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Abstract. We propose adaptive determination of the stabilization parameters used in the
stabilized finite element methods such as the streamline-upwind/Petrov-Galerkin (SUPG)
and pressure-stabilizing/Petrov-Galerkin (PSPG) formulations. The parameters are cal-
culated based on the element-level matrices and vectors, which automatically take into
account the local length scales, advection field and the Reynolds number. We describe how
we determine these parameters in the context of first a time-dependent advection-diffusion
equation and then the Navier-Stokes equations of unsteady incompressible flows.
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1 INTRODUCTION

Stabilized formulations played a major role in the past two decades in making the
finite element method a reliable and powerful approach in flow simulation and model-
ing. Among the most notable stabilized formulations are the streamline-upwind/Petrov-
Galerkin (SUPG) formulation for incompressible flows (Brooks and Hughes [1]), SUPG
formulation for compressible flows (Tezduyar and Hughes [2]), Galerkin/least-squares
(GLS) formulation (Hughes et al. [3]), and pressure-stabilizing/Petrov-Galerkin (PSPG)
formulation for incompressible flows (Tezduyar [4]). These stabilization techniques pre-
vent numerical oscillations and other instabilities in solving problems with high Reynolds
and/or Mach numbers and shocks and strong boundary layers, as well as when using
equal-order interpolation functions for velocity and pressure and other unknowns. The
SUPG, GLS and PSPG formulations stabilize the method without introducing excessive
numerical dissipation. Because its symptoms are not necessarily qualitative, excessive
numerical dissipation is not always easy to detect. This concern makes it desirable to
seek and employ stabilized formulations developed with objectives that include keeping
numerical dissipation to a minimum.

When the implementation of the SUPG, GLS or PSPG formulations is based on a
sound understanding of these methods, they perform quite well. Furthermore, this class
of stabilized formulations substantially improve the convergence rate in iterative solution
of the large, coupled nonlinear equation system that needs to be solved at every time
step of a flow computation. Such nonlinear systems are typically solved with the Newton-
Raphson method, which involves, at its every iteration step, solution of a large, coupled
linear equation system. It is in iterative solution of such linear equation systems that
using a good stabilized method makes substantial difference in convergence, and this was
pointed out in Tezduyar et al. [5].

The SUPG formulation for incompressible flows was introduces in Hughes and Brooks [6],
with detailed description of the formulation and numerical examples given in Brooks and
Hughes [1]. The SUPG formulation for compressible flows was first introduced, in the con-
text of conservation variables, in Tezduyar and Hughes [2]. After that, several SUPG-like
methods for compressible flows were developed. Taylor-Galerkin method (Donea [7]), for
example, is very similar, and under certain conditions is identical, to one of the stabiliza-
tion methods introduced in Tezduyar and Hughes [2]. Another example of the subsequent
SUPG-like methods for compressible flows in conservation variables is the streamline-
diffusion method described in Johnson et al. [8]. Later, following Tezduyar and Hughes [2],
the SUPG formulation for compressible flows was recast in entropy variables and supple-
mented with a shock-capturing term (Hughes et al. [9]). It was shown in Le Beau and
Tezduyar [10] and Aliabadi et al. [11] that, the SUPG formulation introduced in Tez-
duyar and Hughes [2], when supplemented with a similar shock-capturing term, is very
comparable in accuracy to the one that was recast in entropy variables. It was shown in
Le Beau et al. [12] for inviscid flows and in Aliabadi et al. [11] for viscous flows that for
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2D test problems computed, the SUPG formulation in conservation and entropy variables
yield indistinguishable results. A recently introduced SUPG formulation for compressible
flows in augmented conservation variables (Mittal and Tezduyar [13]) leads to a proper
incompressible flow formulation in the limit as the Mach number is taken to zero.

