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Abstract

In this paper, a fourth-order compact gas-kinetic scheme (GKS) is developed for the com-
pressible Euler and Navier-Stokes equations under the framework of two-stage fourth-order
temporal discretization and Hermite WENO (HWENO) reconstruction. Due to the high-
order gas evolution model, the GKS provides a time dependent gas distribution function at a
cell interface. This time evolution solution can be used not only for the flux evaluation across
a cell interface and its time derivative, but also time accurate evolution solution at a cell
interface. As a result, besides updating the conservative flow variables inside each control
volume, the GKS can get the cell averaged slopes inside each control volume as well through
the differences of flow variables at the cell interfaces. So, with the updated flow variables and
their slopes inside each cell, the HWENO reconstruction can be naturally implemented for
the compact high-order reconstruction at the beginning of next step. Therefore, a compact
higher-order GKS, such as the two-stages fourth-order compact scheme can be constructed.
This scheme is as robust as second-order one, but more accurate solution can be obtained. In
comparison with compact fourth-order DG method, the current scheme has only two stages
instead of four within each time step for the fourth-order temporal accuracy, and the CFL
number used here can be on the order of 0.5 instead of 0.11 for the DG method. Through
this research, it concludes that the use of high-order time evolution model rather than the
first order Riemann solution is extremely important for the design of robust, accurate, and
efficient higher-order schemes for the compressible flows.
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1. Introduction

In past decades, there have been tremendous efforts on the development of higher-order
numerical methods for hyperbolic conservation laws, and great success has been achieved.
There are many review papers and monographs about the current status of higher-order
schemes, which include essentially non-oscillatory scheme (ENO) [16, 38, [39], weighted essen-
tially non-oscillatory scheme (WENO) [25] [18], Hermite weighted essentially non-oscillatory
scheme (HWENO) [34, 35, 36], and discontinuous Galerkin scheme (DG) [8, @], etc. For the
WENO and DG methods, two common ingredients are the use of Riemann solver for the in-
terface flux evaluation [41] and the Runge-Kutta time-stepping for the high-order temporal
accuracy [I3]. In terms of spatial accuracy, the WENO approach is based on large stencil and
many cells are involved in the reconstruction, which makes the scheme complicated in the
application to complex geometry with unstructured mesh. For the DG methods, the most
attractive property is its compactness. Even with second order scheme stencil, higher-order
spatial accuracy can be achieved through the time evolution or direct update of higher-order
spatial derivatives of flow variables. However, in the flow simulations with strong shocks,
the DG methods seem lack of robustness. Great effort has been paid to limit the updated
slopes or to find out the trouble cells beforehand. Still, the development of WENO and DG
methods is the main research direction for higher-order schemes.

In the above approaches, the first-order Riemann flux plays a key role for the flow
evolution. Recently, instead of Riemann solver, many schemes have been developed based
on the time-dependent flux function, such as the generalized Riemann problem (GRP) solver
[1, 2, B] and AEDR framework [41]. An outstanding method is the two-stage fourth order
scheme for the Euler equations [21], where both the flux and time derivative of flux function
are used in the construction of higher-order scheme. A compact fourth order scheme can
be also constructed under the GRP framework for the hyperbolic equations [I1]. Certainly,
the 4th-order 2-stages discretization has been used under other framework as well [37, [7].

In the past years, the gas-kinetic scheme (GKS) has been developed systematically [45]
40, 48]. The flux evaluation in GKS is based on the kinetic model equation and its time
evolution solution from non-equilibrium towards to an equilibrium one. In GKS, the spatial
and temporal evolution of a gas distribution function are fully coupled nonlinearly. The
comparison between GRP and GKS has been presented in [22] and the main difference is
that GKS intrinsically provides a NS flux instead of inviscid one in GRP. The third-order
and fourth-order GKS can be developed as well without using Runge-Kutta time stepping
technique, but their flux formulations become extremely complicated [26], 24], especially for
multidimensional flow. Under the framework of multiple stages and multiple derivatives
(MSMD) technique for numerical solution of ordinary differential equations [14], a two-
stage fourth-order GKS with second-order flux function was constructed for the Euler and
Navier-Stokes equations [33]. In comparison with the formal one-stage time-stepping third-
order gas-kinetic solver [23] [26], the fourth-order scheme not only reduces the complexity of
the flux function, but also improves the accuracy of the scheme, although the third-order
and fourth-order schemes take similar computational cost. The robustness of the two-stage
fourth-order GKS is as good as the second-order shock capturing scheme. By combining

2



the second-order or third-order GKS fluxes with the multi-stage multi-derivative technique
again, a family of high order gas-kinetic methods has been constructed [17]. The above
higher-order GKS uses the higher-order WENO reconstruction for spatial accuracy. These
schemes are not compact and have room for further improvement.

The GKS time dependent gas-distribution function at a cell interface provides not only
the flux evaluation and its time derivative, but also time accurate flow variables at a cell
interface. The design of compact GKS based on the cell averaged and cell interface values
has been conducted before [44] [31], 32]. In the previous approach, the cell interface values
are strictly enforced in the reconstruction, which may not be an appropriate approach. In
this paper, inspired by the Hermite WENO (HWENO) reconstruction and compact fourth
order GRP scheme [I1], instead of using the interface values we are going to get the slopes
inside each control volume first, then based on the cell averaged values and slopes inside
each control volume the HWENO reconstruction is implemented for the compact high-
order reconstruction. The higher-order compact GKS developed in this paper is basically a
unified combination of three ingredients, which are the two-stage fourth-order framework for
temporal discretization [33], the higher-order gas evolution model for interface values and
fluxes evaluations, and the HWENO reconstruction. In comparison with the GRP based
fourth-order compact scheme, the current GKS provides the time evolution of cell interface
values one order higher in time than that in the GRP formulation. This fact makes the
GKS more flexible to be extended to unstructured mesh, especially for the Navier-Stokes
solutions.

The similarity and difference between the current compact 4th-order GKS and the 4th-
order DG method include the followings. Both schemes are time explicit, have the same order
of accuracy, and use the identical compact stencil with the same HWENO reconstruction.
The standard Runge-Kutta DG scheme needs four stages within each time step to get a
4th-order temporal accuracy, and the time step is on the order of CFL number 0.11 from
stability consideration. For the 4th-order compact GKS, 2-stages are used for the same
accuracy due to the use of both flux and its time derivative, and the time step used in
almost all calculations are on the order of CFL number 0.5. The updated slope in GKS
comes from the explicit evolution solution of flow variables at the cell interfaces, and the
slope is obtained through the Gauss’s theorem. The slope in DG method evolves through
weak DG formulation. The dynamic difference in slope update deviates the GKS and the DG
method. For the 4th-order compact GKS, the HWENO is fully implemented without using
any additional trouble cell or limiting technique. At end, the 4th-order compact GKS solves
the NS equations naturally, it has the same robustness as the 2nd-order shock capturing
scheme, and it is much more efficient and robust than the same order DG method.

