CFD Notes

Part I: CFD Foundations

Notation
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V =ui+ vj +w ic, c G = amplification factor.

Introduction to Navier—Stokes Equations and Vector Al-
gebra
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(1) V- VV is a non-linear term involving the convection of velocity. Essentially, a fluid
particle changes velocity as it moves from one place to another.

Imagine a drop of dye in a flowing stream. The quantity of dye is described by the local
velocity field. A property field, such as velocity or pressure, can be transported rapidly
depending on the flow. The field V is carried by the flow and has components
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The term V' - V¢ accounts for the fact that the property ¢ is transported along a fluid
bulk velocity V.
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So the quantity is advected by the fluid velocity.
(2) V-V =0 is the continuity equation for incompressible flow.

The momentum conservation formula,
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represents the movement of momentum through three dimensions via the velocity field.

The equation is first order in time. The convective term introduces first-order spatial
derivatives.



First, note that we assume the fluid is Newtonian, so we assume p is constant.

Fix v. Also note that the Laplacian operator shows that the equation is second order in
space:
vV2V.

vV2V is the diffusion term. However, one must understand that this does not refer to
mass diffusion from one region to another. This term describes the effect of internal
friction in a fluid as adjacent fluid parcels have different velocities. The effect of friction
is strongest near walls and in regions of strong velocity gradients. The quantity diffusing
in the N-S equations is velocity, from high to low regions. Here, “diffusion” refers to the
smoothing of velocity gradients due to viscosity.

Also recall that:

Divergence operator V-
Turns a vector into a scalar.

Gradient operator V
Turns a scalar into a vector:
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Another interesting point:

If we say p = 0 in inviscid flow, then Re will be incredibly large (in essence, co), and

N-S reduces to 5V .
— V- V)V =--V
5 T ( ) VP

which are the Euler equations, and are still non-linear.

The fact that the N-S equations are both non-linear and second order in space makes
them difficult to solve.



Consider an Infinitesimally Small Fluid Element Moving
with Flow

Let

fi = f(@1,91, 21, 1), fo = f(@2,92, 22, 12).
Because the two states are on the same streamline, we may relate them with a Taylor series
expansion. We view the fluid element as the smallest possible macroscopic representation

of fluid, not as individual molecules. Only the first few terms of Taylor expansion are
practical.
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Taking the first terms,

fo—fi= (%) (w2 — 1) + (%) (y2 —y1) + (%) (22 — 21) + (%) (t2 — 11)-
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Introduce the limit t5 — ¢;:

lim —f2 — /i — D—f,
to—t1 Tg — T Dt

which is the time rate of change of a property in a Lagrangian frame.
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The local derivative is instantaneous. The V-V f term is the rate of change due to spatial
movement through the field.

This can be applied for finding u, v, w, T, p, and similar quantities.

Divergence of velocity: V-V

Consider a moving control volume with fixed mass, invariant with time. This control
volume and its shape will constantly change as it moves through regions with different
velocities.

In At, only the normal component of V' contributes to volume change:
(V-n)dS At

which is distance moved times area.
Hence
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Let the shrinking control volume approach a fluid particle:
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and dividing by 0V gives -
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So V -V is the time rate of change of volume of a fluid element per unit fluid-element
volume.
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Mass Conservation

We derive the continuity equation first in Eulerian form and then in Lagrangian form.

For a fixed control volume in Eulerian space, net mass flow out of the control volume
equals the time rate of decrease of mass inside the control volume.

Mass across a fixed surface S:

m across element = pV -dS.
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The minus sign is there because if more mass leaves the fixed volume, the interior mass
decreases.

Therefore

By the divergence theorem,

//va (pV)d ///Cvpdv
///CV (%*V'@V)) dv = 0.

Since the control volume is arbitrary, the integrand must be zero everywhere. Hence

Carry 0/0t inside:
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which is the conservation PDE form.

For a moving fluid parcel, mass is fixed:
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Dt
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D(pdV) _
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Divide through by §V:
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which is the non-conservation PDE form, obtained by following a moving fluid parcel.

