INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN FLUIDS
Int. J. Numer. Meth. Fluids 2002; 39:1037-1052 (DOI: 10.1002/f1d.360)

On streamline diffusion arising in Galerkin FEM with
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SUMMARY

In the present paper, the author shows that the predictor/multi-corrector (PMC) time integration for
the advection—diffusion equations induces numerical diffusivity acting only in the streamline direction,
even though the equations are spatially discretized by the conventional Galerkin finite element method
(GFEM). The transient 2-D and 3-D advection problems are solved with the PMC scheme using both
the GFEM and the streamline upwind/Petrov Galerkin (SUPG) as the spatial discretization methods for
comparison. The solutions of the SUPG-PMC turned out to be overly diffusive due to the additional
PMC streamline diffusion, while the solutions of the GFEM-PMC were comparatively accurate without
significant damping and phase error. A similar tendency was seen also in the quasi-steady solutions to
the incompressible viscous flow problems: 2-D driven cavity flow and natural convection in a square
cavity. Copyright © 2002 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In the last two decades, intensive efforts have been devoted to the development of stabilized
finite element methods to accurately and stably solve the advection—diffusion (AD) problems
and/or fluid flow problems. The typical stabilization methods are classified into two families:
One is the family of the Galerkin-least squares (GLS) method [1] whose origin can be traced
back to the streamline upwind/Petrov Galerkin (SUPG) method proposed by Hughes and
Brooks [2]. Actually, the GLS method can be reduced to the original SUPG method, if
low order (i.e. linear) interpolation is used for approximation, or if an equation system is
hyperbolic [1, 3]. The other family of stabilization methods is the Galerkin method enriched
with element-wise bubble functions, which Brezzi et al. [4] proved to be equivalent to the
SUPG methods under a certain condition. The stabilization methods work well, especially
for problems involving unresolvable boundary layers under advection-dominated conditions.
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However, the formulations of the above stabilization methods are usually based upon the
steady AD equations, eliminating the inertia term as a presupposition.

The question the author would like to raise in this paper is how such elimination of the
inertia term can be justified, because the inertia term plays the role of a natural built-in
stabilizer, bringing the upwind information downstream with a characteristic advection velocity
[5]. In fact, the inertia term and the appropriate time integration induce stabilization effects
quite similar to the streamline diffusion of the SUPG formulation. Examples are the forward
Euler method supplemented with the balancing tensor diffusivity (BTD) in the Galerkin finite
element method (GFEM) [6] and the Taylor—Galerkin method [7].

In the present study, the unsteady AD equations are spatially discretized by the SUPG
method (and the GFEM by setting the SUPG parameter 7 at zero), and temporally integrated
by the predictor/multi-corrector (PMC) scheme. The spatial and temporal formulation is es-
sentially the same as the original SUPG-PMC formulation proposed by Brooks and Hughes
[8]. The present author arithmetically shows that the PMC time integration itself possesses a
stabilization effect inducing a kind of streamline diffusion, even if the GFEM is employed for
the spatial discretization. It is also shown numerically that the GFEM transient solutions of
the AD equations are more accurate than the SUPG counterparts, suggesting that the further
addition of the streamline PMC diffusion to the SUPG diffusion is too much to yield accurate
transient solutions. Similar comparative results are shown for the quasi-steady solutions of
incompressible viscous flow problems.

The paper is organized as follows: In Section 2, the basic equations, boundary conditions,
spatial and temporal discretization are presented. In Section 3, numerical examples are demon-
strated for 2-D and 3-D advection problems as well as 2-D driven and natural convections
in a cavity, comparing the GFEM-PMC with the SUPG-PMC. Finally, conclusions are given,
suggesting ‘Don’t stabilize the solutions—they’re telling you to put back the annihilated inertia
term!” in the same sense as Gresho and Lee [9].