In the SUPG, GLS and PSPG methods, selection of the stabilization parameter, which
is almost universally known as 777, has attracted a significant amount of attention and
research. This stabilization parameter involves a measure of the local length scale (also
known as ”element length”) and other parameters such as the local Reynolds and Courant
numbers. Selection of the ”"element length” also attracted attention. Various ”element
length”s and ”7”s were proposed starting with those in Brooks and Hughes [1] and Tezdu-
yar and Hughes [2] followed by the one introduced in Tezduyar and Park [14], and those
proposed in the subsequently reported SUPG, GLS and PSPG methods. A number of
"17s, dependent upon spatial and temporal discretizations, were introduced and tested
in Tezduyar and Ganjoo [15]. More recently, ”7”s which are applicable to higher-order
elements were proposed by Franca et al. [16].

In this paper we describe how we adaptively determine the stabilization parameter 777
The parameters we propose are calculated from the element-level matrices and vectors,
and these automatically take into account the local length scales as well as the advection
field and the element-level Reynolds number. In Section 2, we describe the calculation
of the stabilization parameter for a time-dependent advection-diffusion equation, and in
Section 3 for the Navier-Stokes equations of unsteady incompressible flows. Concluding
remarks are given in Section 4.

2 ADVECTION-DIFFUSION EQUATION

Let us consider over a domain 2 with boundary I' the following time-dependent
advection-diffusion equation:

g_f+u.v¢_v.(yv¢):00n9, (1)

where ¢ represents the quantity being transported (e.g., temperature, concentration), u
is a divergence-free advection field, and v is the diffusivity. The essential and natural
boundary conditions associated with Eq. (1) are represented as

o =g onI'y, (2)
n-vVo =h on I'y, (3)

where g and h are given functions, n is the unit normal vector at the boundary, and I’
and I'j, are the complementary subsets of I'. The initial condition consists of the form

#(x,0) = ¢p(x) on €. (4)

Let us assume that we have constructed some suitably-defined finite-dimensional trial
solution and test function spaces ng and V(;L. The stabilized finite element formulation of

3
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Eq. (1) can then be written as follows: find ¢" € S} such that Vw" € V)

h
/ w" (ai tul quh) dQ + / Vo' - vV "0
Q Q

ot
+ "zl:/ Tevpe - V' (a;éh +u Vo - V- (l/quh)> dQQ
= Jae ot
= /. w"hdr. (5)

Here n,; is the number of elements and €2¢ is the element domain corresponding to element
e. Tgupe 18 the SUPG (streamline-upwind/Petrov-Galerkin) stabilization parameter.

Let us use the notation b : [ (...)dS2 : by to denote the element-level matrix b and
element-level vector by corresponding to the element-level integration term fq.(...)dS2.
We now define the following element-level matrices and vectors:

Op"
: hZZ_ 40 DMy, 6
me [ my, )
c: wha" - Vo'dQ : Cy, (7)
Qe
k: Vu" - vV ¢"dQ - ky, (8)
Qe
K : / u" - Vo' ut - VehdQ k., 9)
h
¢: /e u” - thaai;dﬁ : Cy. (10)
We define the element-level Reynolds and Courant numbers as follows:
pe el "
v k]l
At |[c]|
Cr, = — , 12
2 ] 2
At [k
Cr, = ——-, 13
2 ml’ )
A k
Cry = —tT Il (14)

2 SUPG ||m|| )
where ||b|| is the norm of matrix b.

Remark 1 The Courant numbers defined above can be used for determining the time step
size of the computation.
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The components of element-matrix-based 7gyp are defined as follows:

e
Ts1 = 170 (15)

18

At Jlcl]
_ =20 16
RN "
Tes = TaRe= <H(~:H> Re. (17)
el

Remark 2 Because ¢ = c”, for some definitions of the matriz norm, ||¢|| = ||c||, and

therefore Tg, = (%)

Remark 3 In the special case of a 1D problem, 14, = (ﬁ) , Tgs = (%) and Tgy = (%),
which are the popular limits for Tsype for the advection-dominated, transient-dominated

and diffusion-dominated cases, respectively.