If
Dp

Dt
i.e. incompressibility, then mass conservation reduces to

0,

ou Ov Ow B

VVIO or %—i—a—y—f‘&—o




Momentum Equation in the zx-Direction Ignoring Body
Forces

Recall ) F, = ma,. For a moving element:
Du Du
[ Ft, E Fx = m—.

The mass of a fluid element is
m = pdxdydz.

This figure shows the distribution of surface stresses consisting of shear and volumetric
stresses.

Pressure contribution gives

—% 0xdydz.
Stress contributions give
Oa s 6y 62+ 0% 5.6y 62 + 2722 5 5y 6.
ox dy 0z

Therefore

PDi = or " ox oy 0z
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Stress can be written as a function of velocity. This comes from Newton’s law of viscosity,
i.e. linear deformation. Viscosity has two terms:

e shear deformation
e volumetric deformation

and two viscosities. In most cases, the effects of A are small and so dilation effects are
often ignored.
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For constant p,

and
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For incompressible flow,
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Hence in vector form for incompressible flow,
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p(§+v-vv> = —Vp+uV?V

which is the incompressible momentum equation.



Basic Ingredients of CFD

For a solution, we need the full velocity field and the pressure field. The N-S equations
have very few analytical solutions. Most analytical solutions exist only for very simple,
highly symmetric flows where the non-linear term V' - VV reduces or vanishes.

Basic ingredients of CFD

(1) Mathematical model: set of PDEs? Integral? Differential?
Understand the physical model and which PDE should be used under the target appli-
cation:

e incompressible
e inviscid

e turbulent

e 2D

e 3D

In aerospace, fluid motion arises from the collective motion of particles. We apply laws
of motion and transport to fluids by first identifying the variables needed to define the
resulting flow properties.

(2) Discretising model: a means of approximating the PDEs with a set of solvable
algebraic equations:
Continuous f(z) — At, Az etc.

There are many different methods of discretisation:
e Finite Difference
e Finite Volume
e Finite Element
e Particle methods

We must discretise because the computer works with numbers at discrete locations, not
continuous fields.

Geometry / mesh / particles
The model assigns variables, operators, and equations at discrete nodes or control vol-
umes.

(3) Analyse numerical scheme. Certain conditions must be met upon analysis, such
as:

e stability
e convergence

e consistency



(4) Solve: obtain grid values of all flow variables.

Going back to (1): governing equations of fluid flow are mathematical statements of
conservation laws of physics:

e Mass conserved: p1V; = poVs, or for incompressible flow V-V =0
o FF=ma
e Energy is conserved

Before we apply these laws, we must pick a suitable model:

e KEulerian: fixed control volume, fluid moves through it, and changes in time create
fluxes.

e Lagrangian: moving fluid particle; the particle moves while we follow it.

The integral forms are conservation forms, while the partial differential equations are
differential forms.
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Taylor Series

Taylor expansion is the basis for deriving finite-difference approximations.

If f(x) is a continuous function of x, then f(z + Az) can be estimated provided we know

f(@):
[z + Ar) ~ f(z)

(a) = initial guess

flx+ Ax) = f(x) + f'(x)Ax

(b) = captures slope
flz+ Azx) = f(z) + f'(x)Ax + W

(c) = captures curvature between the first two approximations
Adding more terms increases accuracy.

The Finite Difference method was introduced by Euler; it is one of the oldest and most
straight-forward numerical methods for approximating partial derivatives using Taylor
expansion.

After discretising a domain into a Cartesian grid, with nodes identified by a set of indices,

e.g. (i,7) in 2D, recall that a derivative takes the form

ou . ulw+ Ar) — u(x;)
or Al Az '

Since we use x; and x; + Ax, this is a forward difference. But if there is x; — Ax, it
becomes a backward difference, and central difference can also be used.

BD
ou  u; —uy;

-1
P e A
Ox Ax +O(Az)
FD 5
U Uij41 — Uy
PR A S A
ox Azx +O(Az)
CD
ou o Wip1 — Ui i O(AxZ)

or 2Ax
Central difference provides smaller truncation error.

