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Chapter 1

Introduction

Contents
[I.I Courseobjectives|. . . . . . . v v i it it ittt ittt et 9
1.2 rsereferences|. . . . . ... ... o L i e e e e 10
(1.3 Examples of differential equations| . . ..................... 11
[1.4  Classification of differential equations| . .. ... ............... 12

1.1 Course objectives

Numerical simulations of physical phenomena have become inevitable. On the one hand, benefiting
from computational resources in the 21 century, simulations are common practice. On the other
hand, due to the increasing complexity and transdisciplinarity of practical engineering systems, no
analytical solutions are available and the cost of experimental investigations becomes prohibitive.
Therefore, engineers in charge of the design of such systems have no choice but to rely on numerical
simulations.

The course objectives are:

1. Understanding standard numerical methods

2. Applying these methods in workshops

3. Critical analysis of simulations results
Combining their skills in computer science, heat transfer, fluid mechanics, mathematical analysis
and numerical methods, the students will write their own programs from a blank page and answer
several practical engineering problems such as:

1. Find the optimal residence time in a BioReactor.

2. Identify the value and location of the maximum temperature of a heated structure.

3. Control pollutant dispersion or flame flash-back.

4. Predict of recirculation length backwards a facing step

5. ..
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On completion of the course, students will be able to: spontaneously solve a simple problem with a
small script to implement a numerical resolution; formalize a physical problem into equations and
identify their mathematical nature; discretize a set of differential equations; analyze the accuracy
and stability of a numerical method; derive an adapted numerical method in terms of accuracy and
efficiency to solve the problem; ensure the validity of the results though hypotheses checking and nu-
merical errors characterization; have a critical interpretation of the physical results; solve problems
found in engineering applications.

1.2 Course references

The theoretical contents of the course are based on a number of reference books listed below. Books
which cover more advanced topics are also given.

Donea, J. and Huerta, A (2003). Finite Elements Methods for Flow Problems. Wiley.

Ferziger, J. H. and Peric, M. (2002) Computational Methods for Fluid Dynamics. Springer.

Hairer, E. and Wanner, G. (2000). Solving Ordinary Differential Equations I. Spinger; 2nd
Edition.

Hairer, E. and Wanner, G. (2000). Solving Ordinary Differential Equations II. Spinger; 2nd
Edition.

Hundsdorfer, W. and Verwer, J. (2003). Numerical Solution of Time-Dependent Advection-
Diffusion-Reaction Equations. Springer.

Hirsch, C. (2007) Numerical computation of internal & external flows (2nd Edition). Butterworth-
Heinemann, Oxford.

Leveque, R. J. (2002) Finite Volume Methods for Hyperbolic Problems. Cambridge Texts
in Applied Mathematics.

Moin, P. (2010) Fundamentals of Engineering Numerical Analysis. Cambridge University
Press; 2nd Edition.

Press, W. H., Teukolsky, S. A., Vetterling, W. T. and Flannery, B. P. (2007) Numerical
Recipes. The Art of Scientific Computing. Cambridge University Press; 3rd Edition.

Schifer, M (2006). Computational Engineering. Introduction to Numerical Methods.
Springer.

van der Vorst, H. A. (2003) Iterative Krylov Methods for Large Linear Systems. Cam-
bridge University Press.
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Saad, Y. (2003). Iterative Methods for Sparse Linear Systems. Society for Industrial and
Applied Mathematics.

Toro, E. F. (2009) Riemann Solvers And Numerical Methods for Fluid Dynamics: A Prac-
tical Introduction. Springer.

1.3 Examples of differential equations

The mathematical expression of physical phenomena such as transfer of mass, momentum and en-
ergy yield partial derivative equations (PDEs). Several examples are listed below.
Laplace equation:

o?’T  0*T

R Wi 1.1

ox? + Oy? 0 (D
Poisson equation:

o*T  0°T

e Wil 1.2

Ox? + Oy s (1.2

Unsteady heat equation:

oT A [(0*T  O*T
A T — (1.3)
ot pc, \ 0xz2 = Oy?
Stokes problem:
ou 0%u
5 = u@T/Q (1.4)
Transport/Advection:
oYy Y,
S o =0 (1.5)
Wave equation:
Pu 0%
Ordinary differential equation:
dy; ‘
== % (1.7)
Conservation equations for reactive multi-species gases:
0
at” " g, =0
éu—i-i uJu/,__iP_f_iT‘._i_ .
é)tp J axlp e 8xj 5'xj * P9 1.8
a(E)—Fa(uE) 8(Pu)—i—a( uj) + pg;u 0 +Q -
a7 i) = —5— i) T 5 (Tijuy jUj — 3 4j
at T g VP s By ) T PIIY T
0 0 0
—pY; —pY i — Y, % Ok
" kT 8a:ip KU amip Vi +wi
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where p is the density, u; the j-th component of the velocity, E the energy (sensible and kinetic)
and Y}, the mass fraction of species k.

8ui Guj 2 8uk
Wi = - = 7(55' 1.
T =R (axj * 8@) 3“833;C " (19)
7)\7 +thka] (1.10)
YiVi; = —~DV X, (1.11)

General form of conservation equations:

%—[tj +VE(U,VU) =5 (1.12)

Temperature equation:

oT o . op . 0P ou 94, ok B
PCp ot + pcpu; an ~ ot + uj a + Oij o a + Q o ; hrpwy + ; PYiVij=— 8 + Radiation

(1.13)

1.4 Classification of differential equations

1.4.1 Classification of 1st order PDE
TODO, see slides

1.4.2 Classification of 2nd order PDE
TODO, see slides

1.4.3 Consistency of terminology for first and second order PDE’s :
Example 1

Let us consider a first order PDE system with two unknown fields (u, v) defined by the matrix A as

=]

This corresponds to the following equations

ou v

oz oy dy =0

o on (1.14)
dy or

Following the classification of 1%!-order PDE’s, eigenvalues of the matrix A must be determined.
Here, the pair of eigenvalues is (1 + 4,1 — ¢) are both complex, denoting an elliptic system of
1%*-order PDE’s. However, the previous system can be transformed into two 2"%-order PDE as

2 2
Ag T 0w
02 8%/2 (1.15)
0%v 0% )
Av=224+20 g

0x2 = Oy?



1.4. CLASSIFICATION OF DIFFERENTIAL EQUATIONS 13

The system becomes a set of uncoupled Laplace equations, which correspond to elliptic 2"-order
PDE’s. Both 1%%-order and 2"?-order classification of partial derivative equations are indeed consis-
tent.

Example 2

The set of equations governing acoustic waves in fluids is obtained by linearizing the Euler equations
around a mean state of the flow at rest. The density p, the velocity u and the pressure p are written
as

P = po+p1
U= ug + u1, (1.16)
P =po+Dp1

where pg, up = 0 and pg are the uniform conditions of the flow at rest. u;, p; and p; are small
perturbations such that p; < pg and p; < pg. The resulting set of linearized Euler equations is

8p1 Bul
— o—— =10 1.17
ot TPy (1.17)
Ouy Op1 20p1
— =—0—=—C— 1.18
P08 T o~ e (1.18)
op 1/2
where ¢ = ( R ) is the speed of sound. Both equations can be put into the canonical form of
Pls
a 1°t-order PDE as
9 1p1 0 po| 9 [;
= — =0 1.19
ot [UJ—F ,CTZ 00z |wm (1.19)
——
A
(1.20)

The eigenvalues of the matrix A are (¢, —c), both are real numbers. The PDE is then hyperbolic.
Eliminating the velocity perturbation w;, one can also express a 2"%-order PDE for the density
perturbation:

Pp1 50

o2 ¢ oa?

(1.21)

This is the classical wave equation which is an hyperbolic 2"?-order PDE.

1.4.4 Discretisation of PDE

In general, PDE or systems of PDE do not have analytical solutions. In such cases, the only way
to get the solution is to use approximations of the solution and the PDE system. The methods to
approximate the solutions depend on the way the solution will be represented. There are three main
types of approximations in the literature:

o Finite differences: the solution is evaluated at specific points in the domain.
e Finite Volumes: the solution is decomposed into a finite sum of control volumes.

e Finite Elements: this method is based on the variational formulation of the PDE system. The
solution is represented into a set of basis functions






Chapter 2

Finite Differences

Contents
2.1 Principle of finite differences| . . .. ... ... ... ... . . 000 15
[2.2 Finite difference approximationsof f;| . .. .................. 16
[2.3 Finite difference approximationsof f/'| . . . . ... ... ... ........ 18
2.4 Optimal Difference Formula with Fixed Stenctl] . . . . . ... ... ... .. 20
[2.5 Accuracy analysis with the modified wavenumber| . . . . .. ... ... ... 22
2.6 Padéschemes| . ............. ... i, 24

2.1 Principle of finite differences

In PDEs, the equations involve partial derivatives of functions such as %, %. The discretized
version of the PDE will then introduce discrete approximations of derivatives. In the finite difference
approach, such approximations are built from the knowledge of the function values on a set of
points on a structured mesh as depicted in Fig. 2.1} Numerical schemes based on finite differences

Figure 2.1: Continuous function approximated by its discrete values fi, fit1, ... on the mesh composed of
POInts T, Tiq1....

approximate the function derivatives from the f; = f(x;) values. This is done by combining Taylor
series written as different points. The Taylor series expressed around x; to estimate f(x;1) is given
by
/ 1" 1 -\ 2 " 1 -\ 3
F@iva) = flaa) + F@) (@i — @) + f7(2) 5 (@in = 20)" + f7 (@) g (@1 = 20)" + ... 2.1

15
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If one considers a uniform mesh with step size h = x; 11 — x;, the Taylor series becomes:

. / h? " h? 1"
f1+1_fz+hfi+?fi +€fi + .. (2.2)

Such expression highlight the link between point values f; and its derivatives f, f/’ at the same loca-

tion. This relationship is the key ingredient in an approach such as finite differences to approximate
2

of 0
numerically the derivatives a—f, a—é involved in ODEs and PDEs.
x Oz

2.2 Finite difference approximations of f/

If one is interested in an approximation of the first derivative f’(x), the aforementioned Taylor series
gives

y_fimn—fi b

! " h2 "1
(@) = fi h _§fi - Efi + .. (2.3)

e=0(h)

The first term on the right hand side is the numerical approximation of f/ from f; and f;;1. The
remaining terms constitute the truncation error ¢ and quantifies the difference between the real
value f’(x;) and its numerical estimation. In the present example, this truncation error is dominated
by the leading term for small values of h and one can write this asymptotic behavior as € = O(h).
This Big O notation indicates that for small values of h, the ratio €/h is bounded, i.e. there exists a
constant C' such that ¢ < Ch.

In the general case where the truncation error is given by ¢ = O(h®), the obtained numerical ap-
proximation is said to be of a-order accuracy. High-order accurate formulas are interesting since,
as h decreases, the difference between the real value of the derivative and its numerical approxima-
tion decreases as C'h®, which yield small numerical errors as « increases. In the present example
in Eq. (2.3), the obtained formula is then 15-order accurate and gives us an initial finite difference
formula highlighted below

1%t-order Forward Difference Formula

1= % +0(h) (2.4)

Another formula can be obtained by writing the Taylor series around z; to evaluate f(x;_1):

f' _ '—h/ h‘72//_h’73///

This yield the so-called 15-order backward approximation of f(x):

1%-order Backward Difference Formula

fl= fizfior | O(h) 2.6)
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A higher order approximation can be achieved by combining the two aforementioned Taylor series
formulas,

. _ . / h? " h? "
fz+1 - fz+hfi+?fi +€f1 + .

fifl

h? h3
fim bl Bl = T

and by subtracting them, one gets

h3
fiv1 + fi1 :2hf{+§f{//+-~-, 2.7)
or
i1~ fioa B
fz/ _ f+12hf 1 . Ffim + .. (2.8)

The following second-order difference formula is obtained

2"4_order Centered Difference Formula

; fiy1— fica 9
fi= —n T O(h?) (2.9)

The formula is centered because computing f/ requires the knowledge of neighbouring points on
both sides (i — 1) and (¢ + 1). This formula is also a 2h-stencil or 2A-stencil where A is another
common notation for the mesh cell size. The stencil denotes the pattern of points used to approxi-
mate the quantity of interest. In 1D problems as investigated so far, the stencil outlines the spatial
extension of the formula which depends on the considered points in the approximations. The for-
ward and backward formula, in Eqs. (2.4) and (2.6) respectively, are 1A-stencil formulas.

By further combining Taylor series around x; expressed at different points, it is possible to achieve
finite difference formula of higher-order accuracy. Following such an approach, higher-order accu-
rate formula will then rely on larger stencil.

Exercise 1
Demonstrate that the following centered formula is fourth-order accurate :

o fice —8fi—1 + 8fir1 — fita
g 12h

+O(h*) (2.10)

The treatment for boundary conditions is slightly particular, since, with the aforementioned ap-
proaches, points are only available at the inner side of the boundary. One is then compelled to
choose either a:

e Lower-order formula with the same stencil

e Forward or Backward formula with a larger stencil to keep the same order of accuracy

The former approach will typically be retained by considering that the reduced accuracy at he bound-
aries will have a negligible impact on the global performance of the numerical scheme.
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2.3 Finite difference approximations of [/’

An approximation of the second order derivate f”(x;) is obtained by summing both Taylor series in
ZTi41 and x;_1:
" fi+1 _2fi+fi—1 h? n
= —f 2.11
fi o + 5 fi 2.11)

which then yields a centered second-order formula highlighted below.

2"4_order Centered Difference Formula

= fiv1 —2fi + fia
[ h2

+ O(h?) (2.12)

Similarly to formulas for the first-order derivative f/, formulas of higher-order accuracy are built for
f!’ by involving more points. The opposite is not true: Obtaining a formula with a larger stencil does
not necessarily gives a higher accuracy (see exercise below).

More points does not imply higher order!

Exercise 2
Let us consider an approximation of the second-order derivative f;’ following a centered for-
mula based on f:

fiyr — Ji

n__ Ji 7—1
fi = T +0(?7) (2.13)

Depending on the approximations chosen for f;,; and f;_,, the final formula gives a different

order of accuracy. Determine it for both choices detailed below.

1. a. 15"-order forward difference formula for f/,; and 1°*-order backward difference for-
mula for f/_;

2. b. 2"?-order centered difference formula for both f/, ; and f/_,

Solution 2

For both methods, the first centered formula based on f’ gives

fii— fia o fivi—fio1 R Lavy 4
Y= i Jed =dan deed A 2.14
fi oh + O(h?) o7 5 i + O(h%) ( )

Method a
Two different formulas are used for f, , and f;_;:
i =firn by

1*"-order forward difference formula: f/,; = — - —3fin + O(h?)

fici—fice gfi/lfl +O(h?)

1°"-order backward difference formula: f ; = A

Injecting both expressions in the formula for f;’ gives

= five — fix1 — fi—1 + fi—2 n —%( o+ fiL) + O(R?)
v 2h? 2h
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In the last term, one can write

z+1 = fI' +O(h)
= fI'+O(h)

therefore the last term can be expressed as

1

1 1 1!
=27+ O] = =3 47+ O(h) = O(1)

Method a. then results in an inconsistant formula! Despite using correct difference formula,
the undesired accumulation of truncation errors here give a useless formula although a larger
stencil has been used.

= five = fix1 — fic1 + fi2

inconsistant!

Method b
This time centered formula are used for both first-order derivatives:
h2
_ f. h2
fz{_l _ fl 2}{1 2 o 6 /I/ +O(h4) (216)

Injecting both expressions in the formula for f;’ gives

f// _ fi+2 - 2fi < fi—Q h2 " "

h2
M e g 3y 1L (V) 4
[ 4h2 12h(f1+1 1—1) +O(h ) 6 fz +O(h ) (217)
Writing
= 1+ hf M)+ O(R?) 2.18)
oy =1 =k + om?), (2.19)
one gets
five—2fi+ fia R (Iv) 2 h? (v 3
n o _ { _ — __f
fi = 1h2 12(2hf1 O(h?)) 5 i+ O(Rr?)
it2 — 2fi + fie h?
e R o)

Finally, the difference formula obtained through method b. is

w_ fipa —2fi+ fi2 2
f = . +o(h?)|, (2.20)

which, despite having a larger stencil than Eq. (2.12)), is still second-order accurate.

19
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2.4 Optimal Difference Formula with Fixed Stencil
2.4.1 General principle

Using the Taylor series, a method is here presented to determine an optimal difference formula for a
fixed stencil, i.e when fixing the points considered in the difference formula. The derivative at point
x; is approximated using points x, from the interval j — [ < k < j + ¢. Hence, we have [ points on
the left and ¢ points on the right. Expressing the approximated derivative as a weighted sum of f,
the purpose is to determine the weighted coefficients ay, to achieve the highest order accuracy:

q
£+ arfin = O(h") 2.21)

k=—1

Once ay, coefficients are determined as well as the order «, one can write the obtained optimal
formula

General Difference Formula

q

fi==">_ arfisn+O(h%) (2.22)

k=—1

Deriving for each point z % the Taylor series around x; gives the following general expression:

. q g q 2
fi+ Z agfi+k = (Z ak) fi+ (1 + Z kakﬁ) fi+ <k;[ k2a’“2!> 17

k=—1 k=—1 k=—1

q 3
+ (Z k%k;) 7+ (2.23)

k=-—1

Cancelling the right-hand-side terms enables us to determine the weighting coefficients. As more
and more first terms on the right hand side are nullified, the leading term becomes of higher and
higher order. The number of terms to set to zero is set to provide enough equations to determine the
ay, factors. Considering more points in the difference formula will then automatically increase the
desired order accuracy by following this methodology. The problem becomes the determination ay
such that equation (2.21)) produces the highest possible order. The equation (2.23)) is usually summed
up in a Taylor table for the sake of clarity. One such Taylor table is presented in Tab. where

each term from the left-hand-side of Eq. (2.22) is developed in terms of derivatives in z;: f;, f], f}’,

Table 2.1 : Taylor table representation of a general difference formula

fio A e B
f; 0 1 0o - 0
fi 1 0 0 e 0
2 ’ n
aifiy1 | m arh (11% coe al%
akfj+k ag kak% kak%T ce kak }:;,L




2.4. OPTIMAL DIFFERENCE FORMULA WITH FIXED STENCIL 21

2.4.2 Example

An example is detailed for the first-order derivative by determining an optimal forward difference
formula using two neighbouring points (I = 0 and ¢ = 2):

2
£+ anfin=0(?) (2.24)
k=0
The corresponding Taylor table is given in Tab.[2.2]

Table 2.2 : Taylor table for the 2A forward formula

fi  fi fi [
1

fi 0 0 0
aof; | ao 0 0 0
2 3
alfj+1 aq alh al% al%

CLij+2 a9 a22h a22h2 %agh?)

Hence, injecting Taylor series in the formula gives

2
h2
fi+ Z arfirr = (ao+ a1 +az)fj + (arh + 2azh) f] + (a1? + Zaghz)f]’.’
k=0
hj é 3\ gl
+(a1 6 + 3a2h M+ (2.25)

Cancelling the three first terms on the right hand side of the equation enables us to fix the through
weighting coefficients ag, a1 and as through a linear system:

ag+ay+as =0 a1 = —4h
arh +2ah=1 — ag = éh (2.26)
2
a1’ +2a3h* =0 az = 5h

Putting back these results into the formula for f]’- without forgetting to estimate the truncation error
term to determine the order of accuracy finally gives

—3f; +4fj01 — fiqa  h
fi= J; J;Jh“ ff+2+§+... (2.27)

The obtained formula is therefore second order.

27d_order Forward Difference Formula

. =3f; +4fj41 — fite
i 2h

+O(h?) (2.28)

The same methodology can be applied to derive optimal finite difference formula for the second-
order derivative f.

Exercise 3

Determine a centered fourth-order difference formula for f]’/ on a 4A-stencil.
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2.5 Accuracy analysis with the modified wavenumber

2.5.1 Principle

The order accuracy is not the only metric to appreciate differences between different numerical
schemes, here difference formulas. Besides, order accuracy only gives insight in the numerical ap-
proximation behavior for small values of the cell size h. The approach detailed here studies the
impact of the numerical discretization on a specific kind of functions: f(z) = e***. The relevance
of limiting our study to this family of functions comes from the discrete-time Fourier transform that
will not be detailed here.

2

kT of wavenumber k and wavelength A = —,

When considering the harmonic function f(z) = e

the numerical approximation will not impact similarly the large and well-resolved wavelengths and
the small and coarsely captured wavelengths. Quantifying thoroughly this effect is the modified
wavenumber analysis. The principle is the following one. The derivative of the considered contin-
uous function is well known:

flx) =™ = f'(x) = ike™ = ik f(k) (2.29)
Thus, evaluated at the point x;, the exact derivative is easily determined
f; =ikf; (2.30)

The retained difference formula will give a different result because of the numerical error. Nonethe-
less, the obtained approximation can always be put in the form

fi =ik f;, (2.31)

where £’ is the modified wavenumber. The modified wavenumber analysis consists then in com-
paring k and %’ for different reference wavenumber values k. This is usually represented in plots
of hk’ = f(hk). When both wavenumbers are identical, the approximation is perfect for all wave-
lengths and there is no numerical error. This case is only met when using spectral schemes, not
detailed here, where Eq. (2.30) is enforced through discrete Fourier transforms. In general and for
the difference formulas seen before, k£ and k' are different.

2.5.2 Examples of modified wavenumber analysis
First-order derivative approximations

Let us determine the modified wavenumber %’ associated to the 2"%-order centered difference for-
mula for f}:
Jit1 — fim1

g
li=""

With the considered harmonic function f(x) = e™*2, one finds that f; = e*% = e gince,
without loss of generality, x; = jh. The difference formula then becomes

P eik(GHDh _ gik(i—1)h _ ikin eikh _ o—ikh 232)
J 2h T 2h ’
Hence,
sin(hk
f], _ ’ifj blngl ) _ ik/fj, (2.33)

where the modified wavenumber of the considered scheme is given by

hk' = sin(hk) (2.34)
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Figure 2.2 : Plots of modified wavenumbers. a) 2™*-order centered formula from Eq. 2:9) compared to ideal

curve. b) Comparison between ideal curve, 2"%-order centered formula from Eg. Z9). 4t order centered
formula from Eq. @10) and 4*"-order Padé formula

The comparison of both wavenumbers is shown in Fig. 2.2] a). The abscissa axis range from 0
to w. Infinitely long wavelengths correspond to £ = 0, while, following the Shannon criterion,
the smallest wavelength captured on the discretized mesh is A = 2h that corresponds to hk = .
The figure shows that the investigated 2"?-order centered difference formula is accurate for small
wavenumbers as expected given that the difference formula becomes more and more accurate as
more points are retained in one wavelength. One can demonstrate that the departure of the hk’
wavenumber curve from the ideal one is directly linked to the order accuracy of the scheme.
Figureb) compares the modified wavenumbers of different approximations for f J’ The modified
wavenumber analysis enables us to clearly compare in quantitative terms several schemes of different
or same orders. While being of the same order as the centered difference formula in Eq. (2.10), the
presented Padé scheme captures much more accurately the harmonic function on a coarse mesh.
This highlights that the order of accuracy is certainly not the pinnacle metric.

Exercise 4

Show that the modified wavenumber associated to the 4/"-order centered formula from Eq. (2.10)
is given by
Wi — 3sin(hk)

2+ cos(hk) (2.35)

Second-order derivative approximations

Difference formula for fj’-’ are also characterized in terms of modified wavenumbers. The second-
order derivative of the continuous harmonic function is

f(x) = —k*f(x) = f'j = —k*f; (2.36)
Correspondingly, the numerical approximation introduces a modified wavenumber &’ fulfilling
i =—K?f; (2.37)

Different difference formulas are compared in Fig. 2.3] While of same order, the 4A centered
formula of second order is seen to be quite inaccurate compared to the classical second order ap-

proximation given in Eq. (2.12).
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hk

Figure 2.3: Comparison of modified wavenumbers for different approximations of fj” 2" order centered
formula from Eq. @.12), 2"*-order centered formula from Eq. 2.20) with a larger stencil, and the 4'"-order
centered formula derived in a previous exercise

Exercise 5

e Determine the modified wavenumber for the 2"?-order centered formula in Eq. (2.12)
e Same for the 4A 2"¢-order formula in Eq.

e Same for 4'"-order centered formula derived in a previous exercise

2.6 Padé schemes

TODO



Cheat Sheet: Finite Difference Formulas

e Finite difference formula for fJ’- = %‘
Tj

o 1%t-order Forward Difference Formula

4 fz+l fz

1%*-order Backward Difference Formula

_Ji—fin

!

27d_order Centered Difference Formula
= Jir1 — fic1
T 2Ar
27d_order Forward Difference Formula
pro 23 A = i
J 2Ax

274_order Backward Difference Formula

;B[ —4fj1+ fi-2
fi= 2Azx

th_order Centered Difference Formula

. fico —8fi—1 + 8fit1 — fite
g 12Ax

P . w o d3f
e Finite difference formula for [ = -5
Tj

o 2" order Centered Difference Formula

p_ Ji = 2fit fisa

’ Azx?

o 4th_order Centered Difference Formula

f// fz+2 + 16f1+1 - 30fz + 16fz—1 — Ji—2
! 12Ax2
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We consider the following general initial value problem:
% =F(Y,t) withY = (@' ...y")F=(...fm" a.1)
Y(t=0)=Y,,
each y? and F?, p € [1, m] being regular functions.
The scalar version of this system of equations reads:
dy
y(t =0) = yo.

To solve such problems, a common way is to use time-marching methods. This class of methods
consists in solving for y(t) step-by-step, as:

e fora given y,, = y(t,,), find yp,+1 = y(tns1),

e repeat the process until the desired time ¢ is reached.

3.1 Forward Euler method

In order to estimate the update y,, 41 from a given state y,, = y(¢,), one can use a Taylor series

expansion:
2

_ hat! hiu }LBNI 33
yn+1—yn+ yn+ 2yn+6yn+"'7 ()

27
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with h = ¢,41 — t,, a constant time-step and y,, = dy = f(Yn, tn). Therefore, the first-order

dt
truncation of Eq (3.3) yields

t=tn,

Yni1 = Yn + hyl, + O(R?). (3.4)

This defines the Forward Euler method, also simply known as the Euler methods.

