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Abstract Numerical experiments with inviscid supersonic
flows around cylinders and spheres are carried out to eval-
uate the stabilization and shock-capturing parameters intro-
duced recently for the Streamline—Upwind/Petrov—Galerkin
(SUPG) formulation of compressible flows based on conser-
vation variables. The tests with the cylinders are carried out
for both structured and unstructured meshes. The new shock-
capturing parameters, which we call “Y Zg Shock-Captur-
ing”, are compared to earlier SUPG parameters derived based
on the entropy variables. In addition to being much simpler,
the new shock-capturing parameters yield better shock
quality in the test computations, with more substantial
improvements seen for unstructured meshes with triangular
and tetrahedral elements. Furthermore, the results obtained
with Y Z8 Shock-Capturing compare very favorably to those
obtained with the well established OVERFLOW code.

Keywords Supersonic flows - Cylinders and spheres - SUPG
stabilization - Stabilization parameter - Shock-capturing
parameter

1 Introduction

The Streamline—Upwind/Petrov—Galerkin (SUPG) formula-
tion of compressible flows is now used widely in compu-
tational fluid mechanics. Soon after the introduction of the
SUPG formulation of incompressible flows [1, 2], the SUPG
formulation of compressible flows was first introduced, in
the context of conservation variables, in a NASA technical
report [3]. A concise version of that was published as an
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AIAA paper [4], and a more thorough version with addi-
tional examples as a journal paper [5]. Following [3-5], the
SUPG formulation for compressible flows was recast in en-
tropy variables [6]. In doing that, the formulation was also
supplemented with a shock-capturing (discontinuity-captur-
ing) term. With numerous test problems, it was shown in [7,
8] that the SUPG formulation introduced in [3-5], when sup-
plemented with a similar shock-capturing term, is very com-
parable in accuracy to the one that was recast in entropy
variables. The stabilized formulation introduced in [9] for
advection—diffusion—reaction equations also included a dis-
continuity-capturing term, and precluded augmentation of
the SUPG effect by the discontinuity-capturing effect when
the advection and discontinuity directions coincide.

The SUPG formulations involve a stabilization parame-
ter that most researchers call “t”. This parameter includes
a measure of the local length scale (also known as “ele-
ment length”). Various 7 definitions were proposed starting
with those in [1, 2] and [3-5], followed by the one intro-
duced in [9], and those proposed in the subsequently reported
SUPG-based methods (see for example [10, 11]. In many
cases, the “element length” was seen as an advection length
scale. We call the SUPG formulation introduced in [3-5] for
compressible flows “(SUPG)g,”, and the set of T definitions
introduced in conjunction with that “z,,”. In the computations
reported in [7], (SUPG)g, was used with a slightly modified
version of 7,. The shock-capturing term used in those com-
putations involved a shock-capturing parameter that we call
“8y, . Calculation of 8, requires evaluation of the Jacobian
matrix of the transformation from the entropy variables to
the conservation variables. The computational cost associ-
ated with that is not trivial. Subsequent minor modifications
of 7, accounted for the interaction between the shock-captur-
ing and the (SUPG)s; terms in a fashion similar to how it was
done in [9] for advection—diffusion-reaction equations. All
these slightly modified versions of t;,, which we categorize as
“Tsmop > have always been used with the same 4,,. A second
element length scale, which is based on the solution gradient,
was introduced in [12, 13]. This second element length was
recognized as a diffusion length scale. Based on that, new
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Table 1 Non-default parameters for the OVERFLOW computations

IDISS 4 Matrix dissipation

VEPSL 0.3 Matrix dissipation limit on linear eigenvalue
VEPSN 0.3 Matrix dissipation limit on nonlinear eigenvalue
SMOO 0.0 Spectral radius term

Fig. 1 Two-dimensional flow around a cylinder. Structured mesh with
4,096 quadrilateral elements and 4,225 nodes

stabilization parameters for the diffusive limit were intro-
duced for incompressible flows in [13, 14].