This paper is organized as follows. The brief review of the gas-kinetic flux solver is
presented in Section 2. In Section 3, the general formulation for the two-stage temporal
discretization is introduced. In Section 4, the compact gas-kinetic scheme with Hermite
WENO reconstruction is given. Section 5 includes inviscid and viscous test cases to validate
the current algorithm. The last section is the conclusion.



2. Gas-kinetic evolution model

The two-dimensional gas-kinetic BGK equation [4] can be written as

foru-vy =21 )

where f is the gas distribution function, g is the corresponding equilibrium state, and 7 is
the collision time. The collision term satisfies the following compatibility condition

/g_f¢d5:0, 2)

T

1
where ¢ = (1, u, v, §(u2 +v2+£2)), d= = dudvd§;...d€g, K is the number of internal degree

of freedom, i.e. K = (4 —2v)/(y — 1) for two-dimensional flows, and + is the specific heat
ratio.

Based on the Chapman-Enskog expansion for BGK equation [45], the gas distribution
function in the continuum regime can be expanded as

f=9—7TDuwg+ 7Du(7Dy)g — TDyu|[TDyu(7Dy)g| + ...,

where D, = 0/0t + u- V. By truncating on different orders of 7, the corresponding macro-
scopic equations can be derived. For the Euler equations, the zeroth order truncation is
taken, i.e. f = g. For the Navier-Stokes equations, the first order truncated distribution
function is

f=9—7(uge +vg, + ). (3)

Based on the higher order truncations, the Burnett and super-Burnett eqautions can be also
derived [29, [47].

Taking moments of the BGK equation Eq. and integrating with respect to space, the
semi-discrete finite volume scheme can be written as

dW,; 1 1
p; L= —A—x(Fm/Zj (t) = Fio125(1)) — A—y(Gz‘,j+1/2(t) — Gij2(1)), (4)

where W;; is the cell averaged value of conservative variables, Fj /5 ;(t) and G; j11/2(t) are
the time dependent numerical fluxes at cell interfaces in x and y directions. The Gaussian
quadrature is used to achieve the accuracy in space, such that

1 Yj+1/2 2
Fiiaye,(t) = A_y/ Fiiapo(y, t)dy = ZW£E+1/2,jg(t)a (5)
Yj—1/2 =1
(_1)6—1

~ L Ay,
23 Y

where wy = wy = 1/2 are weights for the Gaussian quadrature point y;, = y; +
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¢ = 1,2, for a fourth-order accuracy. Fi i/}, (t) are numerical fluxes and can be obtained
as follows

Fit1/2,,(t) = /¢Uf($i+1/2,ye,t,U,v,ﬁ)dudvdf,

where f(2iy1/2,Ye,t, u,v,§) is the gas distribution function at the cell interface. In order to
construct the numerical fluxes, the integral solution of BGK equation Eq. is used

1 [t ,
f(xi+1/27 Ye, ta u, v, f) = ; / g(xlv y/7 t/7 u,v, 5)6_(t_t )/Tdt/ + e_t/TfO(_Uta —Ut, u,v, 5)? (6)
0

where (2;41/2,5) = (0,0) is the location of cell interface, and x = 2’ + u(t — t') and
y =y +v(t —t) are the trajectory of particles. fy is the initial gas distribution function
representing the kinetic scale physics, g is the corresponding equilibrium state related to the
hydrodynamic scale physics. The flow behavior at cell interface depends on the ratio of time
step to the local particle collision time At/7.

To construct time evolution solution of a gas distribution function at a cell interface, the
following notations are introduced first

a1 =(09/0x)/g,a2 = (0g/dy)/g,A = (9g/0t)/g, B = (0A/01),
dH = (8@1/8x),d12 = (8@1/8y) = (8a2/8x),d22 = (8a2/8y),
by = (0ay/0t) = (0A/0x),by = (Dag/Ot) = (0A/Dy),

where ¢ is an equilibrium state, and the dependence on particle velocity for each variable
above, denoted as w, can be expanded as follows [46]

1
W = w; + wott + wsv + w4§(u2 + 0%+ €2).
For the kinetic part of the integral solution Eq.@, the initial gas distribution function can
be constructed as

fo= fi(x,y,u,v)H(x) + f5(2,y,u,v)(1 — H(z)),

where H(z) is the Heaviside function, f} and fJ are the initial gas distribution functions
on both sides of a cell interface, which have one to one correspondence with the initially
reconstructed macroscopic variables. For the third-order scheme, the Taylor expansion for
the gas distribution function in space at (z,y) = (0,0) is expressed as
ofe , 0fe , 10°f& o, O*f&

1a2fk
k _rk - - G, 2




where k = [,r. According to the Cpapman-Enskog expansion, f& can be written as

fé = gr — T(a1pu + agkv + Ag) gk, (8)

where g, g, are the equilibrium states corresponding to the reconstructed macroscopic vari-
ables W;, W,.. Substituting Eq. and Eq. into Eq.@, the kinetic part for the integral

solution can be written as
e_t/TféC(—ut, —vt, u,v,§)
=Crgx|1 — T(au + agyv + Ay)]
+Csgrlareu — 7((afy + dinp)u® + (a1pa2k + diog)uv + (Apary + bix)u)] 9)
+ngk [CLQkU — T((alka% + d12k)uU —+ (agk + dzgk)UZ + (Akagk + bzk)v)]

1
—|—§Cg [gr(a3), 4+ dyig)u® + 2(aipaor + diog)uv + (a3, + daog )V,
where the coefficients ayg, ..., Ax, k = [, r are defined according to the expansion of g,. After

determining the kinetic part fy, the equilibrium state g in the integral solution Eq.@ can
be expanded in space and time as follows

dg0 . Ogo dgo 19%0 5, g0 19%g0
= ey T 2 -
I=90F 5" oV T o ' T 20 T amay™ T 20,2 Y
102 o o2
Jo t2 + do Tt + 90 (10)

— t
202 ozt ayor’”
where gq is the equilibrium state located at interface, which can be determined through the

compatibility condition Eq.

