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Preface

Second Edition (2013)

| still like CFD and found more topics that | like after the publication of the first edition. Also, | received reports
on typos and errors from people who like CFD (Thank you so much!). So, | decided to revise the book. The contents
remain highly biased, but can still be a good reference book for students studying basics of CFD and researchers
developing fundamental CFD algorithms. | hope that the second edition will make them like CFD even more.

First

CFD:

Edition (2009)

Computational Fluid Dynamics.

Katate Masatsuka
Yorktown, October 2013

| like CFD. I like it so much that | decided to write how much | like CFD. Here, in this volume, | focus on basic
notations and formulas, governing equations, and exact solutions used in CFD. | hope that you like them too.

Basics:

Some basic stuff such as notations, formulas, and theorems.

Model Equations:

Model equations commonly used in the algorithm development.

Euler Equations:

The Euler equations and related equations for inviscid flows.

Navier-Stokes Equations:

The Navier-Stokes equations and related equations for viscous flows.

Turbulence Equations:

Averaged Navier-Stokes equations and a little about turbulence models.

Exact Solutions I:

General solutions and techniques for deriving exact solutions.

Exact Solutions Il:

Exact solutions for selected equations which can be used for accuracy study.

Naturally, the content is highly biased. This is everything about what | like in CFD. It does not contain any topics
that | don't like. So, this is certainly not a textbook, but can still be a good reference book. In particular, this volume
may be useful for students studying basics of CFD and researchers developing fundamental CFD algorithms (I hope
that they like CFD too).

Xi

Katate Masatsuka
Yorktown, February 2009



xii CONTENTS



Chapter 1

Basics

1.1 Differential Notations

The following notations for derivatives are widely used:

e First derivatives:

% = OpU = Uy. (1.1.1)
e Second derivatives:
% = Opalh = Ugpy. (1.1.2)
e n-th derivative:
g:if = Oyt = g, (1.1.3)
n n

It is nice to have more than one way to express the same thing. In particular, | like the subscript notation such as
u, because it is very easy to write and also takes much less vertical space than others. Of course, it will be very
inconvenient for very high-order derivatives (because the expression will be too long), but such high-order derivatives
do not usually arise in CFD books. pa

e Material /Substantial/Lagrangian derivative:

Do _ou ou u 0o i
Dt~ ot " ar T Vay T Voz -

| like this derivative. It is very interesting. It represents the time rate of change of the quantity o when it is being
convected in a flow with the velocity (u,v,w). So, when this derivative is zero, Da/Dt = 0, the distribution (e.g., a
contour plot) of a(z,y, ) in space moves with the velocity (u,v,w), preserving its initial shape. On the other hand,
when the time derivative is zero, ;o = 0, the distribution of «(x,y, z) does not move and stays fixed in space for all
times.



2 CHAPTER 1. BASICS

1.2 Vectors and Operators

1.2.1 Vectors and Tensors

Vectors and tensors are usually denoted by boldface letters, rather than by arrows put on top of them. It is simple
and very effective. | like it. By the way, in this book, the vector is almost always a column vector and a row vector is
expressed as a transpose of a column vector indicated by the superscript t.

al bl
a = az s b= b s at = [al,ag,a3], bt = [bl,bg,bg]. (121)
as bg

Examples of the second-rank tensors:

A A Asgg Al Ao Az
A= Ay Ay Asz |, Al=| A Ay Ay |, (1.2.2)
Asgp Asy Ass Az Axz Ass

where A is a transpose of A that is defined as a matrix with rows and columns interchanged.

1.2.2 Dot/Inner Product and Tensor Product

The dot/inner product yields a scalar quantity by combining a pair of vectors as follows:

a-b = atb = a1b1 + a2b2 + a3b3, (123)
a’? = a-a=ala,
or a pair of tensors as follows:
A . B = Z AijBij
all 4,5
= A11Bi1+ A19Bia + A13Bi3 + A1 Boy + Ay B
+A23Ba3 + A31B31 + A32Bs2 + A3z Bss. (1.2.5)

The latter is often called the tensor product. Two dots are used for the tensor product because it is summed over two
indices, perhaps. In any case, it produces a single real number from vectors/tensors no matter how many components
they have. This is very nice. Of course, we have

a-b = ba, A:B=B:A. (1.2.6)

1.2.3 Vector/Outer Product

The vector/outer product produces a vector:

e e e3

a2b3 - Cl3b2
axb=|a ay a3 |= (a2b3 — a3b2)e1 + (a3b1 — albg)eg + (a1b2 — a2b1)83 = azby —abs |, (127)
by by bs a1by — azby
where e, e5, es are the unit vectors, i.e., a = a;e; + ases + azes and b = byje; + baes + bzes. | like the fact that

a X b and b x a represent two different vectors, pointing opposite directions with the same magnitude. It is very
geometrical and easy to visualize.



1.2. VECTORS AND OPERATORS 3

1.2.4 Dyadic Tensor

The dyadic tensor, denoted by ®, is a second-rank tensor made out of two vectors:

ai airby  aiby aibs
a®b = abt = a2 [bl, bQ, bg] = agbl a2b2 a2b3 3 (128)
as (lgbl a3b2 a3b3
so, the (i, 7)-th component is given by
(a®b)ij = Cbibj. (129)

In fact, the dyadic tensor is defined, with ¢ = [c1, ¢2, c3]t, by
(a®b)c = a(b - ¢), (1.2.10)

from which you can figure out what a®b should be, i.e., write out the right hand side in components and rearrange
the result in the form as in the left hand side to find Equation (1.2.8). Of course, we have in general,

a®b # bra. (1.2.11)

Unlike the vector product, the geometrical meaning of this is not immediately clear to me. But | like it. It is simple
enough.

1.2.5 Scalar Triple Product

| like the scalar triple product defined for three vectors a, b, and c by
a-(bxc). (1.2.12)

It is, in fact, equal to the volume of the parallelepiped formed by the vectors a, b, and c. | like it very much because
then | can easily understand various formulas associated with the scalar triple product. For example, we have

a-(bxc)=b-(cxa)=c-(axb), (1.2.13)
and of course
(bxc)-a=(cxa)-b=(axDb)-c, (1.2.14)

which are trivial relations because all represent the same volume. It is also easy to understand that the volume
represented by the scalar triple product is a signed volume, meaning that switching the two vectors in the vector
product results in the negative of the scalar triple product (because the vector product points the opposite direction):

a-(bxc)=-a-(cxb), (1.2.15)
b-(cxa)=—-b-(axc), (1.2.16)
c-(axb)=—c-(bxa). (1.2.17)

As you might expect and can easily verify, the scalar triple product can be expressed by the determinant:

ay az as
a- (b X C) = bl b2 b3 . (1218)
C1 Co C3

It is quite easy to see that the scalar triple product vanishes if the two vectors in the vector product are the same
(because then the vector product becomes the zero vector). It is also quite easy to understand that the scalar triple
product vanishes if any two vectors are identical, e.g.,

a-(axc)=a-(bxa)=0. (1.2.19)
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It vanishes, of course, because the parallelepiped becomes flat in that case and the volume ( = the scalar triple product)
becomes zero. | now tell you why | really like the scalar triple product. | like it because the volume V' of a tetrahedron
formed by the three vectors, a, b, and c, is given by

vzé ja-(bx o), (1.2.20)

and a tetrahedron is one of my favorite computational cells in CFD. Note that the vectors a, b, and c are the edge
vectors centered at a common vertex of the tetrahedron. The volume is defined with the absolute value of the scalar
triple product to keep it positive in case any of the vectors points the opposite direction. Of course, then, it is easy to
understand that the scalar triple product does not change at all under rotation of coordinate system:

a-(bxc)=a’ (b xc), (1.2.21)
where a’, b’, and ¢’ are the vectors rotated by a rotation matrix R,

a’=Ra, b'=Rb, ¢ =Rec. (1.2.22)

This is natural because rotating a parallelepiped (or a tetrahedron) does not change its volume.

1.2.6 Vector Triple Product
Of course, there is a vector triple product. The vector triple product is defined by
ax (b xc). (1.2.23)
The following formula is known as Lagrange's formula or vector product expansion:
ax(bxc)=b(a-c)—c(a-b). (1.2.24)

It is known also as the BAC-CAB identity. That is useful for memorizing the formula. But that's not the reason that |
like the vector triple product. | like it because it is useful in CFD. To see how useful it is, consider the dot product of
the vector triple product and a:

[ax (bxc)]-a=0. (1.2.25)

Yes, it is zero because it is a scalar triple product with two identical vectors: a, b x ¢, and a. It means that the vector
triple product of a, b, and c is perpendicular to a. That is interesting. In CFD, we sometimes need to find vectors
tangent to a face of a computational cell from the face normal vector, or more generally, find a vector perpendicular to
a given vector. For example, the situation arises in the rotated-hybrid Riemann solvers [112]. Usually in finite-volume
methods, a single numerical flux is computed in the direction normal to the face, 1, where the hat indicates that
the vector is a unit vector. The rotated-hybrid method computes the face-normal numerical flux as a combination of
two numerical fluxes by breaking fi into two orthogonal directions and applying two different numerical fluxes in the
two directions. The method applies a robust but dissipative numerical flux in a physically meaningful direction, f,
e.g., normal to a shock wave, and a less robust but much less dissipative numerical flux in the direction fip that is
perpendicular to ;. The resulting flux has been shown to be very robust for strong shocks without adding too much
dissipation in smooth regions. Since 1 is determined by a physical consideration, the problem is to find fi; that is
perpendicular to a given vector, f1. Then, we can find fiz by the vector triple product [112]:
R fll X (fl X fll)

no —

= 1A TIPSR 1.2.26
[f; X (A x 1) ( )

where the denominator is the magnitude of the numerator to make i, a unit vector. Note that the numerator is not
necessarily a unit vector. Clearly, we have ny - fi; = 0, i.e., Ny is perpendicular to 1y as desired. That is nice. | like
the vector triple product very much.

1.2.7 Identity Matrix

This is a matrix whose diagonal entries are all 1 and other entries are zero. Such a matrix is called the identity matrix.
For example, the 3 x 3 identity matrix is given by

I= (1.2.27)

O O =
o = O
= O O
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Note that the n x n identity matrix has n? — n zeroes. This means that the number of zeroes increases quadratically
with n. Of course, | like the identity matrix. In particular, | like its alternative notation which is very compact. For
example, the 3 x 3 identity matrix above is denoted by

I =diag(1,1,1). (1.2.28)

This is very useful when we write the identity matrix of a very large size. Why is it called the identity matrix? Well, |
think it's because we have

TA = AT = A, (1.2.29)

for any matrix A in any dimension.

1.3 Orthogonal Vectors

Consider three orthogonal unit vectors, n, £, m (see Figure 1.3.1):

n-n = £-£=m-m=1, (1.3.1)

n-£f = £ m=m-n=0, (1.3.2)

n = £xm, (1.3.3)

£ = mxn, (1.3.4)

m = nx4é (1.3.5)

n@n+ €€+ mm = L (1.3.6)

Suppose that n = [ng, ny,n,)", €= [y, 0, L.]", m = [m,,my, m.]". Then, the above relations can be expanded as
follows:

ni+n§+n3 = 1, (1.3.7)

C+0+02 = 1, (1.3.8)

mi4+mi+m: = 1, (1.3.9)

Nl +nyly +n0, = 0, (1.3.10)

bomg +4ymy +L.m, = 0, (1.3.11)

MgNg + Myny +myn, = 0, (1.3.12)
bym, — £,my = ng, Nyl — nly = my, MyNy — MMy = Ly,

Lomg — lym, = ny, Noly — gl = My, MMy — MaNy = Ly, (1.3.13)
lymy — lymy =N, Ngly — nyly = m, MyMy — MyNg = £,

n:+024+m2 = 1, (1.3.14)

ng + 0 +mp = 1, (1.3.15)

nZ+02+m? = 1, (1.3.16)

NgNy + ly + meymy = 0, (1.3.17)

Ngn, + 00, +mem, = 0, (1.3.18)

nyn, + 4yl + mym, = 0. (1.3.19)

Introduce an arbitrary vector v = [u, v, w]?, and define the following quantities,

Gn=v-'n, q=v-£ q¢,=vVv-m, (1.3.20)
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m
L
Figure 1.3.1: Three mutually orthogonal vectors.
then we have
g+ gl + gnm = v, (1.3.21)
Gt+aG+a, = v (1.3.22)
Equation (1.3.21) can be expanded as follows:
e + qely + qgmma = u, (1.3.23)
Iny + qely + gmmy =, (1.3.24)
gz + qels + gum. = w. (1.3.25)
These relationships can be differentiated as follows:
dgnng + dgmmg +dgel, = du, (1.3.26)
dgnny + dgmmy + dgely, = dv, (1.3.27)
dgnn, + dg,m, +dgl, = dw. (1.3.28)
Gn dqn + qedge + @ dgm = udu+vdv+wdw. (1.3.29)

| like these relations because they can be very useful when | write a three-dimensional CFD code with v as a velocity
vector, and n, £, m as a normal vector of a cell face and two tangent vectors respectively. In particular, these relations
can be used to eliminate tangent vectors from expressions such as the absolute value of a Jacobian matrix projected
along a normal vector which arises, for example, in the Roe solver [128]. See Sections 3.6.1 and 3.13.