Yn+1 = Yn + hf(y'na tn) (35)

This method is second-order accurate locally, which means it is second-order accurate over one step.
Alternatively to a local error accuracy,

Etoc = [1y™" (tn+1) — ™ (ta) |, (3.6)
one usually prefers to determine the global error accuracy after a finite time T as
ggiob = |ly"™" (¢ = T) — y™*(t = T)||. G.7

For a fixed time 7', decreasing the time-step & increases the number K of time-steps to be computed,
as T' = Kh. Thus, €;oc and €4y differ from each other because of cumulative errors in the global
accuracy. It can be shown that, while the Forward Euler method is second-order accurate locally,
it is first-order accurate locally.
Demonstration

Decomposing the solution at time 7’, one gets

y(T'=Kh) =yx = (yx —yx—1) + (Yx-1 — yx—2) + ... + (y1 — yo) + %o (3.8)

K-1
=" (Ynt+1—Yn) + 0 (3.9)
n=0
K-1 h2
= {hf(yn,tn) == 7y;’ 4= :| + Yo (3.10)
n=0
K-1 2 K-1
=yo+ > hf(yn,tn +— Z Yp 3.11)
n=0
Forward Euler Numerical Error

For a fixed time 7, as h decreases, the number of steps K = T/h increases. The term

quf:_ol y! is then expected to increase. This effect is quantified precisely by using a discrete
version of the Mean value theorem which states that there is a value E € [0, T'] such that

Zy = Ky"(E). (3.12)
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Therefore,
K—1 B2
vk =30 +h Y FYnitn) + 5 Ky (B) + ... (3.13)
n=0
K-1 WT
=v0+h Y fyntn) + 5 (B) + ... (3.14)
n=0
Error: O(h)

Forward Euler

The Forward Euler method is then indeed first-order accurate globally.

More generally, one can demonstrate similarly that if a time-marching method is (« + 1)-order
accurate locally, then it is a-order accurate globally.

Remark

The global error being a more practical metric of accuracy, if not mentioned, global error is the
one that is meant when speaking of order accuracy.

3.2 Stability analysis

Two families of methods are distinguished to solve ODEs: implicit and explicit methods.

Explicit Methods: The update for explicit methods can be expressed as:

Yn+1 = known R.H.S. 3.15)

For explicit methods, the formula explicitly gives the computation of y,, 1 to be implemented. For-
ward Euler is an explicit integration method.

Implicit Methods: On the contrary, for implicit methods, no explicit formula is available to com-
pute y,+1. For instance, the right-hand-side in the update formula might contain f(y,t1,tnt1)
which depends on the value to determine itself. Implicit methods then imply an algebraic equation
to be solved with a root finding algorithm. They are then more expansive than explicit methods
but implicit numerical schemes are usually characterized by a desired enhanced numerical
stability.

Numerical Stability: Numerical stability is defined as follows:

Definition of numerical stability

If y(t), continuous solution of (3.2)), is bounded for ¢ < ¢, the numerical scheme
is stable if the discrete numerical solution also remains bounded for n < ng.

Stability and accuracy are different concepts. One can derive an accurate time-marching method to
solve the initial value problem but, if it is not stable, the computed iterates will quickly diverge from
the exact solution, which makes the method useless. Consequently, a numerical method should be
accurate but it definitely must be stable. Three types of schemes can be found:

e Unconditionally stable: the numerical solution remains bounded whatever the numerical pa-
rameters (h, ...),



30 CHAPTER 3. ORDINARY DIFFERENTIAL EQUATIONS

e Unstable: the numerical solution diverges whatever the parameters. Such numerical methods
are then useless,

o Conditionally stable: the numerical solution remains bounded for specific values/ranges of
parameters.

Stability Analysis: The stability analysis of a numerical method can be performed by studying the
numerical stability of the method when applied to the following scalar and linear ODE :

Y =\y. (3.16)

Demonstration

Using a first-order Taylor expansion, one gets:

dY oF oOF
S =F(Y.)=F(Yoto)+ 5| (t—to)+ o

= v (Y=Y, 317

to,Y o

to,Y o
Jo

where vecJy is the JAcobian matrix of the r.h.s. function at the considered instant. The
departure of the state vector Y from its initial value is then given by

dY — Y, OF
@bl =3%) _ Jo(Y — Yo)+ F(to, Yo) + —
dt — ——

o (t—to) . (3.18)

t0,Yo

critical

non-critical

Only the first term on the right -hand side is critical regarding stability. If the Jacobian matrix
J is diagonalizable,
A1 0
Jo=P Pt (3.19)
0 Am

one can introduce the following change of variables
U =P (y—yp) (3.20)

Th original system of non-linear ODE:s is then transformed after linearization into a set of
uncoupled scalar ODE:s:

du;

dt

Then, studying a method stability through equation (3.16)) for any value of \ allows to gener-
alize the result to any operator F in equation (3.1}, as long as its Jacobian matrix is diagonal-
izable.
Remark

= \Us. (3.21)

If the Jacobian matrix is not diagonalizable, the same conclusion stands with Jordan de-
composition.

The general stability characterization of a numerical scheme then considers equation (3.16), with a
complex number . For this simple case, the exact solution is known and is given by:

y(t) = yoe. (3.22)
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1

Figure 3.1: Stability region of the exact solution

3
Re(\h)

Unstable région_

This solution remains bounded as long as the following condition is satisfied:

Re()) <0,

31

(3.23)

where Re()\) is the real part of the complex number. The corresponding stability region in the
complex plane (Re(Ah), Im(Ah)) is the half-space shown in gray in Fig. 3.1

Stability of the Forward Euler method: The Forward Euler method,

Yn+1 = Yn + hf(yn, tn),
applied to the ODE
Y =Xy
gives the following updating formula for y,,1:

Yn+1 = Yn + h)\yn
= (14 h\N)yn.

Introducing the amplification factor,
o= (14+hN),
the updating formula reads

Yn = yOO—na

One has

which is bounded if and only if
lo| < 1.

Decomposing A as A = Ar + i\, one gets:

lo|? = (1 + hAg)? + (hA;)?

(3.24)

(3.25)
(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)
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I(AR)

Unstable
Region Re(Ah)

>

Figure 3.2 : Stability region of the Forward Euler Method

Condition o < 1 corresponds then to the disc of radius 1 and center (-1, 0) which is shown in
Fig.[3.2] The forward Euler method is then conditionally stable: depending on the problem, the
time step ~» must be small enough to secure the stability of the numerical method i.e. |o] < 1. For
large time steps, the method diverges. Summing up the properties of the first time-marching method
seen so far, we have

Properties of the Forward Euler Method N

e 1%t-order accurate globally

e Conditionally stable (see Fig.[3.2))

- If the eigenvalue A is real and negative (A € R™) = Stableif h < %

- If the eigenvalue A is purely imaginary (A € t{R) = Unstable

3.3 Accuracy analysis with the amplification factor o

Each numerical scheme is characterized by a different amplication factor formula. The knowledge
of o can also determine the accuracy of the scheme which is explained in this section. Considering
the linear scalar ODE, y’ = )y, the exact solution at time ¢,,; from a given state ¢,, is known:

exact __

Y = yne". (3.32)
For the same ODE, the numerically predicted value is given by the amplification factor:
Yn+1 = OYn- (3.33)

Then,

exact

Y = Yng1 = Y (M —0) (3.34)
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A power series expansion yields:

2 3 too
eM =1+ \h+ (AR) + (G +..= Zuk(/\h)k7 (3.35)
2 6
k=0
and one can write similarly
+oo
o(Ah) =Y v(An)F, (3.36)
k=0

which, for the example of Forward Euler Method, reads ¢ = 1 + Ah. Then the accuracy can be

evaluated from:
—+oo

Yt = Y1 = Y Y (e — v (W) (3.37)
k=0

Accuracy analysis from o

The method is of order « (globally) if py = vy for k =0, ...,

The fact that the forward Euler method global order is 1 is retrieved.

3.4 Backward Euler Method

The formula of the Backward Euler Method is given below

Backward Euler Method

Yn+1 = Yn + hf(yn-i-lv tn+1)~ (3.38)

Since the right-hand-side depends on the value y,, 1 itself, the defined numerical method is implicit.

3.4.1 Accuracy Analysis:

Let us characterize the method accuracy by following two different methods. Both will show the
Backward Euler Method is 1°-order accurate (globally).

Method 1: Taylor series The Taylor series expansion around ¢, reads

h2
Yn = Yn+1 — hy;-l,-l + nyﬂ + ... (3.39)
h2
=Yn+1 — hf(yn-i-la tn-i—l) + ?y;:_t,q + ... (340)
(3.41)
Hence
h? 7
Ynt1 = Yn + hf(Yni1,tas1) — Eyn*f’l + (3.42)
—_—
O(h?)

The backward Euler method is second-order locally and then first-order globally.
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Method 2: Amplification factor Following Sec. [3.3] let us now compute the amplification factor
of the method. For the particular ODE, 3y’ = Ay, one finds that

Yntl = Yn + AYn i1 (3.43)
1
il = ———Un. 3.44
Ynt1 = 737 Y (3.44)
Then,
1
= =14+ +(\R)% + ... 4
7= + Ah+(AR)° + (3.45)
1%-order

Only the first two terms match the Taylor series expansion of the exponential in Eq. [3.35] the back-
ward Euler method is then first-order accurate globally.

3.4.2 Stability Analysis:

We consider equation y’ = Ay with Re(\) < 0. The stability condition reads

lo? <1, (3.46)
which gives
1 >1 (3.47)
|o?
and eventually
(1 = Arh)* 4+ (A\rh)* > 1. (3.48)

This region is the complementary region of the disc of center (1,0) and radius 1. The stability
constraint is therefore always fulfilled in the half-space A\r < 0. The Backwork Euler Method is
then always stable.

Properties of the Backward Euler Method

The backward Euler Method is a 1%-order implicit method which is incondi-
tionnaly stable

Remark

e The advantage of implicit methods is their enhanced stability.

e Actually, there exist implicit methods with a limited stablity: they are not used, since the
additional cost they suffer is not worth it.

e Stability and accuracy are two different concepts characterizing numerical schemes. Sta-
bility does not imply accuracy, and vice-versa.

3.5 Trapezoidal method

From equation (3.2)), one can write:

t
y(t) = yn + / [y, 7)dr, (3.49)
t

n
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in particular,

tnt1
Y(tnt1) = yn + / f(y,7)dr. (3.50)
t

n

This formula is always valid and can be estimated with different quadrature rule. When using the
trapezoidal quadrature rule, one obtains the Trapezoidal ODE method:

h
Yn+1 = Yo+ 5 (f(yn, tn) + f(Ynt1, tn+1)> (3.51)

According to the time-marching formula, the Trapezoidal method is implicit.

Amplification Factor: The amplification factor is evaluated through equation (3.16), which yields

hA
Yn+1 = Yn + 7(% + yn+1) (352)
hA h
1—— ) =14 — | yn, 3.53
(1-5)- (%) 65
hence
Yn+1 = O0Yn (354)
with the amplification factor
14 A2
o= + = (3.55)
T2

Accuracy Analysis: Using Taylor series expansion:

M M AN A

(A2 (AR)®

=1+ A+ 5 + 1 (3.57)
2"order
The Trapezoidal method is 2"¢-order accurate (globaly).
Stability Analysis: Stability condition is expressed through the amplification factor o as:
lo|?> < 1, (3.58)
hence " "
‘14—2 §’1—2 (3.59)

which is always true for Re(\) < 0. The Trapezoidal Method is thus inconditionally stable.
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Properties of the Trapezoidal Method

e Implicit,
e 2™_order accurate,

e Inconditionally stable.

(. J/

Remark

e Solving the implicit formula of the Trapezoidal method is as costly as the Backward Euler
method.

e Trapezoidal Method is ill-behaved for Re(Ah) — +00, i.e. h — +00, which corresponds
to o — —1 and results in an oscillatory behavior.

e When applied to parabolic PDE, this method is called the Crank-Nicholson Method.

3.6 Linearization of implicit methods

Solving algebraic equations (e.g. with Newton Solvers) appearing in implicit methods is expensive,
especially when dealing with vectorial systems. A common practice is to linearize the right-hand-
side function in order to replace the algebraic equations by a linear system of equations. Solving
the system is then much less expensive. As long as the linearization is valid for moderate (case-
dependent) h values, the linearized numerical scheme keeps the same accuracy and stability proper-
ties.

Example: Let’s consider the trapezoidal method on a scalar ODE

h
Yn+1 = Yn + ir(f(yn,tn)4—jKyn+¢,tn+1)) (3.60)

f(Ynt1, tnt1) is linearized without losing the order of accuracy.

0 1 02%f 2
FWnt1,tn+1) = f(Yn, tnr1) + 5 (Yn+1 — Yn) + 2 92 (Unt+1 —Yn)” +...  (3.61)
Yn tn41 Y Ynstni1
where
Ynt+1 — Yn = O(h). (3.62)
Substituing (3.61) into (3.60) yields
h of 3
Yn+1 = Yn + 5 f(ynutn) + (yn+1 - yn) + f(ynuthrl) =+ O(h’ ) (3.63)
Ynstni1
hence
h f(yn,tn nytn
Ynis =y + 24 Fnstntr) | o3 (3.64)

)+
2 hof
1—5871

Yn tnt1

This method is then explicit and offers the same accuracy and stability as its corresponding implicit method as
long as Taylor series (3.61)) remains valid.

Remark

In the case of a non-linear system of ODEs, the linearization involves the Jacobian matrix J = g—g }Y .
nsytn41

and the denominator in Eq. (3:64) becomes (1 — £.J) which requires to solve a linear system.
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3.7 Stiffness

A specific phenomenon is taking place in vectorial systems: Stiffness. The ODE reads

ay

— = F(Y.1) (3.65)

Stability is studied by considering a linear system, which in the case of a systems of ODEs, involves
a matrix:

Y’ = AY, (3.66)

Let’s illustrate the phenomenon with the Forward Euler Method given here by

Y1 =Y, +hAY,, (3.67)

Y, = (Is+hA)"Y,. (3.68)

This remains bounded as long as the eigenvalues «; of matrix (I; + hA) verify the condition
Vi € [1,m],|o;] < 1. Note that the a; values are related to the eigenvalues (\;)ic[1,m] Of
matrix A:

a; = 1+ hAs. (3.69)

Therefore, the stability constraint must be verified by all eigenvalues as
[1+hN| <1, Vi € [1,m] (3.70)

The eigenvalues fo the largest magnitude yields the most stringent constraint. The spectral radius,
defined as |A|;qq, determines then the stability. If all eigenvalues are real, one finds that the con-
dition h < ﬁ enforces stability in the forward Euler method. While the fast dynamics of y/(t)
is controlled by |A|lmax, the presence of larger time scales (hence smaller eigenvalues) provides ad-
ditional slower dynamic characteristics to y(¢). The issue is when |\, is very small compared
to |A|max: capturing the slow transient whose time scale is determined by ||y, while the spectral
radius imposes tiny time steps for the sake of stability makes the computation unaffordable. When

such characteristics are met, the system is said to be stiff.

Definition of Stiffness N

A system is stiff when the eigenvalues \; of operator A are such that:

|Amax |
|)\min|

>1 (3.71)

o Explicit Methods: stiffness can become quickly overwhelming because of the competition
between the necessity of tiny time steps compared to the long-term dynamics to capture —>
The necessary amount of iterations is unaffordable and explicit methods cannot handle stiff
problems.

o Implicit Methods are the only way in such circumstances. However, if h is too large, the
method becomes inaccurate. Accuracy control is then required = time-step adaption and
dedicated solvers are needed.
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3.8 Towards Higher-Order Methods

Let’s recall the Forward Euler Method:
Yn+1 = Yn + h y;z +O(h’2)
~—
F(Ynstn)

Expanding the Taylor series to higher order terms yields seems a straightforward approach to derive
a higher-order numerical method:

/ h? " h? "
with
y;z = f(yn7 tn) 3.73)
dy' daf af  Of oy of of
n_ 9y _df _(of 0fdy _(of , of
ot t dt (81& + Oy ot —t, ot + dy . (3.74)
m_ Ay’ (8y” oy" ay)
e - oy ot (3.75)
dt |, ot dy ot ),_,
o f of of of of OfN2 L 02f
= _— 2 _J ~J ~J Y 9] [ .
<5t2+ f3y8t+8t0y+f(ay> g » (3.76)
yM = ... -

Such developments get rapidly impractical. Which solutions are viable then? Two categories of
methods are distinguished

e One-step methods, also known as Runge-Kutta methods.
Higher accuracy is achieved by evaluating f(y, t) at several points between t,, and ¢, 1 = &, + h.
— several sub-steps are computed

e Multi-step methods:
Use knowledge of previous steps Yn—1, Yn—2, -3 f (Yn—-1)s f (Yn—2), -

3.9 Runge-Kutta Methods

Runge-Kutta methods are denoted as RK-s where s is the number of stages in the numerical scheme
that are carried out to determine the value y,, 1. The 15-order explicit RK1 method is noting else
than the Forward Euler method. Explicit RK2, RK3 and RK4 methods are presented in this section.

3.9.1 Standard RK2 method

. d . . . N
Integrating d—g between instants ¢,, and t,,; gives the following exact estimation of y,,1:

tnt1
Yt = Y + / F(y(r), 7)dr
t

n

Approximating the integral by the trapezoidal rule previously enabled to derive the Trapezoidal
method. Another quadrature rule is here considered: the mid-point rule, which yields

Ynt1 X yn +h fY(E), D=y, (3.78)
Yn+1 = Yn + hf (Uny1/2:tnr1/2) (3.79)
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However, the value y,, /o is not known and must be determined to close the formula. Let us

estimate ¥, /o with Forward Euler:

. h
Yn+1/2 B Ypy1/2 = Yn + §f(ym tn)

The obtained method is the standard explicit 2-stage RK Method which is defined by

Standard RK2 method

% h
Ynt1/2 = Yn + §f(yn7tn) (3.81)

Yn4+1 = Yn + hf(y:H-l/Qa tn+1/2) (382)

Stability and accuracy analyses of standard RK2

e Amplification factor:
Considering the 3y = Ay ODE, we can express the amplification factor, from:

. h hA
Unt1/2=Yn+ 5An = (14 = Jun
2\2

2

Yn+1 = Yn + h)‘y:+1/2 = Yn + (AA + VYn = OYn

Hence

hZ)\2
oc=1+h\+ 5

e Accuracy: this corresponds to 2™-order (global) accuracy.

o Stability: the stability condition writes

lo| <1,
hence

1+hA+ <1

(h)?
2

(3.80)

(3.83)

(3.84)

(3.85)

(3.86)

(3.87)

The corresponding stability region is shown in Fig.[3.3] The RK2 method is then conditionally
stable with a stadium-shaped stabiliy region. The region has a larger vertical extent than the
Forward Euler method. When the ) is real and negative the stability constraint is the same as

the Euler method.

Properties of RK2 method

e Explicit, 2"-order accurate,
o Conditionally stable
- X\ € R7: same stability region as Forward Euler

- X € iR: unstable, yet with a smaller growth rate than Forward Euler.




40 CHAPTER 3. ORDINARY DIFFERENTIAL EQUATIONS

Figure 3.3 : Stability region of the 2-stage Runge-Kutta Method

3.9.2 Family of 2-stage explicit Runge-Kutta Methods

Before discussing the general formalism of RK methods, let us highlight that their exist infinite
variants of RK-s schemes which is illustrated here for RK2. A general 2-stage explicit Runge-Kutta
method is built from the knowledge of f(y,t) in two points in the interval between t,, and t,,41.
Let’s then write a general explicit RK2 scheme as

Yn+1 = Yn + y1hk1 + y2hke, (3.88)
where

k1= f(yn,tn) (3.89)

ko = f(yn + Bhkq,t, + Oth) (3.90)

Let us determine «, 3,1, 2 that provide the highest accuracy order for ,,41
We have seen that

h2
Ynt1 = Yn + hy,, + 71/;{ + ... (3.91)
B (Of Of
= yp + hf(Yn,tn) + — | == + — 3.92
Uo + hF(y >+2(6t+3y )t:tﬁ (3.92)

which is to be matched up to the 3" term by the considered RK method in Eq. (3-88)). Using Taylor
series, the general RK2 method writes:

Yn+1 = Yn + 'Ylhf(yna tn) + '72hf<yn + /8th7 tn + Oéh) (393)
of of
Yn+1 = Yn + 71hf(ynutn) + ’72h f(ynatn) + Bhkl 8_ + ah— + ... (394)
Yl Ott,
Then
0 0
Ynt1 = Yn + h(71 + ’72)f(yn,tn) + VZﬂhzf(yny tn) 8_£ + ’YQO‘hz a_{ + .. (3.95)
tn tn
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Matching the terms in Eq. (3.91)) results in the following conditions for the coefficients in an explicit
RK?2 method:
Mntr=1

Y20 = (3.96)

N =N =

Y2l =
Hence a family of 2"-order accurate RK methods:

b=«
1
n=1-5 (3.97)

1

72:%

where « is a free parameter. In particular, the standard RK2 method described in the previous section
is retrieved for o = % This specific choice of a also corresponds to the Runge method, which is
then another name of the so-called standard RK2.

3.9.3 General explicit Runge-Kutta Method

The general form of s-stage explicit Runge-Kutta schemes is:

kl - f(t07yn)
ky = f(to + c2h, yn + haziky)

ks = f(to + cah,yn + h(azik1 + aszks))
(3.98)

ks = f(tO +csh, yn + h(aslkl + ...+ as,s—lks—l))
Yn+1 = YUn + h(blkl + ...+ bsks)

Corresponding coefficients are usually represented in a Butcher’s table:

0
C2 | G21
C3 | as1  as2

Cs as1 Q52 As,s—1

by by ... bs1 bs

As for 2-stage RK family, there is no unicity of k"-order RK methods.

Remark

In addition to constraining the order accuracy, it is typically desired that intermediate values of
f. kj, remain 1%'-order approximation of f(y(t), t), which requires:

1—1
> aij=c (3.99)
j=1
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3.9.4 Usual explicit Runge-Kutta Methods

Common explicit RK2, RK3 and RK4 methods are listed below with their Butcher tables and corre-
sponding updating formulas:

M )

The method is 2"¢-order accurate.
Butcher Tableau: Scheme formulation:
1(/)2 1/2 k= f(tn yn)
0 1 kQ:f(thr;L,ynJrhsl)
Yn+1 = Yn + hk2

M )

The method is 3"%-order accurate.

Butcher Tableau: Scheme formulation:
0
1/3 1/3 kl - f(tna yn)
2/3 0 2/3 h hky
ko = tn + =, Yn + —
/4 0 3/4 2f< Tyt

2h

h

kS = f (tn + = Un +

3

2hks
3
3h

Yn+1 = Yn + Zkl + Zkfi

)

w )

The method is 3"%-order accurate.

2h
3

Butcher Tableau: Scheme formulation:
0
1/2 1/2 kl:f(t'myn)
1 -1 2 h hkq
ko = tn o 9n 5
1/6 2/3 1/6 2f< +2y+2)

ks = f (tn + h,yn — hky + 2hks)

h
Yn+1 = Yn + Ekl + ko + —ks

h
6
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RK4 (Classical)

The method is 4t"-order accurate.

Butcher Tableau:
0
1/2 | 1/2
1/2 0 1/2
1 0 0 1
1/6 1/3 1/3 1/6

Scheme formulation:

kl = f(tnvyn)

h hky
ko = f (tn + §7yn + 2)

h hks

ky = f (tn + h,yn + hks)

h h h h
il = UYn + =k1 + ko + —ks + =k
Yn+1 y+61+32+33+64

RK4 (3/8-Rule)

The method is 4t"-order accurate.

Butcher Tableau:
0
1/3 | 1/3
2/3 | —1/3 1
1 1 -1 1
1/8 3/8 3/8 1/8

Scheme formulation:

k1 = f(tn, yn)

ko= f <tn + g,yn + h?)
k3=f<tn+23h,yn—h§1+hk2>
ks = f (tn + hyyn + hky — hks + hks
Yni1 = Un + gkl + %1@ n %kd n Z

J

Remark

preferred thanks to:

o storage savings

43

k4

e The order accuracy of RK2, RK3 and RK4 methods can wrongly lead us to believe that
explicit s-stage Runge-Kutta method are s*"-order accurate. In fact, for order accuracy
n > 5, explicit RK methods require s > n stages.

e As mentioned before, an infinity of possible s-stage RK exist. Some specific RK are

o desired properties (e.g. Strong Stability Preserving, Total Variation Diminishing)
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3.9.5 Stability of explicit Runge-Kutta Methods

One can show that all s-stage explicit RK Methods have the following amplification factor:

-y (hi)J (3.100)
4!

=0

Hence, for all:
o 2-stageRK, oc=1+hA+ @

e 3-stageRK, o =1+h\+ (h;)2 4 (hg\)3

o dstage RK, o =1+ hi4 (2 4 (07 (!

For a given number of stages, RK methods have then the same stability properties. The stability
region in the complex plane is shown in Fig.[3.4} The RK3 and RK4 methods are characterized by a
larger stability domain. Specifically, notice that RK3 and RK4 stability regions include one part
of the imaginary axes, which makes them very useful when purely imaginary complex eigenvalues
are present in the ODE system. So far, the Backward Euler and Trapezoidal methods were the only
methods able to remain stable in such circumstances (Forward Euler and RK2 methods are unstable)
but they were implicit. RK3 and RK4 are then widely used explicit methods.

Im(Ah)

Figure 3.4 : Stability regions of Runge-Kutta schemes of orders ranging from I to 4. Grey areas indicate stable
regions.

Remark

Implicit RK methods can also be built (see Hairer’s books). Yet, not all of them are incondition-
naly stable.
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3.10 Multi-step methods

Contrary to RK methods which feature several evaluations between ¢,, and ¢,,11, multi-step methods
consider previous steps data such as y,—1, fr—1, ...

Remark

Since the updating formula of multi-step methods uses values such as y,_1, they cannot be
applied for the first integration step because only vy is known then, and there is no knowledge of
y_1. Multistep methods require then a specific initialization process using other formulas.

3.10.1 Adams Methods

The derivation of Adams methods starts from the integrated ODE expression between instants ¢,,
and t,,41,

il
Yn+1 = Yn +/ f(Ta y(T))dT
t

The function f (t, y(t)) in the integral is then approximated as polynomial which interpolates the
previous values f,,, fr,—1, ... to build an explicit formula. Explicit Adams methods are called Adams-
Bashforth methods. The first-order Adams-Bashforth consider scheme considers f (t, y(t)) ~ fn,
which yields the Forward Euler method.

The second-order Adams-Bashforth The second-order Adams-Bashforth method is then built
by considering f (t, y(t)) as polynomial of degree 1. The linear approximation is deduced from
previous data at t,,_1:

ftyt) =at+ 4 (3.101)
= M(t —tn1) + fa-1. (3.102)
tn - tn—l

Hence, the previous integral is written as

tni1

tn+1 _ _ 2
/ Flr,y(r))dr = I hf”* (t 2’“‘*1) + faat (3.103)
t

n tn

3 1
Shfn — =hfn_1, 3.104
9 f B fn—1 ( )

which defines the updating formula for the second-order Adams-Bashforth method.