More accurate finite-difference equations of third and fourth order can be used by tak-
ing information from more grid points. However, this increases the stencil width. For
instance, a fourth-order FD scheme is

(9u —Uj42 —+ 8Ui+1 — 8ui_1 + U;_9

_ 4
or; 12Ax +O(Az).

A drawback of higher-order schemes is that if the function is not smooth enough, Runge’s
phenomenon can occur, leading to oscillations and possible instability.
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Derivation of Finite Difference Schemes

Write Taylor expansions about x;:

N ou Au i ul Ax?  Bul Az
U; = U; - i
o ox|,, 02|, 20 " 92|, 3
U Azt Pul Ax?  Bu|l Az
Ui—1 = Uj — — T —
' oz, 02|, 2! 023|_ 3l
Subtract u; and divide by Ax:
Ui41 — Uy ou
_ = — O(A
Ax ox $i+ (Az)
which is FD.
Similarly,
Ui — Uj—1 ou
_— = — O(A
Ax ox zi—{— (Az)
which is BD.

Now write u;11 and u;_; on top of each other and subtract:

(a) = (b)

which gives

Ui+1 — Ui—1 1 O(A:v2)

2Ax
So

ou

ox

Zs

ou

al’ Ty

2Ax

o Uit1 — Ui

Second-order central first difference.

Now add:

(a) +(b)

which gives
Uity — 2U; + Uiy
Ax?

Hence

+ O(Ax?)

0%u

= —| -
ox "

DPul Ui — 2u 4 Ui

3x2 x;

Az?

Second-order central second difference.
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1D Advection Equation

Writing the momentum equation in z-coordinates and reducing to 1D gives

ou, ou_ _10p o
ot or pOx ox?’

If we ignore viscosity and the pressure field, this leaves

ou ou

This wave is travelling in space at a velocity c¢. Here the field u is being carried by the
flow at the average speed c.

One concern for the 1D advection equation is that the true domain is continuous, whereas
computers only work with discrete points. At time step n we know «' from the boundary
and initial conditions, but for ¢ > 0 we should not use downstream information such
as uj,, when the physical information travels from upwind to downwind. There is no
reason to look forward in the domain if ¢ > 0. Using downstream information can lead to
non-physical behaviour and potential instability. We want an upwind interaction, from
the direction of advection.

Use .

n n no__ ,mn
ou_ut —up  Ou =,
ot At Ox Az

Then o
n n n n
Uy — — Y Uy — U
+c = 0.
At Ax
Transpose for u/*:
At
n+1 n n n
w = —e— (u —u ).
i i Ax ( 7 i 1)

This is an explicit time-marching method; all the information on the RHS is known.
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A Quick Side Note on the CFL Number

cAt
FL=—
¢ Ax

Achieving a CFL below 1 is a key stability condition for many explicit schemes, amongst
other factors such as mesh quality. This stems from the physical nature of hyperbolic
PDEs. In explicit time-marching schemes, the CFL number quantifies the fraction of the
cell size covered by the flow in one time step.
The Courant number is A

c

CFL = —.

Ax
If CFL < 1, the flow travels less than one grid spacing during a time step.
CFL is the ratio between this travel distance and the normal x-dimension.

More generally,

CFL,, = AtXm: U;
i=1 v

A

When CFL > 1 (the exact CFL limit varies by scheme), the solution can blow up. This is
because information propagates beyond one grid cell within a single time step, violating
the numerical domain of dependence.

Reducing At improves this. Also note that if you reduce Az, then you must also reduce
At to maintain a similar CFL limit.

CFL limits time-step size in explicit solvers. An adaptive time-step approach is useful
for complex flow fields where the speed is not constant.