Now consider a symmetric second-rank tensor 7:

Tex Tzy Tz
T = Tyz Tyy Tyz 5 (1330)

Tz Tzy Tzz
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where Ty, = Tpy, Top = Tyz, and 7,y = 7,,. We define the following quantities:

Tnae = Teale + Toyly + TeaNz, (1.3.31)
Tny = TyaNa + TyyMy + TyzNz, (1.3.32)
Tnz = TzaNe + TayNy + T22Ns, (1.3.33)
Tan = TnaNa + TayNy + Tnanz, (1.3.34)
Tne = Tnale + Tayly + Tnzlz, (1.3.35)
Tom =  TpaMag + TnyMy + TpaMz, (1.3.36)
Trv = Tngl + Tny¥ + Tn . (1.3.37)

Then, we have the following identities:
TnnNe + TamMe + Tnele = Tng, (1.3.38)
TanTy + TnmMy + Tnely = Ty, (1.3.39)
TanMz + TnmMy + Tael, = Toz, (1.3.40)
Tandn + TnmGm + Tnede = Tno, (1.3.41)
TandTnn + TnmATnm + TnedTne = TnedTng + TnydTny + TrzdThs, (1.3.42)
Tand@n + Tamd@m + Tnedqe = Tpgdu + Thydv + T dw, (1.3.43)
ATpnNy + dTpmMy + dTpely = dTyg, (1.3.44)
ATpnny + dTpmMmy + dTpely = dTpy, (1.3.45)
ATz + dTpmm, +drpel, = drp,. (1.3.46)

| like these identities very much because they can be useful for eliminating tangent vectors from expressions such as
the absolute value of a Jacobian matrix projected along a normal vector that arises, for example, in the upwind viscous
flux [106].

1.4 Index Notation

| like index notation because it is compact and useful especially for proving vector identities. Also, | can save my
time and money because | don't need to write ¥ for summations any more.
1.4.1 Einstein’s Summation Convention

Einstein's summation convention means that whenever two indices are repeated, summation is taken over that index:
for example,

a;b; = a1by + asbs + azbs, (14].)

which is nice because the dot product a - b can be simply written as a;b; without using boldface letters or 3. The i-th
component of the matrix-vector product Ab can be expressed as

(Ab); = Ai;bj = Aibr + Aiba + Aisbs, (1.4.2)

where (Ab); denotes the i-th component of Ab. Thus, we can write

(Ab); A11b1 + Araby + Aqsbs
Ab=| (Ab)y | = | Agby + Agby + Azsbs | . (1.4.3)
(Ab)3 As1by + Asoby + Assbs

Of course, the index used for the summation is a dummy, and so we can use any letter we like, e.g.,
a-b= aq;bi = ajbj = akbk, (1.4.4)

which are all equal to a1b; + asbs + agbs.
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1.4.2 Kronecker’s Delta

Of course, | like the second-rank tensor called Kronecker's delta:

1 if =47,
%ij { 0 if i#j. (1.4.5)
This is nothing but the components of the identity matrix:
011 d12 O13 1 00
I= (521 522 (523 = 0 1 0 . (146)
031 032 033 0 0 1

| like Kronecker's delta especially because it is sometimes called the substitution operator base on the following property:
5ijaj = Q;, (147)

which looks like 4 is substituted into j. This is nice also because §;; has disappeared on the right hand side, making
the right hand side very simple. By the substitution, we have

dija:b; = a;b;, (1.4.8)
which means
I: (a®@b)=a’lb=a-b. (1.4.9)
In a way, we have just proved a vector identity. It is also easy to show that
i = 3, (1.4.10)
which is the trace of the identity matrix, and also that
03505k = ik, (1.4.11)
i.e., the product of two identity matrices is the identity matrix:
II=1I (1.4.12)
1.4.3 Eddington’s Epsilon
The third-rank tensor called Eddington’s epsilon:
0 if any two of 4, 7, k are the same,
€ijk = 1 for even permutation, (1.4.13)
-1 for odd permutation,

reminds me of the Rubik cube that | like. By definition, we have

€ijk = —Ejik = —Eikjs (1.4.14)
€ijk = Ejki = Ekij- (1.4.15)

And we have naturally
dij€iji =0, (1.4.16)

which is because Kronecker's delta turns €;;;, into €551 that is zero by definition. | would use E to denote the third-rank
tensor of Eddington’s epsilon. Then, | have

€111 €112 €113 0 0 0

Eyjr — €121 €122 €123 | =10 0 1 |, (1.4.17)
| €131 €132 €133 | | 0 —1 0 |
[ ea11 €212 €213 | [0 0 —17

Eoji — €221 €222 €203 | =0 0 0 |, (1.4.18)
| €231 €232 €233 | [ 1 0 0 ]
[ e311 €312 es13 | [0 1 0]

Esj, — €321 €322 €303 | =] —1 0 O |, (1.4.19)
| €331 €332 €333 | . 0 0 0|
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which look to me like the slices of the Rubic cube. | like E especially because | can write the vector product as
axb=E(a®b). (1.4.20)
As you might expect, then, Eddington’s epsilon can be used to express the determinant of A,
detA = g4, A1 A2 Asp, (1.4.21)
or of three vectors,
a1 as ag
gijraibjer = | by by b3 |. (1.4.22)
c1 Ccy cC3

Even more interestingly, it can be rewritten as

din diz dis di1 Oi2 0i3 0i1 iz Oi3
gijpaibjey =a; | b1 by b3 | =abj| 6;1 b5 O3 | =abjer | 01 52 b3 |, (1.4.23)
1 G2 3 it €2 3 Ok1 Ok2  Ok3
which means
di1 iz Oi3
€ijk = | 0j1 02 053 |. (1.4.24)

Ok1 Ok2 O3
| like this formula because | can use it to derive various identities. Consider
01 Gi2 dis on b2 A3
EijkElmn = | 0j1 j2 0; Om1 Om2 Om3 |, (1.4.25)
Ok1 Ok2 Ok || On1 On2  Ons

which can be written as

di1 Gi2 03 || 011 Om2 On3 0ir0tr  OirOmr  OirOny
Eijkf‘:lmn = (5]‘ (5j 5j (5[1 6m2 (Sng = 5jT55T (5jr<5mr 5jr6nr . (1426)
6k1 6k2 5k3 511 5m2 5n3 5kr61r 6kr5mr 6k7“5m"

Therefore, we obtain by Equation (1.4.11)

EijkElmn = | 01 Ojm  Ojn |- (1.4.27)
Okt Okm  Orn

This is a very useful formula. For example, with [ = k, it becomes

5 5lm 6in 5im 6zn 5 6jm 5jn
€ijk€kmn = — 0y + 04
k=R e 5j 5j " 5km 5kn * km 6kn
Oim  Oin Oim Oin 0; din
5jm 5jn 5jk'6km 5jk5k'n 5ik5km 6ik6kn
dim  Oin Oim  Oin Ojm  djn
6jm 5jn 5j’rn 5jn 6i7n 5in
6im 6in 6zm 6in 6lm 6171
= 3 - - : (1.4.28)
Ojm  Ojn Ojm  Ojn Ojm  Ojn
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and thus

= 6i7rL5"n - 6i7L5"’rrL7 1.4.29
Som 6 7 g (1.4.29)

Eijk€kmn =

which is sometimes called the e-§ identity. Furthermore, with [ =4 and m = j, Equation (1.4.27) becomes
€ijk€ijn = 30kn — Ogn = 20kn. (1.4.30)
Finally, by setting [ =4, m = j, and n = k, we obtain
€ijk€ijk = 6. (1.4.31)

These relations can be used to prove vector identities. For example, the i-th component of the triple vector product
a X (b x ¢) can be expressed as

(ax (b xc))i = einaj(Ermbicm), (1.4.32)
which becomes by the formula (1.4.29)
(ax(bxc)i = gijrermasbicm
= €kij€kima;biCm
= (6u6jm — 0j10im)azbicm
= 0idjmajbicym — 6j10ima;bicy,
= ajbic; —ajbjc
= bila;c;) — ci(azby), (1.4.33)
and we have thus proved Lagrange's formula,

ax(bxc)=Db(a-c)—c(a-b). (1.4.34)

1.5 Div, Grad, Curl

1.5.1 Coordinate Systems

| like vector differential operators, especially in Cartesian coordinates (z,y,z). In cylindrical (r,0,z) or spherical
coordinates (1,6, ¢) (see Figures 1.5.1 and 1.5.2), | like them, of course, but they can be a little complicated. Note
that these coordinates are related: in cylindrical coordinates,

x =71 cosb, (1.5.1)
y =71 sind, (15.2)
z =z, (1.5.3)
while in spherical coordinates,

x = (r sing) cosb, (1.5.4)
y=(rsing) sinb, (1.5.5)
Z =T COoS Q. (1.5.6)

Now, denote the unit vectors for these coordinates by
€, €y, €, in Cartesian coordinates, (1.5.7)
e, ey, €., in cylindrical coordinates, (1.5.8)

e, €9, €4, in spherical coordinates, (1.5.9)
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Figure 1.5.1: Cylindrical coordinates.

and vector components as in

a=aie; +azey +age,,
a=arertapgpep+a,e,,
a=arer+apeg+ ayey,

in Cartesian coordinates,
in cylindrical coordinates,
in spherical coordinates,

then we can write vector differential operators as in the following sections.

1.5.2 Gradient of Scalar Functions

The gradient of a scalar function «a(z,y, z) is defined by

or simply by

where

. 1
grada = A1‘1/_11_1>0 NG ]{andS,
da = grad a - dx,

dx =dre, +dye, +dze,,
dx =dre, +rdleg+ dze,,
dx =dre, +rsin¢pdfeg +rdpey,

in Cartesian coordinates,
in cylindrical coordinates,
in spherical coordinates.

11

(1.5.10)
(1.5.11)
(1.5.12)

(1.5.13)

(1.5.14)

(1.5.15)
(1.5.16)
(1.5.17)
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Figure 1.5.2: Spherical coordinates.

The gradient in all three coordinate systems:

o Oa Oa . . .
grada = 72 & + % e, + a5 % in Cartesian coordinates, (1.5.18)
1
grada = 8—(: e, + ;g—z ey + g—j e, in cylindrical coordinates, (1.5.19)
1 0 10
grada = a—f e, + ma—z ep + ;B_Z €4, in spherical coordinates. (1.5.20)

These are relatively intuitive and easy to understand. | like them. By the way, if you want to derive these formulas (and
all formulas hereafter), simply apply the definition (1.5.13) to a small volume element, e.g., a small cube in Cartesian
coordinates, or simply expand the differential definition (1.5.14).