2nd_grder Adams-Bashforth method

3 1
Ynt+l = Yn + ghfn - thnfl (3.105)

e Accuracy: The 2™-order Adams-Bashforth method can also be derived from the Taylor series

of y(t):
/ il2 1 hg "
Uil =Yn +h Y ey gy (3.106)
- 2 ~— 6
fn f"7£nfl +O(}L)
3 1 ,
=Yn + §hfn - ihfn—l + O(h ) (3.107)

" ) Local truncation error
2"_order Adams-Bashforth
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Hence, the so-called 2"Y-order Adams-Bashforth is indeed 2"!-order accurate globally.

e Stability: Considering 3/ = Ay in a multi-step method such as the 2"%-order Adams-Bashforth
gives the following second-order difference equation

3hA hA
Ynt+1 — (1 + 2) Yn + oY1= 0 (3.108)

This recurrence equation does not result in y,4+1 = oy, with a single amplification factor
anymore. Instead, solving the quadratic characteristic equation

3h\ h\
o —(1+=)o+ = =0, (3.109)
2 2
gives
Yn = C107 + 2073, (3.110)

if the characteristic equation has two distinct roots o1 and os:

111 3 9
=—|=+-hA£4/1 - 2 11
01,2 912 + 2h)\ \/ +h)\+ 4(h/\) ] 5 (3 )

that are complex numbers in general for complex h\A. The numerical method is stable if
lo1] < 1 and |oo| < 1. The stability region is shown in Fig. [3.5]along with Adams-Bashforth
methods or order 1 and 3. It is seen that the stability domain is reduced as the order-accuracy
increases.

| 5aih:lams-Bashh::rth orders 1,2,3

Nalda

15 L L . L
25 -2 15 -1 £H5 0 05

Figure 3.5: Stability region (within each colored curve) of the 1*(blue), 2" (red) and 3" (green) Adams-
Bashforth methods.

Generalization of Adams method: Increasing the degree of the polynomial approximating f (t, y(t))
gives higher-order Adams-Bashforth methods.

Exercise 6

Decomposing the solution at time 7', one gets Considering a quadratic polynomial for f (t, y(t))
which interpolates the values f,,, f,,_1 and f,,_», demonstrate that the 3-order Adams-Bashforth
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formula is given by:

23

4 5
il =Yn +h| —=frn — =fne — fr— 3.112
Yntl = Yn + (12f 3f i 12f 1) ( )

Remark

Implicit Adams methods, called Adams-Moulton, are derived by including f, 1 in the interpo-
lated values by the polynomial approximating f (t, y(t))

3.10.2 Leap-Frog
Integrating the ODE between the instants ¢,,_; and ¢,,41,
tnt1
Ynt1 = Yn—1 +/ f(ry(r))dr, (3.113)
tn—l
yields a new set of numerical methods. Using the mid-point quadrature rule,
tn+1
/ f(m,y(r))dr = 2hf,, (3.114)
tnfl

gives the updating formula for the Leap-Frog method, also known as the mid-point rule method.

Leap-Frog or Mid-point Rule method

Yn+1 = Yn—-1 + thn (3115)

Only the Leap-Frog method is detailed here. Other methods of higher-order accuracy are obtained
similarly to the Adams methods by increasing the degree of the interpolating polynomial f (7'7 y(T))
The obtained formulas are called Nystrdm methods when explicit and Milne-Simpson methods
when implicit. Because of their very small stability region (even implicit methods), these numerical
schemes are of little practical interest.

e Accuracy: The Leap-Frog formula is also obtained with the 2"-order differential formula

yy = P L O(?) (3.116)

injected in the Taylor sries of y(¢), yielding
Ynt1 = Yn_1 + 2hfn + mathcalO(h?). (3.117)
The Leap-Frog method is then 2"4-order accurate.

o Stability: considering y’ = Ay, the updating formula becomes y,, = ¢107 + cool with oy, o9
roots of the characteristic equation

0% —2h o — 1 =0. (3.118)
It is then stable for |o;| < 1 and |02 < 1. Let us consider the image of the unit circle o = e’
by hA = f(0).
2 _q i0 _ ,—if
=2 "% "% s (3.119)

20 2



48 CHAPTER 3. ORDINARY DIFFERENTIAL EQUATIONS

with € [0,2n]. The image of the disc ¢ € D(0,1) is then the segment hA € [—i,1].
The [—i, i| segment is then the stability region of the Leap-Frog method. The Leap-Frog
method is then only stable on the imaginary axes. The usage of this scheme is then limited
but is useful in specific conditions such as centered schemes used for advection, which will be
described later in hyperbolic PDEs.

3.10.3 Backward differentiation formula

BDF methods are a family of implicit multistep methods defined by writing:

Yni1 = fnt+1, (3.120)

and using backward difference formula for y,, 1.

BDF methods \

e BDF1 (1%-order accurate):

Yn+1 — Yn = hfnp1 (= Backward Euler) (3.121)

e BDF2 (2"-order accurate):

3 1
FYn+1 = 2y, + SYn—1= hfni1 (3.122)

e BDF3 (3"-order accurate) :

11

3 1
ntl — 3Un + =UYn—1 + =Yn—a = hfn 3.123
6y+1 3y +2y 1 33/ 2 Jnt1 ( )

e BDF4 ...

(. J

BDF7 formula and other formula of higher-order are unstable and then useless. Only the BDF1
method, a.k.a the Backward-Euler method, is unconditionally stable. The other methods, BDF2-
BDF6, are only conditionally stable with an interesting large stability region, which is what has made
these methods popular. There is in fact no multistep methods of high-order that is unconditionally
stable. This is stated by the 2"Barrier of Dahlquist: unconditionally stable linear multistep
methods are necessarily of order < 2. Therefore, Backward-Euler and Trapezoidal methods are
the only unconditionally stable multi-step methods.

Remark

A similar procedure for explicit schemes, using backward difference formula for y,, = f,, is
useless:

e Obtained lower-order methods are already known methods: Forward Euler, Leap-Frog.

e Higher-orders always yield unstable schemes.




Cheat Sheet: numerical schemes for Ordinary Differential Equations

e Basic one-step methods

o Forward Euler Method
Yn+1 = Yn + hf(ynvtn)

o Backward Euler Method
Yn+1 = Yn + hf(yn+1,tn+1)

o Trapezoidal Method

h
Yn+1 = Yn + B} (f(yna tn) + f(yn+1atn+1))

o Higher-oder Runge-Kutta methods
o Standard RK2 method

N h
Ynt1/2 = Yn t §f(ymtn)
Ynt1 = Yn + hf(Yni1/2: tnr1/2)
o RK3 (Heun) method

. h
Yn = Yn + gf(tmyn)

o +2hf y +h .

2h

h 3h -
Yn+1 = Yn + Zf(tnayn) + If (tn + ?7yn )

o Higher-oder Multi-step methods

o Second-order Adams-Bashforth method
3 1
Yn+1 = YUn + §hfn - ihfn—l
o Leap-Frog or Mid-point Rule method

Yn+1 = Yn—1 + 2hfn

3 1
§yn+1 -2y, + §yn—l = hfn+1







Chapter 4

Elliptic Partial Differential Equations
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4.1 Numerical resolution of Elliptic PDEs

In elliptic problems, the solution at one point physically depends on all other points, and recipro-
cally. Consequently, the construction of an equivalent approach as time-marching methods used to
solve ODE:s is not possible. This will be different for parabolic and hyperbolic problems studied
in next chapters. The solution field governed by an elliptic PDE must then be solved as a whole.
Additionally, the nature of elliptic problems require boundary conditions at all boundaries of the
considered computational domain .

4.1.1 Linear Elliptic PDEs

Laplace and Poisson equations are examples of linear elliptic partial derivative equationsﬂ They are
encountered in the steady heat equation with constant properties,

AT =0o0or AT =S, 4.1)

or in fluid mechanics in Stokes flows, where the viscous effects dominate (for very small Reynolds
number), yielding for each component of the velocity field:

Au; =0 4.2)

Given the properties of elliptic PDEs, the discretized PDE system involves linear equations which
makes the solution at one point coupled to all the others. The continuous PDE is then expressed as
a linear system:

I The linear property of a partial derivative equation characterizes the homogeneous PDE

51



52 CHAPTER 4. ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS

Discretized Elliptic PDE N

Linear system: Az = b where x gathers all unknowns in a single vector
(4.3)

(. J

The coupling between all points is determined by the matrix A. Solving numerically elliptic sys-
tems is all about solving a large linear system. The fact that the system is large is a signifi-
cant source of difficulty to carry out the numerical resolution. Let’s consider for example a three-
dimensional problem discretized with 100 points in each direction. The resulting mesh results in
n = 100 x 100 x 100 = 10° unknowns. Consequently, the linear system Ax = b involves a
10% x 10° matrix!!

4.1.2 Non-linear Elliptic PDE

In several cases, the elliptic PDE is not linear. Steady heat equation with variable properties where
the thermal conductivity depends on temperature, A(T), is one example:

0 oT

The steady incompressible Navier-Stokes equations are another example,

Ou; Op %u;

P55, = % By T om0, *)

where the non-linear convective terms make the PDE non-linear. Discretizing such PDEs result in
solving a non-linear vectorial function
F(x) =0, (4.6)

where « is the vector of unknowns. Solving F'(x) = 0 is done by using one of two following
iterative methods:

e Newton’s methods. Truncation of the Taylor series to the first-order term leads to the Newton
method,
T =z, — J(zk) " F(xh), 4.7

OF . . . . ..
where J = % is the Jacobian matrix of the function F'. Upon correct conditions, the
T

sequence of ¢ converges to the searched solution. This classical Newton formula is usually
improved (trust region, damping methods, ..) to yield a larger convergence region around the
solution. Similarly to a linear elliptic PDE, the linearized equation obtained by the Newton’s
method requires the resolution of the linear system J () (xx+1 — i) = —F(xk).

e Fixed point method or Picard iterations. The fixed point iterations, 1 = f(xk), is an
iterative methods to find the fixed point, x = f(z), of a function. Our investigated equation,
F(x) = 0, is easily turned into a fixed-point problem by considering the equivalent formula,
x = x + F(x) = G(x). Applying the fixed-point method to G gives following iterative
formula,

Ty =z + F(x), (4.8)

which makes it a straightforwardly solved linear system for o ;. In this simple fixed point
method, the evaluations of F'(x) are computed from the old iterate. When the sequence of
iterates converges, x; will ultimately reach the root of F'(x). Picard iterations is a similar
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approach which considers that the non-linear equation F'(x) = 0 can be written as quasi-
linear one:
A(z)x = b(x) 4.9

The Picard iterations then solve the sequence,
A(wp) ey = b(ay) = Tr1 = A(zg)” b(xy), (4.10)

which is identical as the fixed-point iterations for the function A(x)~'b(x). Carrying out
Picard iterations introduces outer iterations that surround the numerical resolution of a linear
system. For example, the aforementioned steady heat equation with variable properties is
iteratively solved by setting a frozen field of thermal conductivity A\°'¢ = \(T°!¢), solving the

obtained linear PDE
0 oT
— (XM _—) =P 4.11

Oz ( 5%) ’ 1D

and updating the frozen thermal conductivity with 7°¢ = T™¢%  Similarly, the linear PDE
considered by Picard iterations to solve the steady incompressible Navier-Stokes equations is

ou; dp 0%u;
old v 1 ]
pu] al'j Pg: &%Z + Maxiaxj

(4.12)

The distinction between Newton and Picard iterations is not about the detailed algorithm since New-
ton iterates can also be regarded as a sequence of a fixed-point method. The difference is mainly
about how the linearization of the PDE is carried. While derived rigorously from Taylor series in
Newton’s method, it is achieved somehow manually in Picard iterations by manipulating the terms
which are the sources of the non-linearity. When the non-linearity arises from a complexification
of a linear-variant of the PDE, Picard iterations are most often preferred because the algo-
rithm used for the linear PDE is simply extended with outer iterations. This is the case in both
examples that have been considered in this section. Whatever the method, all of them eventually
require solving linear systems, which once again highlights the key role of numerical resolution of
large Ax = b systems.

4.1.3 Boundary conditions

Elliptic PDEs require boundary conditions at all boundaries to determine a unique field ¢. Three
kinds of boundary conditions are typically considered:

e Dirichlet boundary conditions where the boundary values are fixed (not necessarily uniformly)

b=a (4.13)

e Neumann boundary conditions where the normal derivative is fixed (not necessarily uni-
formly)

99
— =0 4.14
on (4.14)
e Robin or mixed boundary conditions where a linear combination of Dirichlet and Neumann
conditions is imposed

oo

oqu—I—B%—c (4.15)
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In heat transfer problem, a common case where mixed boundary
conditions are encountered is when a heat transfer coefficient h
is provided. The normal component of the boundary heat flux ¢
is then given by

Computational
Domain

Temt
aT et

t which relates both 7" and 8—T in a linear relationship.

on

4.2 2D Laplace/Poisson equation

This will be our running example to illustrate the numerical resolution of a linear elliptic PDE.

4.2.1 Discretization

The system of equations is made of the two-dimensional Poisson equation and boundary conditions

?¢  0%¢
@J’_Tyz = f(z,y) 4.17)
+ Boundary Conditions

Using finite differences, the system is solved on a 2D structured mesh, shown in Fig.[4.2] Each point

Yj o *—
2]

L4

Figure 4.1 : Two-dimensional structured mesh

is identified by a unique pair of indexes (4, j) and its coordinates are (x;, y,). Assuming a uniform
discretization in z and y directions, Az = Ay = h, the second-order derivatives in the Poisson
equations are approximated with difference formula. Using 2"-order centered difference formula

0% Giv1,j — 20i5 + di—15 9

922 . = 12 + O(h?) (4.18)
0% i1 — 2045 + i1 9

2 =& 4 = % 4.1
ayQ o h2 + O(h’ )a ( 9)

yields a 2"Y-order accurate discretization of the PDE:
Piv1j = 20ij + biz1y | Pijr1 = 20ij + bij
h? h?
In the previous equation, f;; = f(z;,y;). A linear systems of equations is obtained by writing for
each point in the domain

= fi; + O(h?). (4.20)
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Discretized Poisson equation

Git1j+ bi1y — Abij + bijr1 + dij1 = hPf (4.21)

This formula is obtained with a specific 2D stencil. Other difference formulas yield different ones.
2D stencils are generally plotted to be distinguished from each other. The one used is depicted below

Figure 4.2: 2D stencil corresponding to the 2"-order centered difference formula applied to the Pois-
son/Laplace equation.

4.2.2 Boundary conditions

Boundary conditions must also be discretized if necesary.

4.2.2.1 Dirichlet boundary conditions

If ¢;; are known at all boundaries, the other ¢;; values are computed by solving the previous equation
the inside the domain, i.e. for

1<i<N-1

{1§j§M—1’ (4.22)

where there are NV + 1 points in the z-direction and M + 1 in the y-direction in total as shown in
Fig.[4.3] The total number of unknown is then given by n = (N — 1) x (M — 1). A natural choice

unknowns

M+1
points

N +1 points

Figure 4.3 : Unknown values in problems with Dirichlet conditions at all boundaries.

in a problem with Dirichlet boundary conditions is to consider fixed ¢;; values as parameters which
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are moved on the right-hand side of the linear system. Hence, on the left boundary, for ¢ = 1,

G + Poj —4d1j + P1 i1+ b1 = WP fi (4.23)
Ny
fixed
= o —4P1; + P11 + b1 o1 =hfii —  doj (4.24)
moved to RHS

while at the lower-left corner, for ¢ = 1 and j = 1,

P21 —4P11 + b1o=h2fi1 — do1 — b10 (4.25)

Adopting such an implementation of Dirichlet boundary conditions is not practical. Indeed, when
accounting for other possible boundary conditions, boudary values of ¢;; remain unknown variables
and one would have then first to determine the number of unknown specific to the problem depending
on where Dirrichlet conditions are applied. In order to easily implement any kind of boundary
conditions, all boundary values are considered unknown. If a Dirichlet condition is applied at
the left boundary for example, one adds the following set of equations ¢g ; = d)?, where d)? the the
imposed values at the boundary.

4.2.2.2 Other boundary conditions

Neumann boundary condition. Here, we consider the example of a Neumann boundary condi-
tion on the left boundary of the computational domain:

9¢
ox

=g(y) (4.26)
=0

The values ¢ ; are unknowns which are determined by discretizing the derivative in the boundary
condition. Two difference formula are considered:

e 1%-order accurate approximation

9¢
or

_ w _ (4.27)
=0

’¢07j = —hgj + ¢1,; ‘ (4.28)

e 2" order accurate approximation

¢ —3¢0,j +4p1; — Po;
Gl = 22—y, 42
oz - 2h 9j ( 9)
2 4 1
P05 = —ghgj + §¢1,j - §¢2,j (4.30)

Mixed boundary conditions. Mixed boundary conditions are treated similarly by discretizing the
boundary condition.

Exercise 7

Considering a Robin boundary condition applied to the left boundary,

T
—)\ill—x = b (T —T), (4.31)

determine the 1%'- and 2"Y-order approximation of the boundary condition resulting in equations
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for ¢ ;. The expression will be written in terms of the Biot number based on the cell size Ax:

hextAx
A

Bi = . (4.32)

4.2.3 Characteristics of the obtained linear system

Concatenating the unknowns ¢;;, including the boundary values, gives a long vector of size (N +
1) x (M +1):

@ = (40,0, $1.01 -+ P05 DL, 0y Dy P15 ) (4.33)
The n*” component of the vector & corresponds to a unique pair (7,5). The discretized Poisson

equation and boundary conditions,

Git1j+ Gim1,; — Abij + Gijr1 + Gij—1 = h* fij (4.34)
+Boundary Conditions, ’

generate a large linear system Aax = b. The matrix A is sparse, i.e many of its entries are null. It
looks like this where dots indicate non-zero values. It is also banded with a M bandwidth. The RHS

L n’éﬁj) line of Ax :
Giv1,j + Pi—1,j — 40ij + Pijr1 + i1

M-banded

vector b is determined by the Poisson source term and the boundary conditions,
b= [h’f;; & BCs]

Eigenvalues of A. The eigenvalues of the linear system matrix will determine a lot the behavior of
the numerical methods that will be introduced later. They are here given for a case where homoge-
neous Dirichlet conditions (¢ = 0) are applied on all boundaries. Apart from the domain boundaries,
they are then n = (N — 1) x (M — 1) unknowns. The n X n matrix A is then characterized by
(N —1) x (M — 1) eigenvalues given below:

Eigenvalues of A (Homogeneous BC’s) N

pT
N4 = —4+2cos(
+ 2cos(=)

+2 cos(%) (4.35)

02 Py 2 4T : l<p<N-1
_4(5111 (2N)+51n (ZM)))Wlth {1<q<M—1
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Demonstration

Let’s demonstrate that ® = ¢, ; = exp(I(kyx; + kyy;)) are eigenvectors of the matrix A
involved in a Poisson 2D problem with homogeneous Dirichlet boundary conditions. Setting
x, the vector of unknowns, from the field denoted by ¢;_;, the n®" line, associated to the (4,7)
pair, of the matrix-vector product Az is

(Ax); j = diq15 + Gic1j — 4dij + Gij+1 + bij—1 (4.36)
= (Git1,5 — 2055 + Git1,5) + (Dij+1 — 2655 + dij—1) (4.37)

Let’s recall the modified wave number of 2"-order centered formula for fJ’-’ :

gy = Zh{? T g with KPR = 21— cos(hk))  (438)
Hence,
(Ax);; = —kiZh% ¢y 5 — Kyh*¢s (4.39)
= (—k,h* — kyh®) i 5 (4.40)
—
Eigenvalue for &
Therefore,
A® = (—4 + 2cos(k;h) + 2cos(kyh)) ®. (4.41)

Eigenvalue A4 of A

The boundary conditions demand ¢ = 0 forx = 0, x = L;, y = 0 and y = L, which only
allow specific wavenumbers k, and k,:

prT P
by =2 = PT pr1<p<N-1

e W
ky=-—=—forl<qg<M-—1 4.42)
vI L, T MO =S

¢;,; = sin (%z) sin (%j)

The eigenvalue of A for homogeneous Dirichlet boundary conditions are then the ones given

in Eq. @35)

Condition number of A. The condition number of a matrix is the ratio of the maximum and min-
imum eigenvalue magnitudes. All numerical methods are strongly penalized by very large condition
numbers K (A), i.e when the system is ill-conditioned. For Laplace equation with homogeneous
Dirichlet conditions and with N = M,

Apg = —4 {SmQ (%) 1 sin? (%)} , (4.43)
and then
2 2
IMmin = |\p=1,9=1 = 8sin’ (%) ~ % since N > 1 (4.44)

[Almaz = 8 (4.45)
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The condition number of the matrix A is therefore

Alma: 4N?
K(A) = Plmae N7 (4.46)
SN—— |)\|min w2
Condition number

where n is the total number of unknowns in the 2D problem. Here appears the difficulty to achieve
fast convergence with the different methods that will be detailed in the following sections: They
are all penalized with ill-conditioned systems. Steady heat equation becomes more and more ill-
conditioned as the number of points increases. Hence, many studies have been carried out to accel-
erate the simple iterative methods.

4.3 Direct vs Iterative methods to solve Ax=b

It was shown in Sec. 4.1] that the numerical resolution of elliptic PDEs turns out to handle a large
linear system Ax = b. Two kinds of approaches can be considered:

e Direct resolution with Gauss pivoting and LU factorization.

e Iterative methods.

4.3.1 Direct resolution

When considering a large n x n matrix A as the one obtained in a discretized elliptic PDE, the direct
resolution issues several limitations:

e Storage: Given the number of unknowns, the memory footprint to store the full matrix is
tremendous. For a 2D problem with N = 1,000, M = 1,000, the total number of points is
n =2 105. The number of entries in the matrix A is then n? = 10'2. Accounting for 8 bytes to
store one double-precision float number, the matrix storage would demands 8 TB!

o Performance: Gauss elimination and LU factorization are characterized by an algorithmic
complexity O(n?). For a 2D problem with N = M, we have O(NN%), which quickly becomes
unafforadle. The previous result is valid for a full and plain matrix. For a banded matrix of
bandwidth B, the complexity is O(nB?). In the 2D Laplace equation, it was shown that B =
N, implying an algorithmic complexity O(N*) which remains expansive computationally.

e Miscellaneous Gauss elimination and LU factorization become inaccurate with large round-
off errors with a matrix of large condition number. Additionally, parallelizing the direct reso-
lution of a linear system is difficult to implement.

Direct methods like iterative methods benefit from on-going improvements to increase their compu-
tational efficiency. The limitations of direct methods are too hard to overcome when the matrix is
dense. However, when the matrix is sparse, like here, several remedies exist thanks to a compact
storage, such as CSR (Compressed Sparse Row format). Parallel libraries such as MUMPS and Su-
perLU have become quite popular, showing that efficient parallelization is possible.

All this said, iterative approaches are usually and historically preferred for large matrices. Further-
more, their implementation allows matrix-free algorithms where the matrix A is not even stored.
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4.3.2 Iterative methods

Also known as relaxation methods, the principle of iterative methods is to build a sequence of
solution fields that tends to =*, the solution of original linear system Axz* = b:

T, — x*. 4.47)
n—-+4oo

The benefits of iterative methods are:
e Storage: The implementation does not require the storage of matrix A.

e Accuracy: The linear system Ax = b is an discrete approximation of the continuous PDE.
There is no need then to find the solution * with exact accuracy. Given the remaining numer-
ical truncation error, this over-resolution is time-consuming and unnecessary.

e Convergence speed: If the convergence speed of the iterative method is high enough, it will
rapidly outperform direct methods.

Matrix splitting. The first general idea to derive an iterative method to solve the linear system is
matrix splitting. The matrix A is split into two others as

A = A, — A, with any choice of A; and A, (4.48)

The linear system is equivalently written as

The iterative method associated to a retained matrix splitting is then derived by evaluating the left-
hand side at the (k + 1)*" iterate and the right-hand side at the k" iterate. The iterative formula is
then

Iterative method from matrix splitting -
Az = Aszy + b, (4.50)
or
Ty = A7 Asxy, + AT'D (4.51)
~ J

The iterations are initiated with an initial guess x°. The classical choice is 2° = 0. Such an iterative
procedure is only interesting if i) the matrix A; can easily be inversed compared to the A; ii) And if
the the convergence of the derived method is fast. The convergence properties are characterized by
monitoring the evolution of the error and residual of the method, two key quantities that are now
defined. The error at iteration k is the difference between the exact solution and the current iterate:

er=x" —xy, (4.52)
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The evolution of the error can be determined from the retained matrix splitting as,

Ajz* = Asx* + b B
Alwk-t,-l = Agwk + b} Subtracting A1€k+1 - A26k (453)
Then,
1 = (AT Ao) ep = Gey, |, (4.54)

where G = AflAg is the gain matrix. The error decrease rate is then entirely controlled by the
chosen matrix splitting. That is why some iterative methods are much more interesting than others.
The residual of the iterative method at iteration % is defined as

Ty — b— ACCk, (455)

and denotes how far the iterate is from the solution b — Ax* = 0. The residual and error are related
as

r, = Ax® — Az = Asgy,. (4.56)

Hence, when the error of the iterative method decreases, so is the residual, and reciprocally. Given
that the error cannot be computed without knowing first the searched solution x*, the convergence
of the iterates is monitored in practice by considering the norm of the residual: ||r;]|.

Convergence Convergence is achieved if g k—> 0, implying that the residual also tends to
- —r 00

zero. This is controlled by the spectral radius p(G) of the gain matrix:

Convergence condition

The iterative method based on the chosen matrix splitting converges if

p(G) = p(A7'Az) < 1 (4.57)

where the spectral radius is the maximum eigenvalue amplitude: p(G) = |A%| a0

Demonstration

The average rate of error reduction is defined as

1/n
Ac, & (M) (4.58)

ll€oll

Since after each iteration e” = Ge™ 1, the error at iteration n is a power function of the gain
matrix: €, = G"¢eg, and

n l/n
0

Since the spectral radius obeys the following property,

IG™M Y™ —— p(G), (4.60)

n—oo
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it yields that Ae,, < p(G) for n > 1.Therefore,

lenll < p(G)" Jleo]l] (4.61)

The iterative method converges, i.e. the error ,, tends to zero, if the spectral radius of the gain
matrix is strictly lower than unity.

The previous demonstration outlines that the rate of convergence is also determined by p(G) for the
chosen splitting A;, A,.
Exercise 8

Starting the iterative process with x and the corresponding error €(, determine the number of
iterations n to decrease the error norm by a factor 10™.