Example:
nt = 40, CFL = 0.7, c=2, Az = 0.003

(Az)(CFL) ~0.003 x 0.7
c N 2

At = = 0.00105.
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Modified Equation and Numerical Viscosity

Start from »
Tt — ul — uﬂ_l
? 7 7 7 — 1
At e Az 0 (1)
Expand term (a):
ultt —u? ou 9*u At
i e B S T e e 4 O(A#2
A o Toma OB
Expand term (b):
%Z@—@g—i--”—i-O(AIQ)

Substitute into (1):

ou  O0%u At ou Az 0%u

g ouor, 22t - 2
o T2 o oo 0 @
From (1), 5 5
u u
ot or

Differentiate with respect to t:

Pu_ 0 (Ou
oz~ ‘ot \or )

Assuming smoothness, swap derivatives:
0%u o (Ou
— =——c—|=.
ot? Ox \ Ot

ou ou
= —C—

ot ox

Substitute

to obtain
Pu 0%
5 =C .
ot? O0x?
Rewrite (2):
ou  Ou At ,0°u Az d*u

a  awt 2o oot Y
SO
8_u+ du _ (cAr AAt\ 0%u
ot 6033 N 2 2 0x?
Factor: 5 5 o2
U w C U
Since At
1
FL=—
¢ Ax’
this becomes
ou ou cAx 0*u
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(3) is a modified equation.

If CFL > 1, the scheme becomes unstable. If CFL < 1, the viscosity term smooths sharp
fronts. If CFL = 1, it removes the viscous term.

The coeflicient A
Lo = %(1 — CFL)

is the numerical viscosity.

Replacing 9?u/ot* with ¢20%*u/0x? from the original equation is called the Cauchy—
Kowalewsky procedure. Deriving a modified equation of a given scheme can show what
the scheme is actually solving and provide deep insight into the behaviour of the numerical
solution.

For example, FTCS introduces negative numerical viscosity and is unconditionally un-
stable.

In principle, we can only hope that the numerical result gives values for v which represent
those that would be obtained from a closed-form analytical solution.
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Part II: Errors and Stability Analysis

Errors and Stability Analysis

We now analyse how numerical errors propagate and affect stability.

The main reason why explicit methods become numerically unstable is that the increment
in the marching direction exceeds a prescribed value. Determining this value comes from
a formal analysis of the finite-difference scheme. It is not always necessary to go through
a completely rigorous stability test, but an overview of two methods applied to relatively
simple PDEs is useful.

Calculations are said to be stable if error decreases from one time step to another. So our
main task in stability analysis is to determine the manner in which an error propagates
throughout a solution.

Two types of errors:

1) Discretisation Error, which is simply the truncation error introduced from the
Taylor expansion. It must be noted that the leading-order truncation error term
often appears in front of a second derivative term and acts like artificial viscosity;
it smooths gradients.

2) Round-Off Error, introduced after a large number of calculations in which the
computer is continually rounding values.

A — analytical solution of PDE
D — exact solution of FDE

N — numerical solution from a real computer with finite accuracy

N:D+5, ¢diSC:A_D

Since N is the output from the FDE, it must satisfy the difference equation. Take, for
instance, the heat equation:

ou 0%u

ik using FTCD (1)
U;-H_l — U:L _ Oéu?Jrl B 2U? + u'?ill (2)
At (Ax)?
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Round-Off Error Satisfies the Difference Equation

Ur =D} 4l

Substituting into the finite-difference equation:

(D;LH + 5?“) — (D} +€7) _ a(D?H + ‘fznﬂ) —2(D} +¢e}) + (D} +ef ) (3)
At (Az)?

D is the exact solution of the FDE and satisfies it:
Dyt —Dr Dp, —2D} + D

At ¢ (Ax)?
Rearrange (3) to get:
D?H — D} Dy, —2D} + D", €y — 267 T € 5?“ — &
=a a —
At (Az)? (Az)? At
Hence,
et el _ el -2 tel,
At (Ax)?

As you can see, the error (round-off) satisfies the difference equation. This makes sense:
if U satisfies it and so does D, then € must also, since U is the sum of D and ¢.

Let us also introduce another term: "
n
i

n
2

€

This is the amplification factor G; it tells us how much the error has grown in one
time step.
Suppose G =1, so

then the error has not grown at all, and we need not worry about how the round-off error

propagates. But if
n+1

n
&€

€

> 1,
it will continue to grow to co. To prevent this, we must bound the amplification factor:
G| < 1.