1.5.3 Divergence of Vector Functions

The divergence of a vector function a(x,y, z) is defined by

. . 1
diva = A1‘1/nf_1>0 AV j{a -ndS, (1.5.21)
and yields
diva = % + %—‘;2 + % in Cartesian coordinates, (1.5.22)
diva = la(gir) %% 36(1; in cylindrical coordinates, (1.5.23)
2 1 1 i
diva = 1 9(rar) dag 9(asin ) in spherical coordinates. (1.5.24)

r2  Or +7‘sin¢%+rsin¢ 19J0)
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1.5.4 Curl of Vector Functions

The curl of a vector function a(x,y, z) is defined by

curla = — lim ﬁf.axndé’,

AV —0
which becomes

e, e, e,

curla = 2 g 2
or Oy 0z
ay as as
e. reg e,
1
curla = — 2 g g
Tl or 900 0z
ar Tag a,
e, res; rsingey
curla = - 2 3 2
rsing | gy 0 o7}
ar rag singag

or equivalently

in Cartesian coordinates,

in cylindrical coordinates,

in spherical coordinates,

crla — (203 02 (Qa Das) - (042 dai]
S \dy 0z) " dz Ox )Y or oy ) 7

Ha — 1 da, 3 d(rag) n oa, B Oa,
cu a_r o7} 0z er T 0z or ©

1 [(3Ou9$n¢)__3ﬁu¢))eT4_rs

. O(rag)  Oayr
1n0< e a¢>99

curla = r2sin ¢ 19J0) 00
da,.  O(ragsin @)
+r ( 0 o )%
1 d(agsing)  day n 1 (0(ray) dar
~ rsing d¢ a0 )T or oo} 0
1/ 1 da, O(rae)
r \sin¢ 00 ar €

1.5.5 Gradient of Vector Functions

The gradient of a vector function a(z,y, z) is defined, as in the scalar

rada = 1li i
grada = Vo AV

or simply by

da = (grada) dx.

case, by

a®nds,

d(rag) Oa,
+( ar 80)%],

13

(1.5.25)

(1.5.26)

(1.5.27)

(1.5.28)

(1.5.29)

(1.5.30)

(1.5.31)

(1.5.32)

(1.5.33)
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In Cartesian coordinates:

O Oay day
or Oy 0z
o 802 8a2 8a2
grada = 7 87y e (1.5.34)
a  Dag  Jay
Jdr Oy 0z
In cylindrical coordinates:
[ Oar 10ar ag Oar ]
or r 00 r 0z
3a9 1 (90,9 ar (9@9
da=| 22¢ =220, 7 =70 1.5.35
grada or r 00 * r 0z ( )
6az laaz (90,2
L or r 00 0z A
In spherical coordinates:
[ da, 1 f)ari% 18%7%'
dr  rsing 00 r r 0¢ r
dag 1 Oay a, ag 1 day
_ | 22 -0, T - 1.5.
grada dr  rsing 00 r  rtan¢ r O¢ (1.5.36)
Oag L dag g 10ay , ar
Or rsing 00 rtang r 0¢ r

| like the gradient of a vector, especially those 'extra’ terms arising in cylindrical and spherical coordinates. They
make the formulas look very special. These terms come from the fact that some of the unit vectors vary in space; their
derivatives are non-zero: in cylindrical coordinates,

Oe, i)

— ey, = —e,, 1.5.37
a0~ % ag ~ °© (1.5.37)
and in spherical coordinates,
Oe, 0 0 oe, 0
aee = sin ¢ ey, % = —cospey, —singde,, % = cos g ey, a—e; = ey, ai; = —e,. (1.5.38)
For example, in cylindrical coordinates, the extra terms arise as follows. Consider the vector,
a=a,e.+ageyg+a,e,. (1.5.39)

Take the differential of a,

da, da, da, 0 Oe, oe/.
da = ( S+ Sohrdd + dz) e, +ay <%dr+ raerd9+%dz)
(9(19 8&9 8@9 e 889 8e€
(a’rd’/’ + @Tde + aZdZ) €y + ag (%TZdr + @Tde =+ > dz
da, da, Oa, e Oe e
+ ( SEdr+ o+ dz) e, +a, (%f/drﬁ—]a%/rde—k%f/dz) :

+
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which by Equation(1.5.37) becomes

da =

+

0 r00

We find the gradient by writing the result in the form, da = (grad a) dx, where dx = (dr,rdf, dz):

r Oa, laaT B
or r 00
or r 00
Oa, laaz

L Or r 00

da,
a dz)er—i—

Oag
rdr+ﬁ d9+dz)e9—

)

8&9 dT (8&9 )
r

N <3azd N Oa.,

Oa,
rdf 9% ) e

a9 dar 1 [ dr
r 0z
920 | | 1ap
0z
Oa,
az 1L dZ

rd@ ey

rdf e,

15

(1.5.40)

(1.5.41)

That is, the matrix above is the gradient of a in cylindrical coordinates. | like deriving, in the same way, the gradient
in spherical coordinates also, but I'll let you do it because it is simple and fun. Enjoy.
The divergence of a tensor will also have extra terms and the Laplacian of a vector will also have such in these

coordinates as we will see below.

1.5.6 Divergence of Tensor Functions

The divergence of a tensor function A(x,y, z) is defined, in the same way as in the scalar case, by

divA = A1‘1/11_1)0A—V%Ands

In Cartesian coordinates:

[ 0An

0A 0A13 ]
4 94z Ol

ox

divA = 0An

ox
0A31

ox

In cylindrical coordinates:

Ay
A= AGT
A

dy 0z
0Agy  0Ass
+ dy * 0z
0Aszy  0Ass
Ty Yo |
Are Arz
Ago Ay, |,

Az@ Azz

(1.5.42)

(1.5.43)

(1.5.44)
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18(7’147«7«) n EBAN; n 0A,., B @
r or r 00 0z T

dva— | 100 der) 1040y  04.  Arg (1.5.45)
r Or r 00 0z r
10(rAz) | 104 n 0A,,
L r Or r 00 0z _
In spherical coordinates:
AT’!‘ AT@ Ar¢
A= A(.),» A99 Ag¢ s (1546)
Agr Age Agg
i ia(T2Am=) + 1 8AT9 + 1 8(AT¢ sin gb) _ @ _ @ T
r2  Or rsing 00 rsin ¢ 0¢ r T
2 ”
divA — | L1204 N 1 0Agg N 1 O0(Aggsing)  Avg  Age (1.5.47)
r2  Or rsing 00 rsin ¢ d¢ r rtan ¢
i 6(7“2A¢T) 1 6A¢9 1 8(A¢¢, sin (b) _ Agg @
L r2 Or rsing 00 7 sin ¢ 0 rtan ¢ roJ

Again, | like those extra terms arising in cylindrical and spherical coordinates. What is interesting is the way they
arise. OK, so let me show you how to derive the divergence of a tensor function in cylindrical coordinates. | would
begin with the definition (1.5.42). Consider a small volume defined by the increment in each coordinate direction:

V =dr x (rdf) x dz = rdrdfdz. (1.5.48)
Since the volume is small, the surface integral on the right hand side of the definition (1.5.42) can be expressed as

]{Ands — 9(An,e,dS) dr 4 O(Angeqds) o+ 8(AnzezdS) i,
87’ 89 az

where n = n,.e,. + ngey + n.e,. It is actually more convenient to write by dS, = n,.dS, dSy = nedS, dS, = n.dS,

?{ Ands — AdaSTer) iy QAdSpeq) o D(AdS.e.)

(1.5.49)

T oz, (1.5.50)

where
dS, =rdfdz, dSp=drdz, dS, = rdfdr. (1.5.51)

Note that the above expression has been obtained by Taylor expansion between the two opposite surface of the volume
and the surface vector has also been expanded together because it can change along a coordinate direction. Each term
can be computed in a straightforward manner:

A'r‘r AT@ A'rz dSr

A
Wdr = aﬁ Aor Ago Ag: 0 dr
" " Azr Az@ Azz 0
0
= ar {dS, [Ar e, + Apreg + Are.]}dr
9

= { [Arr e+ Agreg+ A ez}} drdfdz

< ) Do) o, D) > +,,< N %% A %z i Az%éﬂdrdedz
T

or
_ (10(rA.) 19(rAgr) 19(rAr)
= (r e, r ar ey + o e, | V. (1.5.52)
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Similarly, we obtain

6‘(Ange9)

0
90 do = o {dSQ [Are e, + Aggeg + A ez]} do

- (9AT9 81499 (91429 8er 369 86
= { ( 20 e, + 20 egp + 20 ez> + <Ar980 +AQQW + AZ%) } drdfdz,

which becomes by Equation (1.5.37)

8(Ad5969) - 8147-9 8A99 81429
20 do = 50 e, 50 ey 50 e, | + (Argeqg — Agpe,.) p drdfdz
_ 10A,9 Apg 10A99 Ayg 10A.
B [(r 20 1 ) ert <r 00 + T > e+ r 00 ez] v (1.5.53)

The last component is the simplest one:

8(AdSZeZ)dZ _ [04,. o+ 0Ayp. o+ 0A,,
0z B 0z 9z ¢ 0z

ez] V. (1.5.54)

Finally, substituting these results into Equation (1.5.50) and subsequently substituting it into the definition (1.5.42),
where AV is denoted here by the small volume V', we find

divA = lim l%AnalS
vosoV

r Or r 00 T 0z

— <1 8(TAT7") + 1 aArG A99 aArz) e

+

10(rAgr) | 104 +A7-9 DAy
r Or r 00 T 0z e

<1 (rA.)  10A. (‘)AZZ)
+ - + - €.,

r Or r 00 0z (1.5.55)

which is the same as Equation (1.5.45). We have thus derived the divergence in cylindrical coordinates. As we have
seen above, the extra terms are generated by the derivatives of the unit vectors, which vary in space. | find it very
interesting. Do you?

1.5.7 Laplacian of Scalar Functions

The Laplacian of a scalar function «(x,y, z) is defined as the divergence of the gradient:

, o 0?a O
divgrada = el + el t o2 (1.5.56)

. 10 Ja 1 9*a O«
divgrada = -5 <a) e o (1:5:57)
. 10 50 1 D 1 0 oo

_ oo 9 (ginp2% 15,
divgrad a ol (r 8r)+r251n2¢392 +r251n¢8¢ (51n¢a¢>, (1.5.58)

in Cartesian, cylindrical, and spherical coordinates respectively. Incidentally, the Laplacian operator is often denoted
by A:

Aa = divgrad a. (1.5.59)

This is a very simple and economical notation. | like it.
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1.5.8 Laplacian of Vector Functions

The Laplacian of a vector function is defined as the divergence of the gradient just like in the scalar case. But it is a
bit more complicated than the scalar case in cylindrical and spherical coordinates.
In Cartesian coordinates:
i 82a1 + 5‘2(11 + 32(11 T
0x? Oy 022

(92(12 82 as 82 ag

divgrada = 1.5.60
g oz T e + 5 ( )
82a3 + 82a3 + 82a3
L 02 Oy 022 |
In cylindrical coordinates:
ar, 2 Oag
di da, — — — = —
ivgrad a i T
divgrada = | . 2 da, ag (1.5.61)
d d — -— |’
ivgradag + 2 00 2
divgrada,
where the Laplacian for each scalar component is given by Equation (1.5.57).
In spherical coordinates:
ro 2a,. 2 Oay 204 2 Odag T
d da, — — — =—~- — — —
Veradar T T T 2 O0¢p r2tan¢ r2sing 00
. 2 da, ag 2 Oay
[ =1|d d — - — —
divgrada ivgrad ag + 296  12sn’¢  12sing 00 )
. ag 2 da, 2cos ¢ Oag
d dag — bt it
| CVEradas = L sin 10 + r2sin?¢ 00  r2sin®?¢ 00 |
(1.5.62)

where the Laplacian for each scalar component is given by Equation (1.5.58).