/@wﬁzwaz/ wma+/ gz, (11)
u>0 u<0

where W, are the macroscopic variables corresponding the equilibrium state go. Substituting
Eq. into Eq.@, the hydrodynamic part for the integral solution can be written as

1 [t ,
—/QWMWWMO€WWW5
T Jo

_ _ — 1 -2 =
=C190 + Cagoaru + Cagoasv + CsgoA + 50590(14 + B) (12)

1 — — _
+§C4[go(6§ + d11>u2 + 2(6152 + dlg)uv + (63 4+ de)UZ]
+Cogo[(ATy + by )u + (Aay + by)v],

where the coefficients @, @, ..., A, B are defined from the expansion of equilibrium state gp.



The coefficients C;,i =1,...,9 in Eq.@ and Eq. are given by

Cr=1-e"Cy=(t+1)e /" —7,Cs =t — 7+ 71 V" Cy = —(t* 4 2t7)e /",
Cs =t* — 2t7,C = —t7(1 + e_t/T), Cr=e " Cyg=—te /7, Cy = t2 77,

The coefficients in Eq.@ and Eq. can be determined by the spatial derivatives of macro-
scopic flow variables and the compatibility condition as follows

( ow ow
<al> = 8_:1:’ <CL2> ay <A + aiu + CZQ’U> = O
82 2 2 32
Fdu) = o e F ) = Z e (e + i) = 55 (13)

(CLQCLl + dgl)u + (CL2 + dgg)’l} + (A(lg + b2)> = 0,
(Aa1 + bl)u + (A(ZQ + bg)v + (A2 -+ B)) = 0,

(ay
((af + di)u + (aras + di2)v + (Aay + b)) =0,
{
{

\

where the superscripts or subscripts of these coefficients aq, ..., A, B are omitted for simplicity,
more details about the determination of coefficient can be found in [23] 26]. For the non-
compact two stages fourth-order scheme [33], theoretically a second-order gas-kinetic solver
is enough for accuracy requirement, where the above third-order evolution solution reduces
to the second-order one [46],

F@igayagt,u,0,8) =(1—eT)go + ((t + 7)™ = 7)(@u + a3v)g0
+(t—T1+T1e ) Agy
+e T g, [1 — (1 + t)(apu + asv) — A, H(u)
+e gl — (7 + t)(ayu + agw) — TA)|(1 — H(u)). (14)

In this paper we will develop a compact scheme. In order to make consistency between
the flux evaluation and the interface value update, a simplified 3rd-order gas distribution
function will be used [51]. With the introduction of the coefficients

Uy = Ay = o/ 9,0y = a2 = gy/g,a: = A = g,/ 9,
Ure = Gox/ Gy Aoy = Gay/ s Qyy = Gyy/ 9, (15)
Azt = ga:t/ga Ayt = gyt/ga Ay = gtt/gv



the determination of these coefficients in Eq. is simplified to

)
(a,) = %—Z/, (a,) = aa—V;, (a; + azu + azv) =0,

" >_82W @ >_@2W @ >_82W

xrxr/ axQ ) xy/ — axy 9 yy/ — 8y2 I (16)

Azl + QU + Q)

=0,
Ayt + AyyV + ayy) = 0,

{
{
{
{

[ (@att + ayv + ay) =0,

and the final simplified distribution function from Eq.@, @ and becomes

1 1
F(@iv1/25,, 9, t,u,v, &) =go + §§yy92 + git + §§ttt2 — 7(gt + uge + v7qy) + (Get + UGar + VGt )t]

—e ™ [go — (ug, +vg,)1]
+e ™ g — (ug, + vg) tH (u) + e~™[g" — (ug] + vg))t](1 — H(u)).
(17)

Both time-dependent interface flow variables and flux evaluations will be obtained from the
about Eq.. With the same 3rd-order accuracy, the above simplified distribution function
can speed up the flux calculation 4 times in comparison to the complete distribution function
in 2-D case.

3. Two-stage fourth-order temporal discretization

Recently, the two-stage fourth-order temporal discretization was developed for the gen-
eralized Riemann problem solver (GRP) [2I] and gas-kinetic scheme (GKS) [33]. For con-
servation laws, the semi-discrete finite volume scheme is written as

oW, 1 1
at] = —E(Fm/%(t) — Fi1p25(t) — A—y(Gz‘,j+1/2(f) — Gijo1(t)) = Lij(W),

where L;;(W) is the numerical operator for spatial derivative of flux. With the following
proposition, the two-stage fourth-order scheme can be developed.

Proposition 1. Consider the following time-dependent equation

oW
= L(W 1
= L), (18)
with the tmatial condition at t,,, i.e.,
W(t=t,) =W", (19)



where L is an operator for spatial derivative of flux. A fourth-order temporal accurate solu-
tion for W(t) at t =t, + At can be provided by

* n 1 n 1 2a n
W =Ww"+ 2At£(W )+ 8At atc(W ),

(20)

where the time derivatives are obtained by the Cauchy-Kovalevskaya method

owr wnr 0 Wn) = 0 wn wn
ow* W 0 W) — 0 WLV

The details of proof can be found in [21)].

In order to utilize the two-stage fourth-order temporal discretization in the gas-kinetic
scheme, the temporal derivatives of the flux function need to be determined. While in order
to obtain the temporal derivatives at ¢, and t, = t, + At/2 with the correct physics, the
flux function should be approximated as a linear function of time within the time interval.
Let’s first introduce the following notation,

tn+0 2 tn+d
Fit1/2,,(W",9) :/ Fiy1y0;(W" t)dt = Zwe/ /Ul/)f(xiﬂ/zje,t7U,U,§)dUd5dt,
tn =1 tn

where the gas distribution function f is provided in Eq.. For convenience, assume ¢,, = 0,
the flux in the time interval [t,,t, + At] is expanded as the following linear form

Fipyo (W' t) = Fiiy o +tOF] o 5 (21)
The coefficients F, | /2] and O, F} /2, can be fully determined as follows

1
Fiyiyo;(W" t,) At + Eatﬂ—l—l/Q,j(Wna tn) At = Fit1/2;(W", At),
1

1
§E+1/27j(Wn, tn)At + g@tF,»H/Q,j(W", f}n)At2 = Fi+1/27j(Wn, At/Z)

By solving the linear system, we have

Fip10;(W" 1) = (AFip1)0;(W™, At/2) — Fiy1)0;(W", At)) /At

22
OF 1/ (W™ 1) = A(Fyy jo (W™, AL) — 2Fipy o (W™, At/2)) ) AL2. (22)



The flux for updating the intermediate state W} is

. 1 " At N
L%H/QJ =5 i+1/2,j(W ) + ?atE—Fl/Z,j(W ),

n

and the final expression of flux in unit time for updating the state W, jH can be written as

1,

i+1/2 — i+1/2,j(W ) + F[atﬂ—i-l/Zj(W ) + 23tﬂ+1/2,j(W ,t*)}-

Similarly, (G j41/2(W",t,) can be constructed as well. In the fourth-order scheme, the first
order time derivative of the gas-distribution function is needed, which requires a higher order
gas evolution than the Riemann problem.