New ways of calculating the SUPG t values and shock-
capturing parameters for compressible flows were introduced
in [14, 15]. The new shock-capturing parameters, which we
categorize as “Y Zf Shock-Capturing”, are simpler and less
costly to compute with than §,,. They are based on scaled
residuals and are defined with options for smoother or sharper
shocks. A preliminary set of test computations with invis-
cid supersonic flows were reported in [16] for these new
shock-capturing parameters. Those computations were lim-
ited to very simple 2D geometries and quadrilateral elements.
A more comprehensive set of 2D test computations with
inviscid supersonic flows were reported in [17]. Those tests
with Y Z8 Shock-Capturing involved different element types
and mesh orientations. In this paper, we carry out numerical
experiments with inviscid supersonic flows around cylinders
and spheres to evaluate the performance of Y Zf Shock-Cap-
turing in, what we find to be, more challenging test problems.
Furthermore, we test a new version of Y Z Shock-Captur-
ing, which was originally introduced in [17] and which takes
into account the Mach number and shock intensity across a
shock. The 2D tests with the cylinders are carried out for both
structured and unstructured meshes. In addition to compar-
ing the Y Zg results to those obtained with 7, and §,,, for 2D

TR
SRR
A S e S
SRR RS
DO ROR RS RS
A AL
RS0
KRR,

R RN RN
NN
N A
SRR
R RN

LRE
XKL
LRI
BRI
RS

i

R

Fig. 2 Two-dimensional flow around a cylinder. Unstructured mesh

with 17,520 triangular elements and 8,935 nodes
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Fig. 3 Two-dimensional flow around a cylinder at M = 3. Mach

elevation and line plots. Computed with the structured mesh and Y Z8
Shock-Capturing with by =2, b =0
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Fig. 4 Two-Dimensional flow around a cylinder at M = 3. Mach
elevation and line plots. Computed with the structured mesh and Y Zp
Shock-Capturing with by = 1, by =0

structured meshes, we compare them to the results obtained
with the OVERFLOW code [18].

2 Navier-Stokes equations of compressible flows

Let 2 C IR"sd be the spatial domain with boundary I', and
(0, T') be the time domain. The symbols p, u, p and e will
represent the density, velocity, pressure and the total energy,
respectively.

The Navier—Stokes equations of compressible flows can
be written on 2 and V¢ € (0, T) as
@Jrﬁ—@—R:O, (1)

ot 0x; 0x;

where U = (p, pu1, pus, pus, pe) is the vector of conserva-
tion variables, and F; and E; are, respectively, the Euler and
viscous flux vectors:

u;p 0
uipuy +8;1p T;

F; = | uipuz +épp |, E;i= T; . ()
ujpuz + 8i3p T;

ui(pe + p) —qi + Tixui

Fig. 5 Two-dimensional flow around a cylinder at M = 3. Mach
elevation and line plots. Computed with the structured mesh and Y Z
Shock-Capturing with by = 1, by = 1, psca = 02

Here §;; are the components of the identity tensor I, g; are
the components of the heat flux vector, and 7;; are the com-
ponents of the Newtonian viscous stress tensor:

T =1V -wl+2ue(u), (€)]

where A and (= pv) are the viscosity coefficients, v is the
kinematic viscosity, and e(u) is the strain-rate tensor:

e(u) = % ((Vu) n (Vu)T) . (4)

It is assumed that A = —2u /3. The equation of state used
here corresponds to the ideal gas assumption. The term R rep-
resents all other components that might enter the equations,
including the external forces.

Equation (1) can further be written in the following form:

U U 0 aU
ot dx;  0x; ax;
where
JoF; aU
Tout Ve ©

Appropriate sets of boundary and initial conditions are as-
sumed to accompany Eq. (5).



472

T.E. Tezduyar et al.