1.5.9 Material /Substantial/Lagrangian Derivative
The material derivative of a scalar function: in Cartesian coordinates,

Da  Oa do do do do
— da)-v=— p— — _— 1.5.
Dr ~ g T (Erede) v =g dugs dug st (1.5.63)

in cylindrical coordinates with the velocity (v, vg, v;),

Da Oa do OJa vy Oa Oa
2200 (grada) v= S g, S0y 00 08 15.64
Dr ~op TR V=Gt ug e s (1.5.64)
and in spherical coordinates with the velocity (v,,vs, ve),
Da  Oa do Jda vg Oa vy O
o= _ 7z da) - v=— + v, — — 4+ 22— 1.5.65
Dt ot +(grada) - v dt v or + rsin ¢ 00 + r ¢ ( )
The material derivative of a vector function a(z,y, z,t) is simple in Cartesian coordinates:
" Day T
Dt
Da oOa Das
i = g +(erada)v 50 | (1.5.66)
Da3
L Dt |
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but of course it has some 'extra’ terms in cylindrical coordinates,

[ Da, gy 1
Dt r
Da Oa Dag  a,vy
- _Z= d = a r 1.5.67
Dt ot + (grada)v Dty ’ ( )
Da,
Dt

where the material derivative for each scalar component is given by Equation (1.5.64), and also in spherical coordinates,

Da, _agug + agve
Dt T
Da Oa Dag  wvg(a, + aycot @)
a4 _ Y4 d — T ¢ 1.5.68
Dt ot T (grada)v Dt r ’ ( )
Dayg  a,vg — agvg cot ¢
L Dt r J
where the material derivative for each scalar component is given by Equation (1.5.65).
1.5.10 Complex Lamellar and Beltrami Flows
A vector field defined by a(z,y, z) which satisfies
a- (curla) =0, (1.5.69)

is called a complex lamellar field. If a is a fluid velocity, this corresponds to a flow where the velocity and the vorticity
(the curl of the velocity) are orthogonal to each other. It is then called a complex lamellar flow. | like it because it
sounds like a flow over a lifting wing section. On the other hand, a vector field that satisfies

a x (curla) =0, (1.5.70)

is called a Beltrami field. If a is a velocity, this corresponds to a flow where the velocity and vorticity are parallel to
each other. This is called a Beltrami flow. | like this one also. It reminds me of trailing vortices of an aircraft.

Consult other books such as Ref.[67] to find out more details on the vector differential operators.

1.6 Del Operator

The del operator (which is called nabla as a symbol) in Cartesian coordinates is defined by

o 9 0
V= [53:’8y’8z} . (1.6.1)

| like the del operator. But some people don't like it because they say it depends on the coordinate system and doesn't
carry much physical meaning while div, grad, and curl are independent of coordinate systems and do carry clear physical
meanings. | know what they mean, and actually like it. Nonetheless, it is a useful operator. Div, grad, and curl can
be expressed by using the del operator as follows:
grada = Va,
diva = V-a,

(1.6.2)

(1.6.3)

curla = Vxa, (1.6.4)
grada = Va, (1.6.5)
(1.6.6)

dvA = V-A.
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What is nice about the del operator is that it can be treated as a vector and thus can be used as follows.

divgrada = V.Va=V?a=Aq, (1.6.7)
curl(grada) = V x Va, (1.6.8)
grad(diva) = V(V-a), (1.6.9)
div(curla) = V-V xa, (1.6.10)
curl(curla) = V xV xa, (1.6.11)
(grada)b = (b-V)a. (1.6.12)

This is a great advantage of V. But it must be kept in mind that it is actually an operator. Thatis, a-b =b-a, but

a-V#V-a.

1.7 Vector ldentities

Do you like to memorize the following vector identities?

curla
divcurla
curl grad «
grad (o)
grad (cea)
a xcurlb

(grada)a
a-(grada)a

(a®b) : grada
grad (a - b)
div (ea)
divgrada
div(a x b)
div(a®b)

a-div(a®b)

E (grada)’,

0,

0,

agrad 8 + P grad «,
a®grad o + argrad a,
(gradb)'a — (grad b)a,

a-a

grad — 2 x curla,
a-a

corad — =

a-grad ——,

b - grad %,

(grada)b + (gradb)a + a x curlb + b x curla,
adiva + grada - a,

grad(diva) — curl(curl a),

b -curla—a-curlb,

(grada)b + adivb,

div (a;‘ b) n aéa divb,
(a-b)divc + (a®c) : grad b,

Agrada + adivA,

(divA")-b+ A : gradb,

acurla + grada x a,

adivb + (grada)b — (diva)b — (grad b)a,
A : (a®b),

(A'a) b,

(Aa)-b if A is symmetric,
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where E is Eddington’s epsilon; a and (8 are scalar functions; a, b, and c, are vector functions; and A is a second-rank

tensor function. To me, it is more interesting to prove these identities than to memorize them.

In doing so, the

component notation is very useful. For example, the (7, j)-th component of div («a) can be written and expanded as

. O0(aay)
[div (ca)];; = ——2~
I (')xj
B a@aj n Oa s
N 817]‘ al‘j 7

and so, we have just proved
div(ea) = adiva + grada - a.

Another example would be a x curl b, whose i-th component is
oby,

axcurlb), = €ir0i€kmn—
( ) JRMI 8.’1)

m

0Oby,

=  &ijk€kmnaj )
0xm

which becomes by the formula (1.4.29),

(a x curl b)z = (5””,(;]“ — 5ln(;jm)
b,

0T,
imaj% )
Ab; b

Qi— —
]89@- ]a.’tj

= 6im 5jn a;

= 4

= ((gradb)'a); — ((grad b)a);.

Thus, Equation (1.7.6) has been proved. Try it for yourself. It's fun.

1.8 Coordinate Transformation of Vectors

Oby,

Qi ———
19z,
- 6in5jmaj

0.9
" O

(1.7.24)

(1.7.25)

(1.7.26)

(1.7.27)

| like to switch back and forth among the thee coordinate systems, and actually often need to transform a vector
such as a fluid velocity from one coordinate system to another. Let v be the velocity vector whose components are

denoted by

v = [u,v,w]"

v = [u,, ug,u.|" in cylindrical coordinates,

v = [u,,ug,ug]’  in spherical coordinates.

Then, the velocity vector can be transformed from cylindrical coordinates to the Cartesian coordinates by

[ u cosf) —sinf 0 Uy
v | = | sinf cosf O Ug
w 0 0 1 U,

and from the Cartesian coordinates to cylindrical coordinates by

Uy cosf) sinf 0 U
uUg | = | —sinf cosh 0

| Uy 0 0 1 w

<

in Cartesian coordinates,

(1.8.1)
(1.8.2)

(1.8.3)

(1.8.4)

(1.8.5)
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Similarly, the velocity vector can be transformed from spherical coordinates to the Cartesian coordinates by

U cosfsing —sinf cosfcoso Uy
v | = | sinfsing cosf sinfcos¢ ug |, (1.8.6)
L w cos @ 0 —sin ¢ Ugp |
and from the Cartesian coordinates to spherical coordinates by
M, cosfsing sinfsing cos¢ u ]
ug | = —sin @ cos 6 0 vo|. (1.8.7)
L ue cosfcos¢p sinfcos¢p —sing w |

1.9 Coordinate Transformation of Partial Derivatives

Sometime | feel like transforming partial derivatives form one coordinate system to another. For cylindrical coor-
dinates, we have

r=rcosf, y=rsinf, z=z, (1.9.1)

and

r=+/z2+y2 (1.9.2)

cosf = L, (1.9.3)
Vaz +y?
sinf = ——2% (1.9.4)

Then, by the chain rule, we have
0 or 0 00 0 0z 0

= = 4= 1.9,
9r ~ 0zor 0206 ' 9x0: (1.9.5)
ord 900 0z 0
= = S 1.9,
ay ayor T oyoo T ayoz (1.96)
ord 000 0z 9
= = o424 1.9.7
92 0:0r 19200  9:0: (1.9.7)
Of course, we have
0z 0z ar 00 0z
e ol =0, —==0. Z==1 1.9.8
Ox "y T 9z T Oz T 9z ’ ( )
and we find from Equations (1.9.2)
% = cosf, % =sinf, (1.9.9)
and from Equations (1.9.3) and (1.9.4)
00 sinf 90  cosf
- — _ — = . 1.9.1
ox r Oy r (1.9.10)
Therefore, we have the following transformation:
[0 ] [ sin 0 1T 0 7
2 cosf — " 0 o
0 0]
g | = | sin6 60:9 0 5 | (1.9.11)
9 9
L 0z | . 0 0 L] oz |
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The inverse transformation is given by
[ 0
ar
0
a0
0
L 9z

For spherical coordinates, we have

x = (r sin @) cos 0,

and

Then, by the chain rule, we have

We find from Equations (1.9.14)

T .
— = cosfsin ¢,

cos

—rsinfd rcosf 0 —

cosf =
sinf =

cos¢p =

cos¢p =

or 0

Oz Or
or 0

87/87‘

or 9
0z Or

sin 6

y = (r sin¢) siné,

z

0 —_

—_

Z =T cos ¢,

Va2 +y?+ 22,
x
/x2+y27
Yy
/x2+y2’
/332+y2—|—z2’

2 0
Ox 90
2 0
Oy 96
2 0
0z 00

/332+y2—|—z2.

9% 0
Ox 8¢’
90
dy 0’
9% 0
0z 09"

a_ sin 6 sin ¢, 8— = cos ¢,
0z

ox
from Equations (1.9.15) and (1.9.16)
99 _ sinb 90 _ cosb @_0
dr  rsing’ Oy rsing’ 0z
and Equations (1.9.17) and (1.9.18)
%_COSHCOS¢ %_SiDGCOS(b @__sin(b
or r oy r "9z ro
Therefore, we obtain the following transformation:
R r sinpcosd — sinff  cosficosg 1 r g -
oz rsin ¢ r or
0 | _ in sin 8 cos 6 sin 6 cos ¢ 0
Jy rsin ¢ r 00
7] . 0
il sin _
L 9z | | coso 0 - r¢ | L oo .

23

(1.9.12)

(1.9.13)

(1.9.14)

(1.9.15)

(1.9.16)

(1.9.17)

(1.9.18)

(1.9.19)

(1.9.20)

(1.9.21)

(1.9.22)

(1.9.23)

(1.9.24)

(1.9.25)
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The inverse transformation is given by

% sin ¢ cos sin ¢ sin 6 cos ¢ %
0 . . . 0
5 | = —rsingsinf rsin¢cosf 0 5 | (1.9.26)
i rcos¢cosf rsinfcos¢ —rsing 2
L 0¢ | L 9z |

If I wish, | can use these transformations to derive the vector operators such as the gradient in cylindrical or spherical
coordinates from those in Cartesian coordinates. Anyway, it is always good to understand the relationship between
different coordinate systems. So, of course, | like these transformations.

1.10 Eigenvalues and Eigenvectors

A scalar quantity X is called an eigenvalue of A if it satisfies
(A= X)r=0, (1.10.1)

for a square matrix A and a non-zero vector r. The vector r is called the right eigenvector of A associated with this
particular eigenvalue X. A row vector £' that satisfies,

(A - )I) =0, (1.10.2)
is called the left eigenvector of A, again associated with this particular eigenvalue A. | like these right and left
eigenvectors because they are not uniquely determined and any scalar multiple of an eigenvector is also an eigenvector,
i.e., still satisfies the above equation. So, | can scale the eigenvectors in any way | want. This is nice.

Note that there exist n eigenvalues (together with associated eigenvectors) for an n x n matrix A:
A1, A2, Az, A (1.10.3)
If these values are distinct, their associated eigenvectors are linearly independent. (But even if there are some repeated
eigenvalues, their eigenvectors may still be linearly independent.) If the eigenvectors are linearly independent, then we
can diagonalize the matrix A:

A =R AR, (1.10.4)

where R is the right eigenvector matrix,

R=|ri|ro|rg| - |1, |. (1.10.5)

A is a diagonal matrix with the eigenvalues of A placed along its diagonal,

"M 0 0 0 0
0 X 0 0 - 0
A=| 0 0 A 0 0 (1.10.6)
0 0 0 X :
S 0
L0 0 0 0 A |
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and L = R is in fact the left eigenvector matrix (whose rows are the left eigenvectors),

4]

&

L= e . (1.10.7)

Et

Although R is not unique (since the eigenvectors cannot be uniquely defined), L is uniquely defined this way for a
given R. By the way, if the matrix A is symmetric, its eigenvalues are all real and the eigenvectors corresponding to
different eigenvalues are orthogonal to one another. This is nice. | like symmetric matrices.