The amplification factor shows that the growth or decay of an error can be exponential.
This will be important in the next section on Von-Neumann stability analysis.
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Fourier Representation of Error

The random variation of error can be expressed as a Fourier series, i.e. a sequential sum
of waves with increasing wave modes, each representing a higher harmonic.

e(z) = Z A, eitme
Here k,, is the wave number, and
e*m® = cos(kpmx) + i sin(kpz).

n, is the number of grid points.

Total grid intervals:
L L
N=n,—1 Ar=— = :
v N n,—1
Let us consider a sine function. We know that A is the distance over which a wave repeats,
and sin(z) repeats every 2. To get this in wave-number notation, we want to shrink the

sin(z) by 27 and then stretch it by A:

2
sin (%ﬂj) — sin(kp,x), kp = —.

Let us show the significance of m.

If one entire sine wave fits in the domain, it is expressed by sin(k,,z) where

If 2 sine waves fit, then A = L/2 and

If 3 fit, then

So the wave number of sine waves is

2
km:(%)m, m=1,2,3,...

In
ikmax
E Ap e,
m

as if n — oo then the Fourier series can represent any continuous function.

For a numerical domain of length L, the largest wavelength occurs at m = 1:

_27r

sin(k;lx), l{?l = I .
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The smallest wavelength occurs when all three zeros of a sine wave pass through three
adjacent grid points:

Hence

SO

I _2r 2m [(2m\ N
N 2L/N O\ L) 27

So in a numerical scheme, the Fourier series has an upper bound of N/2:

N/2

e(x) = Z Apeme,
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Von-Neumann Analysis Procedure

It is also logical to assume that e(x) is also a function of time:

N/2

e t) = Ap(t)en*

Take
A (t) = e
which is a reasonable assumption.
Then
N/2

€($,t> _ Zeateikmx.
m

We now have a truncated Fourier series with exponential amplitudes (which may have
different values for different modes) that vary with time.

Recalling the heat equation:

0 0?
that is,
oT o*T oT o*T

=a—

ot~ Yoz T at Y2
This is a linear operator and because of that you can apply the operator to individual
modes in the Fourier series, using the principle of superposition, since a Fourier series is
a summation of the time evolution of modes.

N/2 N/2

L(e(z,t)) = L Z eMethme | Z I (eateikmz)

This shows that we can apply the linear operator to each term to study individual error-
mode behaviour without losing generality.

This introduces the procedure of Von-Neumann analysis:
1) Deal with the behaviour of a single error term:
n at ez’kmm )

€i:€

2) Substitute e*e®*"* for ¢ in a FDE.
3) Divide by e®etFme.

4) Obtain G, which is e** since

n+1 a(t+At) yikmz
& € e ant
no at pitkmx o ’
el eatethm
5) Bound
‘eaAt’ < 1’

and determine the nature of the resulting expression.
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Example: Back to the Heat Equation FTCD

n+1 n n n n
& TE& _ EimT 2el + ey
At (Az)?
Replace with e} = e®ethme;
ea(t+A) pikma _ pat pikm et pikm (z+Az) _ 9 pat pikma + o0t pikim (2—Az)
=«

Dividing by e*e?*»* and rearranging for e**! gives

alt

alAt __ ikm Az —tkm Ax
& =1 + W (6 -2 +e )
Knowing A A
e = cosd + isind, e ™ = cosd —isind,
and Ay
d=——
(Az)?
we get

G = e =1+ 2d (cos(kpnAz) —1).

For stability,
Gl < 1.

Since cos(k,Az) € [—1,1]:
o If cos(k,Az) =1, then G = 1, always satisfied.

e If cos(k,,Ax) = —1, then
G=1-4d.

So we need
—-1<1-4d< 1.