Several different but similar ways have been used to construct 7gype from its compo-
nents. We propose the form

1
1 1 1\ "
Tsupg = | = + — + — , (18)
(7 T, T>
which is based on the inverse of Tqypg being defined as the r-norm of the vector with
components %, é and é We note that the higher the integer r is, the sharper the

switching between 7y, 75, and 7¢; becomes.

Remark 4 [t is conceivable that we calculate a separate T for each element node, or
degree of freedom, or element equation. In that case, each component of T would be
calculated separately for each element node, or degree of freedom, or element equation. For
this, we first represent an element matriz b in terms of its row vectors or row matrices:
by, by, ..., b, . If we want a separate T for each element node, then by, by, ... b, ,
would be the row matrices corresponding to each element node, with Ne, = Nepn, where Ne,
1s the number of element nodes. If we want a separate T for each degree of freedom, then
by, by, ..., b, , would be the row matrices corresponding to each degree of freedom, with
Nex = Ndof, Where ngor is the number of degrees of freedom. If we want a separate T for
each element equation, then by, bs, ..., b,  would be the row vectors corresponding to each
element equation, with Ne, = Nee, where ne. is the number of element equations. Based
on this, the components of T would be calculated using the norms of these row matrices
or vectors, instead of the element matrices. For example, a separate g, for each element
node would be calculated by using the expression (7g,), = ||||1'5;‘;||‘|, a=1,2,...,N,. We
should also note that in some special cases some of these alternative ways of computing T
might give the same result.
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The components of the element-vector-based 7yype are defined as follows:

eyl
SV1 ~ 9 (19)
v k||
eyl
T = T 20
A (20)
_ eyl
Tovs = Teyille = | —= Re. (21)
kv ||

With these three components,

<amavz< S 1)_i (22)

T T T
Tsvi Tsve  Tsvs

S l=

Remark 5 The definition of Tsype given by Eq. (22) can be seen as a nonlinear definition
because it depends on the solution. However, in marching from time level n to n + 1 the
element vectors can be evaluated at level n. This might be preferable in some cases, as it
spares us from ending up with a nonlinear semi-discrete equation system.

Remark 6 In some cases it might be desirable to have a dynamic switching between Tsype
and (Tsype)y during the computation.

Remark 7 Both definitions of Tsype are applicable to higher-order elements.

Remark 8 It was pointed out in [5], and it is now well-known, that the stabilization
substantially improves the convergence in iterative solution of the linear equation system
that needs to be solved at each Newton-Raphson step of the solution of the nonlinear
equation system encountered at each time step.

Remark 9 [t is also well-known that using higher-order elements degrades the conver-
gence in iterative solution of such linear equation systems. It has been observed that [17]
using interpolation functions which are spatially discontinuous across element boundaries
improves the convergence for higher-order elements. Leaving aside the fact that such dis-
continuous methods come with substantial increases in computational cost which might
render the approach impractical in large-scale 3D computations, it is our opinion that
this convergence improvement is due to breaking the global, unintended approrimation of
the lower-order functions by the higher-order functions. As one uses higher- and higher-
order functions, the global approzimation of the lower-order functions by the higher-order
functions gets better, and the approximate and unintended linear dependence of the lower-
order functions on the higher-order functions increases. The spatial discontinuity breaks
this global approximate linear dependence.
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Remark 10 In Eq. (5), the SUPG stabilization term involves the residual of the govern-
ing equation, which includes the second-order term V- (vN @), For linear (triangular and
tetrahedral) elements this term vanishes. For bilinear (quadrilateral) and trilinear (hex-
ahedral) elements, this term vanishes for certain special geometries (e.g. rectangles and
bricks), and is largely under-represented for more general geometries. This steals away
from the consistency of the stabilized finite element formulation as defined by Eq. (5). If
one desires to remedy the situation, it is our opinion that this could be accomplished by
modifying the stabilized formulation given by Eq. (5) in such a way that the terms rep-
resenting the discontinuity of the flur YN ¢" across element boundaries (i.e. flux “jump”
terms) are included in the SUPG stabilization terms. It is also our opinion that the best
way to derive effective stabilized formulations is to start with the Galerkin formulation
of the problem, reverse integrate-by-parts to derive the finite-dimensional Fuler-Lagrange
form of the equations, and consider including as a factor in the stabilization terms any of
the terms appearing in the Euler-Lagrange form (such as the governing partial differential
equations and the flux jump terms as well as the difference between the natural boundary
condition and the flux at that boundary). The procedure is described in more detail in
Appendiz 1.