Y20.01 ——
Y=05 —x—-
Y=1.0 --%--
351 Y=2.0 ---@---
Y=25 — 8-
3 e ===€Grnﬂ‘ B
] Y .\
] :
25+ i ]
'
'
= i
§ 2t h 4
s \
i
}
'
15 F ' 4
'
'
*
1k \ J
05 J
o .
15 1 05 0 05 1 15

Fig. 6 Two-dimensional flow around a cylinder at M = 3. Mach eleva-
tion and line plots. Computed with the structured mesh and 7, pop and
891

3 Semi-discrete and space-time SUPG formulations

In describing the semi-discrete SUPG formulation of Eq. (5),
we assume that we have constructed some suitably-defined
finite-dimensional trial solution and test function spaces S”

and Vé’. Based on that, the SUPG formulation [4, 5, 7] can
be written as follows: find U" € S/ such that YW" € VI:

au” au”

/ W — +Al—)dQ

dt 0x;

@ h h

IW au
+ / A KE—)de
0x;
Q

Y ox;
—/Wh-thF—/Wh-thQ
Q

Iu
Nel h
W
T —)-Ar
+Z/ SUPG ( a)Ck ) k
e:lQe
Ut auh 9 Ut
— A — - — (KlL— ) -R"|dQ
ot ox;  0x; I ox;

(7

& IW" auh

E sioc\ v )"\ 7 dQ2=0.
- / ! ( 0x; ) (3xi )

e=IQe

Mach
N
T

Fig. 7 Two-dimensional flow around a cylinder at M = 3. Mach
elevation and line plots. Computed with the structured mesh and OVER-
FLOW

Here H" represents the natural boundary conditions associ-
ated with Eq. (5), and 'y is the part of the boundary where
such boundary conditions are specified. The SUPG stabil-
ization and shock-capturing parameters are denoted by Ty
and vgoc. They were discussed in Sect. 1 and will further be
discussed in Sect. 4.

The space—time version of Eq. (7) can be written based
on the Deforming-Spatial-Domain/Stabilized Space-Time
(DSD/SST) formulation introduced in [19-21]. The finite
element formulation of the governing equations is written
over a sequence of N space—time slabs Q,, where Q,, is the
slice of the space—time domain between the time levels 7,
and #,,41. At each time step, the integrations involved in the
finite element formulation are performed over Q. The finite
element interpolation functions are discontinuous across the
space—time slabs. We use the notation (-), and (-);} to de-
note the values as t,, is approached from below and above
respectively. Each Q, is decomposed into space—time ele-
ments Qf,, where e = 1,2, ..., (ne1),. The subscript n used
with n] is to account for the general case in which the num-
ber of space—time elements may change from one space—time
slab to another. For each slab Q,,, we construct some suit-
ably-defined finite-dimensional trial solution and test func-
tion spaces (Sf]‘)n and (fo)n. In the computations reported
here, we use first-order polynomials as interpolation func-
tions. The subscript n implies that corresponding to different
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Fig. 8 Two-dimensional flow around a cylinder at M = 3. Mach

elevation and line plots. Computed with the unstructured mesh and
Y ZB Shock-Capturing with by =2, bz =0

space—time slabs we might have different discretizations.
The DSD/SST formulation of Eq. (5) can then be written

as follows: given (Uh . » find U" e (Sé’)n such that YW" e
Vi

h
/Wh (a;J +AhaU )dQ

Ut
K )dQ

+/ AW

0x; Kij ax
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Fig. 9 Two-dimensional flow around a cylinder at M = 3. Mach

elevation and line plots. Computed with the unstructured mesh and
Y ZB Shock-Capturing with by = 1, by =0

Here P, is the lateral boundary of the space—time slab. The
solution to Eq. (8) is obtained sequentially for all space—time
slabs Qg, O1, Q», ..., On—1,and the computations start with

(Uh)a = Ug, where Uy is the specified initial value of the
vector U.