1.11 Similar Matrices

Consider square matrices, A, B, and M of the same size. If A and B are related through M in the form:
B=M'AM, (1.11.1)

then A and B are said to be similar and Equation (1.11.1) is called a similarity transformation. If A and B are similar,
they have the same eigenvalues. Moreover, their eigenvectors, say r 4 and rg for a particular eigenvalue, are related by

rp =M 'ru. (1.11.2)

So, once | know the eigenvectors of A, | can find eigenvectors of any matrices similar to A simply by using this relation.
In particular, this is very useful when we analyze conservation laws in various forms because change of variables always
results in a similarity transformation of the Jacobian matrices and so it suffices to analyze just one form of the equation.
This is very nice. | like the similarity transformation.

1.12 Divergence Theorem

The divergence theorem is given by

/divadV = j{a~ndS, (1.12.1)
v s

where n is the normal vector to the surface of the volume V. | like it, but sometimes | get confused because it is called
the Gauss theorem, or the Green-Gauss theorem, or Green's theorem in two dimensions (not quite right, though; see

Section 1.13),
Oag ~ Oay
-y = — 1.12.2
/V<3m + 8y> dzdy ?{S(amdy aydz), ( )

where (dz,dy) denotes the infinitesimal element along the boundary in the counter-clockwise direction. Also, some
people call the following equation the divergence theorem,

/gradadV = %andS, (1.12.3)
v 5

which should be called the gradient theorem, | think. That is probably because each component can be considered as
a part of the divergence theorem above. For example, in two dimensions, we have

e’
—dxdy = %ady, 1.12.4
|5 ) (1124)
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which is basically the first term in Equation (1.12.2). Incidentally, the divergence theorem may be thought of as an
integration by parts. Look at this. We obtain from Equation (1.7.11),

/adivadV = /div(aa)dvf/gradOpadV
1% v v
= %aa~nd$—/ grada - adV. (1.12.5)
s %

Of course, the divergence theorem applies to second-rank tensors (denoted by A):

/ divA dV = ]{ Ands. (1.12.6)
14 S

It is also interesting to derive another form [120] by replacing a by ¢ x b, where ¢ is a constant vector in Equation
(1.12.1):

/ div(cxb)dV:]((cxbyndS, (1.12.7)
1% s
which becomes by Equations (1.7.13) and (1.2.14)
/(b-M—c-curlb)dV:%(bxn)~cdS, (1.12.8)
v s
c- (/ curlbdV = ]{(b X n) dS> , (1.12.9)
v S
and thus
/ curlbdV = —7{(1) x n) dS. (1.12.10)
\% s

Anyway, these formulas are often used in CFD, for example, to evaluate derivatives, to reduce the order of differential
equations (e.g., the Galerkin formulation of the Laplace equation), or to simply compute the volume of a computational
cell. So, the divergence theorem is very useful in CFD, and | like it.

1.13 Stokes’ Theorem

If there is the divergence theorem, there is, of course, the curl theorem. But it is more widely known as Stokes’
theorem. It is given, for an arbitrary vector a, by

/curla'ndS = ?{a'dl, (1.13.1)
S as

where S is a bounded surface, dS and n are the infinitesimal area and its unit outward vector, respectively, and
dl = (dz,dy,dz) denotes the infinitesimal line-element in the counter-clockwise direction over the boundary of S
denoted by 0S. In Cartesian coordinates, we write a = (a,,a,, a,) and obtain the curl theorem as

da, 6% Oay da, 8ay day _
/S [( 5 - > dydz + < 5 > dzdx + < o By ) dxdy} = jgs(axdx—l—aydy—l—azdz). (1.13.2)

| like it because Green's theorem is immediately obtained by setting a, = 0 and others to be constant in z:

day 8%) f
- = dedy = 2dT + aydy). 1.13.3
Jo (525 ) o = f et et @139

It is also possible to derive the following from the Stoke's theorem [120]: replace a by ¢ x b, where c is a constant
vector in Equation (1.13.1):

/curl (cxb)-ndS = % (c xb)-dl, (1.13.4)
s as
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which becomes by Equations (1.7.20) and (1.2.14)

/(c divb + (grad<)b — (divc)b — (gradb)c) - ndS = c- (b xdl), (1.13.5)
s s
c- (/ (ndivb — (gradb)'n)dS = ¢ (b x dl)) , (1.13.6)
s as
and thus
/(ndivb — (gradb)'n) dS = }{ (b x dl). (1.13.7)
s as

In fluid dynamics, Stokes' theorem arises naturally in Kelvin's circulation theorem as in Section 3.24 and also in
relation to the three-dimensional stream functions as in Section 4.24, for example. In fact, the curl theorem and the
divergence theorem are both special cases of Stokes’ theorem (also called the Kelvin-Stokes theorem). So, | actually
like to call them both Stokes' theorem. See differential geometry textbooks, e.g., Ref.[148], for more details.

1.14 Conservation Laws

Many flow equations come in the form of conservation laws. That is, the time rate of change of a quantity within
a control volume is balanced by the net change per unit time brought by the local flow. A typical example of such
a quantity is the fluid mass. To express the conservation law mathematically, consider a control volume V' with the
boundary S. Let U be a vector of conservative variables (quantities which are conserved), and F,, be the flux vector
normal to the control volume boundary (e.g., ‘mass’ flow per unit time). Then, we can write the conservation laws as

i/ Udv+7andS:0. (1.14.1)
dt Jy s

This is called the integral form of conservation laws. It simply states that the integral value of U changes in time only
due to the net effect of the flux across the control volume boundary. In Cartesian coordinates, the normal flux vector
can be written as

F, =Fn, + Gn, +Hn,, (1.14.2)

where n = (nx,ny,nz), and F, G, H are the flux vectors in the directions of x, y, z, respectively. Also, we may write

d
—/ UdV+?{]-"ndS:0, (1.14.3)
dt Jy <

where F is a second-rank flux tensor defined by 7 = [F, G, H]. | like this form because | then immediately notice that
the surface integral can be written as a volume integral by the divergence theorem:

i/ UdV+/ divFdV =0, (1.14.4)

where, of course, every component of F must be differentiable within the control volume. A nice thing about this is
that as long as the control volume is fixed in space, we can write this as a single integral,

U
/ <a+div}'> dV =0, (1.14.5)
v \ Ot
and since this is valid for arbitrary control volumes, we can write
U
887 +divF =0. (1.14.6)

This is called the differential form of conservation laws. In Cartesian coordinates, it is written as

oU  OF 9G  OH _

ou  OF oG OH 114
ot " or "oy "oz 0 (1.14.7)
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I like it, but | prefer the integral form because the integral form allows discontinuous solutions (or weak solutions, more
generally) while the differential form does not. The integral form is more fundamental, more general, and thus more
useful especially in developing shock-capturing methods. It is also useful even when the control volume deforms in
time, i.e., for moving mesh methods [52]. Moreover, the integral form is applicable to control volumes of any shape;
it is the basis of the finite-volume method. So, it is indeed very nice.

Having said that, | actually like the differential form (1.14.6) very much because it can be written in a conservative
form by expressing the divergence in terms of the surface integral as suggested by the definition (1.5.21):

+‘;1gl v 7{]-' ndS = 0. (1.14.8)

Of course, it cannot be exact unless V' — 0, and so it will be an approximation in a finite (computational) volume:

ou 1

En +Vj§}'-nd5~0. (1.14.9)
But it is actually widely used in node-centered finite-volume methods, which can be thought of as solving the differential
form at nodes in a conservative manner. It can be a good approximation especially for second-order accurate methods.
It is also very useful to construct a conservative scheme. In fact, all advantages mentioned above about the integral form
are valid also for the conservative integral formulation of the differential form. If you don't like such an approximation,
the exact conversion of the divergence to the surface integral is possible by the primitive function approach. Define G
by

1
-5 | gten.cdednac. (114.10)

where V' is the control volume defined in the neighborhood of a point (z,y, ) with a fixed volume V', and (§,7,()
is a set of dummy variables to perform the integral over the control volume. Then, F is the volume average of G, or
equivalently, G is the primitive function of F:

1 1
divF = — div/ G(&,m,¢)dEdnde, = —%Q~nd$, (1.14.11)
Vv v Vv
which is exact for a fixed V. Therefore, the differential form (1.14.6) can be written exactly as
1
U+V7§g.ndszo. (1.14.12)

Note that the flux needed at the control volume boundary is the primitive function of the physical flux in this case.
This form is the basis of high-order finite-difference methods typically developed for regular grids [181].

| like to compare the three forms above on a one-dimensional control volume. Consider a control volume of spacing
Az, which we call j, defined by the left boundary x; — Az/2 and the right boundary x; + Az/2, where z; is the
center of the control volume.

Integral Form

Applying the integral form (1.14.1) over the control volume, we obtain

daU; 1
— t Az [Fin2 —Fiap] =0, (1.14.13)

where Fji1/2 denotes the flux at z; + Az/2, and ﬁj is the averaged solution over the control volume,

= Udz. 1.14.14
! Az zj—Ax/2 ! ( )

| like it very much because the fluxes on the left and right boundaries can be computed from the solution at the
boundaries, i.e.,

Fiil10=F(Uji12), Fj_12=F(U;_12), (1.14.15)
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which is nice and simple. Note that the formulation (1.14.13) is exact and therefore higher-order numerical schemes
can be developed by improving the accuracy of the interface fluxes (and the quadrature of the flux integral in two and
three dimensions). This is a very popular formulation in CFD.

Approximate Conservative Differential Form

Next, applying the conservative approximation to the differential form (1.14.9) at the center z = x;, we get

% + é [Fiji12—Fj_12] =0, (1.14.16)
where Uj is the point value of the solution at x = x;. This is another popular formulation in practical CFD codes.
Obviously, it is a second-order accurate approximation to the differential form of the conservation law because it is
equivalent to the central difference formula to the derivative OF /Ox. It means that higher-order approximation to the
fluxes does not necessarily lead to higher-order accuracy in the whole equation. To achieve higher-order accuracy, a
more sophisticated discretization is required for the time derivative, e.g, the Galerkin discretization, rather than the
point evaluation as above. If it has source terms, they also need to be discretized carefully for higher-order accuracy
[102].

Exact Conservative Differential Form

On the other hand, applying the exact form (1.14.12) at the center x = x;, we obtain

dU; 1 g g
L R —FL ] =0 (1.14.17)
where FY is the x-component of G, i.e., the primitive function of F,
1 [etae/2 OF 1
_ g — g g
F(o) = 1 /m_m/2 FO(e)ds, 5= 1o [F9 ) —F9 ). (1.14.18)
This form is exact. Therefore, high-order accuracy in F?+1/2 and Fjg;l/2 does yield high-order accuracy in the whole

equation, which is very nice. Note that it is the primitive function of the flux, not the flux itself, that is required at
the control volume boundaries. Note also that the point value of the flux is now the volume average of the primitive
function:

F(r;) = +— / s FY(z) dz. (1.14.19)

As you might have noticed by now, thee forms are equivalent to one another for second-order accurate methods
because the volume-averaged solution differs from the point value by O(Az?):

U; = U; + O(Az?). (1.14.20)

which can be easily proved by substituting the Taylor expansion of U(x) around « = x; into the right hand side of
Equation (1.14.14). | like second-order methods because it doesn't really matter what quantity to compute (volume
averages or point values). That is, | can say that my second-order CFD code computes volume averages when | set
the initial solution by volume averages, or | can also say that it computes point values when | set the initial solution
by the point values. | like it very much.