Different from the Riemann problem with a constant state at a cell interface, the gas-
kinetic scheme provides a time evolution solution. Taking moments of the time-dependent
distribution function in Eq., the pointwise values at a cell interface can be obtained

VViJrl/Q,jg(t) = /%bf(xiﬂ/z,jpt,U7U7§)dUdUd€- (23)

Similar to the proposition for the two-stage temporal discretization, we have the following
proposition for the time dependent gas distribution function at a cell interface

Proposition 2. With the introduction of an intermediate state at t, = t, + AAt,
[f= "+ AALf + %AQAthg;, (24)
the state f**! is updated with the following formula
FUH = f s AKBofy + Buf?) + 5AP(Cof + Ouf), (25)

and the solution f*" at (t = t,,+At) has fourth-order accuracy with the following coefficients

1

2
A:§,B0:1,B1:0’00: =

Cr=3 (26)

W

The proposition can be proved using the expansion

At? At3 At?
[T = AR+ 5 Tt + 5 Jeie + 2 [l + O(AP).
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According to the definition of the intermediate state, the above expansion becomes

2

At
[ — f" = A(By + By) f]' + T(CO +C +2BA) f
At3 At?
+ S (B + CA) iy + SO ARy + O(AE)

To have a fourth-order accuracy for the interface value at "™, the coefficients are uniquely

determined by Eq.. Therefore, the macroscopic variables zﬁ}z at a cell interface can

be obtained by taking moments of f**! and the cell interface values can be used for the
reconstruction at the beginning of next time step.

In order to utilize the two-stage fourth-order temporal discretization for the gas dis-
tribution function, the third-order gas-kinetic solver is needed. To construct the first and
second order derivative of the gas distribution function, the distribution function in Eq.
is approximated by the quadratic function

£ = (a1 0,8) = F74 = 1) + 5 Fae = )
According to the gas-distribution function at ¢t = 0, At/2, and At
f"=1(0),
f o SEA SR = f(A2),
fr+ fEAL+ [RAR = f(A),
the coefficients f", f;* and f}; can be determined

fm = £(0),
1= (4f(At/2) = 3f(0) — f(AL))/At,
fii = 4(F(At) + f(0) = 2f(AL/2))/At*.

Thus, f* and f**! are fully determined at the cell interface.

Remark 1. For smooth flow, the third-order evolution in Eq. reduces to

1
f(@iz1/2,5,5 0, u,v,€) =go + Git + §§ttt2

The coefficients in Eq.and Eq. can be simplified as

fn:ggaftn:gyafgzggv andf*:g&ft*:g:aftt:g:ta
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and the cell interface values W;}:}z become

+1 +1 3=
Wity = [
where the gas distribution function f**' has the form

mn n =N 1 =N —%
f i =go + Atg, + EAtQ(gtt + 2gtt)'

Remark 2. For the scheme based on GRP in [11)], the temporal evolution for the interface
value 1s equivalent to

* n 1 n
f = f + éAtft )
fn+1 — fn + Atft*,

(27)

where a second-order evolution model is used at the cell interface. This is the two step
Runge-Kutta method with second order time accuracy for the updated cell interface values at
time step t"*L. The order for the interface values is lower than that of GKS method. The
method in [11] may have difficulty to get a compact 4th-order scheme in irreqular mesh, such
as unstructured one.

4. HWENO Reconstruction

With the cell averaged values and pointwise values at cell interfaces, the Hermite WENO
(HWENO) reconstruction can be used for the gas-kinetic scheme. The original HWENO
reconstruction [34 35, 36] was developed for the hyperbolic conservation laws

Wi+ F(W), = 0. (28)

In order to construct the Hermite polynomials, the corresponding equations for spatial
derivative are used

(Wo)e + GIW,AW),, =0, (29)

where G(W,AW) = F'(W)W, = F'(W)(W,). Therefore, in the previous HWENO ap-
proaches, the cell averaged values W; and spatial derivative (W, ); are updated by the fol-
lowing semi-discrete finite volume scheme

d”z JN n

i = A ez = B
d ” :B)Z 1 ~ 2
& hg Tz G

where EH /2 and CA},-H /2 are the corresponding numerical fluxes. The above evolution solution
for W, is different from the update of W, in the gas-kinetic scheme, which is shown in the
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following.

In the gas-kinetic scheme, the above equation for evolving the spatial derivative (W,); is
not needed, and the spatial derivatives for all flow variables are updated by the cell interface
values with the help of the Newton-Leibniz formula

1 ow 1

= 30 /a0 = mp Wien2 = Wicayo),

where Wi,/ is provided by taking moments of the gas distribution function at the cell
interface according to Eq.. With the cell averaged values W; and the cell averaged spatial
derivatives (W,);, the HWENO method can be directly applied for the spatial higher-order
reconstruction.

4.1. One-dimensional reconstruction

Based on the cells I; 1, I;, I;1; and [; o, the compact HWENO reconstruction gives the
reconstructed variables W/ /2 and I/VZ 12 at both sides of the cell interface z;,1 /2 [34]. For
cell 4, with the reconstructed values of W/ , /2 VVZ.Z 12 and cell averaged W;, a parabolic
distribution of W inside cell ¢ can be obtalned from which the initial condition for f; in cell
i are fully determined. Then, the equilibrium state g(0) at the cell interface is determined
from macroscopic variables 1 (0) from the collision of left and right states W/, , and W}, /2
according to Eq..

To fully determine the slopes of the equilibrium state across the cell interface, the con-

servative variables across the cell interface is expanded as

i+1/2

_ 1 1 1
W(x) = W() + Sl(ZE — l‘i+1/2) + §SQ(I — CL’Z‘+1/2)2 + 653(1’ — $i+1/2)3 + ﬂS4(l’ — ZEZ'+1/2)4.

With the following conditions,
/ W(z) = Wi, k=—1,...,2,
IZ+I€
the derivatives are given by

— 5
Wm = Sl 1% H_Q W ) + él_(I/VH—I - Wz)} /AZL’ (30)
— 1 15

v =92 = —<(Wipa + Wi_1) + 3 —(Wip1 + W) — —WO]/Ax

Thus, the reconstruction for the initial data and the equilibrium part are fully given in the
one-dimensional case.