2. THEORY

2.1. Basic equations
The basic equation is the following 3-D advection—diffusion equation with respect to a passive
scalar variable, c:

c+Ucj—Kc;;=s (1)

where U, k, and s denote divergence-free velocity field, diffusivity and source, respectively.
The superposed dot denotes temporal differentiation, while the subscript comma followed
by i, j, or k (=1,2,3) denotes partial differentiation with respect to co-ordinates x;, x; or
xr (=x,,z), respectively. It is assumed that the above equation is supplemented by the
following boundary conditions:

c=cB onIp (2a)
g=¢% on Iy (2b)
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The boundaries, I, and Iy, do not overlap each other, and cover the whole boundary of
the domain. The flux through the boundary, ¢, is defined as

q =Kc jn; 3)

where n; denotes the outward unit normal vector on the boundary.

2.2. Spatial discretization

In the SUPG method [2, 8, 10], the weighted residual forms for Equation (1), employing
(wx +w,) as the weighting functions, is written as

/wk(é—l—quJ-—s)dQ—l—/wk,j;ccﬂde

Q Q

+Ee/ wi(é+Uc,; —xc;;—s)dQ= [ wq®dl 4)
Q. I'n

For spatial discretization, continuous trial solutions, ¢, and continuous parts of the weight-
ing functions, wy, are approximated by ®,c, and ®,wy, using tri-linear interpolation functions
®, at node number o, while the discontinuous parts of the weighting functions, w,, are
defined as

w, =1tU®, jwi,  (=1[U, V]wy) ()

where [, | denotes the vector inner product and the intrinsic time scale, 7, is defined on each
element as [10]

o coth(Pey,) — 1/Pey,

V/[b,b]

Vector b is defined as b=[U, V]§ where vector & denotes the inverse of the geometric
mapping from the local co-ordinates &= (¢,#n,{) to the global co-ordinates x=(x, y,z), i.e.
§=f"!(x). The element Peclet number, Pe,, is defined with the isotropic diffusivity x as

(6)

LAY
Pen = b ™

The resulting ordinary differential equations are summarized in the matrix form
[M]{¢} + [Al{c} + [D]{c} = {s} (8)
where [M], [A] and [D] denote the consistent mass matrix, the advection matrix, and the dif-
fusion matrix, respectively. The GFEM formulation can be obtained by eliminating the discon-

tinuous weighting functions or by setting 7 at zero in the SUPG. In the GFEM, the consistent
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mass matrix, the advection matrix, and the diffusion matrix are expressed as

M=4° [ &,d5d0 )
Qe

A= UXAE/ O, dQ + UyAe/ O,P;, d + Uer/ O, d
Qe Qe ¢

e

=UA, + UA, + UA, (10)
D = xA° / D, By dQ + kA / ®, , Py, dQ + KA° / @, . 0. dQ

=D, +D, +D.. (1)

where A° stands for the assembly of element matrices, formed on each element domain €2°,
into the global matrix. In Equation (8), vector {c} is composed of unknown nodal values,
while vector {s} results from the source term and natural boundary condition (2b). To evaluate
these integrals, the discrete Del (Nabla) operator method proposed by Tanahashi and Oki [11]
was used to save main memory and computational time.

2.3. Structure of GFEM global matrices

To examine the structure of the global matrices appearing in the GFEM, the matrix components
were calculated in the same manner as Eguchi et al. [12], assuming a 2-D rectangular mesh
evenly spaced by /4, and 4, in x- and y-direction, respectively. Since the variable is interpolated
by the bilinear functions on each element, the element matrix is explicitly expressed, for
example, as A, (1 + £,&3/3)(1 + nynp/3)/16 for the consistent mass matrix appearing in
Equation (9), where &,, &, 1, and ng are the local nodal co-ordinates, taking +1 or —I.
Then the element matrices are assembled into the global matrices, and a matrix-by-vector
component at the row corresponding to an inner node ‘0’ located at (xo, yo) away from the
boundary can be arithmetically derived as follows.