Solution 8

One wishes ||e,,|| < 10~™ ||eg|. This condition is fulfilled if p(G)™ < 10~™ according to
the above demonstration. Therefore,

> m 4.62
™2 Tog10((0)) S

4.4 Basic iterative methods

The matrix splitting should yield an easily inverse matrix A; and result with a gain matrix of small
spectral radius. The first attempts such as choosing A; as the identity matrix or the diagonal part of
A result in the Richardson and Jacobi methods, respectively. The Gauss-Seidel method is obtained
by considering the diagonal and lower triangular parts of A. These first methods are the most basic
ones and have been derived during the 19*” century before any computer were ever built. They were
then used until the mid-20*" century by carrying out the calculations manually.

Different parts of the matrix A are defined as

A= D -D-E-F, (4.63)
“E

where D is the diagonal part of A, E its upper triangular part and F' its lower triangular part:

o At = o JAgifi <y  fAifi>g
Dij = {0 otherwise © T = {0 otherwise > 149 = \ 0 otherwise (4.64)

4.4.1 Richardson method

The simplest method, yet unstable for Laplace equation.

Let’s recall the iterative process associated to a matrix splitting :
A1$k+1 = Agwk +b (465)

The simplest choice for an easily inversable matrix is the identity matrix: A; = I. Then, Ay =
I — A, and the Richardson method is given by
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Richardson method

Tp+1 = (I — A)(Bk +b (466)

The iterative method converges if the corresponding gain matrix Gr = I — A is characterized by
a spectral radius smaller than unity: p(Gr) < 1. In fact, the Richardson methods turns out to
be a fixed-point method applied to F(x) = b — Ax. Indeed, the fixed-point iterations are then,
Tit1 = Tp + F((L‘k) = (I — A)iL‘k + b.

Application to the 2D Poisson problem. Let’s consider the Richardson method, i.e. the fixed
point method, applied to the discretized elliptic PDE seen in Sec. The n'" linear equation
corresponding a pait (7, j) of 2D point indexes is given by
Gir1j+ bi1; —46ij + bijr1 + iy = h’fi; +BC's (4.67)
————

bi.

The corresponding fixed-point iterations are then
?5?,;1 = fg + [bij — ( §+1,j + Qﬁ?fl,j - 4¢ﬁj + ¢§,j+1 + ¢i’€,j71)] (4.68)

k+1 k k k k k
@j = =iy, — Pic1; T 90 — Gijp1 — i1+ b (4.69)

As one can observe that the matrix A does not need to be stored to carry out the desired iterations.
The stability of the method is deduced by first determining the eigenvalues of the gain matrix. Such
analysis and the following ones are carried out for homogeneous Dirichlet conditions, which yield
analytical results. The eigenvalues of the Richardson gain matrix G i are

MGr)=MI—-A)=1-X! wherel <n,m <N —1 (4.70)
. oo, nm . g,MmT
—1+4 [bln (337) +sin (—QN)} . @.71)

The corresponding spectral radius is then

’P(GR) ~ |)‘|mam =5>1

4.72)

)

and we can deduce that the Richardson method is unstable when applied to the steady heat
equation.

4.4.2 Jacobi method

A simple method, stable but slow when applied to Laplace equation

In the Jacobi method, the matrix splitting is carried out with the diagonal part of A: A; = D and
A, =D — A= FE + F. This choice yields a latrix A; that is easily inversed since

D;j = {%ﬁltﬁelrfvjise ’ (4.73)

The corresponding iterative method reads
Dzpi1=(D—-A)x,+b (4.74)
xpy1 = DY (D - Az, + Db, (4.75)

yielding the Jacobi iterative method:
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Jacobi method (Generic)

xp1 =T -—D 'A)x, + Db (4.76)

The corresponding gain matrix is then G; = (I — D' A).

Application to the 2D Poisson problem. Following the Jacobi method, its application to any lin-
ear system, and here specifically to the discretized Poisson equation, consists in first identifying the
diagonal term in each linear equation,

Git1,j + Gic1y —4¢i; +Pijr1 + dii—1 = bij, 4.77)
——r

Diagonal term

and leaving it on the left-hand side evaluated at the new iterate k + 1: Jacobi:

k
—Agirt = (P T O+ O

)

j+1+ ¢i‘c,j—1) +bi ;. (4.78)

diagonal term on LHS

The Jacobi method applied to the 2D poisson problem then reads

Jacobi method (2D Poisson)

1 ) ) 1
¢?j1 = Z(¢§+1,j + ¢§71,j + ¢§,j+1 + ¢f7j71) - Zbiu’ (4.79)

Once again, the matrix A does not need to be stored. With homogeneous Dirichlet boundary condi-
tions, the diagonal entries of A are equal to —4. The gain matrix of the Jacobi method is then

1
G, :I—D_1A=I+ZA. (4.80)

The corresponding eigenvalues are

1
MGy)=1+ ZAﬁm (4.81)
1 nm mm
= ~[cos(~ — < <N — - ,
AGJ) 2[cos(N)—&—cos( i Jforl<nm<N-1,M-1 (4.82)

For each eigenvalue, |\(G ;)| < 1, hence
Ip(Gy)| <1} (4.83)

showing that the Jacobi method converges when applied to the Poisson problem. The rate of
convergence is controlled by p(Gy) = |A|maz:

1 m T
= = — —_— _— 4. 4
Amaz = |A11] 5 [cos(N) + cos(M)] (4.84)
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If N> 1and M >,

1 72 72
Mmaz >~ =(1 — —= +1— — + ... 4.85
A 2( 2M?2 + 2N?2 +-) ( )
w2 1 1
=l-—(-s4+—)——1 )
[Almas 4 (M? ) s (4.86)

The spectral radius tends to one as the N increases. The Jacobi method converges then very
slowly when applied to practical cases. However, this method is a starting point for more advanced
iterative schemes.

4.4.3 Gauss-Seidel methods

An improvement of the Jacobi method

4.4.3.1 Standard Gauss-Seidel

Let’s have a look at the implementation of the Jacobi method:

Loop i=1,N-1
Loop j=1 ,1M -1
ﬁf)ﬁ}rl = Z( P+ o+ ¢]f—1,j + ¢§,j_1 ) —
—_———

already available at k+1

1
1%

While looping for increasing indexes ¢ and j, we notice that the values qbffll j and qﬁf]ﬂl have
already been computed when updating gzﬁf j-'l. If these values are used as soon as they are available
instead of waiting for the next iteration step, one can expect to accelerate the convergence of the

sequence. This results in the Gauss-Seidel method which, for the 2D Poisson problem, is written as

Gauss-Seidel method (2D Poisson)

1 1
Oy = O S o o) — gy (48D

The corresponding generic Gauss-Seidel method consists in choosing the splitting A; = D — E,
the lower triangular and diagonal parts of A, and As = A; — A = F, the upper part of A. Hence,

Gauss-Seidel method (Generic)

xpi1 = (D — E) 'Fx, + (D — E)™'b, (4.88)

and the gain matrix of the Gauss-Seidel method is Ggs = (D — E)™'F

Convergence in 2D Poisson problem With homogeneous Dirichlet conditions, one can show that
the eigenvalues G are related the the ones of the Jacobi gain matrix:

MGas) = [MGY)]? (4.89)
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Then, for1 <n,m < N — 1, M — 1, we have

1 2
A(Gas) = [cos(%”) + cos(%)] (4.90)
Therefore, the Gauss-Seidel method converges when applied to the 2D Poisson problem. Re-
garding its rate of convergence, it is twice faster than Jacobi to reach the same error threshold.
However, similarly to the Jacobi method, it remains penalized for large [N, M values as the spectral
radius of the gain matrix gets closer to unity.

4.4.3.2 Backward Gauss-Seidel

An alternative iterative method can be built: The backward Gauss-Seidel method is derived by con-
sidering loops of decreasing values of 7 and 7,

Loop i=N-1,1
Loop j=M-1,1
& 1

1
k+1 3
Qsij = 1( i'c+1,j + ¢i‘€,j+1 + ‘15?71,3' + ¢i,j71) - Zbi’j

This time, the values ¢fj’11 ; and cbf';j_l are the ones that are already available and the backward

Gauss-Seidel reads

Backward Gauss-Seidel method (2D Poisson)

1 X X 1
¢i‘c,]+'1 = Z((bfill,j + ¢i€y+i1 + ¢§71,j + Qb?,jfl) - Zbi,j (4.91)

The generic Backward Gauss-Seidel corresponds to the splitting A; = D — F', the diagonal and
upper triangular part of A, and A, = A; — A = E, the lower part of A:

Backward Gauss-Seidel method (Generic)

xpi1 = (D — F) 'Ex, + (D — F)™'b, (4.92)

The properties of the Backward Gauss-Seidel are identical to the regular Gauss-Seidel method.

4.4.3.3 Symmetric Gauss-Seidel

For a better repartition of numerical errors, one can alternate standard and backward Gauss-Seidel
methods as

Symmeric Gauss-Seidel method N

(D—E)zy, = Fop+b (4.93)
(D~ F)xp1 = Bayy ) +b (4.94)
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This results with the gain matrix
Gsgs =(D—F)'E(D—-E)"'F (4.95)

The better repartition of numerical error thanks to the alternation in sweep directions achieves a
convergence rate that is twice faster compared to the standard Gauss-Seidel method. However,
since the cost per iteration is also twice larger, the global computational efficiency is identical to
the standard method. The method remains nonetheless interesting as a preconditioning technique
(this concept will be addressed in the next sections) because it leaves the preconditioned system
symmetric, in opposition to standard Gauss-Seidel.

4.5 Over-relaxation methods

Jacobi (1850) and Gauss-Seidel (1874) methods date from the 19** century, when computers did
not exist and calculations where performed by hand. Over-relaxation methods were developed on
the 1950s with the general goal of accelerating convergence by minimizing the spectral radius
p(AT1A).

The principle of over-relaxation is to enhance the correction Axy = x4 — x) determined by a
retained approach. This correction is then amplified by a factor w:

where Axy, = Tp11 — ok and Ty is the updated iterated returned by the unaccelerated iterative
method. w is called the over-relaxation coefficient if w > 1 or the under-relaxation coefficient if
w < 1, respectively. The over-relaxation of an iterative methods can then be written as

Over-Relaxation formula

Tyl = WTE1 + (1 — w):ck, 4.97)

where w is a free parameter to optimize. For the previous methods detailed before (Richardson,
Jacobi, Gauss-Seidel), only the over-relaxation of the Gauss-Seidel method, named Successive Over-
Relaxation (SOR), results in a significant enhancement. Optimal over-relaxation of the Richardson
and Jacobi methods actually yield back to the original Jacobi method.

4.5.1 Richardson over-relaxation

The basic Richardson method is

Tpt1 = (I - A)mk + b, (4.98)

which is unstable when applied to the 2D Poisson problem. The over-relaxed version, yield a modi-
fied Richardson method, given by

Tp1 = w[(I — A)xy + b + (1 — w)as (4.99)

or
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Over-relaxed Richardson

Tp1 =1 —wA)xg + bw, (4.100)

which corresponds to the gain matrix Gr(w) = I — wA. The corresponding eigenvalues are then
given by

Ap(w) =1 —wi?

nm

(4.101)

2D Poisson problem. In this specific problem wiht homogeneous Dirichlet conditions, one finds

Ar(w) = 1+ 4w (sin2(n—7r) +sin2(2T 4.102)

2N 2M )) '
The relaxation scheme is clearly unstable for any w > 0. w must then be negative and the iterations is
carried out backwards. The magnitude of w remains limited, since convergence requires |Ag(w)| <
1, therefore

w < 0and |w| < (4.103)

|

The modified Richardson method performs then backward iterations with a relaxation coefficient
smaller than 1 in magnitude. The method is then under-relaxed to enforce stability. The optimal
choice minimizes all eigenvalues [Ar(w)| = |1 — wAZ,,| to determine the minimal spectral radius

1
yielding the highest convergence rate. The optimal relaxation coefficient is then |w| = T This
results in nothing else but the Jacobi method applied to the same Poisson problem!

Remark

The negative sign of w is due to the forward iterations being always unstable with the standard
Richardson method. The correct direction of iterations could have been obtained with a different
starting point

e for the matrix splitting conventional definition. Defining A = A1 + As, with A} = —1
and As = I + A would have given

—A1$k+1 = Agwk -b (4104)

T = —A7 Agzy, + AT'D (4.105)
Tp4+1 = (I + A)wk; -b (4106)
(4.107)

e or for the conventional fixed-point method that also defined the Richardson method. Con-
sidering instead

Az —b=0=x =2+ (Az—b), (4.108)

would have given similarly

Tpi1 =T+ Ay — b (4.109)
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Nevertheless, without under-relaxation the correctly oriented Richardson method remains unsta-
ble in the 2D Poisson problem.

4.5.2 Jacobi Over-relaxation

The standard Jacobi method is written as:

xp1 = (I - D 'A)xy + D 'b (4.110)
and its over-relaxed variant reads

xpi1 =w[(I — D Az + D7) 4 (1 — w)xp, (4.111)
(4.112)

or

Over-relaxed Jacobi

Zppr = (I —wD Az, +wD™'b (4.113)

where the corresponding gain matrix can be expressed from the Jacobi gain matrix: Gj(w) =
wGy+ (1 —w)l.

Stability. The eigen values of the gain matrix are And for the stability analysis:

M(w) =w + (1 - w). (4.114)
The spectral radius of the gain matrix is then bounded as
p(G(w)) < |1 —w|+wA]. (4.115)

Requiring p(G j(w)) < 1 gives the following range of possible values for the over-relaxation factor
w:

2
0<w< ———— 4.116
T 1+0(Gy) @1

Optimality. The optimal value w is obtained by minimizing the method’s specral radius. Let’s
consider a particular case where the eigenvalues of the considered linear system yields positive and
negative value for the corresponding gain matrix of the standard Jacobi method. This condition is
met for example in the Poisson problem. Let’s denote by A7 ;.. the lowest negative eigenvalue and
by A/ .. the highest positive eigenvalue. One can then bound the eigenvalues of the over-relaxed
Jacobi method as

WA;]nin + (1 - w) < )‘J(w) < w)‘J

max

+1-—w. 4.117)
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p(Gy(w))
1
/ Optimal value
I T
1 1 w
1- )‘;{LG 1- /\;]naar

Figure 4.4 : Determination of optimal over-relaxation coefficient for the Jacobi method

Since those bounds are actually reached, the spectral radius of the over-relaxed method is

p(GJ(W)) = Max(‘)‘ila:r - 1)‘*} + 1|7 |(_)‘inn)w - 1|) (4118)
A B

The two curves corresponding to terms A and B are plotted as function of w in Fig. {.4]
The optimal value corresponds to the equality of both terms A and B:

-1+ wOPt(l - )‘inn) =1- wOPt(l - )‘7{1(19: (4] ]9)
Therefore,
2 (4.120)
Wopt — .
" 2- (Ag@m + /\VJnax)

J _ J —
maxr _)\min -

2D Poisson problem. In this configuration with homogeneous boundary conditions, A

cos (%) Therefore, Example: 2d heat equation

(4.121)

The optimal over-relaxed Jacobi method is the original method itself!

4.5.3 Gauss-Seidel Over-relaxation, a.k.a Successive Over-Relaxation (SOR)
This method is also known as Successive Over-Relaxation (SOR) and will present a considerable
benefit compared to the two previous attempts with Richardson and Jacobi methods. For Gauss-
Seidel method, we have:

xp41 = (D — E) 'Fz, + (D — E)'b,
which can alternatively be written as

(D — E)$k+1 =Fx,+0b
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or

Dz, = Expi1 +Fz,+b (4.122)
——

Known values

The latter expression highlight the new components of &1 being computed on the left-hand side
and the already known ones used on the right-hand side. The over-relaxation of the Gauss-Seidel
method is given by

Tpt1 = W1 + (1 — w)xy (4.123)
with Dz = Exgq1 + Fxp + b 4.124)

Pay attention to the last expression where the right-hand side is evaluated with the known compo-
nents of the over-relaxed solution x4 and not ;1. Then,

Dz = w(Expy1 + Fap +b) + (1 — w)Day,, (4.125)

and the SOR method is obtained by solving the linear system:

SOR (Generic)

(D —wE)xp1 = [(1 —w)D + wF|xy, + wb. (4.126)

The matrix on the left-had side D — wF is triangular and yields a costless linear system to solve
through forward substitution. The corresponding gain matrix is

Gsor(w) = (D —wE)™'[(1 —w)D + wF) (4.127)
Gsor(w) =1 —-w(D—-wE) *A. (4.128)
The SOR method corresponds to the following matrix splitting:

A=w (D -wE)-w'wF + (1 —w)D)] (4.129)

A, As

One can demonstrate the following necessary stability condition:

1%

To accelerate convergence through over-relaxation (w > 1), the range of practical interest is 1 <
w < 2.

2D Poisson problem Let’s recall the standard Gauss-Seidel formula applied to the 2D Poisson
problem:

1 1
O = (O + O + Ol T 8 — i (4.131)

The SOR formula follows from

—07 1 1
K k k
¢i,;—1 = 1(¢2j_11j + ¢;€+1,j + ¢f,j+1 + ‘bz;ﬂﬁ - Zbi,j

k+1 k+1
¢iy = (1 —w)gl; +weiT

(4.132)

or
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SOR (2D Poisson) N

1 1
Oyt = (L —w)ei; +w | (071 + i + Ol + 000 - 4bi,j]

(4.133)

(. J

When applying SOR to the studied 2D Poisson problem, the eigenvalues of the SOR gain matrix are
known:

ASOR() =1 — w + wASOR(W)z A7 (4.134)

- )\SOR(w)l/2 _ ;( A+ w22 +4(1 — w)), (4.135)

where \7 are the eigenvalues of the Jacobi gain matrix applied to the same problem.

Optimality (Poisson problem) . The optimal value of the over-relaxation coefficient is obtained
by minimizing the spectral radius p(Gsor) = |[N©%(w)|maz. Since there is no solution to

w = 0, there is no local minimum and a the global one must be determined as illustrated in

Fig.[4.5] The optimal point can be shown to be

p(Gsor)

1

Optimal value \

Figure 4.5 : Determination of optimal over-relaxation coefficient for the SOR method

2
Wopt = , (4.136)
14++/1—p(Gj)?
where p(G ;) is the spectral radius of the Jacobi method. Selecting the optimal over-relaxation
coefficient, the SOR method is much faster then the Jacobi and Gauss-Seidel methods. For the
studied Poisson problem and N = M, a more practical formula can be obtained,

p(Gy) = cos (%) — Wopt = 1-1-51121(7T) (4.137)
N
For N > 1, the following useful approximation is used
™ 7T2
wopt,mVJQ(l_NJr]Ver...) (4.138)

The optimal value is then slightly lower than 2. For the general linear systems, there is no formula
for w,,,;, which must then be roughly estimated by trying different values.
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Remark

e A backward SOR can also be derived. It shares the same properties as the standard SOR
method.

e Based on the symmetric Gauss-Seidel method, a Symetric SOR (SSOR) can be obtained
as well. Similarly to the symmetric Gauss-Seidel method, its convergence rate is twice
faster but, with a twofold cost per step, the global computational efficiency remains the
same. The SSOR is nonetheless appreciated for its better error balancing and is a good
symmetric preconditioning method.

4.6 Matrix splitting interpreted as a Richardson method

In this section, all matrix splitting methods considered so far are shown to be simply linked to the
Richardson method.

4.6.1 Preconditioning

A
_ ‘)‘Zza:cl )
| min ‘

is large, all numerical methods (direct or iterative) are penalized. A very common practice is then to
precondition the system, which consists in applying a linear change of variables.

When the linear system Ax = b is ill-conditioned, i.e. when the condition number x(A)

Right preconditioning

The linear system is transformed as

Ar=b— AK 'Kz = b, (4.139)
where K is the preconditioning matrix. Setting,
{Ay:AI?x - (4.140)
yields the modified linear system:
Ay=0b (4.141)
andx = K 'y (4.142)

Given the latter equation which determines x, the preconditioning matrix must be yield a linear
system, Ko = vy, that is cheaply solved. Additionally, the retained matrix K must of course
solve the initial problem, meaning that the condition number of the new system Ay = b must be
significantly reduced.

Left preconditioning

Alternatively, right preconditioning can be replaced by or combined with left preconditioning that
considers

Az =b—> K 'Az =K 'b (4.143)
Setting,
A=K 'A
{ P Kk-lp (4.144)
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yields a new linear system:

h;l
8
I
o

(4.145)

4.6.2 Matrix splitting

All the methods seen so far can be expressed as a matrix splitting, A = A1 — As, yielding a common
iterative process A1 x;+1 = Asxy + b. These iterations can be written as

xpy1 = A] Aoz + AT (4.146)
X1 = A7 (A — Az, + AT'b (4.147)
xpy1 = (I — AT A)xy + AT'D (4.148)

This expression is nothing else than the Richardson method, 1 = (I — A)a: w4 b, applied to the
preconditioned system Az = b : A7'A = A;'b. Therefore, all previous methods are iden-
tical to a Richardson iterative method applied to the preconditioned with the preconditioning
matrix K = A;.

Each matrix splitting method is then equivalently identified as a specific preconditionner with dif-
ferent choices for K:

e Jacobi preconditioner K=D

e Gauss-Seidel preconditioner K=D-F

o Symmetric Gauss-Seidel preconditioner K=(D-E)D Y(D-F)

e SOR preconditioner K=D—-wE

® SSOR preconditioner K = (D —-wE)D (D - wF)

Since the Richardson method is identical to the simple fixed point method applied to the linear
system, every methods considered so far are preconditioned fixed point method. To progress further,
one must improve the underlying Richardson method.

4.7 Towards Krylov methods

4.7.1 Residuals in the Richardson method and Krylov subspaces

Given the conclusion in the previous section, once A is preconditioned, the only method at our
disposal is the Richardson method,

Tyl = (I — Az +b
In terms of the iteration residual, r;, = b — Axy,, one can write
_ k
Tpt1 =X+ T

Multiplying by —A and adding b yields the following evolution of the residuals in the Richardson
method:

P (T - Ayt (4.149)

Hence,

|75t < 1T — Al ||»"]]- (4.150)
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The iterative method converges to the solution, i.e. 7 — 0, if
II-Al<1 (4.151)

All the methods seen so far (=preconditioned Richardson) have modified A so that || — A < 1
is satisfied. This restriction to have all eigenvalues contained in the unit ball must be elevated to
progress further. Let’s first notice that the Richardson residuals can be expressed as powers A
multiplied by the initial residual r(:

Tik+1 = (I — A)’I"k — | Tk+1 = (I — A)IH_l’l"() = Pk+1(A)’I'0 s (4152)

where Py11(A) is a particular polynomial fo degree k + 1. The iterate x) can also be written as a
function of a polynomial Q(A) :

Tpi1 =T+ T1+ T2+ ...+ 7 (4.153)
k .
Tpy1 = Z(I —A)Yro=Qr(A)rg (4.154)
j+0

The Richardson method writes then each iterate 1 as a specific linear combination of vectors 7,
Arg, ---, A¥r(. The iterate Z1 is then an element of the vectorial subspace of dimension & + 1
generated or spanned by those vectors:

Tpt1 € span{rg, Arg, -, Akro} de:f Kr+1(A,10) |, (4.155)

where the defined vectorial space K11 (A, 7o) is called the (k+ 1)-dimensional Krylov subspace. In
conclusion of this section, the simple Richardson method yields particular successive estimates
x, that lie in Krylov subspace of increasing dimension.

4.7.2 Improving the Richardson method

4.7.2.1 Damping properties Richardson

To understand how A’s eigenvalues impact the residual convergence, let’s express r° on the eigen-
vectors w; bases of A:

ro = Zvjwj, (4.156)
j=1
with the weights «y;. Then,
i = Pr(A)rg =Y 7 P(Aw; (4.157)
j=1

The decrease in residual 7 is then linked to the decrease of initial 7y components due to the damping
of each eigenvalue by the polynomial Pk(/\f). The improvement of the fixed-point method, that is
the Richardson method, is to build another method with better damping properties for Py.
4.7.2.2 First improving step: Modified Richardson
Let’s introduce an iteration relaxation parameter ov:

Tyl = T + QT (4.158)

[Pie1 = (I — o A)ry | (4.159)
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The obtained formula is a modified Richardson method where the simple Richardson method is
retrieved with i, = 1. The residual can still be expressed as a polynomial of A,

k
Tii1 = Pry1(A)ro with Pe(A) = [[(T - ;A), (4.160)
j=1

and the iterate 41 still lies in the Krylov subspace Kj41(A, o). By introducing additional de-
grees of freedom «;, the convergence of the method does not require |7 — A|| < 1 anymore. The
obtained polynomial Py (A) is much more general and corresponds to a family of polynomials with
real roots. Nevertheless, the coefficients oy remain to be determined. The next step is then to
determining an optimal set of coefficients.

4.7.2.3 Generalization idea: Krylov methods

The simple and modified Richardson method always yield an iterate @11 € Kr11(A,rg). Let’s
keep this rule and then propose a general method where xj; is now expressed from an arbitrary
polynomial of degree k as

Tpr1 = Qr(A)ro (4.161)
Assuming without loss of generality that 0 = 0 — r¢ = b, the corresponding residual is given by
Tra1 =b— Az = (I — AQ.(A))ro = Pry1(A)ro (4.162)

where Py is a general polynomial of degree & + 1 fulfilling Py (0) = 1. This general method
combined with an optimal choice of ), in the Krylov subspace K 1(A, ro) results in a so-
called Krylov iterative method. Each choice of an optimality condition yields a different Krylov
method. The most classical ones are: Conjugate Gradient, GMRES and Bi-CGStab. When
carrying out n iterations of the Krylov method where n is the total number of unknowns, the vectorial
Krylov subspace then spans the whole R™ space and the method becomes exact, yielding the exact
solution *. In practice though, such methods are interrupted at an iteration k£ much sooner than n,
making them placed in the family of iterative methods.