3 NAVIER-STOKES EQUATIONS OF INCOMPRESSIBLE FLOWS

We write the Navier-Stokes equations of incompressible flows as

,0(8—U+u-Vu—f)—V-0‘ =0 on{, (23)

ot
V.u =0  onQ, (24)

where p is density (constant in this case), u is the velocity vector, f is the external force
and o is the stress tensor:
o(p,u) = —pl 4+ T. (25)

Here p is the pressure, I is the identity tensor, and
T = 2pue(u), (26)

where 1 = pr is the viscosity, v is the kinematic viscosity, and € is the strain-rate tensor:
1
g(u) = 5((Vu) + (Vu)"). (27)

The essential and natural boundary conditions associated with Eq. (23) are represented
as

u = gonly, (28)
n-c = honly. (29)
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The initial condition on u is given as
u(X> 0) = uO(X)a (30)

where V -uy = 0.

Let us again assume that we have some suitably-defined finite-dimensional trial solution
and test function spaces for velocity and pressure: S, V!, S[} and V;L = S[}. The stabilized
finite element formulation of Eqs. (23)-(24) can then be written as follows: find u" € S"
and p" € S;j such that Yw" € V! and ¢" € V;}:

h ou” h h h h . h
/W pl—=+u"-Vu" —f dQ—l—/E(W):O‘(p,u)dQ
Q ot Q

1
+ /Qth -uldQ + Z /Q ;[TSUpGpuh - Vwh 4+ TPSPGth] -
e=1

ou” h h h ..k
p WjLu -Vu" | = V.o(p",u") — pf| d2

Tel

+ Z /Q TV - w'pV - u"dQ
e=1

= w” - h"dr. (31)
Ty
Here Tpspe is the PSPG (pressure-stabilizing/Petrov-Galerkin) stabilization parameter and
Tusic is the LSIC (least-squares on incompressibility constraint) stabilization parameter.
We now define the following element-level matrices and vectors:

ou”
. h .
m : LW dQ : My, (32)
C: w’ - p(u" - Vu")dQ : Cv, (33)
Qe
k: / e(wh) : 2ue(u)dQ  :k, (34)
g / (V- wh)phd§ gy, (35)
Qe
g [ " -utae re (36)
Qe
k: / (" Vw") - p(u - Vuh)dQ K, (37)
ou”
<. h hy . =
¢: /(u Vw") e a2 : Cy, (38)
o /Q (" Vwh) - VphdQ A, (39)
ou”
. h .
8: [ Vg ag : B, (40)

8
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o /Q V¢ - (u" - Vu")dQ Yy (41)
. h 7, .

0 /Q V" e O, (42)

e: / (V-whp(V-uh)dQ ey (43)

Remark 11 In the definition of the element-level matrices listed above, we assume that
u" appearing in the advective operator (i.e. in u" - Vu* and u" - Vw") is evaluated
at time level n rather than n + 1. The definition would essentially be the same if we,
alternatively, assumed that it is evaluated at time level n + 1 but nonlinear iteration level
i rather than i + 1. Except, in the first option, in the advective operator we use (u"),,
whereas in the second option we use (u") ;. The second option can be seen as a nonlinear
definition. The first option might be preferable in some cases, as it spares us from another
level of nonlinearity coming from the way 7 is defined. In the definition of the element-
level-vectors, we face the same choices in terms of the evaluation of u" in the advective
operator.

Remark 12 We note that ¢ = c” and ¥ = ~v".

The element-level Reynolds and Courant numbers are defined the same way as they
were defined before, as given by Eqs. (11)-(14).