1.15 Conservation Laws in Generalized Coordinates

Consider the coordinate transformation:

ng(gjayaz)? 77:77(%%2) ng(xvyvz)v (1151)



30 CHAPTER 1. BASICS

which defines a map between the physical coordinates (z,y,z) and the computational (or generalized) coordinates
(&,m,¢). It maps a curvilinear grid in the physical space to a Cartesian grid in the computational space. Then, partial
derivatives are transformed by the chain rule,

0 0 0
S = GaprMen+ G 1.15.2
5% 3 5 gt ¢ 2 ( )
1o} 1o} 0 1o}
= = &z = T Cyans 1.15.
0 0 0
2 o— e -5 iy 1.15.4
5 3 35 + x5 +< % ( )
Metric coefficients such as &, 1, (., are given by
§& = Jynzc —yczn), &= J(vczn —wpze), &= J(@pyc — Tcyn), (1.15.5)
Ne = Jycze —yeze), my=J(xerc —wcze), .= J(@cye — weye), (1.15.6)
Gz = J(yﬁzn - ynzé)a Cy = J('rnzﬁ - 3;‘5277), C. = J(xﬁyn - xnyﬁ)v (1-15-7)
1
J = (1.15.8)

xe(Ynze — Yezn) — Tn(Yeze — Yeze) — ¢ (Yezn — Ynze)

which can be readily computed once the transformation is given in the following form,

z=xz(&n,0), y=y&n(), z==z&n(). (1.15.9)

For more details, see Refs.[36, 57, 155]. For example, the differential form of the conservation law (1.14.7) can be
written as

our oF* 0G* OH*

= 1.15.1
o T oe Tap tac =0 (1.15.10)
where
U
= = 1.15.11
Ut o= o (1.15.11)
1
F* = j(F€T+G§y+Hfz)a (11512)
G* = %(F?]I+G77y+HT]Z)7 (1.15.13)

If F, G, H depend on the derivatives of U, these derivatives are transformed by Equations (1.15.2), (1.15.3), and
(1.15.4). | like this form because now | can work with a regular Cartesian grid in the space (§,7,¢), and apply the
straightforward finite-difference formulas.

1.16 Classification of Systems of Differential Equations

1.16.1 General System of Equations

Consider the system of n quasi-linear partial differential equations in the form,

U, + AU, + BU, + CU, =0, (1.16.1)
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Figure 1.16.1: Domain of dependence (lower triangle) and range of influence (upper triangle)
of a point P, for a linear 2x2 hyperbolic system. They are bounded by the characteristic lines
(wave paths) of right- and left-running waves. Domain of dependence of a point P’ includes
the right boundary.

where U is a set of n solution variables, and A, B, and C are nxn square matrices. | like such a system because it
may have a plane wave solution,

U= f(x-n— A\t) Uy, (1.16.2)

where f is a scalar function, n = (ng, ny,n.) is a unit vector normal to the plane wave, A, is the plane wave speed
in the direction of n, and Uy is a constant vector. In one dimension, this becomes

U = f(z — At) Uy, (1.16.3)

and the wave travels to the left if A < 0 or to the right if A > 0. In the space with (z,t) coordinates, the wave
is represented by a curve defined by a local slope dz/dt = A, along which f is constant. Such a curve is called a
characteristic curve, and f is called the Riemann invariant. In two dimensions, we may use the polar angle to indicate
the normal direction n = (cosf,sin @), and write the solution (1.16.2) as

U = f(xcosd + ysinf — A\(0)t) Uy, (1.16.4)

where A(6) denotes the wave speed in the direction of §. Once A(6) is known, we can determine the wave front by
constructing an envelope of plane waves. This is discussed in Section 1.21. In two dimensions, the wave may propagate
not only in a particular direction as in one dimension but also in all directions at varying speeds. In the space with
(x,y,t) coordinates, such a wave is generally represented by a surface. Such a surface is called characteristic surface,
and again f is the Riemann invariant.

In order to see if the system (1.16.1) has a plane wave solution, we substitute Equation (1.16.2) into the system
to get

(Ang +Bny, + Cn. — A\, I) Uy = 0. (1.16.5)
This means that the speed of the plane wave \,, corresponds to an eigenvalue of the projected Jacobian,
A, =An, +Bny + Cn., (1.16.6)

and Uy is the corresponding eigenvector, and that there may be n such plane wave solutions. Therefore, if all eigenvalues
of A,, are real and the corresponding eigenvectors are linearly independent, there will be n independent characteristic
surfaces and n Riemann invariants, and thus a solution at a point in space can be completely determined, in principle
by solving a set of n equations of constant Riemann invariants. In this case, the system (1.16.1) is called hyperbolic
in time. Moreover, if the eigenvalues are distinct, it is called strictly hyperbolic. In that case, the eigenvectors are
automatically linearly independent. If all eigenvalues are complex, then the system is called elliptic. Of course, the
system will be mixed if it has both real and complex eigenvalues. Also, if there are less than n real eigenvalues (i.e.,
A, is not full rank), then the system is said to be parabolic.

An important implication of the existence of the plane wave solution is that a solution at a point in space depends
only on the solution values in the region where the plane wave has traveled before reaching that point. Such a region
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X

Figure 1.16.2: Domain of dependence of a point P for a parabolic problem.

is called the domain of dependence. In one dimension, a typical 2x2 hyperbolic system has two plane wave solutions:
one running to the left and the other to the right. Then, the domain of dependence of a certain point is the union of
the left and right intervals where the right- and left-running waves pass through until they reach that point. This grows
in time, and will look like a triangle bounded by characteristic lines (or curves for nonlinear waves) in (x,t)-space (see
Figure 1.16.1). Note that for a scalar hyperbolic equation the domain of dependence becomes a single point, such as
the point A in Figure 1.16.1 for a right-running wave. Also, it is interesting to note that it will take a finite time for
a solution at a point P to influence other points in the domain. Of course, it cannot propagate faster than the plane
waves (characteristics), and therefore the range of influence (the region influenced by the solution at P) is bounded
by the characteristics passing through the point P (see Figure 1.16.1). Since the domain of dependence is bounded,
a hyperbolic problem can be solved for a given initial solution if the domain is infinite or periodic (i.e., no boundary).
This type of problem is often called an initial-value problem. If the domain is bounded as in Figure 1.16.1, then a
part of the solution needs to be specified on the boundary because there might be a characteristic which cannot be
traced back to the initial solution (see P’ in Figure 1.16.1). Such a problem may be called an initial-boundary value
problem. On the other hand, there are no plane wave solutions for elliptic systems. These systems typically arise in
steady state problems, i.e., U; = 0. Since there are no waves whatsoever, the domain of dependence must be the
entire domain. In other words, since there are no reasons that a solution at any point depends on a certain bounded
region in the domain, it must depend on the entire domain. Elliptic problems, therefore, require solution values to be
specified everywhere on the boundary. This type of problem is called a boundary-value problem. A parabolic problem
typically requires both initial and boundary values. A solution at a point P depends not only on all solutions at all
previous time, but also on the solution at the current time (see Figure 1.16.2). This is another initial-boundary value
problem.

By the way, if A, B, C can be simultaneously symmetrized, e.g., by way of change of variables, the system is
guaranteed to be hyperbolic. Of course, symmetrization is not always possible. But usually, physically meaningful
systems are symmetrizable: e.g., the system of the Euler equations is symmetrizable [10, 39]. It would be even nicer
if the whole system were diagonalizable, i.e., if A, B, C could be simultaneously diagonalized. This means that the
system is transformed into a set of independent scalar advection equations. This is nice. It is certainly possible in one
dimension with only one matrix, but it is generally very difficult to achieve in two and three dimensions.

1.16.2 One-Dimensional Equations
Consider the one-dimensional hyperbolic system of the form,

U, + AU, =0. (1.16.7)
This can be diagonalized by multiplying it by the left-eigenvector matrix L of A from the left,

LU, + LARLU, = 0, (1.16.8)
LU, + ALU, = 0, (1.16.9)

where R is the right-eigenvector matrix of A and A is the diagonal eigenvalue matrix of A. For linear hyperbolic
systems (i.e., A is constant, and so L is constant) we can write

(LU), + A(LU), = 0. (1.16.10)
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The quantity LU is the Riemann invariant or characteristic variable. | like this diagonalized system very much because
it is now a set of scalar equations. The k-th component is given by

avk 8vk

— 4+ M— =0, 1.16.11
ot o ( )

where vy, is the k-th component of the Riemann invariant,
v = (LU)y, (1.16.12)

which is simply convected at the speed given by the k-th eigenvalue A\ of A. This is very nice. A scalar advection

equation is so much easier to deal with than the system of equations. On the other hand, for nonlinear systems, the

Riemann invariant can be expressed only in the differential form LOU (difficult to integrate it analytically). Namely,

there must be some quantity (i.e., the characteristic variables) V such that LOU = 9V, but it is difficult to find it.
Suppose that the system (1.16.7) involves n equations for n variables. Then, note that we can write

OU = ROV = 110Vi + 120Va + 130V + - -+ + 1,0V, (1.16.13)

where V = [V4, V5, V3, ..., V,]" and 1y is k-th column of R. The above equation indicates that any change in the
solution U can be decomposed into the sum of the changes in the characteristic variables and each contribution
is proportional to the corresponding right eigenvector. This means that the k-th right eigenvector indicates what
variables can change due to the change in the k-th characteristic variables (or the k-th wave): for example, one of the
eigenvectors of the one-dimensional Euler equations, with the primitive variables U = [p, u, p]’, is given by

r = [1,0,0], (1.16.14)

which indicates that only the density can change due to this wave. Incidentally, this is called the entropy wave because
the corresponding characteristic variable is associated with the entropy. See Section 3.4.2.
| like also to look at Equation (1.16.13) in the following form:

oU =1I,0U + 11,0U + 11300 + - - - +11,,0U, (1.16.15)
where the matrix I, £k =1,2,3,...,n, is defined by
I, = ril., (1.16.16)

where Z}i, is the k-th row of L. In this form, we see that the matrix II; projects the solution change into the space of
the k-th eigenvector. For this reason, it is often called the projection matrix [99, 106]. It arises also in the context of
projected spatial operators in two dimensional equations [117]. Of course, we have

> =1 (1.16.17)
k=1
By using the projection matrix, we can write the decomposition of the Jacobian matrix, A = RAL, as
A= NI (1.16.18)
k=1

Then, the positive and negative parts of the Jacobian matrix, which are the parts corresponding to positive and negative
eigenvalues, respectively, can be easily identified:

A=) NI, AT =) AL, (1.16.19)
AL <0 A>0

where A~ and AT denote the positive and negative parts, respectively. Such a decomposition is often used to construct
upwind schemes: one-sided scheme towards the upwind direction. See Ref.[99, 106], for examples that explicitly utilize
the projection matrix.

It is also interesting to write the conservation law (1.16.7) as follows,

U, + RLARLU, = 0, (1.16.20)
U; +RAV, =0, (1.16.21)

n a’Uk
U Ap—r1 = 0. 1.16.22
¢+ ; K op rg ( )

This shows how each subproblem (advection term) affects the time rate of conservative variables, and again, each
contribution is proportional to the right eigenvector. It is also very clear from this that each subproblem, i.e., Equation
(1.16.11), is obtained simply by multiplying the system by the left eigenvector K}Z, from the left.
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1.16.3 Two-Dimensional Steady Equations

The classification discussed in Section 1.16.1 can be extended to steady equations. Consider the steady two-dimensional
system,

AU, +BU, =0. (1.16.23)
This admits a steady plane wave solution of the form,
U = f(zng + yny) Uy, (1.16.24)
provided
(Anz +Bn,) Uy = 0. (1.16.25)
That is, if the generalized eigenvalue problem,
det (B — XA) =0, (1.16.26)
has a real solution A = —n,/n,,. For a system of n equations, there will be n eigenvalues. If all n eigenvalues are real

and the corresponding eigenvectors are linearly independent, the steady system is called hyperbolic. If all are complex,
it is called elliptic. It can, of course, be mixed if there are both real and complex eigenvalues. Again, if there are less
than n real eigenvalues, the system will be parabolic.