4 Stabilization parameters and shock-capturing

Various options for calculating the stabilization parameters
and defining the shock-capturing terms in the context of the
(SUPG)g, formulation were introduced in [14, 15]. In this
section we describe those options. For this purpose, we first
define the acoustic speed as ¢, and define the unit vector j as
v h

—’Oh . )
Vo |l

As the first option in computing Ty, for each component
of the test vector-function W, the stabilization parameters

TPquents Tsuew and gy (associated with p, pu and
pe, respectively) are defined by the following

expression:
1
) . (10)

ji=

Nen
u e
g0 = T svan = Tosuom = E |ll - VN,|
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Fig. 10 Two-dimensional flow around a cylinder at M = 3. Mach
elevation and line plots. Computed with the unstructured mesh and
Y Zp Shock-Capturing with by = 1, by = 1, psca = p2

As the second option, they are defined as

tpSUGNl = tugUGNl = TeSUGNl 1
= (Z (c j - VNg| + [u - VNa|)) ) (11)
a=1

In computing Ty;ex,, the parameters 7 sygn» T%suone a0d T€5u0n
are defined as follows:
At

u e
TPSUGNz =T suene = T sueve = 5 » (12)

2

where At is the time step. In computing Ty, the parameter
T"uans 18 defined by using the expression

h2
oo = :SN s (13)
where
n -1
= V"
hgon = 2 Ir-VN,| , = ——— . (14)
(; ‘ ) NN
The parameter t°gqy; is defined as
(hxn)”
e = % ) (15)

where v¢ is the “kinematic viscosity” for the energy equation,

Fig. 11 Two-dimensional flow around a cylinder at M = 3. Mach
elevation and line plots. Computed with the unstructured mesh and
Tgomop and &y,

(16)

-1
Nen h
Vo
heRGN=2 |re'VNa| s re=—,
Z; Rz
and 0 is the temperature.The parameters (t8 o) vons (T uen
and (75 ,.)ue are calculated from their components by using
the “r-switch’:

1
-

1 LYy
() :( - ) : {17
supaTHeR (TPsuan)” (TP suana)”
o= e ) o
supaTHeR (T*svan)”  (T*suom2)”  (T"suams)” ’
1
1 1 L)
(Tgoee) =( * ) -
supa e (Tuan)”  (Tsuon)”  (Tsuana)”

Typically, r =2.
In defining the shock-capturing term, first the “shock-
capturing viscosity” vgyec is defined:

NCER PN
SHOC , 20
) (") o

Nsd

=123

i=1

,oun
8x,~

v
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Fig. 12 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the structured mesh and Y Zg
Shock-Capturing with by = 2, bz =0

where Y is a diagonal scaling matrix constructed from the
reference values of the components of U :

Ut 0 0 0 0
0 (UZ)ref 0 0 0
0

Y= 0 0 (Us)s O , 21
0 0 0 (Was O
0 0 0 0 (Us)yer
Z_aUh+Ah8Uh 22)
Y L 9x;
or
au”
Z=A'— (23)
Bx,-
and
hSHOC = hJGN B (24)
Nen -1
By =2 (Z - VNa|) : (25)
a=1

The parameter B is set as § = 1 for smoother shocks and § =2
for sharper shocks. In a variation of the expression given by

Mach

Fig. 13 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the structured mesh and Y Z
Shock-Capturing with by = 1, bg =0

Eq. (20), vgoc is defined by the following expression:
e 2\ (B/2)—1 -
= (3 ) el

i=1
hSHOC /3
. 26
X ( > (26)
The compromise between the 8 = 1 and 8 = 2 selections is
defined as the following averaged expression for vgec :

vl auh
8x,'

1
Vsioc = 5((V5Hoc)ﬂ=1 + (VSHoc)ﬂ=2) . (27)

We also propose versions of vy that take into account the
Mach number and shock intensity across a shock. In doing
that, we modify vy, given by Egs. (20) and (26) as follows:

Vshoc <~ Vshoc

h 2/b
(1+(M)W1/bm_l>) ' ,
Pref

where M is the Mach number and “(---)” is the Macaulay
bracket:

(x—y) = [

(28)

0, x =<y
X—y, x>Yy

(29)
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Mach

Fig. 14 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the structured mesh and Y Zf
Shock-Capturing with by = 1, by = 1, psca = p2