4.7.3 Conjugate Gradient method

The conjugate gradient method is the one of the best known iterative method to solve a symmetric
positive definite linear system, which makes it one of the preferred method to solve elliptic PDEs
such as Poisson equations El The method is built upon a specific criterion of optimality where the
residual 7, = b — Axy is set orthogonal to the current Krylov subspace K (A, rg) such that the
error norm ||, — «*|| , based on the positive matrix A is minimized. The obtained iterative formula
is given below:

2In fact, it is the opposite matrix — A that is symmetric definite positive in the Poisson problem
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Conjugate Gradient ~

Compute 7o = b — Az, py = 7o.
For k = 0,1, - - -, until convergence DO:
ar = (Tk,Tk)/(ADPg, Py)
Tpr1 = T+ APy
Th+1 = Tk — 0LAp,
Br = (Trhe1,The1)/(Th:Tk)
Pri1 = Tittl + Beby
End
|\ J

Let us remember that Krylov methods were derived in this section with the initial desire to make the
simple Richardson method more efficient. It was assumed that the linear system was the original one
or a preconditioned one. As for Richardson, Krylov methods are strongly impacted by precondition-
ing which makes them even more efficient. It has been shown that the preconditioned Richardson
yielded the Jacobi, Gauss-Seidel ad SOR methods. Since the conjugate gradient methods tackles
symmetric systems, the preconditioned system must remain symmetric, which invites to use sym-
metric preconditionners. The Jacobi or symmetric Gauss-Seidel preconditionner enable to improve
further the convergence rate of the conjugate gradient method. The general implementation of the
preconditionned conjugate gradient method follows:

Preconditioned Conjugate Gradient N
Choose preconditioning matrix K
Compute 7o = b — Az, zo = K 'rq and Py = Zo-
For k = 0,1, - - -, until convergence DO:
ar = (Tk2k)/(APy, Py)
Tyl = Tkt apPy
Tk+1 = T — Oz1€14p;C
zpp1 = K 'rpg
B = (Tkt1,2k41)/ (T, 2k)
Dii1 = Zi+1+ Bepy
End

4.8 Comparison of methods

Solving a linear system of n unknowns, the different iterative methods require different number of
iterations to reduce the initial error by several orders of magnitude. Their algorithmic complexity in
shown in Tab. One can clearly see the significant benefit by considering successively the SOR
and Conjugate gradient methods. The multigrid method has not been detailed here and the readers
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are forwarded to reference textbooks for details. Such methods are the most efficient on structured
meshes and yield an unbeaten linear complexity.

Methods Complexity
Jacobi O(n?)
Gauss-Seidel O(n?)
SOR O(n3/?)
Preconditioned Conjugate Gradient ~ O(n°/4)
Multigrid O(n?/?)

Table 4.1 : Comparison of iterative methods



Cheat Sheet: Iterative methods to solve the 2D Poisson equation

Solving the linear system obtained by using 2"-order centered difference formula for

yields the linear system
Git1,j + Gi1 — 40ij + bijr1 + Gijo1 = h2fij.

¢ Jacobi method

= i(d)?-i-l,j T ) — %h2fi,j
o Gauss-Seidel method

fjl = i(‘ﬁfjlla + ¢fj_11 + ¢§+1,j + ¢ﬁj+1) - %h2fi,j
¢ SOR method

1 . 1
= (- oty [, 4 ot + ot o) - 0

2
WithwoptzQ(l L +)

N N?







Chapter 5

Hyperbolic and Parabolic Partial
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Compared to Elliptic PDEs, hyperbolic and parabolic PDEs have the advantage of not requiring to
couple all points in the domain for their resolution. Given the propagative nature of both parabolic
and hyperbolic PDEs, they have a “time”-like direction. From that statement, it is natural to con-
sider a step-by-step approach. Numerical resolutions of parabolic and hyperbolic PDEs will then
rely on Time Marching methods. Most of the numerical methods for Parabolic and Elliptic PDEs
use different methods of discretization for time-direction and space-directions. The “global” nu-
merical method and its properties is then a consequence of the properties of both spatial and time
discretizations.

5.1 Examples of Hyperbolic and Parabolic PDEs

5.1.1 Parabolic PDEs

Parabolic PDEs share the following properties:

o they feature one preferred direction, along which they imply an infinite propagation of infor-
mation,

e they require both initial conditions and boundary conditions for other.
Example :
e 1D unsteady heat equation:

or _ o°T

a = a@ (5.1)

81
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e 2D unsteady heat equation:

or ’T 0T
el e Tl 2
ot “(aﬂ 8y2) (52)
e 3D unsteady heat equation:
or T 9T 0T
o (w+w+ﬁ> G-
e 1D advection-diffusion equation:
2
Yy, Yy  07Y; (5.4)

ot "o T 7 oa?

Remark

The presence of a time variable is not mandatory. A purely spatial example of elliptic equation
is:

or o*T  0°T
—=a| 55+ = 5.5

Yoz a<8x2+3y2>’ (5:5)

which reduces, under the physical assumption 2272 < 1 to the purely spatial parabolic equation:

or  9°T

In this parabolic equation, the particular direction is x.

5.1.2 Hyperbolic PDEs

For hyperbolic PDEs:

e at least one propagation direction appears,
e propagation speeds are finite,

e Initial condition and boundary conditions are required on other directions (then, they are not
mandatory everywhere).

Example :

ou ou

n + c% =0 1D advection equation 5.7)

%‘; +o % + CQ% =0 2D advection equation (5.8

1 du + e Ou _ 0 2D steady advection (5.9
ox Jy

5.2 Convergence of numerical schemes: The Lax theorem

When deriving a finite-difference approximation of a PDE, the objective is to ensure that the numer-
ical solution will converge to the exact solution as the time and space increments tend to zero. The
definition of convergence is the following:
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Convergence N

A Finite difference approximation Pa; av = f is said to be convergent with
respect to the PDE Pu = f if, for a given initial condition v{ that tends to
u(t = 0,z;) as Az tends to 0, the solution v} tends to the solution u(t", z;) as
At and Az tend to 0.

(. J

In order to get convergence, several ingredients are required. The first ingredient is the consistency,
which ensures that the error between the finite difference approximation and the exact PDE tends to
zero as space and time increments tend to zero:

W h

Considering the PDE Pu = f, where P is the partial derivative operator, a finite
difference scheme Pas a0 = f is consistent with Pu = f if for any smooth
function ¢(t, x):

|Pp — Par.azdl| = O(AzP) + O(AtY) (5.10)

where p, ¢ > 0 are the order of consistency in space and time respectively.

(. J

Example : If we consider a first order approximation of the advection equation using forward Euler and upwind
differencing for space derivative, we get:
1
ou ou uf Tt -l = uiy

u
o % VT TAr T AL

Lookign at the truncation error made by finite difference approximation of time and space derivatives, we
obtain:

=0 (5.11)

? 1
n u'f_l+ —au”

n 8U

n n au
ittt =l + o .At+O(At2)—> o J:JTt]JFO(At) (5.12)
J
wy = — 2 Ae v o(aa®) - 98 =T | o(ag) (5.13)
j J

J

Looking at the difference between the exact PDE and its approximation, we finally get:
||Pu — Pat,azul] = O(At) + O(Azx) (5.14)
Then this scheme is consistent of first order in time and space with the advection equation.

The second ingredient is the stability, which ensures that the solution remains bounded for any
time increment (methods to demonstrate stability of a numerical approximation are presented in

Section[5.3):
g |

A finite difference scheme Pa; a,v = f is said to be stable if Py} 5, is uni-
formly bounded, i.e., if it exists a strictly positive constant C' such that for n > 0:

—1
[Paiad]| s < o0
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Then, if consistency and stability are satisfied, the Lax theorem states the convergence of the numer-
ical approximation:

If a finite difference approximation Pa¢ v = f is consistent at order p in time
and order q in space with the PDE Pu = f, and is stable, the finite difference
approximation is convergent at order p in time and order q in space.

Demonstration

To demonstrate convergence, we look at the difference between the numerical solution u and
the exact solution v:

U—v= PA_t{AxPAt,AxU - PA_t{Ax(PAt,Ax'U)
= Px; no(Pat,act — Pu) — Puj a o (Pat,azv — Pu)
= PA_tl,Ax(PAt,Awu — Pu) — PA_tl,Am(f - f)

Taking the norm of the difference, we get:

lu—oll = || Pa¢ pe (Pat.sou = P

< HPA}{M | Pat, Azt — Pull

< C < o) and consistency (||[P¢ — Pat azél| = O(AxP) +

Using stability (HPA_tl’A’”
O(At9)) , we finally get:
lu—vll < C (O(Aa?) + O(At)

hu =l o
JAz—0

Example : Let us consider the numerical solution of the 1D linear advection equation:

ou Le ou 0
ot or
o the use of Forward Euler for the time part and Upwind scheme for the spatial part is consistent with the
original equation at order 1 in time and space. Furthermore, as it will be demonstrated later in this chapter,
this combination is also stable. As a consequence of Lax theorem, this scheme is thus convergent, as seen
in Fig. 1]
o If we replaced the scheme for the spatial part by a centered scheme, we obtain an unstable scheme. Even
if the resulting scheme is consistent at order 1 in time and 2 in space with the advection equation, it cannot
converge to the exact solution as seen in Fig.[5.2}

5.3 Stability Analysis of discrete PDE

To achieve convergence, stability is mandatory and is thus an essential step in the derivation of a
convergent (and thus useful) finite difference approximation of a PDE. There are several ways to
analyse and demonstrate stability. Before presenting them, we first introduce two important numer-
ical parameters: the Fourier number and the Courant-Friedrichs-Levy or CFL number.

The Fourier Number is related to diffusion equations and reads:
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1.0 1 = Nx=50
= Nx=100
= Nx=1000

0.8 1
- eXxact

0.6 1

>
0.4 1
N
0.2 1
0.0 A1
0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 5.1: Solution of the 1d linear advection equation using Forward Euler+Upwind after one revolution:
exact solution (black), and numerical solutions using 50 (red), 100 (green) and 1000 (blue) points.

1.54
1.0

0.5 A1

0.0 1 \ \I
initial

—0.5 ite=1
ite=100 U
ite=200

—1.0 1

Figure 5.2: Solution of the 1d linear advection equation using Forward Euler+Centered: initial solution
(black), and numerical solutions after 1 (red), 100 (green) and 200 (blue) iterations.
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where a is the diffusion coefficient. It can be interpreted as the ratio of the time step At and the
characteristic propagation time of information through a mesh cell (Ax?/a). The CFL number is
related to advection equations and reads

|ul At
C= Ap

where w is the advection velocity. It can be interpreted as the ratio of time step At and the propaga-
tion time of information through a mesh cell (Az/u).

5.3.1 Fourier space analysis

To analyse the stability of a numerical scheme, the Fourier transform is very useful as it gives insight
on the spectral properties on the scheme. The Fourier transform can either be used on the continuous
equation or on the discrete data obtained by discretization. In the following, we first look at the exact
solution of a reference advection-diffusion equation, and we then look its discrete counterpart.

5.3.1.1 Behaviour of the exact solution

Let us consider the advection-diffusion equation of a scalar u:

ou  Ou dQ@

— — = 5.15
ot " or = ¢ o2 615
If we take the fourier transform d(k,t) = [*_u(wx,t)e”"*"dx, we get:
da s
— = (—dk* —iak)u(k,t) (5.16)
dit
This equation is a first order equation, which solution is:
ak,t) = e~ tmiokty — o (k)i (5.17)

where o (k) is the amplification factor of the exact solution. Now, let us consider a unique mode
as an initial condition 4(k,0) = o(k — ), where 3 is the wave number of the initial mode, which
corresponds to u(x,t) = %e%@w. The solution then writes:

a(k,t) = e—dF7t—iably (5.18)

Going back to the physical space, we can get the following possible behaviour:

. i8(a—at)
e pure advection for d = 0: u(z,t) = “—- ‘

velocity with no gain or loss, see Fig.[5.3]

, for which the initial mode travels at constant

€

e pure diffusion for a = 0: u(z,t) = ge’dﬁ%, for which the initial mode is stationary and

decaying in time, see Fig.[5.4]

These two references behaviours are used to be compared with the analytical ones.
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Figure 5.3 : Exact solution of the 1d linear advection equation for an initial sinusoidal perturbation.
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Figure 5.4 : Exact solution of the 1d linear diffusion equation for an initial sinusoidal perturbation.

5.3.1.2 Behavior of the numerical solution

In the same spirit as in the previous section, we will use Fourier transform to analyze the solution.
This time, since numerical solution is in form of discrete data, the discrete Fourier transform will be
used't

N,—1
a"(k) =Y ufe A Ay (5.19)

=0

Let us consider that a discretisation in time and space of a linear equation leads to a linear system to
be solved:

Z alu?_tll = Z by, (5.20)
1 1

Here 1 refers to the imaginary number.
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where [ belongs to the stencil of the scheme.
Applying the Discrete Fourier Transform leads to:

lz ale“@m] att = lz ble“@m] ast (k) (5.21)
l l

,&n—&-l - Zl bleihlA:r
an Zl aleihZAz

= o*(k) (5.22)

o* (k) is the amplification factor of the numerical scheme. At this point, it is worth noticing that this
amplification factor will be different from the exact solution, and comparing exact and numerical
ones will give access to the numerical error made by the scheme. This parameter is also used to
investigate the stability of the scheme.

Example : Discretizing the pure advection equation with forward Euler+upwind leads to the following scheme:

u;”rl =uj —C(uj —uj_y) (5.23)

In this case, ! is equal to O (local point j) or —1 (upwind point j — 1). The coefficient are then ap = 1,
bop=1—-C,andb_, =C.

5.3.1.3 Von Neumann Stability Analysis

A first way to evaluate the stability of a numerical method is to study its response to a unique har-
monic perturbation, and to check whether it amplifies or damp the perturbation allows to discrim-
inate between unstable and stable. This method is the so-called Von Neumann stability analysis
method.

Von Neumann stability analysis N

Consider a unique harmonic mode:
u} = exp (iffz;) = exp(ifjAx), (5.24)

Then, by computing the amplification factor o as:

’r.L-‘rl
ot = I __ (5.25)

J

the stability of the numerical method is guaranteed as long as |0*| < 1, the
method being unstable otherwise. Note that the existence of ¢* is a consequence
of the linearity of the discretized PDE.

(. J

Example : Consider the Forward Euler - Centered Difference Scheme (5.6.1.1)) for the heat equation (5.144)
with
uj = exp(iBjAx). (5.26)

This yields

¢;~1+1 = ¢ + Fog] (exp(ifAzx) — 2 + exp(—ifAx)) d)?“ =¢; (142 Fo(cos(BAx) —1)). (5.27)

o
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Stability condition expresses here as
—1<1+42Fo(cos(BAz)—1) <1, (5.28)
—2 <2 Fo(cos(BfAz) —1) <0, (5.29)
—_— ——
<0
0<Fo < . (5.30)
~ 7~ 1—cos(BAzx)’ '
The left-hand-side condition being always verified, the stability condition reads
Fo < . (5.31)
= 1—cos(BAz)’ '
In the worst case, cos(8Axz) = —1. Hence the stability condition for Forward Euler — 2"_order FD space
with 1D Heat equation:
Fo < % (5.32)

In what follows, it will be clear that such a restriction on the time step (At < %) and similar ones when

using explicit methods to solve parabolic PDEs, is penalizing and must be elevated.

Exercise 9

Characterize the stability of the discretization of the advection equation using Forward Euler

and:
e 1%-order upwind,
e 1%-order downwind,

e 2"_order centered.

Solution 9

Wt =u? - C (un - u?_l) ,

J J J
with
u;L — ezﬁjAz,
one gets

u;“'l = u;l (1 —-C+ Ce_wA“)

o

o= (1 — 2Csin? (@)) — iCsin(BAx)

1%t-order upwind: Recalling equation (5.7) and assuming ¢ > 0, we get:

o=1-C(1—e#2%) =1-2iCsin <ﬂ§‘”> o

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)
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2 . 2 ﬂA:z: ’ 2 i 2

lo|*={1—-2Csin* | — + C* sin“(B8Ax) (5.38)
=1 — 4Csin? ( ) + 4C? sin* <62x) + C%sin? (BAx) (5.39)

=1—4Csin ( ) + 4C?sin* <ﬁ m) + 4C?sin <@> cos? <@)

2 2 2
(5.40)
=1 — 4Csin® <@> + 4C? sin (ﬁ m) + 4C? si (@> (1 — sin? <@>>
2 2 2 2
(5.41)
— 1 — 4Csin? (B x) +4C%sin <@) (5.42)
Therefore, the stability condition |o|?> < 1 can be expressed as:

C*-C<0, (5.43)
C(C—-1)<o. (5.44)

Eventually, the stability condition for Forward Euler — 1%*-order Upwind scheme is:

(5.45)

This stability limit is known as the Courant-Friedrich-Lewy, or CFL-condition.

15t-order downwind:
u;”rl =uj —C (u}‘H — u?) (5.46)

The Von-Neumann analysis reads

wIth =l (1-Ce27 4+ C), (5.47)
g=1-C (2% —1) = 1 - 2iCe™** sin (%) (5.48)
A A A
o =1+ 2Csin? <M) — 2iC sin <B a:) cos (ﬁ x) (5.49)
2 2 2
A A
lo|? = 1 + 4C?sin* oz 4 4C sin? oz + 4C? sin 2 (BAZ) o2 (POT
9 g 2 2
(5.50)
A
|o|? = 1 4 4C sin® (6233) +4C? sin (%) > 1 (5.51)
Forward Euler — 1%-order downwind is then an unstable scheme.
nd_order centered: .
u;,“rl = 5 (“;‘LH = U;‘Ll) (5.52)




5.3. STABILITY ANALYSIS OF DISCRETE PDE 91

C, . .
n+1 iBAxT —iBAx
it :u?(1_§(eﬁ _ B )) (5.53)
A
o =1—iCsin (ﬂTx> (5.54)
A
o = 1+ Csin? (%) >1 (5.55)
Forward Euler — 2"-order centered is then an unstable scheme.

5.3.1.4 Stability Analysis using the Modified Wavenumber

This method is similar to Von-Neumann. It also assumes periodic Boundary Conditions. Modified
wavenumber analysis is also used for FD. The main difference with Von Neumann analysis is that it
is based on the semi-discrete scheme, i.e. the time-like dimension is not discretized.

Modified wave number analysis N

Considering the following semi-discretisation in space:
du;(t
% + D biua(t) =0,
l

the spatially-discretized solution being sought as u; (t) = 1(t)e??22 the spec-
tral semi-discrete equation becomes a linear ODE:

Then, the stability of the numerical scheme will first depend on the real part of
A: if Re(A) > 0, the scheme is unstable. If Re(\) < 0, the stability of the full
scheme will depend on the choice of the ODE solver, as seen in Section 3.2}

(. J

Example: 1D Heat Equation: The following problem is considered here:

0 0%
9 = %92 (5.56)
With a 2"-order centered scheme, one gets:
do; a
o L (B =25+ 95-1) 55
with N
bj = h(t)e I (5.58)
Then,
dp; _ a +ifAx —ifAx)
=2 (e 24e ) iy (5.59)
dip 2a
o = A (11— cos(BAD)u(t) = —af”yY(t) (5.60)
where
B2 Az® =2 (1 — cos (BAz)) (5.61)
is the modified wavenumber seen in FD lectures. The previously found eigenvalues A\ = Az;lz cos(BAx)—1 are

retrieved using 3’. Each space-discretization scheme yields a different 5’, already known. The corresponding
eigenvalues are , they are then all real negative numbers for the 1D heat equation.
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e Euler Stability with centered 2"-order: In this case, eigenvalues are given by

2a

A= Ag? (cos (kAx) —1). (5.62)

Hence the following limitation:

2 Az?
At < — < 5.63
SIS 2 63
and eventually, one retrieves
1

Fo < 3 (5.64)

e Euler Stability with centered 4"-order:

®; =gl + 12 (=972 + 1541 — 3097 + 16611 — ¢7iy2) (5.65)

2
We have seen that the 4™-order for ng’ gives

K?Ax? = %cos (2kAz) — gcos (kAzx) + g (5.66)

then 9 5
At < = = 5.67
T Al %5 |4 cos(2kAx — £ cos (kAz) + 2)| ©-07
The worst case corresponds to kAx = , ie. Zﬁﬁ <3 _é T3 = 3 Eventually, the Fourier condition

6'3"2
reads:
3

Fo < 3 (5.68)

Example: 1D Advection Equation: Consider the following problem:

ou ou
5 _Cam’ (5.69)
with _
u; = 1p(t)e™ . (5.70)
This gives
9 = icky () 5.71)
The eigenvalues are then for 1D advection, with k" the modified wavenumber of %
e Centered 2"-order scheme: For this scheme,
k' Az = sin(kAx) (5.72)
A= — € gin(kAg) (5.73)
=" As S T .

For a Centered 2™-order scheme space-discretization, one retrieves the unstability of Euler, RK2 and
AB2, the stability of LeapFrog for C < 1 and of RK4 for C < 2.83.

e Centered 4™-order scheme: In this case, the space discretization reads:

ou Ui—2 — SUi—1 + SUi41 — Uit2
—| = . 5.74
oz |, 12h (5.74)
This yields
KAz = %sin(kAx) — ésin(QkAm) (5.75)
and

A = —ick’' (5.76)
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Let us find k., to characterize the stability, using X = kAxz:

/
Cdi—];( = Aix (% cos(X) — %cos(2X)) =0 (5.77)
4cos(X) = cos(2X) = 2cos’(X) — 1 (5.78)
setting Y = cos(X) gives
2Y? -4y —1=0, (5.79)
which, since |Y'| < 1, reduces to one solution:
1
Y=1- 5\/6. (5.80)
Eventually,
X = arccos(Y) ~ 1.8 (5.81)
and 1.372
krax = K'(X) = T (5.82)
This yields
1.372
AMmax = —— 5.83
e (583

RK3: C<1.26

(5.84)
RK4: C <2.06

e Padé scheme (4™-order): Padé scheme consists in computing the approximate derivatives % ]j by solving

equation:
ou ou ou 3
— 4 — — = — (ujt1 — uj—1) . .
oz |. + or A+ oz |._ Ax (W1 = uy1) 489
j+1 J j—1
This yields
3sin(kAx)
FAr=_""—"—""_ 5.86
T o cos(kAzx)’ (5.86)
and
A= —ick’. (5.87)
A is then pure imaginary. One can now evaluate kmax using
dk’ - 3 [cos(z) (2 4 cos(z)) —|2— sin”(z)] 7 (5.88)
dzx Az (2 + cos(z))
with X = kAz. The maximum is then obtained for:
cos(X) = —%, (5.89)
which corresponds to
x=2 (5.90)
3
and
V3
Elax = —— 591
max h ( )
Eventually, one finds for RK3 and RK4 time integration:
Padé - RK3: At < /\\/§ C<1.0
| 2";;* (5.92)
Padé - RK4: At < ‘)\| C <1.66
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Example: 1D Advection-Diffusion Equation: Recall the 1D formulation of an Advection-Diffusion Prob-

lem:
ou ou u

— — =V. 5.93
ot " or ~ Voaz 699

The corresponding modified wavenumber equation reads
Wi kg — vk, (5.94)

dt
Using a cenetered 2"-order scheme for both terms:
2v . sin(kAx)

A= NE (1 — cos(kAx)) — le— (5.95)

Considering Forward-Euler stability condition, one finds:
C*<2/m <1 (5.96)

Thus, adding diffusion makes Forward-Euler stable. This is the principle of artificial diffusion, which will be
discussed later on.

5.3.1.5 Limitations to Fourier-space Analysis

The Fourier space analysis suffers the following limitations:
e it is restricted to linear PDE with fixed coeffs,
e it can only be performed on uniform meshes,

o the use of Fourier modes assumes the periodic Boundary Conditions. Some counter-examples
exist that show the impact of Boundary Conditions treatment on stability.

5.3.2 Stability Analysis of the semi-discrete PDE

It is also possible to investigate the stability of a numerical scheme without the use of a Fourier space
analysis, but by directly looking the linear system generated by the scheme. Before actually tackling
the stability analysis, a quick mathematical preamble is necessary.

Eigenvalues of a tridiagonal matrix N

Fora (N — 1) x (N — 1) tridiagonal matrix

b ¢ 0
M=% " , (5.97)

.- '.‘ C

0 a b

denoted by Bla, b, ], the eigenvalues are

Aj = b+ 2yac cos (j]g) for 1<j<N-1 (5.98)

(. J/

For the demonstration, see Appendix [A.T]
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5.3.2.1 Method of Lines (MOL)

Method of Lines (MOL) N

The semi-discrete PDE, as known as MOL, is obtained by discretizing along all
directions except for the time-like variable:

Pu=0= %Uj(t) + Ppguj(t) =0 (5.99)
The PDE is then turned into a set of ODEs. Any ODE method can then be
applied. The MOL enables us to use what we have learnt on ODE numerical
methods. This gives a good insight on the most appropriate methods to chose to
resolve the PDE given a spatial discretization. However, not all discretized PDE
can be interpreted using MOL (e.g. Lax Wendroff, to be described later).

Example: 1D Heat Equation: Consider the following Cauchy Problem for a physical domain Q = [0, L] :

2
%Ia% for (v,t) € @ x R*
¢(0,t) = ¢(L,t) =0 fort e R (5.100)
¢(x,0) = g() forx € Q

Let (2;);j=0..~ be a uniform mesh of N 4 1 points, with o = 0 and zy = L. Using a 2"-order centered
formula for space discretization, one gets:

dd; _ [ Pitr—20i + i1
dt Ax?

> forj=1,..,N — 1. (5.101)

This yields a system of N — 1 ODEs:

p 1 1
cll=al 102
= e (5.102)
dN-1 ON-1
where

2 1 0

a- o |80 — % B[1,-2,1] (5.103)

= A:pQ 1 - Axg ) 3 . .

0 1 -2

The system can then be solved using RK, multi-step or other ODE methods. The stability of the ODE method
is determined by the eigenvalues of A:

a j T . .
Aj = N (—2 + 2cos <jﬁ>> withl1 <j< N -1 (5.104)

Thus, all A; are real negative numbers. Let us study the stability for different choices of ODE numerical
methods.

1. Forward Euler: the method reads

O = 0 + Fo (641 — 207 + 67), (109
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which is stable if At < -2 forall j € {1..N — 1}. Hence

[251
2
At < W7 and (5.106)
4a X
[Almax =2 Az e (5.107)
A 2
At < 22 , and eventually (5.108)
1
Fo < 30 (5.109)

which is in agreement with the previously found stability limit.
2. RK2: this two-stage method reads:

¢j o ¢ + 5 (¢j+1 —2¢; + ¢j—1)

(5.110)
o5 = of + Fo (a1 — 267 1 617
The stability condition then writes:
At < wﬁ, (5.111)
hence again
Fo < % . (5.112)
3. Backward Euler: as an implicit method, it is unconditionnaly stable
4. Cranck-Nicolson: also known as trapezoidal — unconditionnaly stable
5. RK4: For this method, one finds:
At < |)\2|ij, (5.113)

which gives

. (5.114)

Example: 1D Advection Equation : Consider the following Cauchy Problem for a physical domain = [0, L]

ou au_ +
EJrc%fO for (z,t) € 2 xR

u(0,t) =0 fort € R (set on left side only)
u(z,0) =g(x) forxzeQ

(5.115)

Let (#;)i=0..~ be a uniform mesh of N + 1 points, with 2o = 0 and x5 = L. Using a 2™-order centered
formula for space discretization, one gets:

du; B (Uz’+1 — Uj—1
dt 2Ax
This yields a system of N — 1 ODE

) fori=1,..,N — 1. (5.116)

U1 Ui
d c
— . = — B|—1 1 . . 117
il sapBELO | (5.117)

UN-—1 UN -1

Again, the system can then be solved using RK, multi-step or other ODE methods. The stability of the ODE

method is determined by the eigenvalues of (— 35 B[—1,0,1]):

ic T3 .
)\j:—ECOS (ﬁ) forl1<j <N (5.118)
Here, all \; are pure imaginary. For this reason, every ODE method that does not include a part of imaginary

axes in its stability domain is doomed to fail.