Consistent mass:

[M]{¢}o = Ak, (025C +1Co1  +025C;
+1C_10 +4C,  +1Cip
+025C_1 1 +1Co—1 +025C, _1)/9 (12)

where C,,, is a component of vector {c¢} and denotes the nodal value at co-ordinates (xo +
mhy, yo + nhy,). Similarly, the stencils for the lumped mass matrix, the advection matrix and
the diffusion matrix in x-direction in the GFEM are calculated as follows:

Lumped mass:
[M]{C}O :hxhyCO (13)
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Advection in x-direction:

[JX[AX]{C}O = Uxhxhy(—0.25C,1,1 + OC())l + 0.25C1,1

71C_1,0 +OC() + 1C1,0
—025C_;, 1 +0Cy_1 +025C _1)/3h (14)
Diffusion in x-direction:
[Dy{e}o = rkheh, (—0.5C_ +1Co —0.5Cy
—2C_1,0 + 4C0 - 2CI,O
—0.5C_, 1 +1Co,_1 —0.5C _y)/3h? (15)

It is seen that the weight for C; in the 2-D consistent mass is less than half (0.444), while Cy
in the lumped mass is fully weighted, like the mass appearing in the finite difference method
(FDM). It is also seen that the stencils of advection and diffusion of GFEM are different from
those of the second-order centred FDM (e.g. U,(—C_; 0+ Ci,0)/2h, for x-direction advection
Uic, at a grid ‘0’), although the stencils of both the GFEM and the FDM coincide under
the 1-D condition. This implies that the GFEM solutions, which behave in the same manner
as the centred FDM solutions under the 1-D steady condition, can behave differently under
multi-dimensional and/or unsteady conditions. This is also true for the relation between the
SUPG and the upwind FDM, since these upwind methods converge to the GFEM and the
centred FDM in the diffusion limit. On the other hand, the original SUPG formulation is
based on the 1-D steady ‘optimal’ upwind FDM, with which exact solutions can be yielded
at each grid or node (i.e. super-convergent solution) [2, 8]. These two facts suggest that the
straightforward extension of the SUPG to the multi-dimensional and/or unsteady conditions is
quite questionable. The answer is given by numerical examples in Section 3, comparing the
multi-dimensional unsteady behaviours computed by the GFEM and the SUPG.

2.4. Predictor/multi-corrector time integration

The PMC scheme is employed in a way identical to the formulation proposed by Brooks
and Hughes [8] to temporally integrate the ordinary differential system (8), which is simply
rewritten as Ma =s — Kc, omitting the parentheses attached to matrix and vector, and defining
a=¢ and K=A + D. Then, the algorithm of the PMC scheme is summarized as

[O] Setup of initial condition

(1) initialize time step number; n=0

(2) give initial condition of ¢; ¢, =¢Cp

(3) compute initial condition of a=¢; a,—a :M*I(s —Kcy)
[1] Predictor phase

(1) reset iteration step counter; k=0

(2) compute initial guess of (n + 1)th time step value; c¢f=c¢, + At(1 —y)a,
(3) reset (n+ 1)th time step acceleration; ak=0

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:1037-1052
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[II] Multi-corrector phase

(1) compute acceleration increment; Aak =M"'(s — Ma" — Kc*)
(2) update (n + 1)th time step value; il =ck + yArAak

(3) update (n + 1)th time step acceleration; af*!=a* + Aa*

(4) IF (k + 1) <Kmax,

THEN: bump inner iteration step, k, and iterate [II]
ELSE: advance time; t =t + At, ¢, =cf*!, a,.; =af*!,
bump time step, n, and return to [I] (go to next time step)

In the above, M is the lumped mass matrix, M is the consistent mass matrix, y is a time
integration parameter, and Ky.x is a prescribed upper limit of the multi-corrector iteration.
If Kinax =1, the next step value ¢, is corrected only once in Phase [II], and the one-pass
scheme can be written with a single time integration formula as follows:

One-pass scheme:
M(c,i1 — €4)/ At = (s — Ke,) — Ar(1 — 7)7KM™'(s — Ke,)

+(1 = 7)M - ApK){a, - M™'(s — Ke,)} (16)

In the one-pass scheme, the consistent mass matrix does not have any effect on the next
time step value, because a* =0 in Phase [II]. It is expected that the one-pass scheme is
inaccurate because of the phase error induced by the mass lumping as explained by Gresho
et al. [13].