As an example, convert the linear scalar second-order partial differential equation,

APy +Dpy +COyy +ddz+edy+ f=0, (1.16.27)
where a, b, ¢, d, e, f are functions of (x,y, z), into a system of the form (1.16.23), by introducing new variables,
U=z, U=y, (1.16.28)
leading to
AU, +BU, =S, (1.16.29)
where
U= { H A= [8 bf ] B-— { b_/f 8] S = [ _d“_oe”_f ] (1.16.30)

and the second equation (v, — u, = 0) is a necessary condition that comes from the definition of the new variables
(1.16.28). Note also that we split by, into two: 2 ¢y + 2 ¢y = 2y, + 2 v,. Now, we have

det (B — AA) =0, (1.16.31)
i.e.,
det { b/2 _1Aa € bjﬂ } : (1.16.32)
or
aX? —bA\+c=0, (1.16.33)

and therefore we see that the system is hyperbolic if ¥> — 4ac > 0 (and the eigenvectors are linearly independent),
and elliptic if 4> — 4ac < 0. Of course, it is called parabolic if b2 — 4ac = 0. In this case, there exists only a single
(degenerate) characteristic, and it is not sufficient to describe the solution behavior. This type of equation requires
low-order terms in S to describe the solution. For example, the parabolic equation u, = u,, is basically the heat
equation with y interpreted as time. Obviously, its character cannot be described without the first-order term, w,,.

It is interesting to note that if A1 exists, we can write the two-dimensional system (1.16.23) in the form,

U, +A'BU, =0. (1.16.34)

This looks like a one-dimensional system with x taken as time. It will really behave like a time-dependent system if
x-axis is contained entirely in the range of influence of any point (no backward characteristics). If this is true, then, x
is called time-like and y is called space-like. The two-dimensional steady Euler system is a good example. See Section
3.17 for details.

By the way, | like adding a time-derivative term to the steady system because then the whole system can be
hyperbolic in time: a real eigenvalue indicates a wave traveling in a particular direction while a complex eigenvalue
indicates a wave traveling isotropically (all directions). Finally, it is interesting to know that the eigenvalues and
eigenvectors of the steady system can be used to decompose the system into hyperbolic and elliptic parts. See
Ref.[117] for details.
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1.17 Classification of Scalar Differential Equations

Consider, again, the second-order partial differential equation,
A Gzg +bbzy +COyy +ddz+edy, + f=0, (1.17.1)

where a, b, ¢, d, e, [ are functions of (z,y,z). It is really nice that we can easily identify the type of the equation,
before attempting to solve it, by

b? — dac < 0, Elliptic,
b? — 4ac = 0, Parabolic, (1.17.2)
b? — 4ac > 0, Hyperbolic,

as shown in the previous subsection. This is very important because the strategy for numerically solving the equation
can be quite different for different types. A typical elliptic equation is the Laplace equation,

Ugg + Uyy = 0. (1.17.3)

This equation requires a boundary condition everywhere on the domain boundary: specify the solution (Dirichlet
condition), specify the solution derivative normal to the boundary (Neumann condition), or specify the combination of
the solution and the normal derivative (Robin condition) [155]. The solution inside the domain is smooth. In particular,
its maximum /minimum occurs only on the boundary; this is often called the maximum principle.

A typical parabolic equation is the heat equation,

Uy — Ugg = 0, (1.17.4)

where y-axis acts like time. See Figure 1.16.2 with ¢ replaced by y. An initial distribution of u (temperature) along
x-axis (y = 0) will continue to diffuse along z-direction as y increases. This equation requires boundary conditions
at y = 0 (initial temperature distribution specified) and along the left and right boundaries (temperature at two end
points on z-axis). The solution is again smooth. Even if an initial solution is not smooth, it will be smeared out as
time goes on. This is very nice.

A typical hyperbolic equation is the wave equation,

Ugg — Uyy = 0, (1.17.5)

where again y may be considered as time. This describes a solution traveling in z with time y (recall that characteristic
surfaces exist for hyperbolic systems). It requires an initial solution to be specified at y = 0, but the solution at each
(z,y) depends only on a part of the initial data. Basically, it only needs to know where it comes from in the initial
data. Also, by taking a domain to be periodic, i.e., u(Zmin) = U(Zmaz), We can avoid boundary conditions, thus
leading to a pure initial-value problem. The solution does not have to be smooth and can be even discontinuous. But
such a solution is not differentiable and will not satisfy the wave equation above. In fact, there is an integral equation
associated with the wave equation which allows discontinuous solutions. See Section 2.1 for details.

| like the fact that only the first three terms, i.e., the second derivative terms, determine the character of the
equation; we do not need to take into account all the terms to analyze the equations. In fact, generally, many
important features of solutions of partial differential equations depend only on the highest-order terms (called the
principal part) of the equation [180]. This is really nice. Suppose that you have a partial differential equation in the
form (1.16.27) with an extremely complicated source term f(z,y), e.g., those involving terms like ¢, ¢, or ¢2. Then,
just look at the three second-order terms only, @ ¢z + b gy + ¢ @yy, and you will find the type of your equation by
Equation (1.17.2), which then guides you to an appropriate numerical method for solving it.

1.18 Pseudo-Transient Equations

| like CFD because partial differential equations are often manipulated for computational advantages or just for conve-
nience. They even change the type. For example, consider the following elliptic equation:

Uy + Uyy = 0. (1.18.1)
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It can be solved as a time-dependent equation,

where 7 is a time-like variable called pseudo time. The solution to the original problem is then obtained as a steady
state solution to the pseudo-time-dependent problem. The method is generally called the pseudo-transient method (or
continuation). It is very interesting and useful because methods developed for time-dependent initial-value problems
can be directly applied to steady problems (those without time derivatives). Note that the type of partial differential
equations have been changed from elliptic to parabolic. This is very interesting. The elliptic equation can be solved as
a parabolic equation; the solution to the elliptic equation is obtained in the steady state. | like it because then | think |
can also define a pseudo-transient equation by introducing the second derivative u, instead of the first-derivative w.:

Urr = Ugy + Uyy, (1.18.3)

which is the wave equation and thus hyperbolic. In this case, the solution to the elliptic equation is obtained by solving
a hyperbolic equation towards the steady state. I'm actually not aware of any work in CFD that actually does so.
However, | do know a method that does it in the form of first-order system:

Ur = V(pw + qy)7 br = (uz _p)a qr = 7(”1} - Q)a (1184)

T
where T,. is a free parameter. This system is hyperbolic, but reduces to the elliptic equation (1.18.1) in the steady
state for any positive value of T, as described in Section 2.5. This is very interesting because we can apply methods
developed for hyperbolic systems to solve the elliptic problem. | like it very much. See Section 2.5 and Refs.[98, 99,
103, 104] for details on the method of first-order hyperbolic systems.

The pseudo-transient method is, in a way, a method of manipulated governing equations as mentioned at the
beginning. Consider a hyperbolic conservation law in two dimensions:

U +F,+G, =0, (1.18.5)

where U is a solution vector, and F and G are the flux vectors. If we are only interested in the steady state, then the
time ¢ can be thought of as pseudo time 7:

U, +F, +G, =0. (1.18.6)

The system is still hyperbolic, but we can alter the character of wave propagations by multiplying the spatial part by
a matrix P:

U,+PF,;+G,) =0, (1.18.7)

where P may be taken as a positive definite matrix so that the waves do not change the direction of propagation and
the same type of boundary conditions apply. The matrix P can be designed, for example, to optimize the condition
number of the equation, the ratio of the fastest wave speed to the slowest wave speed, in order to accelerate the
convergence to the steady state (i.e., no waves left behind) [77]. Note that the system reduces to the original system in
the steady state as long as P is non-singular (which is true for a positive definite matrix). That is, the transient solution
may be completely wrong, but it converges faster to the steady solution of the original equation. This technique is
called the local-preconditioning technique [46, 80, 117, 161, 168]. It has an added benefit of improving the accuracy
of numerical schemes in the low-Mach-number limit [45, 163]. Furthermore, some preconditioning matrices can be
used to split the governing equations into hyperbolic and elliptic parts [117], enabling optimal discretization [94, 113]
as well as optimal multigrid convergence [116]. That is very interesting. | like it. | also find it interesting that the
pseudo-compressible formulation [21] for the incompressible Euler and Navier-Stokes equations can also be thought of
as a kind of pseudo-transient method.

Another area where the pseudo-transient method is found useful and actually widely applied is the solution method
for nonlinear systems, e.g., Newton's method. Newton's method is a very powerful method for solving nonlinear
systems, but it can take a long time to achieve a rapid convergence unless the initial solution is close enough to the
solution. To enhance the convergence, the pseudo-transient method can be employed in its early stage (typically by
gradually increasing the pseudo time step). Such a technique is often employed in practical CFD codes. It is a simple
but very effective method and | like it very much.

Finally, time-dependent computations can be performed with the pseudo-transient method by the dual-time ap-
proach [59] in which the pseudo-transient method can be used to solve, at each physical time step, the system of
equations arising from an implicit-time stepping scheme. | like the fact that a fast steady solver is an essential building
block of implicit-time stepping.
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1.19 Operator Splitting

In CFD, it is sometimes convenient to solve a partial differential equation term by term. Consider the two-dimensional
evolution equation of a solution u(z,y,t) in the form:

ur = (A + B)u, (1.19.1)

where A and B are two different linear differential operators. For example, A may be the advective operator and B

can be the diffusive operator, or A is an z-derivative operator and B is a y-derivative operator. | like that A and B
are linear because then | can easily generate as many time derivatives as | like:

uy = (A+B)u = (A+B)?u, (1.19.2)

Uy = (A+B)uy = (A+B)’u, (1.19.3)

upse = (A+B)ugs = (A+ B)u, (1.19.4)

and so on. | would use them to compute the solution at ¢ + At from the solution u at ¢ as follows:

w(z,y,z,t + At) = u+ Atuy+ %ﬁutt + %ﬁuttt—ku

2 3
= u+At(A+B)u+ATt(AJrB)qurATt(AJrB)?’qum

At? , Af? 3
= 1+At(A+B)+T(A+B) +T(A+B) +- | u, (1.19.5)
which can be expressed as
u(z,y,t + At) = exp ((A + B)At) u. (1.19.6)

Note that w and all its time derivatives on the right hand side are understood as values at ¢. In CFD, it is sometimes
easier to solve each operator independently in a sequential manner: e.g., solve

u; = Au, (1.19.7)
and then solve
up = Bu*, (1.19.8)

to compute the solution at the next time step. This is called the operator splitting method or the fractional step
method. The above splitting in particular is often called the Godunov splitting [5]. It is a simple and interesting idea.
There are many good reasons that | like it. In this way, a numerical method can be designed specifically for each
term, and the coding can be made simple. Also, accuracy and stability of the numerical method may be controlled
independently at each step. For example, we may solve the first step by an explicit high-order upwind scheme and the
second step by an implicit diffusion scheme to allow large time steps. However, it is not immediately guaranteed that
the operator splitting formulation is equivalent to the original formulation. To see this, expand the solutions at the
two stages:

At? A .
u*(z,y,t +At) = <1+AtA+2A2+6A3+-~-)u, (1.19.9)
A2, A8, .
u(z,y,t+ At) = 1+AtB+TB +TB + - ] u(x,y, t+ AL, (1.19.10)
and therefore,
At? At At? A3
u(z,y, t+At) = (1+At5+;82+583+---> <1+AtA+;A2+gA3+---)u

2
<1+At(A+B)+ A5(AQ+2[:e‘,4+82)+O(At3)) u. (1.19.11)
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Comparing this with Equation (1.19.5), we find that the solution obtained by the operator splitting method matches
the exact one only up to O(At) term because

(A+B)> = A% + AB+ BA+ B? # A%+ 2BA + B2, (1.19.12)
unless
BA = AB, (1.19.13)

i.e., unless the operators A and B commute. For simple linear operators, the operators often commute straightforwardly,
but it is not always the case especially for nonlinear equations of practical interest. If the splitting error remains, the
accuracy of the operator-split method would be first-order in time at best no matter how accurate each step is. Of
course, the Godunov splitting is not the only splitting method. We have the Strang splitting [150], which recovers
second-order accuracy:

upj = Au  with At/2, (1.19.14)
uy* = Bu*  with At (1.19.15)
u = Au* with At/2. (1.19.16)
In this case, we find
At A2, 3 At? 3 5 3
u(z,y, t + At) = 1+7A+—A + O(A?) 1+At8+78 + O(A?) 1+—A+ A + O(At?)