Remark 13 Remark 1 applies also in this case.

The components of the element-matrix-based 7gype are defined the same way as they
were defined before, as given by Eqgs. (15)-(17).

Remark 14 Remarks 2 and 3 also apply in this case.

Tsupe 18 constructed from its components the same way as it was constructed before,
as give by Eq. (18).

Remark 15 Remark 4 applies also in this case.

The components of the element-vector-based 7qypg are defined the same way as they
were defined before, as given by Egs. (19)-(21). The construction of (7gype)v is also the
same as it was before, given by Eq. (22).

Remark 16 Remarks 5 - 7 apply also in this case.
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The components of the element-matrix-based 7p¢p are defined as follows:

sl
Tp1 = s
]
At
P2 - 9
2 18]l
T
Tes = TpRe= <’||i||||> Re.

Remark 17 Remark 3 applies also in this case.

Tpspe 18 constructed from its components as follows:

Remark 18 Remark 4 applies also in this case.

The components of the element-vector-based Tpsp are defined as follows:

Tevi = Tpi,

Teva = Tpva M )
16yl

Tevs = Teville.

With these components,

1 1 1 T
(TPSPG>V = - + - + - .
Tovi Tova T

PV3

Remark 19 Remarks 5-7 apply also in this case.

The element-matrix-based 7,4 is defined as follows:

TLSIC - || || .

Remark 20 In the special case of a 1D problem, T,5c = |ulh/2.

Remark 21 Remark 4 applies also in this case.

(47)

We define the element-vector-based 7,4 to be identical to the element-matrix-based

Trsic-

(TLSIC)V = Tisic-

10
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Remark 22 Remark 7 applies also in this case.

Remark 23 Remarks 8-9 apply also to the Navier-Stokes equations of incompressible
flows.

Remark 24 Remark 10 applies also to the stabilized formulation of the Navier-Stokes
equations of incompressible flows. However it needs to be pointed out that, for both the
advection-diffusion and Navier-Stokes equations, under-representation of the second-order
terms V - (vV@") and V - (2ue(u”)) does not steal much from the consistency of the
stabilized finite element formulation at Reynolds numbers high enough (i.e. Re >> 1) to
render these second-order terms negligible compared to the advective term.

For the purpose of comparison with the stabilization parameters we used earlier, we
define here those stabilization parameters which are based on an earlier definition of the
length scale h [14]:

Nen -1
huan = 2 0] (Z lu” - VNa|> : (54)

a=1

where N, is the interpolation function associated with node a. The stabilization param-
eters are defined as follows:

huen
= 55
TsuaN1 2||uh||’ ( )
At
TsugNz — 77 (56>
h2
TsugNs — Z—SNa (57>
1
1 1 1 2
(rcduan = (=4 g b =) (58)
Seresen Tszucm TS2UGN2 TS2UGN3
(TPSPG>UGN = (TSUPG)UGNa (59>
h
(Tesic)van = —U;NHuhH Z. (60)
Here 2z is given as follows:
Re
Y — (—SGN) Reyen < 3, (61)
1 Reyon > 3,
where Reyoy = 7“uh||2};UGN.

Comparisons between the performances of these earlier stabilization parameters and
the ones proposed here can be found in [18]. These comparisons show that, especially for
special element geometries, the performances are similar.

11
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As a potential alternative or complement to the LSIC (least-squares on incompressibil-
ity constraint) stabilization, we propose the Discontinuity-Capturing Directional Dissipa-
tion (DCDD) stabilization. In introducing the DCDD stabilization, we first define the
unit vectors s and r:

h
u
S = —’ 62
T (62)
V|ut|
I‘ _— 7’ 63
TVl T (63)

and the element-level matrices and vectors c,, k,, (c,),, and (k,),:
c A w" - p(r - Vu")d (er)y s (64)

K, / (VW) p(r- VAR (), - (65)

Then the DCDD stabilization is defined as

Tel

Sbepp = Z /Q Pponn VW ([rr —(r- s)zss} . Vuh) ds2, (66)
e=1

where the element-matrix-based and element-vector-based DCDD viscosities are defined
as:

% = |r-u” HCf” , 67

porn = el 2 (67)
(e,

(ocoo)y = e ut Ml (69)
papn)y 1)

An approximate version of the expression given by Eq. (67) can be written as

h
Vpcpp = |I‘ : uh| R2GN7 (69>

where

Nen -1
Brn = 2 <Z - VNa|> . (70)

a=1

A different way of determining vpcpp can be expressed as

2
Vpcop = TDCDDHuhH ) (71>

where

__ hweon [TV ] Ancon
Y Il '

12
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Here U represents a global velocity scale, and hpcpp can be calculated by using the
expression

el

hDCDD =2 ~ ; (73>
Al
or the approximation
h’DCDD = h'RGN . (74)
Combining Egs. (71) and (72), we obtain
1/ )\ ?
s = 5 (1) (o 1 911 (75

4 CONCLUDING REMARKS

In this paper, we described adaptive ways of determining the stabilization parameters
used in the stabilized finite element methods, particularly the streamline-upwind/Petrov-
Galerkin (SUPG) and pressure-stabilizing/Petrov-Galerkin (PSPG) formulations. The
parameters we proposed are calculated from the element-level matrices and vectors, with-
out separately calculating local length scales. However, these parameters automatically
take into account the local length scales, as well as the advection field and the element-level
Reynolds number. We described these adaptive calculations of the stabilization param-
eters for a time-dependent advection diffusion equation and the Navier-Stokes equations
of unsteady incompressible flows.
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Appendix I
INCLUSION OF THE FLUX JUMP TERMS IN
THE STABILIZED FORMULATION

We start with the Galerkin formulation of Eq. (1):

h
/ wh <% +u. Vqsh) dQ) +/ V' - vVedQ — [ whhdD = 0. (I.1)
0 ot Q T

Re-write the second term as follows:

Nel

/ Vo' pVehdQ =Y / V' - vV Q. (1.2)
Q e=1 Qe

13
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Then integrate-by-parts:

[ V' vvghd0 = /F wln - pVhdT - /Q " (V") dS2. (1.3)
Furthermore:
Nel Neg
; /F “w'n - yV@dr = z:jl /F ) whn - VAT + /F “w'n - V"T, (1.4)

where I'f; is the interior boundary (interior faces) of the element e. The first term on the
right-hand-side can also be written as a sum over interior faces:

Nel

n;y
S /F w'npVghar =Y /F w" (1, vV 4 ny - vVh) d, (L5)
e=1""if k=1""F

where n;; is the number of interior faces, I';, is the kth interior face, and the subscripts 1
and 2 refer to elements sharing that face (see Figure I1.1).

N1

/

Figure I.1: The interior face.

Mk

Consequently, we can write:
nzlj/ wt (2 +u"- V¢ -V - (vVe") d9+§/ thdF+/ w" (n-vVg" — h)dr
e=1 © 8t e=1 Fz?f Th 7
(L6)
where J = n; - vV +ny - vV} is the flux jump term.
Based on Eq. (I.6), we modify the stabilized formulation given by Eq. (5) as follows:

h
/ w" <8i tul V¢h> dQ + / Vo' - vV "D
Q ot Q

14
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Nel h
Z/Q TSUPGuh : V’wh <aai; + uh . VCbh -V- (Vv¢h)> d0
e=1 ¢

el

Z/ Tsupc" - V™ J dl’

e=1 Fz?f

/F TSUPGuh . th(n . Vquh — h)dl’
h

whdl.

IV

15



Tayfun E. Tezduyar

REFERENCES

1]

[10]

[11]

A.N. Brooks and T.J.R. Hughes, “Streamline upwind/Petrov-Galerkin formulations
for convection dominated flows with particular emphasis on the incompressible Na-

vier-Stokes equations”, Computer Methods in Applied Mechanics and Engineering,
32 (1982) 199-259.