4.2. Two dimensional reconstruction

The direction by direction reconstruction strategy is applied on rectangular meshes [50].
The HWENO reconstruction can be extended to 2-D straightforward.
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Before introducing the reconstruction procedure, let’s denote W as cell averaged, W as
line averaged, and W as pointwise values. Here W' represent the reconstructed quantities
on the left and right sides, which correspond to the non-equilibrium initial part in GKS
framework. Then, W€ is the reconstructed equilibrium state.

At t" step, for cell (i,4) the cell average quantities W, pE w i Wy ;; are stored. For
a fourth order scheme, two Gaussian points in each interface are needed for numerical flux
integration. Our target is to construct W& Wk Wt Whr Whr Wk and We, We, W,
Wy Wyey, Wy, at each Gaussian point. To obtain these quantities, four line averaged sloped
W?’l

i Wy”” ; are additionally evaluated, where [ = 1,2 represents the location Gaussian
quadrature points in the corresponding direction. For a better illustration, a schematic is
plotted in Fig. || and the reconstruction procedure for the Gaussian point (i — 1/2,71) is

summarized as follows. Here the time level n is omitted.

1 1
| :
1 W.::
I xLJ2 I
’----r --------- -:-----.
1 1
1 77 1
_ 1 i 1 —
lezj= Wxij : Xi1,J Wl,]
1 Vi 1
1 1
' j
[P TS ———
.- 1 W 1 -.
1 X,i,j. 1
1 1
1 1

Figure 1: The schematic for 2-D HWENO-GKS reconstruction. Left: Initial data for compact reconstruc-
tion at Gaussian points (in red color). Right: Reconstruction stencils for current compact HWENO GKS
(red box) and non-compact WENO GKS (blue box).

Step 1. To obtain the line average values, i.e. 147 gis We perform HWENO reconstruction
in tangential direction by using W; ;_1, Wm, W j+1, and Wy” 1 Wy”H See Ap-
pendix 1 for details.

Step 2. With the reconstructed line average values i.e. Wi g1 W,]l, Wit . and original
Wm,ldl, Wx i+1,5, the one dimensional HWENO reconstruction is conducted and

W, /2,00 W'Zl 1725, are obtained. With the same derivative reconstruction method
: 1 1
in 26], W7 1o 50 Weivajag, and Wi n 5 s Woo ity e 5, are constructed.

Step 3. To obtain the macro variables representing equlhbrlum state for each Gaussian point
Le. WZ 1/2,j1 with sz 1/2,51° Wz 4—1/2,51 by uSIHg Eq xz—1/2,j17W;x,z—1/2,]1 are
calculated by Eq. ( .

Step 4. For the tangential derivatives, i.e. ngifl/Z i Woyic1/21
struction is adopted by using W/ 12, 1)2,1/1/[_1/2’]»1,1/[/[_1/2 I
Appendix 2. And W]

ing W,.

a WENO-type recon-

. :
Wil 12,31y, see In

eyie1/2.1 could be obtained in the same way with correspond-
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Step 5. For the equilibrium state, a smooth third-order polynomial is constructed by W¢ , /2,(j—1)a"

and the tangential derivatives, i.e. Wye,ifl/Q,jﬂ I/Vyeyﬂ.fl/zj1 are also obtained. Then,

. . . . .
i1/, Canl be determined in the same way as for the corresponding W¢.

Similar procedure can be performed to obtain all needed values at each Gaussian point.
After gas evolution process, the updated cell interface values are obtained, i.e. at time

t=1t" 1'11/2,3'1’%’;,3‘11/2’ as well as the the cell averaged slopes
— 1 <
Wx,i,j = Ar Z( z’:—l/Q,jl - Wit1/2,jl)> (31)
=1
— 1 <
Wy,iyj = A_y lz;( ;;,j—&-l/Q - it,j—1/2)a (32)

according to the Gauss’s theorem. The cell averaged values are computed through conser-
vation laws

2 1 2

=% TN 1 * * * *
WLj = WZ,] - A_.T Z(F’i—l-l/Q,jl - F‘i—l/ljl) - A_y Z(Euj-‘,—l/? - il,j—1/2)? (33)

=1 =1

where F' and G are corresponding fluxes in x and y direction. Lastly, in the rectangular
case, the line averaged slopes are approximated by

T 1 * *
Waia = np Wivyes = Witaja); (34)
7% 1 * *
Wias = xyWagrie = Wiigorj2) (35)

5. Numerical examples

In this section, numerical tests will be presented to validate the compact 4th-order GKS.
For the inviscid flow, the collision time 7 is

T = eAt + C’|u|At,
Y2 r

where ¢ = 0.01 and C' = 1. For the viscous flow, the collision time is related to the viscosity
coefficient,

v - Mr
=" o)L A
p pl+pr

where p; and p, denote the pressure on the left and right sides of the cell interface, v is
the dynamic viscous coefficient, and p is the pressure at the cell interface. In smooth flow
regions, it will reduce to 7 = v/p. The ratio of specific heats takes v = 1.4. The reason for
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including pressure jump term in the particle collision time is to add artificial dissipation in
the discontinuous region, where the numerical cell size is not enough to resolve the shock
structure, and to keep the non-equilibrium in the kinetic formulation to mimic the real
physical mechanism in the shock layer.

Same as many other higher-order schemes, all reconstructions will be done on the char-
acteristic variables. Denote F(W) = (pU, pU? + p, pUV,U(pE + p)) in the local coordinate.
The Jacobian matrix 0F/OW can be diagonalized by the right eigenmatrix R. For a specific
cell interface, R, is the right eigenmatrix of OF/0W*, and W* are the averaged conser-
vative flow variables from both sided of the cell interface. The characteristic variables for
reconstruction are defined as U = R_1W.

The current compact 4th-order GKS is compared with the non-compact 4th-order WENO-
GKS in [33, 30]. Both schemes take the same two Gaussian points at each cell interface in
2D case, and two stage fourth order time marching strategy for flux evaluation. The re-
construction is based on characteristic variables for both schemes and uses the same type
non-linear weights of WENO-JS [18] in most cases. The main difference between them is on
the initial data for reconstruction, where the large stencils used in the normal WENO-GKS
are replaced by the local interface values in the compact HWENO-GKS.

