive constant depending on r and the phase function g.
Similarly, we can obtain the following theorem.

Theorem 4.4. Let {u'} and u be the solutions of (3.14) and (2.3)-(2.4), respectively. In 2D, if
the solution u to RTE (2.3)-(2.4) is in L*(X,C%(Q))) and there exists a positive constant C such
that

sup  [lg" (@) lo0,0<C, (4.22)

xeX, weQ)

where g (x,t) =2 ga(tz Y then we have

(sz e ‘”("“’l)Hz,K> —ou), (4.23)

1=0 KeTy,
when hy is sufficiently small.
Combining the above three theorems, we obtain the following results.

Theorem 4.5. Let uy, and u be the solutions of (4.5)-(4.6) and (2.3)-(2.4), respectively. Under
the assumption of Theorem 4.3, we have

1

1
2 \? , L 2
(Zwl Z Huh HOK> Sclhmm{r,k}+% <Zwl Z HMZH%—&-LK)

1=0 KeTy, 1=0 KeT,

1
2
e ([ ede) w2

when h is sufficiently small.
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Theorem 4.6. Let uy, and u be the solutions of (4.5)-(4.6) and (2.3)-(2.4), respectively. Under
the assumption of Theorem 4.4, we have

1

1
2 2
(szz b () —uon)]|| K) < Cpmin{ri+ <2wzz ! HMK> +0(3), (4.25)

1=0 KeT, 1=0 KeT,

when h is sufficiently small.

5 Numerical experiments

In this section, we present some numerical examples of the discrete-ordinate
discontinuous-streamline diffusion method for the radiative transfer equation (2.3)-(2.4)
in the 2D case. The main purpose is to illustrate the convergence performance of the
proposed DODSD method and the effect of the added diffusion parameter.

5.1 Implementation

First, we briefly describe the implementation of the DODSD method. For a mesh shown
in Fig. 2, the DODSD method can be carried out for one direction w in the following
order:

Step 1 Denote by T(l) the elements for which all incoming boundary 8" K C9. X. In
Fig. 2, T ={K;: i=2,3}. We first compute u! for K€ T( )

Step 2. For Th\T Jet X ={ecd K:Ke Th\T , and u, |, has been computed
or given} denote its incoming edge. In Fig. 2, o' is the broken line ACDEF. Similarly,

we define the set T,E ) and compute u} for K€ T( ). In Fig. 2, T ={K;: i=9,10}.

Step 3. Repeating step 2, we obtain the non-ovrelapping decomposition Tj, = T,El) U
T,Ez) u--- UT,ES). The computation should follow this sequence; that is, start the computa-
(1) (s)

tion with the elements in T, and end with the elements in T,

In the above procedure, the unknown function u}, on each element K is computed by
following the source iteration scheme of (3.17), that is, with an initial guess uil’o € P(K),
0<I<L, forj=1,2,---, we seek ué’] € P(K),0<I<L, such that

Lj Lj Lj Lj
<wl-Vuh]—ktftuh],viﬁ—éwl-Vvh]>K+<[uh]],vl+ |w; -n|>al .

L
=< Y wig(-,w- wz) 0l 4w w) Vol € P(K) (5.1)
i=0 K
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Figure 2: A example of T}, in 2D.

with
1j
u-

5 x=0, oLKcd X. (5.2)

For any K € T;, and v, € P(K), it is easy to prove that there exists a positive constant Cg
satisfying

1
Ce(en B+ ol Tl 5 (ool arenl),, )
0K 0K 2< >al+1<
g(wl-Vvh —I—Utvh,vh+5wl-Vvh)K+<vﬂ_,vl+]wl-n|>al X

when £ is sufficiently small. Then the unique solvability of (5.1)-(5.2) can be obtained by
the above inequality and the Lax-Milgram lemma (see e.g. [10]).
We perform the above procedure for all directions in one iteration step, and stop the

iteration if some stopping condition is met, and take {uiz’j }as {ul}.