Similarly, the two-pass scheme (Kn.x =2) is summarized in the following single-equation
formula:

Two-pass scheme:
M(cy1 — €2)/At = (s — Ke,) — yAKM (s — Kc,)
+(1=9)7’Ar’KM'KM (s — K¢,,)
+y(I = MM ™H{I - (1 - »)AKM ™' }(s — Ke,)
+(1—y)M{a, — M (s — Ke,)}
+(1 =)y At(MM ™" — 21+ yArKM ™)

xK{a, — M (s — Kc,)} (17)
where I denotes the identity matrix. In the two-pass scheme, consistent mass matrices appear in
the fourth and last terms on the right-hand side (RHS) of Equation (17), which are numerically

shown to reduce the phase error induced by the mass lumping [8].
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2.5. Structure and property of induced matrix

It is seen in Equations (16) and (17) that the PMC scheme induces various terms in addition
to the forward Euler term (s — Kc¢,). The most influential one would be the second term on
the RHS of Equations (16) and (17). To see the structure and property of the induced term,
let us restrict ourselves to the pure advection case without any source on the 2-D rectangular
mesh considered in Section 2.3. Then the second term —yArKM (s — Kc,) can be reduced
to YAtAM™'Ac,, and the matrix-by-vector component at the row corresponding to the inner
node ‘0’ can be calculated as follows, noting M ™' {c}o =h; i {c}o and A=UA, + U,A,.

AM 'A{c}o= h'h N (UZPAL + U U A, + U.U A A+ UPAS ){cho (18)

where the components associated with matrices A2, AA,, AJA, and A? have the following
structures:

[A*{cho =R} (1Cs, +0C_,  —2Co» +0C, +1Gp
48C.,  40C.., —16C,1 +0C.,  +8Cs,
F18C 20 +0C.1o —36C,  +0Cio  +18Cao
48C 5 1 +0C.._1 —16Co_1 +0C._1 +8Co_,
+1C_5 » +0C_;» —2Cp +0C,, 2 +1C;_5)/144
(19)
[A:][Ay {eto = [A)][Ac{e}o
= hhy(—1C_5 —4C_,» +0Co,  +4Ci2 +1Cy
_4C,,  —16C_y,  +0Ce; +16CL,  +4Cy,
+0C_50 +0C_y, +0C, +0C0 +0Cy,
+4C_5 . +16C_; _; +0Co_; —16C;_; —4Cy_,
H1C 5 s +4C_y 5 +0Co_> —4Ci_» —1C,_2)/144
(20)
[A ) {e}o=h(1C_2, +8C_i2  +18C, +8Cin  +1GC
H0C,,  40C..1 +0Co,  +0CLi  +0Cy,
—2C_50 —16C_1 o —36C —16C1, —2Cyp
+0C_, 1 +0C_; 1 +0C, +0C, 1 +0C,
+1C_, ., +8C_ 1, +18Cy_, +8C,_» +1C;_,)/144
(21)
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If advection is only in x-direction (i.e. U,=0), then a value proportional to Equation
(19) is added in the time integration process. The physical meaning of Equation (19) is the
x-direction diffusion, which is computed by the 15 values at (xo — 2A,, yo +nh,), (xo, yo +nh,)
and (xo + 2h., yo + nhy,) in the neighbour of node ‘0’ with n=—-2,—-1,0,1 and 2. If the
advection is skewed by an angle of 0, let us take new co-ordinates (x’, y’) where the x’ axis
is parallel to the advection direction, and define the following rotation matrix R:

cosfl —sin0
R= (22)

sinfl  cos 61
where I denotes the identity matrix whose dimension is equal to the number of nodes. Then
the uniform advection vector observed in the new co-ordinates, (U.e 0)T, is related to the

original one, (Ure Uye)', with the rotation matrix R as follows, with e=(1 1 --- 1)" and
0=0 0 ---0)".

(Ure Ue)' =R(Uve 0) (23)

Therefore, the induced term AM~'A{c}, is expressed as follows, using the above relation
and noting M~ '{c}o=h;'h; {c}o and A=UA, + UA,.