The reference density pyr is defined as

(30)

inf

( Psca ) b/
Pref = Pinf s

where py is the density at the inflow and py, is a scaling den-
sity. In defining ps.,, one of the options we consider is ps., =
pinf- For flows with shocks, we also consider the options
Psca = P2 and psc; = P2 — p1, Where p; and p, are the den-
sity values before and after a normal shock corresponding
to the inflow Mach number. The parameters by, by and by
can each be set to 1 for smoother shocks and 2 for sharper
shocks. Equation (28), without the exponent 2/b;, was origi-
nally introduced in [17]. With this expression, the definition
of the shock-capturing viscosity takes into account the Mach
number and shock intensity across a shock. The shock inten-

h
sity is represented by the term (%), which is a

scaled measure of the jump in density. The Mach number
is represented by the term (M !/ — 1), which becomes ac-
tive for M > 1. Based on Eq. (20), a separate vg,, can be
calculated for each component of the test vector-function W:

PO o

<<<<1
NN )

1

JUR- o

[

Mach

Fig. 15 Two-dimensional flow around a cylinder at M = 8. Mach

elevation and line plots. Computed with the structured mesh and g, pmop
Nsd

-1

(VSHOC)I = |(Y Z)I| Z

and J,
2\ (B/2)—1
auh
(50
i=1 8)(:[ !

hSHOC ﬂ
(T) s I:1,2,...nsd+2.

Similarly, a separate vy, for each component of W can be
calculated based on Eq. (26):
2)(/3/ 2-1)

o)
Bxi I
1-8 ( hgoe \

—1y1h SHOC
X‘(Y U )1‘ ( 2 ) ’

(3D

Nsd

(Vstoc) = |(Y_1Z)1|(z

i=1

I=1,2,...nq+2. (32)
Given vgyc, the shock-capturing term is defined as
Nel
S = / VW (x : VU”) aQ, 33)
ezlge

where K g;0c 1S defined as K gyoc = Vguoc I. As a possible alter-
native, it is defined as Kgjoc = Vsioc jj- If the option given
by Eq. (31) or Eq. (32) is exercised, then v, becomes an
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Mach

Fig. 16 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the structured mesh and
OVERFLOW

(nsg + 2) x (ngg + 2) diagonal matrix, and the matrix K goc
becomes augmented from an ngg X ngg matrix to an (ngg X
(nsa +2)) x ((nsq + 2) X ngq) matrix.

To preclude compounding, vgee can be modified as follows:

Vsnoc <~ Vsnoc
. . 2 . 2
—switch (TSUPG (w7, Twe([j - ul—0)7, VSHOC) )
(34

where the “switch” function is defined as the “min” func-

tion or as the “r-switch” used earlier in this section. For

viscous flows, the above modification would be made sepa-
; I u e i

.rately with each of Tsuras Tsupa and Toveas anq this wopld rgsult

in vgoe becoming a diagonal matrix even if the option given

by Eq. (31) or (32) is not exercised.

5 Test computations

The test computations were carried out by using the space—
time SUPG formulation described in Sect. 3. In all compu-
tations, as stabilization parameters, we use Eq. (11), and in
Egs. (17)—-(19) we do not include gsy,. Also in all compu-
tations, we use Eq. (20) with 8 = 1, which is equivalent to
using Eq. (26) with 8 = 1, use for Z the expression given by

Mach

Fig. 17 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the unstructured mesh and
Y Zp Shock-Capturing with by =2, b, =0

Eq. (23), and set Kgioc = Vsioc 1. In Eq. (21), we set (Uj),et
to the inflow value of p, set (U2),ef> (U3)yer and (Us),f to the
inflow value of pu1, and set (Us), to the inflow value of pe.
In Eq. (28), unless stated otherwise, we set b, = 2.

The results are compared to those obtained with the 7y, yop,
and 8,; combination. The version of ty,p used in this paper
for comparison is similar to the one given in [22]:

Tgo-mop — Max (07 Ta — T(S) 5 (35)
where
I, = hBGN T5 — 891
¢ 2”00’ (“cc)z’
VU
h
Ue=cC+ U+ ————| , (36)
“ | VIUR| ||
n -1
I 1) ol
Hyon = 2 ———— . VN, ) (37)
(22; [

For completeness, we also provide here the expression for
8, [71:

aU” B g U ||
8 = ‘A’,: — > 95, 307 . (39)
oxy i i 0xp 0xy Ay
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Mach

-2.5 -2

Fig. 18 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the unstructured mesh and
Y Zp Shock-Capturing with by = 1, by =0

where &; values are the element coordinates, and Ay is the
Jacobian of the transformation from the entropy variables to
the conservation variables.