The right inequality is always satisfied. The left gives:

-1<1—-4d = -2<-4d = d<

N| —

Hence the stability condition is




FTCD on the 1D Advection PDE

ou N ou 0
_ aq— =
ot or
n+1 n n n
u, ——u _aui+1 — Ui
At 2Ax
Hence,
c alt
n+l _ n n _
Uu; =U; — é(ui—i-l - uz—1)7 C = Az
Therefore,
c
n+l n
& =& — §<5i+1 — &)
Replace g7 = e®etkm®:
. . cC . ) _
ea(t+At)€zkmx _ eatezkmx - (eatezkm(az+Ax) . eatezkm(x Ax))
2
Thus .
6aAt -1 = (ezkmAx e—zkmAx)
2

Hence

e = 1 — cisin(knAz)
So

G =1 — cisin(k,,Ax)
To assess stability, we consider the magnitude of the amplification factor:
|G|? =1+ *sin®(k,,Ar)
For stability,
IG* <1 = 1+csin’(k,Az) < 1.

If sin®(k,,Az) = 0, then
14+0=1,

which is fine.
If sin?(k,,Ar) = 1, then
1+ <1,

which is impossible unless ¢ = 0.
Since c is generally positive, then 1 + ¢ > 1 always, and the scheme is

unconditionally unstable.

Sometimes a plot of G with varying values of ¢ or d can also reveal the limits of stability.
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Discrete Perturbation Stability Analysis

There is another, more cumbersome procedure for determining the stability limit of linear
PDEs. It is called Discrete Perturbation Stability Analysis and involves introducing
an error € at a point in the solution and investigating its effect on the next time step at
that point or even at neighbouring points.

So we first say the solution w at all points at time n is 0, but then introduce ¢ at u}.
Then we determine the solution at the next time step. Consider the 1D heat equation:

ou 0%u
— =a— FTCD
ot~ “ou2
uptt —up _ a“?ﬂ — 2ui +ui
At (Ar)?

Set the solution at time level n to zero everywhere except at node 7, where the perturba-
tion is e:

u; =¢, uy, = 0.
Then
uftt — ¢ 0—2e+0
=«
At (Azx)?
SO
ultt =& + d(—2¢) = & — 2ds,
where
oAt
 (An)¥
Since the solution is 0, u'** is simply the propagation of the introduced error term:
ntl
L —=1-2d
€
SO
G;=1-2d.
Then
1—-2d<1

is always satisfied since d > 0,
and
1-2d>-1 = d<1.
We now aim to determine the effect of the initial disturbance at nodes (i + 1), (i + 2),
(i —1), (i — 2) at time step (n + 1).
It is found that for u]"*?,

w? = 2wt
At (Ax)?
and so
ult? = e?(6d* — 4d + 1)
and 9
d< —.
-3

This analysis is more involved and requires further development.
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Further Practical Stability Considerations

To determine any practical stability criterion, we must consider the behaviour of error at
later stages.

We may see that propagation of the error is of a smoothing type: it spreads and slowly
reduces.

Two things to consider

1)

Ideally, at time step m, the initial error will have reached every grid point in the
solution and smoothed out to the same approximate value ¢,,.

Let us determine € at (m + 1) now.

™=t = 2uf
At ¢ (Az)?
hence
u = d(uly = 2u 4 )
Taking
uﬁ-l = ;n = u?il = Em;
then

u;"“ = &m + d(em — 26m + Em) = Em-
No stability criterion is imposed.

At time step m, error may display oscillatory motion with alternating signs:

Wl = —emy W =Em, 4 = —n
Then
ul" =g, + d(—em — 26 — Em) = Em — 4dep,
S0 m—+1
Y 144
Em
Therefore,
G=1-4d, —1<1-4d<1.

The left inequality gives

d <0.5.

d<0.5

We found this earlier with Von-Neumann analysis in a faster manner.
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Analysing Stability Series

Here I will practise using Von-Neumann analysis on some 1D PDEs.