T.E. Tezduyar and T.J.R. Hughes, “Finite element formulations for convection dom-
inated flows with particular emphasis on the compressible Euler equations”, in Pro-
ceedings of AIAA 21st Aerospace Sciences Meeting, AIAA Paper 83-0125, Reno,
Nevada, (1983).

T.J.R. Hughes, L.P. Franca, and G.M. Hulbert, “A new finite element formula-
tion for computational fluid dynamics: VIII. the Galerkin/least-squares method for
advective-diffusive equations”, Computer Methods in Applied Mechanics and Engi-
neering, 73 (1989) 173-189.

T.E. Tezduyar, “Stabilized finite element formulations for incompressible flow com-
putations”, Advances in Applied Mechanics, 28 (1992) 1-44.

T. Tezduyar, S. Aliabadi, M. Behr, A. Johnson, and S. Mittal, “Parallel finite-element
computation of 3D flows”, Computer, 26 (1993) 27-36.

T.J.R. Hughes and A.N. Brooks, “A multi-dimensional upwind scheme with no cross-
wind diffusion”, in T.J.R. Hughes, editor, Finite Element Methods for Convection
Dominated Flows, AMD-Vol.34, 19-35, ASME, New York, 1979.

J. Donea, “A Taylor-Galerkin method for convective transport problems”, Interna-
tional Journal for Numerical Methods in Engineering, 20 (1984) 101-120.

C. Johnson, U. Navert, and J. Pitkaranta, “Finite element methods for linear
hyperbolic problems”, Computer Methods in Applied Mechanics and FEngineering,
45 (1984) 285-312.

T.J.R. Hughes, L.P. Franca, and M. Mallet, “A new finite element formulation for
computational fluid dynamics: VI. Convergence analysis of the generalized SUPG for-

mulation for linear time-dependent multi-dimensional advective-diffusive systems”,
Computer Methods in Applied Mechanics and Engineering, 63 (1987) 97-112.

G.J. Le Beau and T.E. Tezduyar, “Finite element computation of compressible flows
with the SUPG formulation”, in Advances in Finite Element Analysis in Fluid Dy-
namics, FED-Vol.123, ASME, New York, (1991) 21-27.

S.K. Aliabadi, S.E. Ray, and T.E. Tezduyar, “SUPG finite element computation of
compressible flows with the entropy and conservation variables formulations”, Com-
putational Mechanics, 11 (1993) 300-312.

16



Tayfun E. Tezduyar

[12]

[13]

[14]

[17]
[18]

G.J. Le Beau, S.E. Ray, S.K. Aliabadi, and T.E. Tezduyar, “SUPG finite element
computation of compressible flows with the entropy and conservation variables formu-
lations”, Computer Methods in Applied Mechanics and Engineering, 104 (1993) 397—
422.

S. Mittal and T. Tezduyar, “A unified finite element formulation for compressible and
incompressible flows using augumented conservation variables.”, Computer Methods
in Applied Mechanics and Engineering, 161 (1998) 229-243.

T.E. Tezduyar and Y.J. Park, “Discontinuity capturing finite element formulations
for nonlinear convection-diffusion-reaction equations”, Computer Methods in Applied
Mechanics and Engineering, 59 (1986) 307-325.

T.E. Tezduyar and D.K. Ganjoo, “Petrov-Galerkin formulations with weighting func-
tions dependent upon spatial and temporal discretization: Applications to transient
convection-diffusion problems”, Computer Methods in Applied Mechanics and Engi-
neering, 59 (1986) 49-71.

L.P. Franca, S.L. Frey, and T.J.R. Hughes, “Stabilized finite element methods: 1. Ap-
plication to the advective-diffusive model”, Computer Methods in Applied Mechanics
and Engineering, 95 (1992) 253-276.

E. Suli. “Private communication”, 1999.

T.E. Tezduyar and Y. Osawa, “Finite element stabilization parameters computed
from element matrices and vectors”, Computer Methods in Applied Mechanics and
Engineering, 190 (2000) 411-430.

17