The results are also compared to those obtained with the
OVERFLOW code [18]. The OVERFLOW cases were run
with central differencing and matrix dissipation, which mim-
ics the Roe—upwinding scheme but is computationally more
economical and generally more robust. The matrix dissipa-
tion minimum limit on the linear and nonlinear eigenvalues
were each set to 0.3, and the spectral radius term was set to
0.0. All other parameters were left at their defaults values.
Table 1 lists the parameters that were changed from their
default values.

As test problems, we consider steady-state cases. The
solutions are obtained with time-marching to the steady-
state. At each time step, the coupled nonlinear equations
involved are solved with the Newton—Raphson method. An
iterative technique with nodal-block-diagonal precondition-
er and GMRES update method [23] is employed for solving
the linear equation system involved at each Newton—Raphson
iteration.

5.1 Two-dimensional flow around a cylinder

We compute this case at M = 3 and M = 8, with struc-
tured and unstructured meshes. Figures 1 and 2 show those

NN}

< << <A
NP =O 5

Mach

-2.5 -2 0 0.5

Fig. 19 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the unstructured mesh and
Y ZB Shock-Capturing with by = 1, by = 1, psca = p2

meshes. The structured mesh has 4,096 quadrilateral ele-
ments and 4,225 nodes, while the unstructured mesh has
17,520 triangular elements and 8,935 nodes. In computa-
tional units, the inflow density and velocity are 1.0 and (M,
0). The inflow value of the total energy is 6.286 at M = 3
and 33.786 at M = 8. At the inflow boundary, we specify all
conservation variables to be equal to their inflow values. On
the cylinder surface and horizontal boundary, we specify the
normal component of the velocity to be zero. No boundary
conditions are specified at the outflow boundary. The num-
ber of Newton—Raphson iterations and the outer and inner
GMRES iterations are 3, 1, and 5, respectively.

Figures 3—7 show the results obtained for M = 3 with the
structured mesh. The results shown in Figures 3, 4, 5 were
obtained with Y ZB Shock-Capturing. Figure 6 shows the
results obtained with 7y, op and §,,. Figure 7 shows the results
obtained with OVERFLOW. The Y Z§ results obtained with
by = 2, by = 0 are very close to those obtained with b,, = 1,
by = 1, psca = p2. They are also very close to the OVER-
FLOW results, but have slightly crisper shocks. Furthermore,
they are also very close to the results obtained with 7y, yop
and &, but again have very slightly crisper shocks. The Y Zg
results obtained with by, = 1, by = 0 show slightly more
dissipation than the other two Y Z8 results and are closer to
the OVERFLOW results.
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Fig. 20 Two-dimensional flow around a cylinder at M = 8. Mach
elevation and line plots. Computed with the unstructured mesh and
Tgomop and o,

Fig. 21 Three-dimensional flow around a sphere. Unstructured mesh
with 461,913 tetrahedral elements and 86,176 nodes

Figures 811 show the results obtained for M = 3 with
the unstructured mesh. The results shown in Figs. 8—10 were
obtained with the same three types of ¥ Zp Shock-Capturing
we had for the structured mesh. Figure 11 shows the re-
sults obtained with 7y, yop and §,,. All three Y Zg results are
very close. They are also very close to the OVERFLOW
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Z=0.5 —x-
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35 Z-15 @ ]
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Fig. 22 Three-dimensional flow around a sphere at M = 3. Mach
elevation on y = 0 plane and line plots. Computed with ¥ Zf Shock-
Capturing with by = 1, b =0

results obtained with the structured mesh. The results ob-
tained with 7,05 and &, exhibit significant dissipation. This
is consistent with the observations we had in [17] regard-
ing the performance of this method with unstructured
meshes.