5.1. Accuracy tests

The advection of density perturbation is tested, and the initial condition is given as
follows

p(x) =1+02sin(rx), U(x)=1, p(z)=12¢€]0,2].
The periodic boundary condition is adopted, and the analytic solution is
p(z,t) =1+02sin(r(z —1)), Ux,t)=1, p(x,t)=1

In the computation, a uniform mesh with N points is used. The time step At = 0.2Ax
is fixed. Before the full scheme using HWENO is tested, the order of accuracy for the cell
interface values will be validated firstly. Here instead of using HWENO, we are going to use
the cell interface values directly in the reconstruction for the compact GKS scheme. Based
on the compact stencil,

S = {Wiflu m—1/27Wi7 VVi—&-l/%WHl}

with three cell averaged values and two cell interface values, a fourth-order polynomial W (x)
can be constructed according to the following constrains

/ W(l’)dl’ = Wi+l7l = —1, 0, 1, W($i+m71/2) = Wi+m71/27 m = 0, 1,
Iy

where the cell interface value W(x;11/2) is equal to Wi, /2 exactly. Based on the above
reconstruction, the compact scheme is expected to present a fifth-order spatial accuracy

16



and a fourth-order temporal accuracy. The L! and L? errors and orders at ¢t = 2 are given
in Table[Tl This test shows that the cell interface updated values have the the expected
accuracy, which can be used in the spatial reconstruction. Nest, the full compact GKS is
tested using the HWENO reconstruction, where the interface values are transferred into the
cell averaged slopes. For the HWENO compact GKS, the L' and L? errors and order of
accuracy at ¢ = 2 are shown in Table2] With the mesh refinement, the expected order of
accuracy is obtained as well.

mesh L' error convergence order L? error convergence order

10 1.2797E-003 9.8877E-004

20 7.2353E-005 4.1446 5.6650E-005 4.1254
40 | 3.3806E-006 4.4196 2.6547E-006 4.4154
80 | 1.2863E-007 4.7159 1.0100E-007 4.7160
160 | 4.3188E-009 4.8965 3.3919E-009 4.8962
320 | 1.3819E-010 4.9658 1.0854E-010 4.9657
640 | 4.3517E-012 4.9890 3.4184E-012 4.9887

Table 1: Advection of density perturbation: accuracy test for the cell interface values in reconstructions.

mesh L! error convergence order L? error convergence order
10 | 2.666501e-04 2.094924e-04
20 | 1.082129e-05 4.6228 8.693374e-06 4.5908
40 | 5.530320e-07 4.2904 4.967487e-07 4.1293
80 | 3.251087e-08 4.0884 2.940079e-08 4.0786
160 | 1.971503e-09 4.0436 1.769347e-09 4.0546
320 | 1.210960e-10 4.0250 1.081183e-10 4.0325
640 | 7.497834e-12 4.0135 6.675859¢-12 4.0175

Table 2:  Advection of density perturbation: accuracy test for HWENO compact GKS method at smooth
reconstruction.

5.2. One dimensional Riemann problems

The first case is the Woodward-Colella blast wave problem [43], and the initial conditions
are given as follows

(1,0,1000), 0 <z < 10,
(p,U,p) =¢(1,0,0.01), 10 <z <90,
(1,0,100), 90 < z < 100.

The computational domain is [0,100], and the reflected boundary conditions are imposed
on both ends. The computed density profile and local enlargement with 400 mesh points
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Figure 2: Blast wave problem: the density distribution and local enlargement at ¢ = 3.8 with 400 cells.

and the exact solution at ¢t = 3.8 are shown in Fig[2l The numerical results agree well with
the exact solutions. The scheme can resolve the wave profiles well, particularly for the local

extreme values.
The second one is the Shu-Osher problem [39], and the initial conditions are

(3.857134,2.629369,10.33333), —5<x < —4,

) Ua =
(0, U:p) {(1+0.281n(5x),0,1), 4<z <5
As an extension of the Shu-Osher problem, the Titarev-Toro problem [40] is tested as well,
and the initial condition in this case is the following

(1.515695, 0.523346, 1.805), —5 <z < —4.5,

(o, V) {(1 4 0.1sin(20m2),0,1),  —4.5 <z <5.

In these two cases, the computational domain is [—5, 5]. The non-reflecting boundary con-
dition is imposed on left end, and the fixed wave profile is given on the right end. Both
compact GKS with HWENO and non-compact GKS with fifth-order WENO are tested for
these two cases. The computed density profiles, local enlargements, and the exact solutions
for the Shu-Osher problem with 400 mesh points at ¢ = 1.8 and the Titarev-Toro problem
with 1000 mesh points at ¢ = 5 are shown in Fig[3] and Fig[] respectively. Titarev-Toro
problem is sensitive to reconstruction scheme [5], [11]. Instead of WENO-JS used above for
non-linear weights, the WENO-Z weights can keep the same order of accuracy in extreme
points. Combing the HWENO-Z reconstruction and the compact GKS, the result is shown
in Figff| which can be compared with the solution from the GRP method [L1].

18



4.5

I 4
2 3 Z
@ | @
c c [
s I ]
s | g I
i 351
2 i
I exact solution -
| o non-compact-GKS 400 cells
<& compact-GKS 400 cells B
B 3 exact solution
- B o non-compact-GKS 400 cells
1 I < compact-GKS 400 cells
b ol v vt v 1
-4 2 0 2 4 0 0.5 1 1.5 2 25
X X

Figure 3: Shu-Osher problem: the density distributions and local enlargement at ¢ = 1.8 with 400 cells.
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Figure 4: Titarev-Toro problem: the density distributions and local enlargement at ¢ = 5 with 1000 cells.

5.3. Two-dimensional Riemann problems

In the following, two examples of two-dimensional Riemann problems are considered
[27], which involve the interactions of shocks and the interaction of contact continuities.
The computational domain [0, 1] x [0, 1] is covered by 500 x 500 uniform mesh points, where
non-reflecting boundary conditions are used in all boundaries. The initial conditions for the
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Figure 5: Titarev-Toro problem: the results by using HWENO-Z reconstruction.

first problem are

(1.5,0,0,1.5), x> 0.7,y >0.7,

~} (0.5323,1.206,0,0.3), z<0.7,y>0.7,

(p, U, V,p) = (0.138,1.206, 1.206,0.029), = < 0.7,y < 0.7
(0.5323,0,1.206, 0.3), x> 0.7,y <0.7.

Four initial shock waves interact with each other and result in a complicated flow pattern.
The density distributions calculated by compact and non-compact GKS with HWENO and
WENO reconstructions are presented at ¢ = 0.6 in Fig. [f] From the analysis in [27], the
initial shock wave S5 bifurcates at the trip point into a reflected shock wave, a Mach stem,
and a slip line. The reflecting shock wave interacts with the shock wave S}, to produce a
new shock. The small scale flow structures are well resolved by the current scheme.