(1) 1D Advection FTBD

ou n ou 0
R a— =
ot ox
n+1 n n n
Uy — — Uy __aui — Ui
At Ax
SO
n+l _ n n n
;= U — c(ui —ui ;)

Via Von-Neumann stability analysis:

e =1 —c(1 — cos(kpAz) + isin(k,Azx))

Hence
G =1+ c(cos(knAzx) — 1) —icsin(k,Ax)
Let
z = cos(knAx).
Then
1G> = 1+ ¢(z — D)]* 4 Zsin®(knpAz)
Expand:

G2 =1+ 2¢(2 — 1) + A(22 = 22 + 1) + Esin?(k, Ax)
Using sin®(k,,Az) =1 — 22,

G =1+2c(z — 1)+ (2> =22+ 1) + (1 — 2%)

SO
IG|? =1+ 2c(z — 1) +2c%(1 — 2)

For stability,
IGP<1 = 2c(z—1)+2*(1—2)<0.

Check extremes:

o If 2 =—1:
—de+ 42 <0 = 4 <4 = c<1.

o If 2 =1:
0<0

always satisfied.

Therefore,

One may also convert the 1D advection PDE into a modified PDE to examine the effects
of ¢ > 1.
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FTBD via Taylor Expansion / Modified PDE

ou ou
— — = FTBD
ot e Y
It may also be shown via Taylor expansion.
Expand:
ou 0*u Ax? 3
u(x + Az) = u(z) + %Ax + 92 3 + O(Az?)
ou 0%u At?
At) = —At+ —— At
u(t + At) = u(t) + 5 t+ 92 o + O(At”)
Thus (t + A 0 9 2 A
u(t + At) — u(t U u At
At ot P ap g TOBY) (1)
Also,
u(z) —u(zr —Az)  Ou 0*ulx )
Az ar o2 g OB @)
So the discrete equation
oy,
At “TAr

becomes
ou ou  alAxd*u  Atd*u

o T 2o 2 oe
Let us get rid of 8%u/0t* by recalling

ou ou

o~ or

O(Ax* At*) =0

Differentiate again:

Pu_ 0 (Oou\ _ 0 (Ou\ 0 ([ Ou) 0%
oz~ Yot \ozr ) “or\or) T Yor \ %ar) Y o2

Hence A )
% + a% = a2x(1 — C)% + O(aAx?, At?)
where
_aAt
=5
The coefficient
“g“"u o) = g(m — aAt)

acts like artificial viscosity.
If ¢ > 1, then the viscosity coefficient becomes negative and the scheme is unstable. This
is another way to demonstrate the stability criterion for hyperbolic PDEs.
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1D Advection FTBD with Lax Method

@ + aa—u =0 FTBD with Lax Method
ot ox
uptt — %(uzn—&—l + i) _ Ui — Uiy
At Ax
So 1 At
n n n a n n
u; = é(uiﬂ +ui ) — A_x(uz —uy)

Substitute a Fourier mode:

alAt

e — (eikmAm + efikmAx) —c (1 . efikmA:r)

N | —

1
At = 5(2 cos(knAx)) — ¢ (1 — cos(k,Az) + isin(k,Az))

e = cos(knAz) — ¢ + ccos(kpAz) — icsin(k,,Az)

Thus
G = c[cos(ky,Az) — 1] + cos(k,Ax) — icsin(k,,Az)

Then
IGI? = (c[cos(kmAz) — 1] + cos(kmAx))® + ¢ sin?(kn,Ax)

For simplicity denote
0 = k,,Ax.

Then
IG)? = (c(cos & — 1) + cos §)* + c?sin?§

Expanding:

|G)? = *(cosd — 1)? 4+ 2¢(cosd — 1) cos § + cos® § + ¢®sin® §

= c*(cos®§ — 2cos § + 1) + 2¢(cos § — cos §) + cos® § + ¢ sin® §
Using cos? 6 + sin?§ = 1:
|G|? = 2¢* — 2¢* cos § + 2ccos® § — 2ccos d + cos? §
Let
cosd = z,

then
|G)? = (1 +2¢)2* + (—2¢* — 2¢)z + 2¢

For stability:
IG* <1, ze€l[-1,1].

Check endpoints:
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1) z=1:
1420—22—2c+2%2<1 = 1<1

always satisfied.

2) z=—1:
1+2c+2+2c+22 <1
4 +4c<0 = 2(c+1)<0
SO

-1 <ec¢<0.

For a > 0, the stability condition cannot be satisfied in the useful range, so the scheme
is unstable.
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