AM ™' A{c}o =i 'h  (UiAs + oA {eho

e AN un(M)en
X y X "y (]yI y Ay

e Aor(C N wr ore (™t {c}o
S W0 W A A,

p

o U2l O\ (A
=h A Aol I ek (24)
yl

where O is the zero matrix and (A A, ) is the advection matrix computed in the new
co-ordinates system which is related to the original advection matrix (A, A,) as follows
(see Eguchi et al [12] for proof, taking ¥ = — 0 in the paper):

(Av Ay)=(A: A)R=(cosOA,+sin0A,, —sin 0A, + cos0A,) (25)

Equation (24) suggests that the induced matrix AM'A represents the diffusion acting
only in +x’-direction (or streamline direction) without crosswind diffusion. Then the PMC
streamline diffusion is similar to the effect of the SUPG in such a sense, but has a different
structure.
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3. NUMERICAL EXPERIMENTS

3.1. Stability of the PMC scheme

In order to see the effects of the time integration parameters, y and Atf, on the numerical
stability, the rotating cone problem is solved by the PMC (two pass) scheme with the GFEM
and the SUPG. The computational domain is a circular disc with radius of /2, which is
divided into 50 x 50 finite elements. A fixed velocity field of anticlockwise rigid rotation is
given by defining (U, U,) =(—y,x), while the diffusivity is negligibly small (x =107'2). The
initial condition and the boundary condition are given as follows.

Initial condition: ¢c=0 if r>0.4 where r*=(x — 0.6)* + y?
¢=0.5(1 4+ cosnr/0.4) otherwise

Boundary condition: ¢=0 on the whole boundary

Figure 1 shows the maximum and minimum values of ¢ in the domain after one revo-
lution in variation with the parameter y while fixing A¢ at 0.005. The maximum Courant
number is estimated around 0.455 at the smallest mesh on the disc periphery where the ad-
vection velocity is largest. Figure 2 shows the similar figure as the function of the time

2 - - - T - - - T - : : I - —OS— Galerkin (max.)

: : : —@— Galerkin (min.)
[ : H H - -[=- - SUPG (max.) 1
- S R - --m--SUPG (min) |- N

Figure 1. Effect of time integration parameter in the PMC scheme (A¢=0.005).
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1 @T' """" \E'/"" 7 % T """""E """"""""""" -
3 i ; ; ; i ]
UE E----og-----F----4H----- H----- H----- E----- E-==--- E----- &l
3 os [ e e e e -
g : : : :
o

0.01

Figure 2. Effect of time increment in the PMC scheme (y=0.6).

increment At with fixing y at 0.6, because the GFEM-PMC solution around y=0.6 is most
accurate in Figure 1. These figures show that the SUPG solutions are rather insensitive to the
parameters, while the GFEM solutions become unstable under large-A¢ or small-y conditions.
However, the GFEM solutions seem more accurate than the SUPG solutions as far as the
GFEM solutions are stable, since cm.x =1 and cpin =0 for the exact solution.

3.2. Accuracy

The accuracy of the spatial discretization and the time integration is numerically examined
with the above rotating cone problem among the following explicit schemes:

(i) GFEM-PMC: present formulation with GFEM (one pass/two pass, y=0.6).
(ii) SUPG-PMC: present formulation with SUPG (one pass/two pass, y=0.6).
(iii) FE-BTD: forward Euler method with GFEM and balancing tensor diffusivity [6].
(iv) AB2: second-order Adams—Bashforth method with GFEM.
(v) AB3: third-order Adams—Bashforth method with GFEM.