5.2 Numerical experiments

Let X=(0,1) x (0,1). We consider the following four examples of the radiative transfer
equation (2.3)-(2.4):

Example 1. the H-G phase function with 7=0.2.

Example 2. the H-G phase function with 7=0.5.

Example 3. the H-G phase function with 7 =0.9.

Example 4. the phase function

Q(xt)= % <1—|—§> )

For Examples 1-3, the true solution is

u(x,w)=sin(mxq)sin(rxy).
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And for Example 4, the true solution is

u(x,w) =~ 1—bx (1+ccosb),

witha=b=% and c=
transfer equat1on.

Let To = Tj,, be an initial triangulation of X with a mesh size iy~ 0.1. Then we recur-
sively generate a sequence of nested triangulations T; =Ty, [ =1,2,3, by dividing each
triangle in the previous mesh T;_; into four sub-triangles by connecting the midpoints
of the edges; h; = 2-'hy. Based on these meshes, the linear finite element spaces are con-
structed and used in the spatial discretization. For the angular discretization, we employ
the composite trapezoidal rule (3.3) with hg = 7t/10, 71/20, 71/30 and 7t/10 for the above
four examples respectively.

We shall use the DODSD method with J =h; to solve these examples. To measure the
difference between the true solution and its approximate solution, we define the quantity

e lh= <i<|||u—uh|||(i)>2>%

i=1

r65.- We set the right hand function f(x,w) to satisfy the radiative

with

el =<Zw1

2 L 2
@) — Lol -
> 7 |||Z)H’ <l w Z <U_,U_w1 n>al+K> ’

I
=0 9\ Kcad X

1=0 KeT,
- %
ol <2w1 i) il <2w12< o), )
I=0 KE€T, I=0 KeTy -

5.2.1 Numerical convergence rates

In this subsection, we take 0y =10, 0, =0.1. Errors for these four examples are reported
in Tables 1-4 and Figs. 3-6. For all these examples, we can see that |||u—u;]||(),i=1,2,3,
are approximately O (h?), and that |||u—uy|||® ~ O (k). Since |||u—uy||| = |||u—up|| |4,
we can conclude that |||u—uy||| = O(h'®) for all these examples, which agrees with our
theoretical error estimates.

5.2.2 Comparison with the DODG method

In order to show the effects of adding the artificial diffusion term, we report the error of
the DODG method in norm |||-]||, for the four examples in Table 5. The comparisons of
the DODSD method and the DODG method are also shown in Fig. 7. We observe that:
1) both the DODSD method and the DODG method have the similar convergence rates;
2) the DODSD method can lead to some improvement of the accuracy in norm |[||-|||;
compared to the DODG method.
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Table 1: Error for Example 1.
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L =l (=[P =P =0 1D =]l
0 5.3989%e-3 6.1012e-3 7.6011e-2 3.3398e-2 8.3424e-2
1 1.3923e-3 1.6388e-3 2.6936e-2 1.2970e-2 2.9973e-2
2 3.5459e-4 4.3395e-4 9.5335e-3 4.8451e-3 1.0709e-2
3 8.9879%¢-5 1.1300e-4 3.3722e-3 1.7661e-3 3.8094e-3
Table 2: Error for Example 2.
Ty ls—unl [ (=g [ =g 1B (=g ] — ][]
0 5.3951e-3 6.1766e-3 7.6014e-2 3.3452e-2 8.3453e-2
1 1.3904e-3 1.6591e-3 2.6937e-2 1.2994e-2 2.9985e-2
2 3.5412e-4 4.4085e-4 9.5337e-3 4.8564e-3 1.0714e-2
3 8.9791e-5 1.1504e-4 3.3723e-3 1.7711e-3 3.8119e-3
Table 3: Error for Example 3.
D= [ (=g [ (=g P [T — g | ][]t — ][]
0 5.3969e-3 6.1958e-3 7.6013e-2 3.3459e-2 8.3456e-2
1 1.3910e-3 1.6639%e-3 2.6936e-2 1.2996e-2 2.9986e-2
2 3.5655e-4 4.4334e-4 9.5332e-3 4.8567e-3 1.0714e-2
3 9.9651e-5 1.1797e-4 3.3719e-3 1.7711e-3 3.8118e-3
Table 4: Error for Example 4.
D= [ =g [ =g 1S [ foe= g [ ][ =]
0 3.6110e-3 2.6820e-3 3.1865e-2 1.2766e-2 3.4620e-2
1 9.1999e-4 7.8409e-4 1.1233e-2 5.1355e-3 1.2410e-2
2 2.3272e-4 2.1117e-4 3.9834e-3 1.9544e-3 4.4481e-3
3 5.8632e-5 5.5119e-5 1.4122e-3 7.1893e-4 1.5867¢e-3
Table 5: Results of the DODG method.
I Examplel Example2 Example3 Example4
0 9.6214e-2 9.6254e-2 9.6265e-2 3.8551e-2
1  3.5124e-2 3.5140e-2 3.5141e-2 1.4422e-2
2 1.2668e-2 1.2674e-2 1.2673e-2 5.2930e-3
3 4.5303e-3 4.5324e-3 4.5316e-3 1.9121e-3
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Figure 3: Loglog convergence plot of |||u—uuy|||() (i=1,2,3,4) vs. h for Example 1.
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Figure 4: Loglog convergence plot of |||u—uy|||?) (i=1,2,3,4) vs. h for Example 2.
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Figure 5: Loglog convergence plot of |||u—uy|||®) (i=1,2,3,4) vs. h for Example 3.