The initial conditions for the second 2-D Riemann problem are

(1,0.1,0.1,1), x> 05,y > 0.5,
U (0.5197, -0.6259,0.1,0.4), = < 0.5,y > 0.5
P2 0.8,0.1,0.1,0.4), z <05,y <05,

(0.5197,0.1,—-0.6259,0.4), x > 0.5,y < 0.5.

This case is to simulate the shear instabilities among four initial contact discontinuities.
The density distributions calculated by compact and non-compact GKS with HWENO and
WENO reconstructions are presented at ¢ = 0.8 in Figl[7l The results indicate that the
current HWENO compact GKS resolves the Kelvin-Helmholtz instabilities better.
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Figure 7: Two-dimensional Riemann problem: the density distribution of four contact discontinuities-
interaction at t = 0.8.

5.4. Double Mach reflection problem

This problem was extensively studied by Woodward and Colella [43] for the inviscid
flow. The computational domain is [0,4] x [0, 1], and a solid wall lies at the bottom of the
computational domain starting from x = 1/6. Initially a right-moving Mach 10 shock is
positioned at (z,y) = (1/6,0), and makes a 60° angle with the x-axis. The initial pre-shock

21



i non-compact-GKS

| compact-GKS

06 y 0.6

[ non-compact-GKS [ compact-GKS

Figure 8: Double Mach reflection: density contours from compact and non-compact GKS with HWENO
and WENO reconstructions and 960 x 240 mesh points.

and post-shock conditions are

(p,U,V,p) = (8,4.125v/3, —4.125,116.5),
(p,U,V,p) = (1.4,0,0,1).

The reflecting boundary condition is used at the wall, while for the rest of bottom boundary,
the exact post-shock condition is imposed. At the top boundary, the flow variables are set
to follow the motion of the Mach 10 shock. The density distributions and local enlargement
with 960 x 240 and 1920 x 480 uniform mesh points at t = 0.2 with HWENO reconstructions
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Figure 9: Double Mach reflection: local enlargement of density contours from compact and non-compact
GKS with HWENO and WENO reconstructions and 1920 x 480 mesh points.

are shown in Fig[§land Fig[d] The robustness of the compact GKS is validated, and the flow
structure around the slip line from the triple Mach point is resolved better by the compact
scheme.

5.5. Viscous shock tube problem

This problem was introduced to test the performances of different schemes for viscous
flows [10]. In this case, an ideal gas is at rest in a two-dimensional unit box [0, 1] x [0,1]. A
membrane located at © = 0.5 separates two different states of the gas and the dimensionless

23



Scheme AUSMPW+ [19] M-AUSMPW+ [19] WENO-GKS HWENO-GKS
Height 0.163 0.168 0.171 0.173

Table 3: Viscous shock tube problem: comparison of the primary vortex heights among different schemes
with 500 x 250 uniform mesh points for Re = 200 case.

initial states are
(120,0,120/7), 0<x<0.5,

7U’ -
(p. U:p) { (12,0,1.2/7), 05<z<1,

where v = 1.4 and Prandtl number Pr = 0.73.

The membrane is removed at time zero and wave interaction occurs. A shock wave,
followed by a contact discontinuity, moves to the right with Mach number Ma = 2.37 and
reflects at the right end wall. After the reflection, it interacts with the contact discontinuity.
The contact discontinuity and shock wave interact with the horizontal wall and create a thin
boundary layer during their propagation. The solution will develop complex two-dimensional
shock/shear/boundary-layer interactions. This case is tested in the computational domain
[0,1] x [0,0.5], a symmetric boundary condition is used on the top boundary z € [0, 1],y =
0.5. Non-slip boundary condition, and adiabatic condition for temperature are imposed
at solid wall. Firstly, the Reynolds number Re = 200 case is tested. For this case with
Re = 200, the density distributions with 500 x 250 uniform mesh points at ¢ = 1.0 from
non-compact and compact GKS with HWENO and WENO reconstructions are shown in
Fig[l0] The density profiles along the lower wall for this case are presented in Fig[Il] As a
comparison, the results from WENO reconstruction with 1000 x 500 uniform mesh points
is given as well, which agrees well with the density profiles provided by compact GKS with
HWENO method and 500 x 250 mesh points. As shown in Table[3] the height of primary
vortex predicted by the current compact scheme agrees well with the reference data [19].

Secondly, the Re = 1000 case is computed with different girds. For the case with
1000 x 500 coarse mesh points vortex shedding could be observed clearly at the wedge-
shaped area defined in [20], seen in Fig[l2] Also, the density distribution along the wall at

= 1.0 is plotted in Fig[l4 In comparison with the reference result of two stage fourth
order GKS [33], both the overall density contours, seen in Fig and density distribution
along the wall agree well with traditional non-compact WENO GKS.

5.0. Lid-driven cavity flow

In order to further test the scheme in the capturing of viscous flow solution, the lid-
driven cavity problem is one of the most important benchmarks for validating incompressible
Navier-Stokes flow solvers. The fluid is bounded by a unit square and is driven by a uniform
translation of the top boundary. In this case, the flow is simulated with Mach number
Ma = 0.15 and all boundaries are isothermal and nonslip. The computational domain
[0,1] x [0,1] is covered with 65 x 65 mesh points. Numerical simulations are conducted for
two different Reynolds numbers, i.e., Re = 400 and 1000. The streamlines in FiglI5] the U-
velocities along the center vertical line, and V-velocities along the center horizontal line, are
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Figure 10: Viscous shock tube problem: density contours with 500 x 250 uniform mesh points at ¢ = 1 for
Re = 200 case.
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Figure 11: Viscous shock tube problem: density profiles along the lower wall at ¢ = 1 for Re = 200 case.

shown in Fig[16] The benchmark data [12] for Re = 400 and 1000 are also presented, and the
simulation results match well with these benchmark data. The cavity case fully validates
the higher-order accuracy of the compact GKS. With 65 x 65 mesh points, second-order
schemes cannot get such accurate solutions.