The mass matrix is lumped in all the schemes whenever the inversion is required and the
time increment is fixed at Ar=0.005 for all computations. Then, the average Courant number
is estimated at 0.06 based on average mesh width and velocity at the initial cone center.
Figures 3(a)—3(f) show the terminal results after one revolution, computed by the GFEM-
PMC (one pass), the GFEM-PMC (two pass), the SUPG-PMC (one pass), the SUPG-PMC

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:1037-1052
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Cubesrhiin
2-pans
T-rotatian

max=1.007

SUPG
[i] f-pans
1-rotaticn

nax=0.333

Galarkin
L]

1-rotation

"\é:/" - ; T max=0.8527 *\tﬁ/"

. max=0_854f
” min=-0.2148 0 min=-0.2257

Figure 3. Bird’s eye view of cone elevation after one revolution: (a) Galerkin-PMC (one pass) scheme;
(b) Galerkin-PMC (two pass) scheme; (¢) SUPG-PMC (one pass) scheme; (d) SUPG-PMC (two pass)
scheme; (e) forward Euler with BTD scheme; and (f) third-order Adams—Bashforth scheme.

(two-pass scheme), the FE-BTD and the AB3, respectively. Table I quantitatively shows the
maximum and minimum values of ¢ and the phase errors after one revolution. The results
indicate the superiority of the GFEM-PMC (two pass) to the other schemes in terms of the
damping properties and phase error, while the SUPG solutions are damped most.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:1037-1052
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Table 1. Maximum and minimum values of ¢, and the peak position (phase errors) after one revolution.

Schemes Quantities

Max. value Min. value Peak position

(exact=1) (exact=0) (exact=0°)
GFEM-PMC (one pass) 0.9722 —0.3887 —21° (lag)
GFEM-PMC (two pass) 1.007 —0.0431 0°
SUPG-PMC (one pass) 0.3328 —0.0168 —11° (lag)
SUPG-PMC (two pass) 0.7296 —0.1157 +11° (advance)
Forward Euler + BTD* 0.8527 —0.2148 —16° (lag)
Second-order Adams—Bashforth 0.8550 —0.2250 —16° (lag)
Third-order Adams—Bashforth 0.8546 —0.2257 —16° (lag)

*BTD: balancing tensor diffusivity.

3.3. 3-D rotating ball problem

Similarly, the rotating ball problem in 3-D space is solved with the PMC (two pass) using
the GFEM and the SUPG for spatial discretization. The computational domain is a sphere
with radius /3, which is divided into 40 x 40 x 40 finite elements. The velocity field of rigid
rotation is given by defining (U, U, U.) = (—,x,0), while the diffusivity is negligibly small
(x=10712). The initial condition and the boundary condition are given by

Initial condition: ¢=0 if r>0.5 where r* = (x — 0.75)* + y? 4 z*
¢=0.5(1 + cosnr/0.5) otherwise
Boundary condition: ¢=0 on whole boundary

The time integration was performed with y=0.6 and Ar=0.005, until t=3.14 (half-
revolution). The average Courant number is estimated at 0.054 based on the average mesh
width and the velocity at the initial ball center. Figures 4(a) and 4(b) show the iso-value sur-
face of ¢ =0.1 of the terminal results computed by the GFEM-PMC (two pass) and the SUPG-
PMC (two pass), respectively. The peak value of ¢ and the phase error of the GFEM are 1.028
and 0°, respectively, while those of the SUPG are 0.772 and 6.34°
(advance).

3.4. Driven cavity flow

The GFEM-PMC and the SUPG-PMC schemes for the advection—diffusion equation can be
extended to the unsteady Navier—Stokes equation to solve the fluid flow problem. The PMC
algorithm for incompressible viscous fluid flow problem is shown in the author’s preceding
paper [14]. The 2-D driven cavity flow problem was solved by the GFEM-PMC (two pass)
and the SUPG-PMC (two pass) using a 3-D slab model of 1 x 50 x 50 finite elements. The
upper lid, including the corners (i.e. ‘leaky’ lid), is driven at the velocity of unity, while the
other three walls are assumed as non-slip boundaries. The kinematic viscosity of fluid, v, is
varied in the range 0.01-0.0002 to set the Re number at 100—5000. Figures 5(a) and 5(b)
show the contours of the stream function of the quasi-steady results (Re=1000) computed
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(a) (W)

Figure 4. Iso-value (¢ =0.1) surface after half-revolution of ball computed by PMC (two pass) scheme:
(a) Galerkin method; and (b) SUPG method.

stream f.
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Figure 5. Quasi-steady stream functions of driven cavity flow (Re=1000) computed by PMC
(two pass) scheme: (a) Galerkin method; and (b) SUPG method.