Downloaded from http:/www.cambridge.org/core. The University of Iowa, on 05 Dec 2016 at 17:00:14, subject to the Cambridge Core terms of use, available at http:/www.cambridge.org/core/terms.
http://dx.doi.org/10.4208/cicp.310715.290316a


http://dx.doi.org/10.4208/cicp.310715.290316a
http:/www.cambridge.org/core
http:/www.cambridge.org/core/terms

C. Wang, Q. Sheng and W. Han / Commun. Comput. Phys., 20 (2016), pp. 1443-1465 1463

5 1 | O [l ||
I N +\xl—m,m(z)
10—2j |—® (=5 1|
F | = lllu—y]|®
~ I u|
o
E 10-3
g 1077 ¢ E
1074} E

| | | | |
10—1.8 10—1.6 10—1.4 10—1.2 10—1
h

Figure 6: Loglog convergence plot of |||u—uy|||?) (i=1,2,3,4) vs. h for Example 4.
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Figure 7: Loglog convergence plot of |||u—uy]||; vs. h (red line: DODG method; blue line: DODSD method).

6 Conclusion

In this paper, we present a discrete-ordinate discontinuous-streamline diffusion method
for solving the radiative transfer equation. This method applies the discrete ordinate
technique to deal with the integration term of the radiative transfer equation in the an-
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gular discretization, and employs the discontinuous-streamline diffusion method for the
spatial discretization. The stability property and unique solvability of the discrete sys-
tem are proved. Under suitable solution regularity assumptions, error estimates for the
numerical solutions are derived in a norm including the directional gradient. Numerical
results confirm the convergence behavior of the proposed method.

The main difference between the DODSD method and the DODG method is in the
additional artificial diffusion term. Our numerical experiments show that such a modifi-
cation can improve the accuracy of numerical solutions in term of |||-|||;, norm in compar-
ison with the DODG method. As for the effect of the artificial diffusion parameter 6, we
remark that it may reduce the error |||u—uy|||(®) and |||u—uy|||®) while increase the error
||t —u,] ||V and |||u—uy|||?). Since |||u—uy|||M) and |||u—uy|||®) converge faster than
||t —uy|||® and |||u—uy|||®), the DODSD method with an appropriate J is expected to
be more accurate in ||| ||| norm in comparison with the DODG method.
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