6. Conclusion

In this paper, a fourth-order compact gas-kinetic scheme based on Hermite WENO re-
construction is presented. The construction of such a compact higher-order scheme is solely
due to the use of the updated cell interface values, from which the averaged slopes inside each

25



03

| Re=1000
| compact-GKS
| Ax=Ay=1/1000

02 |-

0.1

Figure 12: Viscous shock tube problem: density contours with 1000 x 500 uniform mesh points at ¢t = 1
for Re = 1000 case.
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Figure 13: Viscous shock tube problem: density contours with 2000 x 1000 uniform mesh points at t = 1
for Re = 1000 case.
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Figure 14: Viscous shock tube problem: density profiles along the lower surface at ¢ = 1 for Re = 1000

case.

cell can be obtained. Therefore, the HWENO reconstruction can be naturally implemented
here. There are similarity and differences between the current GKS and the compact 4th-
order DG method. Both schemes have the same order accuracy and use the same HWENO
reconstruction with the same compactness of the stencil. The main difference between these
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two methods is that for the DG method the slope at time step ¢"*! is obtained through time
evolution of the slope directly. However, for the GKS the cell interface values are evolved
first, then the slope at t"*! is derived using Gauss’s law through the interface values. More
specifically, in the DG method the cell averaged values through fluxes and their slopes are
evolved separately with individual discretized governing equations, while in the GKS the
updates of both cell averaged values and their slopes are coming from the same interface
time-dependent gas distribution function, which is an analytically evolution solution of the
kinetic relaxation model. The DG is based on the weak formulation with the involvement
of test function, the GKS is based on the strong solution, which is unique from the kinetic
model equation and the initial reconstruction. As a result, for the 4th-order accuracy, the
DG uses the Runge-Kutta time stepping scheme with four stages within each time step and
has a CFL number limitation of 0.11 from the stability consideration. For the same order
GKS, only two stages are involved and the CFL number for the time step can be on the order
of 0.5. Even with the expensive GKS flux function targeting on the Navier-Stokes solutions,
the computational efficiency of the GKS is much higher than that of the DG method for the
Euler equations alone. Based on the test cases in this paper and many others not presented
here, the 4th-order compact GKS has the same robustness as the 2nd-order shock capturing
schemes, where there are no trouble cells and any other special limiting process involved in
the GKS calculations. For the high speed compressible flow it is still an active research sub-
ject in the DG formulation to improve its robustness to very complicated flow interactions,
such as the computation of viscous shock tube case at Reynolds number 1000, and there is
no any clear direction for its further improvement. Many numerical examples are presented
to validate the higher-order compact GKS. The current paper only presents the compact
scheme on structured rectangular mesh. Following the approach of the 3rd-order compact
GKS on unstructured mesh [31], the current 4th-order compact GKS is being extended there
as well.

The present research clearly indicates that the dynamics of the 1st-order Riemann solver
is not enough for the construction of truly higher-order compact scheme. To keep the com-
pactness is necessary for any scheme with correct physical modeling because the evolution
of gas dynamics in any scale from the kinetic particle transport to the hydrodynamic wave
propagation does only involve neighboring flow field with limited propagating speed [49],
where the CFL condition is not only a stability requirement, but also quantifies the relative
physical domain of dependence. Ideally, the numerical domain of dependence should be the
same as the physical domain of dependence, rather than the large disparity between them in
the current existing schemes, such as the very large numerical domain of dependence (large
stencils) in the WENO approach and the severely confined CFL number in the DG method.
Due to the local high-order gas evolution model in GKS, both numerical and physical do-
mains of dependence are getting closer in the current compact GKS for the Euler and NS
solutions. The unified gas kinetic scheme (UGKS) makes these two domains of dependence
even closer than that of GKS [45 49], such as in the low Reynolds number viscous flow
computations, where the UGKS can use a much larger CFL. number than that of GKS.
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Appendix 1: HWENO Reconstruction at Gaussian points

For the interface values reconstruction, starting from the same stencils as in [34], the
pointwise values for three sub-stencils at Gaussian point z,, , 5 are

1 3+3 Az
xT.- —= __'/‘/i— —I.— —|/|/i S —

343 1 Az
P1(Tii1/003) = /3 —= Wi+ \/§Wi+1 - m(Wm)i—i—h

Wi,

(Wm)i—h

1
Wia+ Wi+ —2
1 3

The pointwise value for the large stencil at the Gaussian point @, 5 /3 is

1
X = ——
p2( z+1/2\/§> 4\/§

UTi11/0v3) = 7;()[(2 — 95V3)Wi_1 + (24 95V3)Wiyy + T16W
+Az(1 = 35V3)(Wa)i1 — Ax(1 + 35V3) (Wa)is1)].

In order to satisfy the following equations

2
z+1/2f Z z+1/2\/§)’
k=0

105 — /3 105++3 . 5

the linear weights become 4y = —————, %1 = ——,% = —. The smoothness

indicators and non-linear weights take the identical forms as that in [34]. The pointwise
values and linear weights at another Gaussian point z;_; 5, ;5 can be obtained similarly using
symmetrical property.

Appendix 2: Reconstruction for slope at Gaussian points

The slope at Gaussian points is reconstructed as follows. Denote that P;_y/5;,l = 0,1 as
the Gaussian quadrature points of the interface (i —1/2, j). For simplicity, the suffix 1 —1/2
is omitted next without confusion. Two sub-stencils are defined as

So = {P(j—l)zv Jio } Sp = { J1o J27P(j+1)1}7

28



where j; = j — 1/2v/3,j, = j + 1/2v/3. A quadratic polynomial p;(y) can be constructed
corresponding to S;,7 = 0, 1. For the large stencil

T = {So, S1},

a cubic polynomial ¢(y) can be constructed as well. The first-order derivative of ¢(y) can be
written as a linear combination of all first-order derivatives of p;(y) corresponding to stencils
S; at Gaussian point y; 5.3

8q !
3y yj+1/2\f Z <_) yj+1/2f)
k=0

and

5—v3 _ 6+3

where the linear weights takes ¥y = 11 , Y= 11

dp 1

<a_y)o<yj+1/2‘/§) - m(w(j—1)2 — 3Wj, +2Wy,),

dp 1

(35), 0029 = 5y (2 VAW + B = 2VBWS, £ Wigan |

where W), are the pointwise values at the Gaussian quadrature points P;,. The smoothness
indicators for B, k= 0,1 are defined by

. Yj+1/2 d2 9
B = AxS/‘ (gt
/2
and the detailed formulae are given as follows
4
= —12[\/§W(j—1)2 —3Wj, + (3 — V)W, %,

= 5l VAW = 3W 4 VWG

Finally, the non-normalized nonlinear weights @y, k = 0,1 are

= ’Vyk
W = —<—.
(Br + €)?

The pointwise values and linear weights at Gaussian point y;_; 5 5 can be obtained similarly
using the symmetrical property.
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Figure 15: Lid-driven cavity flow: streamlines with 65x 65 uniform mesh points for Re = 400 and Re = 1000

by compact HWENO-GKS.
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Figure 16: Lid-driven cavity flow: Comparisons bet\%eé)\r/l non-compact WENO-GKS and compact HWENO-
GKS by U-velocity along vertical centerline line and“V-velocity along horizontal center-line with 65 x 65
uniform mesh points, at Re = 400 and 1000.
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