2In reality, a 1%-order upwind discretization has to be used at the right-side boundary.
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Example: Forward Euler, RK2, AB2 will fail.

1. Leap Frog: The update is computed as:

ultt =t — % (uif —ui_1) (5.119)
The stability condition writes:
A< —1 ith A = -5 (5.120)
= |)\|max max — ACE .
c<1 (5.121)
2. RK3: the stability condition can be proved to be:
At < V3 (5.122)
|)\|max
The CFL condition is thus:
3. RK4: the stability condition reads:
At < |)2\|'83 , (5.124)

which yields the following CFL condition:

. (5.125)

5.3.3 Stability of Multidimensionnal Problems

Multidimensionnal problems can be tackled using generalizations of the 1D methods studied previ-
ously, using multidimensionnal Fourier modes: e?*=%i _ ei*vye eik=2p
In the following, results for different equations and discretizations are condensed.

Heat Equation: The 2D version of this PDE reads:

ap (06 9%
&_a(aszrW) (5.126)

Using a Forward-Euler + centered 2"-order space discretization, the stability condition on the
Fourier number is:

1
Fop < 5 (5.127)

The 3D heat equation is given by:

J¢ ¢  0%°¢ 0%
—=al|l=—+—+=— 5.128
a <8x2 2 " 922 (5.128)
The same discretization (Forward-Euler + centered 2"Y-order space) would yield:
1
Fosp < 5 (5.129)
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Advection Equation: The 2D version of this PDE reads:

¢ ¢  0¢

— +ci— — =0 5.130

ot T %o T %29y (5-130)
The stability condition corresponding to a Forward-Euler + 1%-order upwind discretization in each

direction gives the following CFL condition:

C1+Cy <1, (5.131)
where cal At
cd
= . 132
Cq Ar (5.132)

For a 3D formulation, which reads:

0 oler 1ol oles

el bl - g .1

8t+618x+628y+638z 0, (5.133)
one obtains the 3D CFL criterion:

Ci1+Cy+C3<1. (5.134)

5.4 Characterization of numerical errors

5.4.1 Numerical diffusion and dispersion

Using a convergent scheme, the exact solution is retrieved when time and space step tend to zero
under the appropriate stability condition. If convergence is not fully achieved, a numerical error is
made, and it is important to characterize which type of influence this error has on the numerical
solution.

To analyse this error, the strategy consists in comparing exact and numerical solutions, by looking
the amplification factor o.

Numerical diffusion and dispersion N

Numerical diffusion means that the loss of amplitude compared to the exact
solution, meaning that the rate of decay is not matched:

o™ (k)|
o (k)]

Numerical dispersion means that the propagation speed is not matched, i.e, the
solution is travelling slower or faster:

arg(c* (k))
arg(o(k))

In general, diffusion and dispersion depend on wave number k.

#1

£1

5.4.1.1 Application to the 1D linear advection equation

In the case of the advection equation, the solution is a pure propagation at a fixed velocity without
diffusion of the solution

a(k,t) = e "@ktg, (5.135)
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1.0 A 1.0 1
0.8 - 0.8 -
D
— 0.6 = 0.6
) B
= 5
0.4 2 0.4
| —— CFL=1.0
0.2 - 0.2 - CFL=0.5
—— CFL=0.25
004 00 — CFL=0.125
0 1 2 3 0 1 2 3
] ]

Figure 5.5: Diffusion and Dispersion errors of the Euler+Upwind scheme applied to the advection equation

A
at different CFL numbers for a final time ty = 2r
a

In order to compare the results of different schemes at different CFL numbers, and thus different time
steps, it is required to fix the final time at which the comparison is performed. Here, we arbitrarily

A
choose t; = —x, which is the time required to cross a cell at C F'L = 1. At this final time, we get:
a

. ‘Aa;

—iak .
a(k,ty) =e a a(k,0) = a(k,tr) =e “u(k,0) (5.136)

where § = kAx is the node wave number. Here we get the exact amplication factor, which presents
no diffusion (Je~*| = 1)and no dispersion (arg(e~*’ = —6).

Now, let us consider the discretised solution of the advection equation using the Euler+Upwind
scheme. Using the Discrete Fourier Transform, we get for one iteration, i.e. one time step:

"t = (1= C)a" + Ce
and then, for multiple time steps:
Wt = (1—C+Ce )l
We thus get for the amplification factor after [ time steps:
=0(0) =(1—C+Ce ) = (1—C(1— cosh) — iCsin)"

Taking the norm and the argument of the amplification factor, we get the diffusion and dispersion
properties of this scheme, plotted in Fig.[5.5] We first see that the diffusion and dispersion errors
clearly depend on the frequency of interest. Here the error of Euler+Upwind scheme is increasing
together with the frequency of interest. We can clearly see that the CFL number has a great impact
on the diffusion and dispersion errors.

The influence of theses numerical errors on the solution is shown in Fig. [5.6] where the initial so-
lution consists in a pure sinusoidal mode u(t = 0,z) = sin(wz), where w = 4m. The solution is
plotted at the same final time ¢y = 0.5 at which initial and final solution must overlap. The numer-
ical diffusion is clearly highlighter by the loss of amplitude of the sinusoidal wave. The dispersion
is also highlighted by the space shift of the numerical solution, showing here a lower propagation
speed than the expected one. This is coherent with Fig.[5.5] which shows a dispersion error below 1
for C = 0.25, i.e. a lower propagation speed.
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6=0.06m 6=0.13m 6=0.28m
1.0 1 b b

0.5 A b h

—0.5 A - .

-1.0 1 1 1
0.0 0.5 1.0 00 0.5 1.0 00 05 1.0

1.0 1 k k

0.5 1 1 1

0.0 1 E 1

u/max(u)

—1.0 A 1 T
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

Figure 5.6 : Numerical solution of the Euler+Upwind scheme applied to the advection equation for an initial
sinusoidal wave at C = 0.25. Final solution u (upper part) and final solution normalized by its maximum value
(lower part), with different normalized wave numbers 0 = 0.017 (left), 0.137 (center) and 0.287 (right).
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5.4.2 Modified equation

Another way to analyse the numerical error of a numerical scheme is to look at the modified equation
of the numerical scheme. The principle of the modified equation is to write a continuous equation
that represents the evolution of the numerical solution. To do so, we need to keep higher order
terms in the Taylor expansions that have been neglected. For example, to approximate a first order
derivative in space, we discard higher order terms:

oul’ > Fult Az
ulha+ Ar) = ulto) + 50| Art D G| Gy

r k=2

Numerical error

In the discarded part, the leading term is the first element of the sum:

t

tAx
T

Ax =, 9Fu

ko |t Az B 0%u
kT 2 ozk
k=3

= Oy

k=2
Leading term of the numerical error

The numerical error will then be mainly caused by this first term. Let us get back to the downwind
discretisation of the first order derivative:

n

ou

no_.n
Qul" _ujy, —u
ox

j
Az

J
If we look at the discarded error terms and we reintroduce the leading one, we get:

n+l _ ,n
Ug uj  Ou

dul" | Ou|" Az
Ax oz

0x%|, 2

J

This give a continuous representation of the numerical scheme, with an additional term representing
the numerical error.

5.4.2.1 Application to forward Euler + Upwind

Let us consider the 1D linear advection solved using Forward Euler + Upwind scheme:

n+l _ . n no_,mn
u; uj +auj (O _0
At Ax
For the time derivative, we get:
L B ] L L LY +O(AR)
At Ot ot2|. 2
N———— J J
numerical approximation . .
real solution numerical error
For the space derivative, we get:
a(“? *U?q) B a@ " _ O%u [ alx +O(Ax2)
Ax oz i 0x? 2

Combining both equations:

@ ou At 9%u Az 0%

o or T 202 T oa2
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. S . 52 . 52 .
The right hand side is the numerical error e = —%%Tg + a%%. We still have to reformulate

the second order time derivative to give a physical meaning to this error. To do so we take the time
derivative of this equation:

Pu_ 0 (du) O 0% O  Oc
oz = Yoz \ot) "o T o2 Tt “on

We then get an implicit equation of the numerical error:

9% Y T 2 o T2 a2 2\t "o

ou ou ~Ata?0*u  Axd®u At (86 86)
The last term of this equation is not explicitely determined. However, we know that the numerical
error is of order one in time and space. As this last term is multiplied by At, this term ends to be of
second order, and then to be negligible compared to the order of the numerical error. We finally get
the modified equation of the upwind scheme

Modified equation of the Forward Euler+Upwind scheme N
Ju  adu

1 At 0%
ot "o atlmax)os

The RHS acts as a numerical diffusion with diffusion coefficient:

If this coefficient is positive, the scheme is stable, and if this coefficient is nega-
tive the scheme is unstable. We then obtain the stability limit of the scheme:

At

D > 0(stable) ifa > 0anda— =C < 1
Az

D < O(unstable) ifa < QorC > 1

5.4.2.2 Forward Euler + Centered scheme

Applying the same methodology we get for the Forward Euler+Centered scheme:

Modified equation of the Forward Euler+Centered scheme N
ou n ou 5 At O%u Az? 93u
—ta— = —a'— —0—— =
ot Ox 2 Ox? 6 Oz

anti-diffusive term = unstable dispersive term

As the diffusion coefficient is here always negative, the scheme is uncondition-
ally unstable. It also exhibit a third order derivative term, which corresponds to
dispersion error.
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5.5 Lax Wendroff and Lax-Friedrichs schemes
5.5.1 Artificial diffusion

To get a scheme at second order in space we require a centered scheme for the space derivative.
Forward Euler leads to an unstable scheme because of negative diffusion. A possible solution to get
a second order accuracy in space is to add a positive diffusion to counterbalance it:

™t —

j I gt T e T 20 U
At 2Ax Az?
The question is then how to taylor the numerical diffusion in order to get stability while preserving
consistency, in order to achieve convergence. The first solution is to add a constant diffusion D,;.4; ¢,
but this is however not consistent with the advection equation, but with the advection diffusion
equation:

(5.137)

ou ou 0%u

a2 = Doty e 1
ot +aé‘)x artzfaxQ (5 38)

5.5.2 Lax Wendroff scheme

Let us tailor D such that it exactly matches the negative diffusion, i.e. D = a? %. We then get the
Lax-Wendroff scheme:

Lax Wendroff scheme

Uif""l — ui — GE [’U,i_;'_l — ui—l] + m [ui-‘rl — 2'LLL + ui—l] (5139)
c
The modified equation of the Lax-Wendroff scheme is the following:
Ju ou 1 u
hated = = ZaAz(Cr 1) = 5.140
ot Tz~ gAT D ©-140)

The term on the right hand side is a third order derivative, it is thus a dispersive term. This scheme
is second order in time and space. The amplification factor of the Lax-Wendroff scheme is:

1 . 1 ;
o(0) = 5C(L+i)e™" +1-C* = SC(1—i)e™" (5.141)

5.5.3 Lax-Friedrichs scheme

The principle of the Lax-Friedrichs scheme is to replace ul* by —~ + 5 771 Sowe get
Cnt1 Uity + (5
S T Ui U 0 5.142
At TR T ©-142)
Lax Friedrichs scheme
n+1 n n n
w, " — Uiy — Uy 1
: C = — |uj g — 2u? > 5.143
TRy a7 VA L I e ST
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The modified equation is :
ou ou  Ax? 5. 0%u
5 Ha5e = o (1- )5
ot or  2At ox
meaning that the numerical error made by the scheme is mainly numerical diffusion.

5.6 Consistent and stable discretisations

5.6.1 Diffusion equations
5.6.1.1 1D Diffusion Equation

Recall the (parabolic) 1D diffusion equation:

0 0?
9¢ = a—¢ (5.144)
ot Ox?

It can be discretized as (¢}), where ¢ denotes the space index and n the time index.

Using a Forward Euler time discretization and a 2™-order centered space discretization, the numer-

ical method writes:

1D diffusion: Forward Euler+ Centered

¢ = 7 + Fo (o4 — 207 + 6q) -

Replacing the Forward Euler time discretization by Backward Euler yields the following implicit
method:

1D diffusion: Backward Euler+ Centered

G =9 + Fo (¢ — 200 + 611

Using a trapezoidal method instead yields the so-called Crank-Nicolson (implicit) method:

1D diffusion: Cranck-Nicolson + Centered

1
Gt = 07+ 5 [Fo (61— 267 + 61) + Fo (415 — 260 + 941)]

A last example of discretization for the 1D diffusion equation can be a Forward Euler time dis-
cretization and a 4M-order centered finite difference discretization in space. The resulting scheme
reads:

1D diffusion: Forward Euler+ 4Morder-Centered

n n FO n n n n n
07T =0+ o (0o + 1667, —300] + 1607, — diyp)  (5.145)
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5.6.1.2 2D diffusion equations

Recall the 2D diffusion equation:

96 (6 0%
Y <W+8y2>, (5.146)

This equation can also be discretized using Forward Euler in time and a centered 2"!-order scheme
in space:

2D Diffusion: Forward Euler+Centered N

Gt = 01+ Fou (971 — 207 + 0f_1;) + Foy (8711 — 207 + 07y _1)
(5.147)

(. J

Here, one can chose two different mesh sizes along x and y directions. Hence the two different
Fourier Numbers defined as:

alt
al\t
Fo, = Ay (5.149)

Similarly to previous equation, one can blend different space and time methods to build other nu-
merical schemes.

5.6.1.3 Non-linear diffusion equations

TO BE DONE

5.6.2 Advection equations
5.6.2.1 1D Advection Equation

Recall the (hyperbolic) 1D linear advection equation:

ou @

5 + o = 0. (5.150)

This equation describes the advection of field u at speed c. We assume ¢ > 0, corresponding to an
advection from left to right.

Using a backward Euler time discretization and a 2"-order centered finite differences space dis-
cretization, one gets:

1D advection: Backward Euler+Centered

Another possibility consists in applying a Forward Euler time discretization combined with a 1%-
order upwind spatial discretization:
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1D advection: Forward Euler+Upwind N
uftt =l = C (uf —uly) ife¢ >0,
uftt =l — C (ulfy —ul) ifc <O0.

(. J/

5.6.2.2 2D advection equation

The 2D advection equation reads:

ou ou ou
— = Cp— — 151
ot = “or T dy G151

This equation can be discretized using Forward Euler in time and a 1%-order upwind scheme in
space. This can be written, for ¢, > 0 and ¢, > 0, as

2D advection: First order Euler+Upwind

uT‘L,J'rl =uj; —Cy (UT'L‘ — Ui ) —Cy (uﬂ. - Ui, ) ' (5.152)

Again, two different Courant numbers appear:

(AN
C, = s (5.153)
cyAt
== 154
Cy Ay (5.154)

5.6.3 Advection-Diffusion equation

The following equation is met when studying the thin layer approximation for Navier-Stokes equa-
tions:
L0090
Ox Oy oy?
~—~ ~— ~—~—

O ® 6

The different terms of this equation can be discretized as follows:

(5.155)

@ the preferred direction of this parabolic equation appears here. One can discretize this term
using Forward Euler,

@ this term is the advection term of the advection-diffusion equation. A 1%-order upwind scheme
can be used,

@ the diffusion term can be again discretized following a 2"4-order centered scheme.

Eventually, this yields the following update:
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2D advection-diffusion: Forward Euler+Upwind +Centered N
v Ax a Ax
Dit1,j = i — u iy (¢ij — bij—1) + uAy? (ij+1 — 2045 + dij—1)
(5.156)

5.6.4 Non-linear transport equations
TO BE DONE
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6.1 Introduction

Implicit methods are sometimes preferred to explicit methods when the desired physical fidelity
Atyhys is strongly greater than the explicit time step imposed for stability. Here are some situations

in which implicit methods are useful:

o Stiff source terms: because the time scale of the source term is too short, explicit methods
are too expensive. As an example, combustion with detailed chemistry can lead to highly stiff

source terms for intermediate species.

e Advection: implicit methods are not commonly used for accurate transient computations.
However they can be of interest for low Mach flows when solved using compressible solver,
because of the difference between the material waves u and and the acoustics waves u = ¢, the

accuracy being limited to the material waves.

e Steady-state computations: by enabling to use very large time step, implicit methods allow to
reach steady state quickly, the transient part being resolved poorly. It also avoids to deal with
the change of nature of the PDE, e.g., the steady state of the parabolic unsteady heat equation

is an elliptic equation, using a time-marching method.

e Unsteady diffusion (parabolic PDEs): for unsteady parabolic equation the limiting parameter

At

is the Fourier number Fo = a+5. In 1D, the stability limit of the explicit Euler method

1

associated with a centered scheme in space is Fo < 5. The time step is thus constraint

2

2 . . . . . .
by At < A which is extremely penalising with mesh-refinement and is also a common

a

109
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problem to all parabolic PDEs with explicit methods. The solution is then to use implicit
methods.

Remark

Looking at the time step limitation due to stiffness as seen for ODEs, we get for the 1D unsteady

diffusion with Euler+Centered:
2a g
A= R ( (N) B 1>

. . . . 2
The minimum and maximum eigenvalues are then |\, ;| ~ N’;iA“TQ and | A paz| = A{;g. The
condition number is thus:

|Amaw| _ 4N2 > 1
|)\m1n| 7T2

The problem thus becomes very stiff with mesh refinement, i.e., when increasing N .

6.2 Implicit methods applied to the unsteady heat equation

6.2.1 1D heat equation

Let us recall the 1D unsteady heat equation:

o9 9%

ot a6x2

The simpler implicit method that can be envisaged to discretise this equation is to use a centered
scheme for the space derivative associated with Backward Euler method:

Oi T =7 + Fo (o — 207" + 611

This scheme is first order in time and unconditionally stable. Rearranging the terms to write, we get:

1D unsteady heat equation: Backward Euler+Centered

—Fo! ™ + (1 + 2F0) ¢} — Fog" = o7

This is a linear system with a tridiagonal matrix

1+ 2Fo —Fo
—Fo 1+2F0 —Fo
gl = | " ©.1)
—Fo 1+ 2Fo —Fo
—Fo 1+ 2Fo

To solve this system, an efficient method is the Thomas algorithm of complexity O(N):

'Beware: first and last lines must be adapted properly to account for the boundary conditions
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Thomas algorithm N

The Thomas algorithm solves tridiagonal linear systems using Gaussian elimi-
nation in forward and backward sweeps. Considering the following tridiagonal
system:

bo o xo do
ap bl C1

an-3 bn-—2 cN-2
an-2 bn-1] |zn_, dy 1

the forward sweep consists in performing Gaussian elimination from the first to

the last line:

N doy — cox1
First line: bozg + cory = dy — 9 = %
0

d
Second line: (b1 — alzo> 21+ iz =di — alb—o = bz + 1z = d)
0 0

This first sweep leads to the following bidiagonal system:

b6 Co Lo dO

/ .
bl C1

S
o eN-2
0y d
N-1 TN_-1 N—-1

which last line is solved in a straightforward manner:

oy = TN
by
and the backward sweep will end the resolution of the linear system:

!
dy_9 — CN—2TN—-1

IN-2 =
b
N-1

To achieve second order in time while ensuring unconditional stability, another discretization con-
sists in using the Trapezoidal method for the time derivative:

Fo n+1 n+1 n+1 Fo
?(%Jz _2¢i+ +¢ij1)+7

n+1l __ n
ot =l + 5

( 1 — 207 + ¢ZL1) (6.2)

which leads to the so-called Crank-Nicolson method, second order in time and space:
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Crank-Nicolson method N
Fo n Fo ., Fo ., n  Fo .
—7¢i_+11 + (1 +F0)¢i+1 - ?Qﬁi_ﬁl = 5 i1 + (1 — Fo)g;" + ?@‘H

The Crank-Nicolson can also take advantage of the Thomas algorithm to solve the resulting tridiag-
onal system.

Remark

Similar 1D implicit schemes for advection can be found, which are solved using the Thomas
algorithm for 3-points stencil.

6.2.2 2D unsteady heat equation

Let us now recall the 2D unsteady heat equation:

00 _ (0% 0%
ot 0x? = Oy?

Again, the simplest approach is to use Backward Euler for the time derivative:

2D unsteady heat equation: Backward Euler+Centered N

—Fogly; — Fodily; + (1 +4F0)g] " — Fogl [y — Fody 2, = o

(. J/

or also the trapezoidal rule leading to the Crank-Nicolson method:

2D unsteady heat equation: Backward Euler+Centered N

Fo Fo Fo Fo
_3¢?++11,j - 7¢?j11,j +(1+2R0)¢7 S — 5‘752;111 - 7¢Zﬁ1 =
Fo Fo Fo Fo

?d)'?—&-l,j + ?Qb?—l,j + (1= 2F0)¢7; + ?d'l,jﬂ + §¢Z]’_1

(. J/

For both Backward Euler and Crank-Nicolson methods, the linear system is much larger than in the
1D case and is not tridiagonal anymore. To solve this system, there are three solutions:

o the direct resolution, which is way too expensive;
e the use of iterative methods at each time step, which it is still expensive,

o the use of approximate factorisation such as Alternate Direction Implicit method.
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6.3 ADI method

The ADI (Alternate Direction Implicit) method has been proposed by Peaceman and Rachford
(1955) to solve the 2D heat equation::

m A

The ADI method method is based on two steps:

¢n+1/2 O LAt @ n+1/2 @ n

wo TR 92| a2 |,
n+1/2 n+1

gl — gnt1/z a8t ¢ +/+@ "

2 1] 92 Ox2 y dy? y

The first step is implicit in the direction x and explicit in the direction y, the
second step is explicit in the direction = and implicit in the direction y, hence
the name ADL

(. J

This method is particularly interesting because:

e itis 2"order accurate in time, and in fact approximates the Crank-Nicolson method,
e it is unconditionally stable,

e The problem is decomposed into 1D implicit problems that are much cheaper to solve numer-
ically
To summarise, the ADI method has all the benefits of the Crank-Nicolson method with no drawback.
Remark

The direct application of Peacemond and Rachford formula in 3D is NOT unconditionally stable
and is thus useless. To generalize the ADI formula to 3D equation, two approaches are available:
approximate factorization, and splliting/fractional step methods.

6.3.1 Space discretization

Let us introduce the vectorial notation of a space discretization operator:

0%¢ 0%
[8$2 g [9i,5] [ayg g y [®i5]
Example : For the 2"-order centered formula, we get (Ac9)|, ; = %
Then, let us rewrite the update formula of the ADI method:
{ o =gn et (Aggn T4 A7)
¢n+1 _ ¢n+1/2 _|_aTt (Az¢n+1/2 + Ay(anrl)
or
_ aAt n+1/2 aAt n
{ (I a tAz)¢n+1 B (I+ a%tAy)qsn-&-l/Q
(I — 432 Ay )o" = ([ + 43 4:)0
or

{ U2 = (1 - AL (T 4 2At A, g

o = (1 eBra )1 g eBe g gygnise
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Therefore the ADI method is finally written as:

alAt aAt aAt alt
o = (1= AT+ AT = AT+ T AT
or
n alAt aAt aAt alt n
"= (I - — Ay) M= ——A) T+ —— AU + A9
as (I + 281 A,) and (I — 281 A,)~! commute.
Using a Centered 2"%order space discretization, we get:
2"order in time and space ADI method ~
v n+1/2 n+1 2 o  n+1/2 0 in n n
—Re P (L o)l et = R+ (1— Fo)g + Bor
0 In n n o mn+1/2 n+1/2 o mn+1/2
SRyt (L Rl - Bt = BT (- Rty R

This scheme requires:

e 1% step: loop over j € [0, M — 1] and solve M tridiagonal problems using Thomas algorithm
in x direction;

e 2" step: loop over i € [0, N — 1] and solve N tridiagonal problems using Thomas algorithm
in x direction;

This scheme is thus far more efficient than solving the full implicit scheme seen previously.

6.3.2 Properties of ADI

There are several possible ADI formula, here we study the one that has been given previously.

6.3.2.1 Accuracy

Summing the two steps of the ADI methods, we get:

n+1/2 n+1 n
Pt = ¢}, +aAt— +/+G—At ] I
02 i 2 Oy? Oy? i
Therefore: o )
ot oty 0" 6%”* P20["
At Oz i ay Oy i

Concerning the left hand side, considering that this approx1mat10n is a centered approximation
around time t,, 1 /2, We get:

Sy =0k 061 4(tag1ye)

A 2
At o OB
Concerning the second term of the right hand side, we get:
82 n+1 82 n+1/2 82 n+1/2
Tf — 37(5 — Ata (a ¢> +O(A?)
y i,j y i’j y i,j
82¢ n 82(]5 n+1/2 a (82¢> 7L+1/2
—| =+ + A= [ == +0(At?)
o P L P ot \oy* /|,
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We finally get:

n+1/2

0%is(tusrs2) _ <a2¢

¢ n+1/2 @
ot Ox? Oy

) + 0O(At?)

%] ]

The scheme is then 2" order accurate in time.
Remark

e In practice, to balance numerical errors in all directions, the first implicit direction alter-
nates between x and y at each iteration,

e Not all ADI methods are 2" order accurate in time.

6.3.3 Stability

Through the modified wave number analysis, we obtain A,¢ = —(k,)%¢ and A,¢ = —(k;)*¢.
Applying it to the ADI method, we get:

alAt LAt

(L = () (14 == (k) )™ = (1= == (k)*) (1 = == (k) )"

Then:
¢n+1 — U¢n
with: A A
(L= 2 - 2B k)?)
(1+ 55k (14 257 (K, )7)

As |o| < 1is always verified, the ADI method shown here is unconditionally stable.

Remark

Not all ADI formula are unconditionally stable.

6.3.4 Boundary conditions

The boundary conditions to be applied on ¢™ and ¢"+! are clear, as these are two solutions of
the equations, but ¢™*1/2 is not necessarily a solution on which the boundary conditions are to be
applied directly. The two steps can be written:

n+1/2 n
g s P
4,J 2 92 . RSN 2 Dy? y
n+1/2 n
¢ﬂf1/2+a7ma27¢ :d,n-ﬁ-l_LAt@
7, 2 2 7, 2 2
’ 0x*|; 5 ! Wi
By summation, we get:
2 n 2 n+1
nr/2 Lo ey 048 [P0 079
¢l,j 2 (d)z.,j + ¢z,] ) + 2 ay2 i 8y2 i

The boundary conditions on ¢™+1/2 must fulfil this relationship:
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n 1
e if the boundary condition is uniform or linear, i.e. g—; = 0, we get: (bi,;rl/z =3 ( it qb?;rl)
o if the boundary condition is neither uniform nor linear, we introduce a Ist order error if
nti2 _ 1, +1 n+1/2 _ n
g =5 (Ol + i) or gy = ol

Remark

All ADI formula require such attention on the treatment of boundary conditions to preserve the
order of accuracy in time.