by the GFEM and the SUPG, respectively. It is seen that the intensity of the primary center
vortex is weaker in the SUPG solution than that of the GFEM, and so are the secondary and
third corner vortices. Figure 6 shows the absolute values of the minimum stream function
at the primary vortex center in variation with the Re number, comparing with the reference
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Figure 6. Absolute value of minimum stream function as a function of Re number.

solution given by Ghia et al [15]. It can be seen that the SUPG solutions deviate from the
reference solutions more than the GFEM solutions as the Re number increases, though all the
solutions agree well at low Re number.

3.5. Thermal cavity flow

The 2-D natural convection in a bi-unit square cavity was similarly solved by the GFEM-PMC
and the SUPG-PMC, using a 3-D slab model of 1 x 40 x 40 finite elements. Figures 7(a) and
7(b) show the contours of the non-dimensional stream function, W, in the quasi-steady state
for the case of Pr=0.71 and Ra=10°. The non-dimensional numbers, i.e. Prandtl number,
Rayleigh number and Grashof number, are defined as Pr=v/a, Ra= Pr Gr, Gr = UL/v where
o, U and L are thermal diffusivity, representative velocity and the cavity height (or width),
respectively. In the present case, the representative velocity U is defined as gfATL?/v, where
g is the gravitational acceleration; f is thermal expansion coefficient; and AT is the temper-
ature difference between the hot and cold walls. It can be seen in the figure that the GFEM
solution exhibits the center symmetry, whereas the SUPG solution does not. The quantitative
comparison is summarized in Table II with the reference solution given by Comini et al. [16].
It is seen that the solution of the GFEM agrees better with the reference solution than that
of the SUPG.

4. CONCLUSION

In the present paper, the author has arithmetically derived the streamline diffusion term induced
during the predictor/multi-corrector (PMC) time integration even though the centred spatial
discretization was employed for the advection—diffusion (AD) equations. This suggests that the
inertia term and the time integration itself can play a role of a sort of “‘upwind stabilization’.
Since the theories of the SUPG and other stabilization formulations are usually constructed
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Figure 7. Quasi-steady stream functions of thermal cavity flow (Ra = 10°, Pr=0.71) computed by PMC
(two pass) scheme: (a) Galerkin method; and (b) SUPG method.

Table II. Quantitative comparison of thermal cavity flow solutions.

Schemes Quantities
Stream function Averaged Nu' Max. local Nu Min. local Nu
| ¥ max upper: hot wall upper: hot wall upper: hot wall
lower: cold wall lower: cold wall lower: cold wall
GFEM-PMC 16.87* 8.826 17.51 0.970
(two pass) 8.826 17.51 0.970
SUPG-PMC 17.97* 8.695 17.09 1.109
(two pass) 8.699 17.50 0.939
Comini et al. [16] 16.81 8.825 17.40 0.979

*The value is multiplied by 10°( = Ra) to compare with the reference solution [16] where the representative velocity
is defined as o/L.
TFor the definition of Nu (Nusselt number on wall), see the reference paper [16].

upon steady AD equations neglecting the inertia term, such formulations do not have the
advantage of the built-in stability inherent in the unsteady AD equations. On the other hand,
starting with the unsteady AD equations and appropriately integrating in time before or after
centred spatial discretization, one can probably obtain reasonably accurate and stable solutions
as shown in the GFEM-PMC scheme in the present study as well as in the other schemes
proposed previously [5-7].

The present numerical tests demonstrated that the transient solutions for the unsteady AD
equations and the quasi-steady solutions for the unsteady incompressible NS equations were
overly diffusive or viscous with the SUPG. Thus, an SUPG user should be cautious of the
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overall numerical diffusion in solving unsteady problems because his time integrator could add
excessive diffusivity to the SUPG diffusivity that is appropriate in quantity only for steady
equations. The SUPG method and other stabilization methods seem effective only for problems
with unresolvable boundary layers, as the inventor recently has interpreted the stabilization
methods as a sort of subgrid scale models [17].
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