Figures 12—16 show the results obtained for M = 8 with
the structured mesh. The results shown in Figs. 12—-14 were
obtained with the same three types of Y Z Shock-Capturing
we had for M = 8. Figure 15 shows the results obtained
with 7y, 0p and &, Figure 16 shows the results obtained with
OVERFLOW. All three Y ZS results are very close. They
are also very close to the OVERFLOW results. The results
obtained with 74,0, and 8, exhibit significant overshoots
near the shock.

Figures 17-20 show the results obtained for M = 8 with
the unstructured mesh. The results shown in Figs. 17-19 were
obtained with the same three types of ¥ Z# Shock-Capturing
we had for the structured mesh. Figure 20 shows the results
obtained with 7y, 0, and 8,,. All three Y Zf results are very
close. They are also very close to the OVERFLOW results
obtained with the structured mesh. The results obtained with
Tormop a0d &, exhibit significant dissipation. This is consistent
with the observations we had for M = 3 case.
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Fig. 23 Three-dimensional flow around a sphere at M = 3. Mach
elevation on y = 0 plane and line plots. Computed with ¥ Z8 Shock-
Capturing with by = 1, bg = 0 and b = 1

5.2 Three-dimensional flow around a sphere

We compute this case at M = 3, with an unstructured mesh.
Figure 21 shows the mesh, which has 461,913 tetrahedral
elements and 86,176 nodes.In computational units, the in-
flow density and velocity are 1.0 and (3, 0, 0). The inflow
value of the total energy is 6.286. At the inflow boundary,
we specify all conservation variables to be equal to their in-
flow values. On the sphere surface and horizontal bound-
ary, we specify the normal component of the velocity to
be zero. No boundary conditions are specified at the out-
flow boundary. The number of Newton—Raphson iterations
and the outer and inner GMRES iterations are 3, 1, and 10,
respectively.

Figure 22 shows the results obtained with the second one
of the three types Y ZB Shock-Capturing we tested in the 2D
cases. The Y Zp parameters are set as b, = 1 and b, = 0.
We have some mild overshoots near the shock. We think
this is because the mesh is too coarse. In the 3D test cases, to
have a mesh resolution comparable to the mesh resolution we
had for the unstructured mesh used in the 2D test cases, we
would need roughly 10 times more nodes than we have now.
To decrease the overshoots, we activate the parameter b, by
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Fig. 24 Three-dimensional flow around a sphere at M = 3. Mach
elevation on y = 0 plane and line plots. Computed with g, yiop and dy,

setting it as b = 1. Figure 23 shows the results obtained with
Y Z B Shock-Capturing with by, = 1, b, = 0,and b, = 1. Fig-
ure 24 shows the results obtained with 7, and J,,. These
results exhibit significant dissipation compared to the two
Y Zp results, especially compared to the first one.

6 Concluding remarks

We carried out a comprehensive set of numerical experi-
ments with inviscid supersonic flows around cylinders and
spheres to evaluate the performance of Y Zf Shock-Captur-
ing, which was introduced recently for the SUPG formulation
of compressible flows based on conservation variables. As
test cases, we computed 2D flow around a cylinder at Mach
number 3 and 8, using a structured mesh with quadrilateral
elements and an unstructured mesh with triangular elements.
Also as test cases, we computed 3D flow around a sphere at
Mach number 3, using an unstructured mesh with tetrahedral
elements. Our comprehensive set of computations included
testing a version of Y ZB Shock-Capturing that takes into
account the Mach number and shock intensity across a shock.
In all test cases, we compared our results to those obtained
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with 7, and §,,. In addition to being much simpler, Y Zg
Shock-Capturing yields better shock quality, and even more
substantial improvements for unstructured meshes with trian-
gular and tetrahedral elements. In 2D cases, we compared the
Y Z B Shock-Capturing results also to those obtained with the
OVERFLOW code. These comparisons show that the quality
of the shocks obtained with ¥ Z8 Shock-Capturing are very
close to what one obtains with the OVERFLOW code.
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