6.3.5 Steady state

When the implicit scheme is used to compute the steady state, it must be verified that the steady
numerical solution fulfils the steady PDE, i.e. ¢! = ¢™:

At At At At
(I = S5 A) = Z5-A,)6" = (I + Z5-A,)(I + - 4,)¢"
alAt alAt a’At? alAt alAt a’At?

I——A, — —A,+ ——AA)" =+ —A, — —A, + ——AA,)o"

U= A = Ay + — Ao dy)9" = ([ + — A — —— Ay + ——AsAy)9
We finally get:

n ¢ ¢

Remark

e Some ADI formula leaves a truncation error O(At®) on the right hand side, the steady
state that is computed is then affected by the chosen time step.

e [ooking back to the previously introduced "modified Richardson method" and its gener-
alisation with a preconditionner (see "revisited Richardson"), the ADI method can also be
used to solve Elliptic PDEs where At is the coefficient of the modified Richardson and
K=(I- %mAy)(I — %NA@.) is the preconditioning matrix corresponding to the ADI
shown here.

6.4 Generalization

A full implicit method can be written as A [¢; ;] = B + O(At®, Az”), which requires the inversion
of the matrix A. To avoid a cumbersome inversion, the two possible approaches are the approximate
factoring and the splitting methods.

6.4.1 Approximate Factoring

In approximate factoring, the objective is to modify A without modifying the order of accuracy, for
example usin a succession of 1D implicit formula.

Example : Considering the Crank-Nicolson method:

At At
O = " T AT 4 9") T A (67 4 0") + ATO(AF, A
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and rearranging the equation:

[zgfﬁngzg—ﬁngy]¢"*1::{1479§EAI479§fAy o

Inversing the matrix on the left hand side is difficult because it is not a tridiagonal matrix. In order
to recover easily inversible matrices such as I — “TNAI, a factoring is performed on both right and
left hand sides:

2 2
7 aAtAw 7 aAtAy G a” At A Ayt —
2 2 4 :
A At ] 2 At?
P+g%4p+%%yw_a;AMmquwﬁmﬂ
Therefore:
alt alAt I alt alAt
T— A, | |IT-—=—A,| "' =|T+—A,| | T+ —A,| "
[ 2$H 24¢> _+2$H+2y}¢
QAtQ
— T2 AL A (97 — 6" FALO(AE, A?)
4 N
O(At)
O(At3)

Here the truncation error is then not penalized by neglicted the O(At?)-term. We thus get the
approximate factoring of 2D Crank-Nicolson:

Approximate factoring of 2D Crank-Nicolson N

el gl gl

(. J

Other formula can also be derived in the same spirit:
o Similar factoring of Crank-Nicolson in 3D, which leads to an unconditionally stable method,
e Factoring of 2D or 3D Backward Euler,
e Application to advection problems.

e ..etc...

Remark

For all approximate factoring, one must characterize:
e the order of accuracy of the approximation,
o the stability,
e the consistency of the boundary conditions to apply at intermediate steps,

e the consistency with the steady state.
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6.4.2 Splitting methods

When several terms appear o the right hand side, the splitting methods, aka Fractional step methods,
treat each term individually and separately with fractional steps:

Example :
e 1" step: Backward Euler of the full time step At to solve %—f = ag%‘ﬁ,
9¢ _ 9%¢

o 2" step: Backward Euler of the full time step At to solve 9r = g2

When they are applied to spatial derivative operators in different directions, they are named LOD
methods where LOD stands for Local One Dimensional.
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7.1 Fundamental equations for fluid dynamics

Here we consider continuous phases that can be either liquid or gaseous. The equations are limited
to single phase flows.
The first equations states the conversation of mass:

Mass conservation 2

@ opu;
ot 8331

where p is the fluid density and u; the i** component of the fluid velocity.

=0

(. J

The second equation states the conservation of momentum, and is derived from the second Newton’s

law:
Momentum equation N

Opu;  Opuju;  OP n 0Tij

ot al’l‘ o ox j ox j
where P is the thermodynamical pressure, 7 is the shear stress tensor and g is
the acceleration due to volumetric forces such as gravity.

+ pg;

(. J

P must satisfy an equation of state that depends on the fluid that is considered:

119
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e Perfect gases: P = p%T, where R is the gas constant and W the molar mass of the specified
gas,

e Real gases: for instance the Wan der Walls equation can be used: (P + Vi) (Vim—b)=RT

where a is the cohesion term, b is the molar covolume and V,,, is the molar volume,

n
e Liquid: for instance we can use the Murnagham-Tait equation of state: P = % ((p%) — 1) +
Py where P, is the reference pressure, K is the bulk modulus, and n a material parameter.

The stress tensor 7 depends on the fluid rheology:

e Newtonian fluids: 7;; = 2u5;; where S;; = % (g: + gl;]) — %g%’;(;ij is the shear tensor
Iy zs

and p is the dynamic viscosity of the fluid.

e Non-Newtonian fluids: for these fluids, the stress tensor is determined by a non-linear rela-
tionship with the shear tensor S;;, i.e., 1 = ,u(Sij).

Remark

The momentum equation associated with a Newtonian fluid assumption leads to the so-called
Navier-Stokes equation.

The last conservation equation is derive from the first principle of thermodynamic: the energy con-
servation. Many forms can be envisaged depending on the considered energy

Energy conservation <

ap(e + %’l@) n apui(e + %Uf) 3Puj aq]' 4 3njui 4
at z; ox;  Ox; | ox; UMW

where e is the internal energy of the fluid and ¢ the heat flux.

(. J

To close the heat flux, the Fourier’s law is used: ¢; = f)\% where T is the temperature and ) is

the thermal conductivity of the fluid.
The final system of equations is then:

Governing equations for a fluid N

7] Opu;
7p + pUi = 0
o Spa oP 0
U5 U; U5 Tij
PU; + PUU; _ 9 4+ 97 +py;
ot ailji 8xj aLI}j
8,0(6 + %U?) 5pui(e+ %’U/?) 8PUj aTijUi 8(]]‘
+ = - + — 4 gy
ot 81‘1 Bacj ij (“)xj N——
- - _/_’ N—_—— N—— N—— volume forces
time evolution inertia pressure viscous term  heat fluxes
hyperbolic part parabolic part




7.2. INCOMPRESSIBLE FLOWS 121

Starting from this set of equations, the behaviour of the system depends on the chosen asssumption:

e Hyperbolic or parabolic character depending on the balance between the inertia and viscous
terms,

e Purely hyperbolic in the case of negligible viscosity and conductivity, which leads to the so-
called Euler equations,

o Elliptic in the zero Reynolds number limit (Stokes flow).

7.2 Incompressible flows

There are situations in which the variations of density may be considered as negligible, for instance
for liquid flows, for which the density can be neglected; or for gaseous flows at Low-Mach number
for which the acoustics may be assumed to be infinitely fast compared to the material waves. In the
following, we present the equations under the assumption of constant density:
dp
=pyo=cst= — =0

P = Po ot
Using this assumption, the equations of continuity and momentum become (under the newtonian
fluid assumption):

Governing equations for incompressible flows N
ou; _ 0
(91’ i
5‘uj anUj 1 é)P 8211,]‘
-+ = ——5— TV
ot O0x; po 0T o0x;

Here it can be seen that to solve the velocity field, the energy equation is not required anymore, as
we already have Ng;,,, + 1 equations and Ny;,,, + 1 variables, the velocity components u; and the
pressure P. However, we do not have an independant equation for P. Let us derive the equation of
P by taking the divergence of the momentum equation:

0 (9’[1,]' 0 (“)ul-uj 1 0 oP 82 8Uj

— =2 )+ i [ [ ey (i)

ot \ Oz; Ox; \ Ow; po Ox; \ Ox; Ox; \ 0z,
—— ———

=0 =0

and we finally get the following elliptic equation on the pressure:

Pressure equation

_% 31712 B aﬂi‘j

1 (‘)2P o 0 (9“111,7
3a:i

Remark
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e The equations can also be rigorously obtained by an asymptotic analysis in the low-Mach
number limit,

e the solution does not depend on the absolute value of P but only on its gradients,

e P is no longer the thermodynamical pressure.

7.3 Solution methods for incompressible Navier-Stokes equations

To solve the Navier-Stokes equations in the incompressible limit, the mai issue is the pressure-
velocity coupling that must ensure the divergence-free condition. Four methods are available in the
literature:

e Pressure correction,
e Fractional step or projection,
e Artificial compressibility,

e Stream function and vorticity.

7.3.1 Pressure-correction methods

In pressure-correction methods, the objective is to find the pressure field that ensures a divergence-
free updated velocity. Let us consider a semi-discretization using Forward Euler for the time deriva-
tive:

u;”l —u? oulu?? 1 6P" 52

z:_l]_ +V [

At S po 0x; ox?

where % is the numerical approximation of the partial derivative %. To find P™ such that the
J J

divergence-free condition is ensured, i.e., a% = 0, we take the numerical divergence of this equa-

tion:

sultt sup

a5y LR ()

At T bw \ 6x; ) po 642 Vﬁ? dx;

Considering that the initial field at instant n must be divergence-free, and that the final field at instant
n + 1 must also be divergence-free, we finally get:

162pPr 5 [oujuf
£o (51’3 o (5131 6Ij

which is in fact the discretized pressure equation. Let us summarize the algorithm:
1. Start with a divergence-free velocity field
2. Compute the advective and viscous term in the velocity equation
3. solve the Poisson equation to get the pressure

4. update the velocity equation
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7.3.2 Fractional step of projection methods

This type of method can be seen as a splitting method or an approximate factorization. Here we

present a three-step strategy: /a‘cf" o) “ A{;Q A V\A‘h tjﬁ /,Arf 1";)
) =
Fractional step methods N Lon n
Yy il " [i A (/m/,hrr%l%) + |t (4 - ALY (vpe . )
AT Tr
ouful ) )
step 1: uf = ul — At——L hyperbolic equation
51‘]‘
*ok * 62“; : :
step2: u; T =wu; + At | v 522 parabolic equation
J
At oP
step 3: uftt = it — — require P
po 0x;

To find P, we take the divergence of the third step:

suptt ourr At §*P
(S"Ei o (Sl’z £o 5%2

Here we want the updated velocity field u?“ to be divergence-free, but the initial one u}™ is not

divergence-free in this case. We get finally the elliptic equation on the pressure P:

Discrete Pressure equation for fractional step

PP _ po du
53:? At bz

Remark

There exist many fractional step methods depending on the way the equation is splitted

7.3.3 Artificial compressibility method

The main issue in incompressible flows is that we do not have an evolution equation for the pressure.
The idea behind artificial compressibility methods is to modify the divergence-free condition in order
to get an evolution equation:

10P , 9pous
B ot aa:i

=0

In this equation [ is the artificial compressibility parameter. When 3 tends to infinity, we recover
the original divergence-free condition, so 3 must be chosen as large as possible. The resulting set of
equations is:
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Artificial compressibility method

(.

s, =0
Ou;  Ouu; 1 0P 0?u;
- =——_—+4v

J

and is not requiring to solve a Poisson equation anymore. However it introduces high stiffness,
which leads to the use of implicit methods to solve the first equation.

7.3.4 Stream function and vorticity method

This method is only of interest for 2D flows, and is applicable in the case of constant fluid properties.

Let us define the stream function ¥ and the vorticity w:

ov ov

87.’15 = Ug, aiy = Uy
Ouy  Ouy
or dy

Rewriting the conservation equation in terms of ¥ and w, we get:

Stream function-vorticity formulation

AN

22 T T Y

Ow Ow Ow 0w
o umax—kuyayzy(w—i—

(.

9y

0%w

)

J

Compared to the initial set of equations, the problem is reduced to 2 equations. It is still requiring to
solve an elliptic equation but there is no issue of pressure-velocity coupling anymore.

Remark

properties).

In 3D, the stream function and vorticity have 3 components, it then leads to a system of 6 equa-
tions in place of the initial 4 equations, so this formulation is useless (especially with variable
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Chapter 8

Introduction to Python

In this workshop, an introduction is given to Python programming. The three main elements of
interest here are the use of arrays and control statements, and the use of plotting capacities in Python.

8.1 Definition and plotting of a function

8.1.1 First-dimensional case

We first write a code that evaluates the function f(z) = 23 + 22 + x + 1
1. Define a 1D array = containing N, points between —1 and 1 (including first and end points).
2. Define the 1D array f which contains the evaluation of f(z) at each point of array x.

3. Plot the function f versus z. Add labels to = and y axes, and add the title " f(x) = 23 + 22 +
z+ 1.

4. Change line style to red dashed line, and line width to 3.

8.1.2 Two-dimensional case

The function now depends on two variables: g(z,y) = 2 + y? — 2xy.
1. Construct the mesh point positions = and y of the 2d space [—1, 1]? using the function mgrid.
2. Define the 2D array g which contains the evaluation of g(x, y) at each point of array (z,y).

3. Plot the function g versus = and y using a surface plot. Add labels to = and y axes, and add
the title *g(z) = 2% + y? — 2zy’.

4. Synthesise the 1D and 2D cases in a figure with two sub-plots.

8.2 Evaluation of the integral of a function
To evaluate the integral of a function the two most classical solution are the rectangle method and

the trapezoidal rule. Considering that the integral F' of a function f(z) over an interval [—1, 1] can
be decomposed into integrals over N, — 1 sub-intervals [x;_1, x;]:

Ne—1 g,
F:/llf(x)dx: ; /ilf(m)dx (8.1)

T
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The integral over each interval can be evaluated by considering either a constant function (rectangle
method) or a linear function (trapezoidal rule) between end points. The final formulas are then:

N.—1
Rectangle Method : F =~ Z f(z)Ax (8.2)
k=1

(x3) + fxi + 1)
2

Na—1 !
Trapezoidal Rule : F =~ Z
k=1

Az (8.3)

1. Implement both formulas to evaluate the integral of the function f(x).
2. To evaluate the order of each method, evaluate the error for different number of points.

3. Plot the results in a log-log representation.

8.3 Root-finding algorithms

In this section, we want to find the root z* of the equation f(z) = 0. Three method are considered :
the fixed point iteration, the Newton method and the secant method. All methods end iterations when
a sufficient accuracy is achieved on the equation to be solved. The desired accuracy is determined by
a user-defined threshold. The convergence of the algorithm can strongly depend on the initial guess
20 used to start the iterations.

1. Fixed point iteration transforms the problem into = g(z) and performs the following itera-

tions

n+1

e = g(wn)
0

Implement a fixed point iteration with g(z) = f(z) + « starting from an initial guess z°.

2. For a given guess for the solution 2™, the Newtons’” method performs the following iterations:

" =" — (") /f (z™) (8.4)

Implement the Newton method for the function f(x) starting from an initial guess z°.

3. The secant method is given by

" — l'n_l

F@) = F)

Implement the secant method for the function f(x) starting from two initial guesses x° and

xl.

$n+1 =" — f(xn)

4. These methods are characterised by different rates of convergence a where |e" | ~ C|e™|*
and with e” = ™ — z* the error at the n iteration. Plot In(e"*!/e™) and determine « for
each method, knowing that In(|e" ! /e"|) = a/In(|e /e 1|).



Chapter 9

Finite differences

The first objective of this workshop is to implement and evaluate finite differences methods. To do
so, the following analytical solution is investigated:

f(x) = sin() ©.1)

3

This function has the following first and second order derivatives:

df(x) xcos(x)— 3sin(x) d’f(z) —a?sin(x) — 6z cos(z) + 12sin(z)
_ , - : 9.2)
dx xt dx? a®

The derivation of finite difference formulae is based on the Taylor-Expansion of a function around
at a specific position:

fla+h)=fl)+) o % (9.3)
k=1 z

where h is the uniform spacing between each grid points.

9.1 First order derivatives

We first evaluate finite difference formula for the first order derivative %. Considering the following
first and second order methods:

df _ fla+h) = f(x)

st . — A

1% order: i = h + O(h) 9.4)
nd . df _ fle+h)— flz—h) 2

2" order: ir = 57 + O(h?) 9.5)

The objective is to write a python code in order to evaluate their accuracy:

1. In a module file, define two separated functions that evaluate the finite difference approxima-
tion of % at first order and at second order. The input arguments of each function are the point
where to evaluate the derivative xg, the spacing h and the function to evaluate func.

2. In a main script file, import all functions of the previously defined module.
3. Define the functions f(x) and %.

4. Define the point zy = 4 where all derivatives are evaluated.
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. For different spacings h, evaluate the error made by the two finite difference methods.

. Plot errors of each method with the adequate labels and titles, and conclude on the order of

accuracy.

. Using Taylor tables, write a fourth order approximation of % of stencil 4A.

. Implement and evaluate this fourth order method. Plot the error.

Second order derivatives
f

2
For a second order derivative g?, we consider the two following second order methods with stencils
2h and 4h:

10.
11.
12.

13.
14.

d®f _ flz+h)—2f(x) + f(z = h)
= ® + O(h?) 9.6)

df  flz+2h)—2f(x) + f(x — 2h)
i Tz + O(h?) 9.7)

2" order (2h):

2" order (4h):

. In your finite difference module file, add these two formula.

2
In your main script, define the function g—é.
xT

For different spacing h, evaluate the error made by the two finite difference methods.

Plot errors of each method will the adequate labels and titles, and conclude on the order of
accuracy.

Using Taylor tables, write a fourth order approximation of g of stencil 4A.

Implement and evaluate this fourth order method. Plot the error.



Chapter 10

Ordinary Differential Equations

10.1 A first simple example of ODE

Let us consider the following initial value problem:

dv ()
i =P Y () (10.1)

Y(t=0) =Y, (10.2)

Considering a time-marching method, we use a discretized time vector ¢,, = nAt. By integrating in
time over the time interval [¢,,, ¢, 1], we obtain the following update formula:

tn+1
Y(tnt1) =Yn + / " F(r,Y(r))dr (10.3)
t

n

The time evolution of the right hand side is required to close the equation. The simpler strategy
consists in considering that F'(7,Y (7)) = F(t,, Y (t,)), which leads to the following scheme know
as the Forward Euler’s method:

Y(tnt1) =Y + AtF(t,,Y(tn)) (10.4)
As a first introduction, we will investigate the following scalar ODE:

dy(t)
— 10.5
dt ) ( )
1. Find the analytical solution of y(¢) with the initial condition y(t = 0) = yo

2. Implement the Forward Euler’s method. The initial condition is yo = 1. Choose an initial
time step At = 0.1s and a final time T};,,, = 4s.

3. Compare the results of the Euler’s method to the analytical solution.

4. For different time steps, evaluate the error of this method compared to the analytical solution,
and plot it. What is the order of accuracy?

5. What happen when the time step is larger than 1s? Find K such that the forward Euler’s
method is written in the form y™ = K™yo. What is the constraint on K for the solution to be
bounded?What is the consecutive constraint on A¢?
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10.2 Harmonic oscillator
The first problem is devoted to the study of harmonic oscillators, such as spring-mass systems:
P+wlr=0 (10.6)

where w is the characteristic wave number of the system. The objective is to solve this equation using
ODE solvers, and to compare the results in terms of errors and stability. The analytical solution is:

x(t) = Acos(wt + @) (10.7)

where A = /23 + 5—(22’ is the amplitude and ¢ = arctan(—_"%) is the initial phase lag, which

xo
depend on the initial position zo = (¢ = 0) and the initial velocity uo = 4(t = 0).
To solve the ODE, we will use a time-marching method. To do so, the equation is classically splitted
into two equations using u(t) = &. Considering yp = x and y; = u:

10.2.1 Explicit method

1. In a module file, implement the Forward Euler method which arguments will be the initial
solution g, the initial time ¢, the final time t.,4, the time step At, and returns two vectors:
the solution and time arrays.

2. In a main program file, define the initial solution with o = 1 and ©¢ = 0, and the parameter
w = 4. Call the module function and plot the results.

3. Check the solution behaviour while changing the time step.

4. The purpose is to get the best estimate of (¢ = 10). Evaluate the global error made by the
Forward Euler method as a function of the time step At.

10.2.2 Implicit methods

1. Inyour module file for ODE solvers, implement the Backward Euler and Trapezoidal methods.

2. For a given time step At = 0.1 s, compare on the same plot the time evolution of the solution
obtained by every solvers.

3. Compare the errors made by each scheme as a function of the time step, and comment on the
stability limits of each method.

10.2.3 High order explicit methods

Here, the objective is to investigate the accuracy and the stability of high order explicit methods. The
method of interest are the family of Runge-Kutta methods (RK2, RK3, RK4), the Leapfrog method,
and the Adams-Bashforth method.

1. Find the formulation of these schemes on internet and implement them.

2. Comment on the accuracy and the stability limits.
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10.3 Evolution of a population
The evolution of a population can be written as:
P=—-P(1-P) (10.9)

where P is the population normalized by the maximum population. The analytical solution of this
equation is:

1

Pt) = 1 — Aet

(10.10)

where A = 1 —1/FPy and Py = P(T = 0). Now you will solve this equation. As the equation

is non-linear, we can either use Backward Euler and Trapezoidal methods by inverting a non-linear

system or use the linearized version of theses schemes for which the Jacobian 2% is required as an

oY
argument.

1. Solve the equation using Forward Euler method. Analyse the stability of the method for the
given equation.

2. Implement the full Backward Euler and Trapezoidal schemes.
3. Implement the linearized versions of theses two schemes (see Appendix).

4. Compare the time evolution of this equation obtained by the five solvers you have imple-
mented.

Appendix

Non-linear solvers
We consider ODE of the general form:

& =R Y () (10.11)
The Forward Euler’s method is written in general form:
Yoi1 = Yy + AtF(t,,Yy)) (10.12)
The Forward Euler’s method is written in general form:
Yoi1 =Y, + AtF(tni1, Yoi1) (10.13)

while the trapezoidal scheme is written:

(t’ru Yn) + F(tn-i-la Yn+1)
2

F
Y1 =Y, + At (10.14)
This two schemes end up in a system to be solved in order to find Y,, ;. If the RHS is linear in
Y, it can be easily solved using solve in numpy.linalg. In the non-linear case, It can be done using
non-linear solvers such as fsolve in scipy.optimize., a linearisation can be used:

F
Yoi1 —Ya) (10.15)

F(tn 7Yn = F(t, ;Yn av
(tnt1, Yng) (tnt1 )+8Y<
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where g—f: is the Jacobian of F' with respect to the solution vector Y. This linearisation is obviously
exact when the RHS is a linear function of Y. Using this linearisation, the two schemes are then
rewritten. The Linearised Forward Euler’s method is written:

OF OF

while the linearized trapezoidal scheme is written:

(1 - AtaF) Vg = (1 — aF) v, + Al ) Flen o) 45,

2 Y 2 9Y 2

Solving linear and non-linear systems: solve and fsolve

e To solve linear system of equations, the function solve in numpy.linalg can be used. The syntax
is = solve(A, b) for solving Az = b, where A is the n x n array and b a vector of size n.

e To solve non-linear system of equations, the function fsolve in scipy.optimize can be used. The
syntax is = fsolve(G, xg, args = (a, b, c¢)) for solving G(z, a, b, ¢) = 0 with initial guess
Tr = Zg.



Chapter 11

Elliptic equations

The goal of the present workshop is to solve Elliptic equations of the form:

Vi = f(x) (11.1)

with various boundary conditions (Dirichlet, Neumann or mixed) as typically met when solving the
steady heat equation. This equation is known as the Poisson equation if the right hand side (RHS) is
not zero and as the Laplace’s equation if the RHS is zero.

11.1 Poisson’s equation

In this first problem, we will solve the following Poisson’s equation on € = [—1, 1]? with Dirichlet
boundary conditions on 0f? :

0? 0?
G+ s = fe) =2 4 2 if(r,) 00 (112)
o(x,y) =0 if (z,y) € 02 (11.3)

The space is discretized into (N, +1) % (IV,+1) points. The finite difference of the Poisson equation
is:

Git1,j — 2055 + Dic1,j | Dij+1 — 2055 + Di -1
> s ) 5 5 5 _ i Yi) = fii 114
A2 + Ay2 f(x y_]) f,J ( )

where Az and Ay are the spacing in = and y directions. In the following, we will consider the same
discretization in both directions, i.e. Ny, = N, = N and Az = Ay = h.

A first method is to directly solve this linear system using for instance Gaussian elimination, which
should become too expensive as it will be shown in class. This is why we are interested in iterative
solvers which aim at an estimation of the solution at a given tolerance. In addition, unlike direct
solver, there is no need to rearrange your solution vector for the iterative solver, as the matrix will
never be stored. In this first workshop about Elliptic PDEs, the goal is to implement the Jacobi and
Gauss-Seidel methods.

First, we have to set up basis functions:

1. In a python code, generate two arrays = and y representing the discretisation of the 2D space
Q. Build a function that evaluate the RHS f using the inputs  and y, and plot f(z,y) in a
surface or contour plot.

2. Implement the Jacobi method for a given number of iterations.
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3. Implement a function that computes the residual of the Poisson’s equation, i.e. R = Az — b.
Modify your code such that the exit condition for the Jacobi iterations will be controlled by
the error on the equation, i.e. the residual R.

4. Using the function time.clock(), measure the time needed to solve the problem with a dis-
cretization N, = N, = 50.

5. Implement the Gauss-Seidel method and compare the execution time to the one of the Jacobi’s
method for different numbers of discretization points.

11.2 Laplace equation: treatment of boundary conditiions

In this second problem, the objective is to take into account boundary conditions in the case of
the Laplace equation, i.e. with a null RHS. The problem of interest is depicted in Fig[IT.T} A
square plate of size L = 10cm made of aluminium of thermal conductivity A = 240 W/m/K
received heat fluxes |p| = 2.4 MW /m? from the left side. All other sides are at fixed temperature
Etp = Tright = 300K.

e T =300 K
— L
Y —r Aluminium L
—  A=240W/m/K

N7 =300 K

Figure 11.1 : Aluminium plate with imposed temperature at upper, lower and right sides, and imposed flux from
the left side.

The objective is to analyse the temperature distribution of the plate. The temperature must fulfil the
Laplace equation in the inner part of the domain:

o*T  0°T

which is in 2" order accurate discretized form:

Tiy1; —2T;; +Tiq n Tijp1 — 2T ; +T5 51

A N =0 (11.6)

Contrary to the previous case, the boundary conditions are not simply set to zero: Dirichlet bound-
ary conditions are imposed on upper, lower and right sides, while Neumann boundary condition is
imposed on the left side. The imposed flux condition is:

¢ =-AVT-n (11.7)

where n is the outward surface normal. To impose the flux, a finite difference formula for the first
order derivative is required, which has one constraint: it must be non-centered as it has points on one
side only. Finite difference formula that fullfil it are the following:
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First order Second order (11.8)
or| Ty —T, oT| _ =3Ti +4Tit1 — Tiyo (11.9)
or|, Az oz |, 2Azx '
oT T, — T, oT 3T, — AT, + T
il B i—1 9 = 4 i—1+1i—2 (1110)
Oz |, Az Oz |, 2Ax
The objective is the following: determine what is the maximum temperature?
Appendix
Let us consider the following discretized form:
i1, — 205 + Pi—1, i+l — 2045 + @i -
Gir1j = 20ij +Gi-1y | bigrr = 20i; + bij1 = fi (11.11)

Ax? Ay?

Jacobi method

The Jacobi method is based on the splitting of A into a diagonal matrix and a non-diagonal matrix.
The final algorithm is the following:

k k k k
(k+1) 1 <¢z('+)1,j + ¢z(’f)1}j n ‘752(‘,j)+1 + o) )

P = i (11.12)
7 227 + Az Az? Ay? !

The iterative process starts with an estimate solution qbl(-oj) up to the user.

Gauss-Siedel method

In the Gauss-Siedel method, the only difference is that the iterations use the results of the previous
calculations in the iteration:

(k) (1) (R) (k1)
pUHD 1 vty T Pis1y | Pigaa F it _ i
St E & s

(11.13)

This method has the advantage of not requiring to store the old and new solutions during each
iteration.
The goal of the present workshop is to solve elliptic partial differential equations of the form:

V2 = f(x) (11.14)

with more advanced iterative methods than the basic Jacobi and Gauss-Seidel methods. The multi-
block problem is left as homework.

11.3 Poisson’s equation with SOR and conjugate gradient meth-
ods

Let’s consider the finite difference formulation of the Poisson equation seen in Workshop 3:

Pit1,j —20ij + Pi-1j | Pig+1 — 205 + dij—1
Az? Ay?

+ = f(@i,y5) = fij (11.15)
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where Az and Ay are the spacing in x and y directions.The objective is to implement two methods:
the SOR method that is a overrelaxed modification of the Gauss-Seidel method, and the Conjugate
Gradient method (a Krylov projection method for symmetric systems).

1. First, modify the Gauss-Seidel Algorithm from Workshop 3 to implement the SOR method.

2. Evaluate the influence of the parameter w on the convergence rate of the method. Find the best
choice for you problem and compare SOR to Jacobi and Gauss-Siedel methods.

3. Following the Appendix, implement the Conjugate Gradient method. To simplify the imple-
mentation, you will have to generate a function that compute the Laplacian of a given 2D
scalar field in a matrix-free manner.

4. Compare the Conjugate Gradient method to SOR, Jacobi and Gauss-Siedel, and comment on
the convergence rate.

11.4 Multi-block resolution

Here, a domain decomposition with a multi-block structure mesh is illustrated with the study the
cooling of the Vulcain engine, main stage engine of the Arian V space launcher. The hot exhaust
gases in the nozzle downstream the engine apply incredible heat loads on the structure which must
be cooled (in fact, by using the cryogenic hydrogen fed into the combustion chamber) to sustain
the tremendous heat flux. A cross-section of the nozzle geometry and its cooling channels is repre-
sented in Figure[TT.2p. Instead of solving this complex problem, making use of the symmetry of the
problem helps to restrict to the geometry in Figure[I1.2pb, with the represented boundary conditions.
To handle such a geometry, we decomposed the problem into structured blocks that will be solve
iteratively. Each is connected to each other by a continuity condition. The sole differences between
each block are the boundary condition. The objective is to compute the temperature distribution in
all blocks, which is done using the Laplace equation with the appropriate boundary conditions.

e Start by dealing with two blocks. For each iteration in the global iterative method, the temper-
ature fields in the first block and then the second block are updated sequently with the solver
of your choice (Jacobi, Gauss-Seidel, SOR...). The interface shared by the two blocks requires
a specific attention: It is yet an undefined boundary condition for each part of the domain. The
most simple choice is to set a Dirichlet boundary condition for one block (fixing the tempera-
ture values from other block solution) and a Neumann boundary condition for the other block
(fixing the temperature derivative from the former block solution).

e Discretizating the geometry in Figure[TT.2p, compute the maximum temperature in the domain
using a multi-block decomposition. The thermal conductivity of the copper is 366 W.m 1. K 1.

Appendix
Let us consider the following discretized form:

Pit1,j — 2¢i5 + Pi—1,
Ax?

Gijr1 — 2055 + dij1
Ay?

- = fi; (11.16)
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‘\

Zero flux

hee = 73 kW /m” /K

Combustion \ *"{" coPper T'=60K #
chamber
.. ®=0
|Zero flux

a) Flux = 46 MW /m? b)

Tcqc

Figure 11.2: Cross-section of the Vulcain nozzle: The nozzle made of copper is cooled through channels (full
(a) and simplified (b) representations).

Jacobi method

The Jacobi method is based on the splitting of A into a diagonal matrix and a non-diagonal matrix.
The final algorithm is the following:

(k) (k) (k) (k)
¢(,€+1) _ 1 <¢z+1,] Toisr; | Pt ) 11.17)

4,j—1
i,J Ax2 + Ay? — Jij

2
Az? + Ay?

The iterative process starts with an estimate solution QSEOj) up to the user.

Gauss-Siedel method

In the Gauss-Siedel method, the only difference is that the iterations use the results of the previous
calculations in the iteration:

k k-‘rl k k+1
(k+1) _ 1 Sy + j + o5 J ¢E,j)+1 + ¢§,j_1) e
¢i,j = Ax2 Ay? fig

(11.18)

2
Az? + Ay?

This method has the advantage of not requiring to store the old and new solutions during each
iteration.

Succesive OverRelaxation (SOR) method

The SOR method is an overrelaxation of the Gauss-Seidel method:

k (k+1) k k+1
w §+)1,g + ¢z 1 ¢z(‘,j)+1 ) ¢Z('J*1) "y 11.19
Ax? Ay? — Jig (L1

¢(§+1) =(1- )¢(k) 2
where w €]0, 2].

Conjugate gradient method

Let us first define the residual of iteration k:

k k k k k
—f Oring — 2007 + Oth N Shpe1 = 200, + i
“J Ax? Ay2

(11.20)
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We also define the application of the RHS to a given vector p( ),
(k) (k) (k) (k) (k) (k)
(A-p).k.) _ Pit1,; — pm TPi1, + Pij+1 — 2p” TPij (11.21)
i, Az2 Ay? :
Let us consider pz(-?j) = rl()oj). The iterations of Conjugate Gradient method are then the following:
(k),.()
() — 2Ty i 11.22
“ (]) ) (11.22)
2igPig (A-p)i;
ot = ot 4 a®p) (11.23)
(Em i) —a® (4. p)*) (11.24)
(k+1) (k+1)
LT r
B = Z” b G (11.25)
SRk
0,7 4,5 "1,

pEkJ_H) (k+1) + B(k)p(k) (11.26)



Chapter 12

Hyperbolic and parabolic equations:
explicit methods

The goal of the present workshop is to first solve simple parabolic and hyperbolic problems where
analytical solutions are known: 1D unsteady heat equation and 1D advection. The stability criteria
are illustrated with these examples using different numerical methods. The last problem is left as
homework and considers a parabolic problem of paramount physical importance: the thin boundary
layer in the presence of pressure gradient.

12.1 1D Unsteady diffusion

Let’s consider the unsteady heat equation for the scaled temperature profile T = ;U_};l” :

c w

ot oz2

with the corresponding boundary conditions

{T(m:O,t) =0
T(x=Lt) =0

and initial profile,
. . /T
T (z,0) = sin (f) .

The length of the domain is L = 1 cm and the thermal diffusivity is ¢ = 10™* m?/s. The analytical
solution of the problem is known and is given by:

A 2
T(x,t) = sin (%) e 17

e Solve the discrete parabolic PDE using forward Euler for time integration and the centered-
2"_order difference formula for space discretization.

e Check the importance of setting the time step by selecting the value of the Fourier number for
the sake of numerical stability.

e Compare the numerical solution 7'(z = L/2,t) with the analytical solution.
e Multiply the number of spatial points by 10, what is the critical issue of using explicit methods

to tackle such a parabolic PDE?
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12.2 1D advection

Advection of a profile with constant velocity c is described by the following PDE:

ou n ou 0

— +c—=0.

ot ox
The initial profile is set as

(v — m9)?

5?2 ’
with g = 1 m and § = 0.2 m. The domain length is . = 12 m and the advection velocity is set to
¢ = 10 m/s. Since the solution is conveyed from left to right, a boundary condition is required only

on the left side of the domain, a particularity of the hyperbolic nature of the PDE. This boundary
condition is set as

u(z,t = 0) = ug(x) = exp (_

u(z =0,t) =0.
The analytical solution is a translation of the initial profile:
u(z,t) = ug(z — ct).

o Check the conditional stability of the discretized problem with forward Euler for time integra-
tion and 1%-order upwind for space discretization.

e Implement a second-order centered space discretization instead. What do you observe?
e Implement the second-order centered space discretization along with the leap-frog scheme.

e Implement the second-order centered space discretization along with the third-order Runge-
Kutta method RK3.

e Choose any combination and test it. Is the stability behavior consistent with the theory?

e For all tested methods, plot on the same figure the different solutions and the analytical one
after half a residence time in the computational domain, i.e. ¢ = L/(2¢). What do you think
of the quality of your results? Solutions exhibit strong numerical diffusion and/or dispersion.

12.3 Thin boundary layer in the presence of pressure gradient

Boundary layers determine many flow characteristics in fluid mechanics such as head losses in pipes,
drag on moving objects, stall of a plane, viscous heating around supersonic vehicles ... Boundary
layers are typically very thin (if they remain attached) and are characterized by the presence of
viscous effects that cannot be neglected. For laminar thin boundary layers, the bidimensional flow
over a flat plate is described by the velocity components (u, v), and is governed by (i) the continuity
equation (a.k.a. local balance equation of mass) which is written for incompressible flows as

ou v

— 4+ —=0, 12.1

5 oy (12.1)
and (ii) by the balance of momentum along the z-direction:

ou ou 0%u  1dp

i o

Ox Oy oy2  pdx’

where p is the density, v the kinematic viscosity and g—g is the pressure gradient set by the outer
flow onto the boundary layer. For water, p = 1000 kg/m? and v = 1075 m?/s. The general steady
Navier-Stokes equations would have yielded a non-linear elliptic set of PDEs, which is cumbersome

to solve. Thanks to the thin layer approximation, the obtained equations 1 and 2 are parabolic and
can be solved step by step in the z-direction starting from an incoming profile at x = 0.

(12.2)
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12.3.1 No pressure gradient

Many theoretical results are available when the pressure gradient is null or is negligible. Indeed, the
velocity profiles correspond to the solution of the Blasius solution, which is obtained by looking for
auto-similar solutions of equations 1 and 2. The method is here different: Equations 1 and 2 are
solved directly without further modifications.

The computational domain is discretized with IV, + 1 points in the y-direction between y = 0 (the
wall location) and y = H the outer boundary condition where the velocity can be assumed uniform.
The corresponding y-grid spacing is denoted by Ay. Adopting a step-by-step approach, N, + 1
iterations are carried out in the z-direction starting from the inlet x = 0 up to the last computed
profile corresponding to the domain x-extent L. The corresponding z-grid spacing is denoted by
Azx.

The discrete velocity fields u; ; and v; ; require "initial" profiles and boundary conditions as for any
parabolic PDE. The "initial"profile is the inlet velocity profile and is set as a uniform flow:

u(r =0,y) =uo; = Uin

v(x=0)=wv,; =0.

The boundary conditions are
u(z,y=0)=1u;0=0

vz, y=0)=v,0=0
U(Qj?y = H) = U; N = ert(x);
where U, () is the external flow profile which can change due to the pressure gradient. With

% =0, Uext(z) = Ujp,.

e Consider equation 2 to determine a formula to evaluate u;41 ; from known data at z = z;
(examples: u; j, Ui j4+1, Ui j—1, Vij> Vij—1...) Using a Forward Euler integration. Define the
dimensionless numbers equivalent to the Courant and Fourier numbers.

e Use then equation 1 to obtain a formula to determine v;, ; from the computed values ;1 ;
and the data at z = z;.

e Implement the derived numerical resolution and plot different computed profiles u(x,y) at
different axial positions. Be careful with the stability by controlling Az and monitoring the
effective Courant and Fourier numbers properly.

e The profiles show that the boundary layer thickens. Estimate the boundary layer thickness
dg9 () defined as the point where u(x,y = dgg(z)) = 0.99U,,+(x). The theoretical behavior
dgo () ~ \/x is expected away from the leading edge (x=0).

12.3.2 Effects of pressure gradient

The velocity profiles in the boundary layer are greatly impacted by the presence of a pressure gra-
dient in the external flow. The boundary layer can then thicken faster or can get thinner. The flow
can even separate from the wall, yielding a large recirculation bubble with negative values of the
streamwise velocity u. In this last case, equation 2 breaks down and cannot be solved beyond the
separation point.

Accounting for the pressure gradient modifies the outer boundary condition at y = H,

U, N = Uemt (ZL’),
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since Ue.¢(x) changes accounting to the Bernoulli theorem:

dU 1 dp

dz ~ pU(x)dz’

e Define a function that returns % which is null in the first half of the computed domain (be-
tween z = 0 and © = L/2) and non-null yet constant in the second half (between x = L/2
andxz = L).

e Add the effect of g—g and solve the case of a negative pressure gradient. Why is this called a
favorable pressure gradient ?

e Solve the case of a positive pressure gradient. Why is this called a unfavorable pressure
gradient ?



Chapter 13

Hyperbolic and parabolic equations:
numerical errors

The present workshop focuses on the linear advection equation:

Ju ou
— +ta—=0 13.1
ot " “ox (131
with periodic boundary conditions over the domain z € [0, 1]. The analytical solution of this equa-
tion is u(t,z) = w(t = 0,2 — at), such that it presents no diffusion (maxima and minima are
preserved) nor dispersion (all wave numbers travel at the same speed). It is thus an ideal case for
evaluating numerical errors as well as diffusive and dispersive properties of numerical schemes.

13.1 Order of convergence of numerical schemes

In this first problem, the objective is to evaluate the order of accuracy of different schemes by com-
paring the analytical solution to the numerical one. The initial condition is a Gaussian distribution:

_ 2
u(t =0,x) = exp <_(x()f25)> (13.2)

Implement the upwind scheme, Leap-Frog, Lax-Wendroff and Lax-Friedrichs schemes.

Observe the different behaviors of each scheme, and identify dispersive and diffusive effects.

Identify the impact of the CFL number on the numerical solution.

evaluate the error of each scheme as a function of the space discretization for different CFL
numbers.

Quantify the order of accuracy of each scheme.

13.2 Analysis of numerical dispersion and diffusion
In this second problem, the goal is to observe the evolution of a pure sinusoidal perturbation:
u(t =0,z) = sin(wz) (13.3)
e Implement this new initial condition.
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e For a given wave number, evaluate the numerical diffusion of all schemes. You have to find
an adequate metric.

e Then, evaluate the numerical dispersion of all schemes. You also have to define an adequate
metric.

e evaluate theses errors for several wave numbers and several CFL numbers.



Chapter 14

Implicit methods for parabolic
equations

14.1 Implicit method applied to 1D Unsteady diffusion

Let’s consider the unsteady heat equation seen in Workshop #05:

o _ 0T

E‘Daﬁ’

with the corresponding boundary conditions

{ T(x=0,t) =0

T(x=1L,t) =0"
and initial profile,
- T
T(x,0) =si (—) .
(z,0) = sin T

The length of the domain is L = 1 cm and the thermal diffusivity is D = 10~ m?/s. The corre-
sponding analytical solution of the problem is :

~ 2
T(x,t) = sin (7%:) ez Pt

An implementation of the Thomas algorithm to solve tridiagonal linear systems is given in the mod-
ule file TDMA.py on the course website.

e Solve the discrete parabolic PDE using the implicit Crank-Nicolson method and the centered-
2"_order difference formula for space discretization.

e Verify the unconditional stability on the chosen value of the Fourier number.

e Implement also the resolution of the unsteady heat equation with the implicit Backward Euler
method.

e Compare the numerical solutions of both methods with the analytical solution on the centerline

T(x = L/2,t). Outline the effect of numerical accuracy order with different time steps.
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14.2 TImplicit methods to reach steady state solution

Given the unconditional stability of implicit methods, taking large time steps allows to quickly jump
the physical transient (without considering its accurate description) to compute the steady state solu-
tion. Doing so, makes the ADI method quite competitive in respect to iterative methods for elliptic
PDE:s. In fact, the ADI time-stepping can be considered as a preconditioned iterative method.

Let’s consider the Poisson equation solved in Workshop #03 solved on = [—1, 1]? with Dirichlet
boundary conditions on 0f2 :

82 82 .
Tﬁ + Tyf = f(z,y) =202 + 9> —2) if (z,y) ¢ 09 4.1y

o(z,y) =0 if (x,y) € 0Q (14.2)

This is the steady state solution of the following unsteady equation with the same boundary condi-
tions: 5 o2 o2
¢ ¢ ¢
e_re . vv_ 14.3
This equation is similar to a 2D unsteady heat equation with unity heat diffusivity and a source term.
This parabolic PDE is solved with an implicit method to carry out large time steps and get to the

final state as soon as possible.

14.2.1 Alternate Direction Implicit method

The ADI formula by Peaceman and Rachford is an approximate factoring of the 2D Crank-Nicolson
method: The full linear system resolution is replaced a series of tridiagonal systems which are
very cheap to solve. The ADI method then keeps all the advantages of Crank-Nicolson (2"¢-order
accurate in time, unconditionally stable) without any drawbacks.

e Implement the ADI method to solve Eq.[14.3]
e Check the unconditional stability of the method by increasing the retained Fourier number.
e Compare the ADI method efficiency to compute the steady state solution to elliptic iterative

methods for different system sizes.

14.2.2 2D Crank-Nicolson

Combined with centered-2"¢-order spatial discretization, the Crank-Nicolson yields a large linear
system seen in class to be solved at each time step.

e Implement the time-stepping Crank-Nicolson method to solve Eq. by solving the linear
system at each step with an iterative method (Jacob, Gauss-Seidel, SOR or ...).

e Carefully design the stopping criterion of the iterative method applied at each step.
e Check the unconditional stability of the method by increasing the retained Fourier number.

e Compare its wall time clock to the ADI implementation.

This implementation of Crank-Nicolson is not very efficient compared to ADI method to compute
the accurate unsteady behavior of the PDE. Besides, it is definitely useless as an efficient method
based on accelerated parabolic PDE to compute the steady state which can be determined by a single
application of the iterative method on the steady elliptic PDE.
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Navier-Stokes equations

The lid driven cavity problem

The objective of the present workshop is to solve the incompressible flow inside a square lid-driven
cavity of size L. In this problem, the boundary of the domain are walls with zero normal and
tangential velocities, except for the upper wall, which has a fixed velocity U. Due to the fluid
viscosity, the upper wall will induce the generation of a vortex, with the potential formation of
corner recirculation zones, depending on the flow regime.

Moving lid
—

y

P .

——— No-slip walls ==—

|

The flow condition is uniquely determined by the Reynolds number Re = YL In the following, we

will investigate the flow for Re = 100. Y
e Implement the explicit method given in class

o Forward Euler for time marching
o Projection method for pressure-velocity coupling
o Second order centered finite difference for space derivatives.

e Investigate the impact of time and space discretizations on the solution, as well as the impact
of the convergence of the Poisson solver.

o Plot the velocity profile at the steady state for the vertical line at z = 0.5L and the horizontal
line at y = 0.5L.
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Appendix A

Eigenvalues of Tridiagonal Matrices

Contents
[A.1 Recurrence Relation for the Determinant of a Tridiagonal Matrix] . . . . . . 151
|A.2  Solving the Corresponding Characteristic Equation| . . . . ... ....... 152
[A.3  Determination of the Eigenvalues of the Tridiagonal Matrix| . ... ... .. 153

A.1 Recurrence Relation for the Determinant of a Tridiagonal
Matrix

Let T bea (n — 1) x (n — 1) tridiagonal matrix:

b ¢ 0
a .'. ".
M= = Bla, b, c]. (A1)
.. ... C
0 a b

Let us introduce the notation Dy _1y = det(T')
Developing the determinant yields:

a ¢ 0 0
b ¢ 0 b ¢ 0
. . 0 b
Diy_1y = a . . _ple . . —ely 4 . - (A2)
.. .. C -. .. C
0 a b 0 a b c
N 0 a b
D(n-2)
aD(N_g)
Eventually, it writes:
D(N—l) = bD(N_Q) - aCD(N_g) (A3)
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A.2 Solving the Corresponding Characteristic Equation

Writing the characteristic equation:

X?2-bX4+ac=0 (A4
One finds:
b+ b2 — 4 b— b2 — 4
x, = bRV e, bo Vi dae (A5)

Introducing (r, 8) such that r = y/ac and 2r cos § = b, one can then write

A = 4r? cos? 0 — 4r? = —4r?sin 6, (A.6)
and
X1 =re?: Xy = re " (A7)
Hence,
Din-1y = aX{ 148X, (A.8)
with
Dy = [b| = b, (A9)
then a X7 # BXo, and:
BXo = 2rcosf. (A.10)
Do =7 [ =02 —ac (A.11)
@ =g bl — :
aX?+ X2 =4r?cos’ 0 — 12 (A.12)
Writing (X - (A.10)) — (A.12), one gets:
I} (X1X2 —X22) = 2r% cos et — 412 cos® 0 + 12 (A.13)
2cosqe’? —4cos?0+1 1 —2cos? 0+ isin (26)
p= 1 _ ¢-2i6 - 1 _ o210 (A.14)
_p2if 1 o—if
p 1 —e~20 1 20 2isin 0 ( )
_ 2rcosf — X,  2rcosf+ gf:;:  2isin(20) + e~ (A.16)
“= X, B rett o 2ie% sin @ '
cos(26) + isin(20) e'?
= : = A.17
2ie? sin 0 2isin 0 ( )
Eventually,
D — 67;9 ,’,,Nflei(Nfl)G . eiie erlefi(Nfl)O (A 18)
V=D 9isin g 2isin 0 '
N ve iNO
= Y e A.19
VA <) (A.19)
in (N
D1y = )] (A.20)

sin 0
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A.3 Determination of the Eigenvalues of the Tridiagonal Matrix

In order to compute the eigenvalues of Bla, b, ], one has to solve the polynomial equation:

A—b) —c 0
¢ =0 (A.21)
.. .. —c
0 —a (A—b)
This corresponds to solving Dy _1y = 0 for B[—a, A — b, ]:
FN-1
D = in(N@) = 0. A.22
(N-1) = 55 sin(Ng) =0 ( )
for
r= V(a0 = Vac
(A.23)
2rcosd = A —b
From
sin(N6) = 0 (for 0 # 0) (A.24)
it comes that
NO = jm, forj=1,...,N — 1 (A.25)
Then )
g
0="— A.26
N ( )

Remark
what would 6 = 0 yield ?

Eventually,

A; = b+ 2y/accos (%) forl<j<N-1 (A.27)







Bibliography

[1] S. Candel. Mécanique des fluides, Cours. Dunod, 2005. second edition.

[2] L. Prandtl. Grenzschicht theorie. In Verhandlungen des dritten internationalen Mathematiker-
Kongresses, page 484, Heidelberg, 1904. English trans. in Early Developments of Modern
Aerodynamics, J. A. K. Ack- royd, B. P. Axcell, A. I. Ruban, eds., Butterworth-Heinemann,
Oxford, UK (2001), p. 77.

[3] F. Richecoeur. Aérodynamique : équations générales, écoulements laminaires et turbulents
autour d’un profil, couche limite. Ellipses, 2013.

[4] H. Schlichting and K. Gersten. Boundary Layer Theory. Springer, 2000. 8th revised and
enlarged edition.

155



	I Numerical Methods
	Introduction
	Course objectives
	Course references
	Examples of differential equations
	Classification of differential equations

	Finite Differences
	Principle of finite differences
	Finite difference approximations of f'i
	Finite difference approximations of f''i
	Optimal Difference Formula with Fixed Stencil
	Accuracy analysis with the modified wavenumber
	Padé schemes

	Ordinary Differential Equations
	Forward Euler method
	Stability analysis
	Accuracy analysis with the amplification factor 
	Backward Euler Method
	Trapezoidal method
	Linearization of implicit methods
	Stiffness
	Towards Higher-Order Methods
	Runge-Kutta Methods
	Multi-step methods

	Elliptic Partial Differential Equations
	Numerical resolution of Elliptic PDEs
	2D Laplace/Poisson equation
	Direct vs Iterative methods to solve Ax = b
	Basic iterative methods
	Over-relaxation methods
	Matrix splitting interpreted as a Richardson method
	Towards Krylov methods
	Comparison of methods

	Hyperbolic and Parabolic Partial Differential Equations
	Examples of Hyperbolic and Parabolic PDEs
	Convergence of numerical schemes: The Lax theorem
	Stability Analysis of discrete PDE
	Characterization of numerical errors
	Lax Wendroff and Lax-Friedrichs schemes
	Consistent and stable discretisations

	Implicit methods for multidimensional parabolic equations
	Introduction
	Implicit methods applied to the unsteady heat equation
	ADI method
	Generalization

	Numerical resolution of incompressible fluids
	Fundamental equations for fluid dynamics
	Incompressible flows
	Solution methods for incompressible Navier-Stokes equations


	II Exercises
	Introduction to Python
	Definition and plotting of a function
	Evaluation of the integral of a function
	Root-finding algorithms

	Finite differences
	First order derivatives
	Second order derivatives

	Ordinary Differential Equations
	A first simple example of ODE
	Harmonic oscillator
	Evolution of a population

	Elliptic equations
	Poisson's equation
	Laplace equation: treatment of boundary conditiions
	Poisson's equation with SOR and conjugate gradient methods
	Multi-block resolution

	Hyperbolic and parabolic equations: explicit methods
	1D Unsteady diffusion
	1D advection
	Thin boundary layer in the presence of pressure gradient

	Hyperbolic and parabolic equations: numerical errors
	Order of convergence of numerical schemes
	Analysis of numerical dispersion and diffusion

	Implicit methods for parabolic equations
	Implicit method applied to 1D Unsteady diffusion
	Implicit methods to reach steady state solution

	Navier-Stokes equations
	Eigenvalues of Tridiagonal Matrices
	Recurrence Relation for the Determinant of a Tridiagonal Matrix
	Solving the Corresponding Characteristic Equation
	Determination of the Eigenvalues of the Tridiagonal Matrix