2 2 2
= (1 + —A + AtB + A—tAQ A2 B% + A—tAB + O(At?’)) (1 + —A+ A—tA2 + O(At3))

2
(1 + AUA+B) + %(A2 + AB+ BA+ B + O(At3)) " (1.19.17)

which matches the exact solution up to O(At?) and thus leads to second order accuracy. This is nice. Although we
have to solve the A-operator problem twice in this method, it may worth paying the price; a good method doesn't come
for free. Well, in fact, the Strang splitting can be compounded into a simpler operator and the cost can be reduced [41,
150]. Let Aa/2 denotes the operator that solves the A-operator problem with At/2, and Ba; denotes the operator
that solves the B-operator problem with At. Then, the Strang splitting over one time step can be expressed as

u(x,y,t + At) = Apng2BasAaryz ulz, y, t). (1.19.18)
In the next time step, we have
u(z,y,t + 2At) = Anr/2BatAni 2 Ant/2BacAat 2 u(,y,t), (1.19.19)
which can be simplified by Aa¢/2Aat/2 = Aar + O(At?) as
u(z,y,t + 2At) = Aar2BarAaiBarAa 2 u(w, y,t). (1.19.20)
In the same fashion, we have
u(x,y,t + 3At) = Aar/oBarAnBarAaiBarAnt2 u(z,y,t), (1.19.21)

and so on. As you see, two operators are combined into a single operator at each time step. The half-time step
operator is required only at the beginning and at the time when the solution is sought. This is nice. Higher-order
operator splitting is also possible. See Refs.[14, 178] for examples. Also, you might want to check for yourself if the
Strang splitting still gives second-order accuracy for equations with three or more operators, and also if the splitting
error vanishes for higher-order terms as well if the operators commute.

| like the operator splitting method. It is simple and systematic. | just would have to be careful for problems with
strong interactions among the operators and also steady state problems where the operator-splitting method may not
converge to the correct solution (e.g., consider the case in which (A + B)u = 0 with A = —B).



1.20. ROTATIONAL INVARIANCE 39

1.20 Rotational Invariance

Let T be a matrix of rotation. Then, for the conservation law,

ou_oF oG oM _
ot Odx Oy 0z

in which we often denote F(U) to indicate that F is a function of U, if we have

0, (1.20.1)

F, =n,F+n,G+n.H=T 'F(TU), (1.20.2)

for any non-zero vector n = [ng, n,,n,]’, then, the conservation law is said to satisfy the rotational invariance property.
For example, the Euler equations satisfy the rotational invariance property, with the rotation matrix defined by

1 0 0 0 0
0 ny, mny n; O
T=]0 ¢ £ (£, 0|, (1.20.3)
0 mgy my m, 0
0 O 0 0 1
1 0 0 0 O
0 ng ¢, mgy O
T'=T'=|0n, ¢ m 0 |, (1.20.4)
0 n, £, m, O
0 O 0 1

where n, £, m are three orthogonal unit vectors. Using this property, we can find a flux vector projected in any direction
by using F only. In particular, by setting n = [0,1,0]*, £ =[1,0,0]*, m = [0,0, 1]*, we get

1 0000
00100

G=T'F(TU), T=T'=] 010 0 0 |, (1.20.5)
00010
00001

also by setting n = [0,0,1]%, £ =[0,1,0]%, m = [1,0,0]%, we get

10000
00010

H=T'F(TU), T=T'=|[00 1 0 0 (1.20.6)
01000
0000 1

| like this; it says we don't need G and H. See Section 3.8 for more details on the rotational invariance of the Euler
system.

The rotational invariance is very useful. Many people like it. For example, in a finite-volume code, some people
write just a subroutine to compute an interface flux based on F only, and then use the same subroutine to compute a
flux in the face-normal direction by rotating it by Equation (1.20.2). It is nice and useful.

1.21 Plane Waves of Hyperbolic Equations

The wave front of a wave in hyperbolic equations can be determined by Huygen's principle, i.e., the wave front
by a point disturbance is the envelope of all plane wave fronts that pass simultaneously through that point, leading to

the formula [79]:
EE Rl AL b

where A(0) is the plane wave speed in the direction of # (0 < 6 < 27). See Figure 1.20.1. In particular, | like the
following examples.



40 CHAPTER 1. BASICS
Ya

F(z,y,0) =xcosf +ysinh — A\(0) =0

KY

’ |
Figure 1.20.1: Envelope of plane waves defined by the equation of the plane wave (the tangent to the
envelope) F(z,y,6) = 0 and the equation of vanishing derivative 9F/96 = 0.

(a) Linear Advection:

Consider the linear scalar hyperbolic equation,
Up + aug + buy =0, (1.21.2)
where a and b are constants. To see if this has a plane wave solution, we substitute a general plane wave solution,
u= f(xzcosh+ ysinh — \(0)t), (1.21.3)
into Equation (1.21.3) and solve the resulting equation for A(f). The solution is
A(#) = acosf + bsiné, (1.21.4)

which is real, meaning that it has a plane wave solution. We then proceed to find the wave front by

X(@) | | cos® —sinb acosf+bsing | | a (1.21.5)
Y(@) | | sinf@ cosf —asinf+bcosh | | b |’ o

Therefore, a point disturbance simply propagates in the direction (a,b).

(b) Isotropic Advection:

Consider the following equation,
u + (Rcos@)uy + (Rsinf)u, =0, (1.21.6)

In this case, we find A(f) = R and X' (#) = 0, and so
[ X(0) } _ [ cosf) —siné ] [ ]g ] _ { Rcosf } ' (1.21.7)

sinf  cosf Rsin 6
Therefore, we find that the envelope is a circle defined by

X?4+Y?=R? (1.21.8)
i.e., a disturbance propagates in every direction at the same speed.

(c) System of Equations:

Consider a system of hyperbolic equations,

U, + AU, + BU, = 0. (1.21.9)
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This has a plane wave solution of the form
U = f(zcos + ysind — \(0)t) Uy, (1.21.10)
if A(f) is an eigenvalue of the matrix,
A, = Acosf+ Bsiné. (1.21.11)
As an example, consider the two-dimensional Euler equations, for which we find
AO) = anta, g, n, (1.21.12)

where ¢, = (u,v) - (cos 8,sin @) is the flow speed in the direction of 6 and a is the speed of sound. So, two waves,
corresponding to those with the speed ¢,,, simply propagate in the flow direction at the flow speed ¢ = Vu? + v2;
and the other two, corresponding to those with the speeds ¢,, £ a, have the envelopes given by

X(0) cosf —sind ucosf +vsinf +a u =+ acosd
{ Y (9) } - [ sinf  cosé } { —using + vcosé } - [ v+ asinf }’ (1.21.13)
i.e., the envelope is a circle centered at (u,v),
(X —u)? + (Y —v)? =ad* (1.21.14)
In general, | like wave fronts because they can be in quite interesting shapes; see Refs.[60, 117], for example, for

intriguing magnetohydrodynamic waves.

1.22 Rankine-Hugoniot Relation

Let n be the unit normal vector of a discontinuous surface (a shock wave), and Vp be the normal speed of the
discontinuity. Then, apply the integral form of conservation laws (1.14.1) across the discontinuity, and let V' — 0 to
obtain the Rankine-Hugoniot relation,

[F,] = Vp[U], (1.22.1)

where [ ] denotes the jump across the discontinuity. Derive this by yourself or see Refs.[50, 51, 60] for derivations.
Suppose that the jump is small, so that we can write

dF, = VpdU, (1.22.2)
and hence
OF,,
dU = VpdU. 1.22.3
<k > (1.223)

OF, , , L
This shows that the shock speed Vp is an eigenvalue of U and the jump dU is the corresponding eigenvector. Note

that this is always true for linear equations, but not for nonlinear equations. For nonlinear equations, this is true only
for small jumps. | emphasize that the shock speed is NOT an eigenvalue of the Jacobian matrix for large jumps. The
one-dimensional Euler equations is a good example: the shock speed associated with one of the acoustic waves is given
by (derived from the Rankine-Hugoniot relation)

1 _
VD—uL+aL\/1+7+ (M), (1.22.4)

2y DL

where v = 1.4; uy, pr, and ay, are the velocity, pressure, and the speed of sound on one side of the shock; and pg is
the pressure on the other side of the shock. For small change, i.e., pr — pr &~ 0, it reduces to

VD %uL—&—aL, (1225)

which is nothing but the eigenvalue of the Jacobian, i.e., the one associated with the same acoustic wave (see Section
3.4.2). This is actually nice. There are two similar eigenvalues in the Euler equations, « + a and u — a, which are
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sometimes called two nonlinear fields associated with the acoustic wave. We then see from Equation (1.22.5) that the
shock speed given by Equation (1.22.4) is associated with the field of u+ a, not the one of u — a. Yes, we can identify
the field associated with a shock wave by taking the limit pr — pyr, in the shock speed. In fact, if we look at the other
shock speed (again, derived from the Rankine-Hugoniot relation):

Y+1 (pr—pL
Vi =up —apy |14+ 1= <) 1.22.6
D =urL L\/ 2 o ( )

we find by expanding it for small change pr — pr, = 0,
Vp = ur —ar. (1.22.7)

So, V, is the shock speed associated with the other field. This is nice, isn't it? | like it very much.

1.23 Linearly Degenerate and Genuinely Nonlinear Fields

Consider a hyperbolic system of the form,
U,+ AU, =0. (1.23.1)

The k-th eigenvalue of the coefficient matrix A, A\, (U) (or the eigenvector ry(U)) defines a characteristic field called
the Ag-th field (or rg-th field), or simply k-th characteristic field.

A k-th characteristic field is said to be linearly degenerate if

oA (U)
ou

1p(U) =0, forall U. (1.23.2)

In the case of linear hyperbolic systems, all eigenvalues are constant and therefore all fields are linearly degenerate. The
contact discontinuity is a discontinuity in a linearly degenerate field: the characteristics are all parallel across such a
discontinuity just like the scalar linear advection. On the other hand, a k-th characteristic field is said to be genuinely
nonlinear if

oA\ (U)
ou

-1(U) £0, forall U. (1.23.3)

| like this genuinely nonlinear one because the characteristic speed can now change across waves, thus creating much
more sophisticated waves than the linearly degenerate field. Specifically, there can be nonlinear shocks (converging
characteristics) and nonlinear expansions (diverging characteristics) in this case. Note that any nonlinear scalar con-
servation laws with non-zero characteristic speed is genuinely nonlinear and such scalar conservations laws are said to
have a convex flux. See Refs.[81, 159] for details.

The one-dimensional Euler equations in the primitive variables U = [p, u, p]* can be a good example: the eigenvalues
and eigenvectors are given by (see Section 3.4.2)

AM=u—a, XlX=u, M=u-+ta, (1.23.4)
o . P
a a
r = 1 s ro = 0 s rs = 1 , (1235)
0
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where a = /p/p, from which we find

i} a
; o -a)fop ] [ -2 5 .
)\1 - o 0 +1

au 1T | du—a)/Ou |- 1 = 1a ' 1 ~— 70, (1.23.6)
L a(u — a)/@p —pa —% —pa
[ Ou/0p 1 0 1

OAo

30 o= gu/ou || 0| =1 |0]|= 0, (1.23.7)
| Ou/dp 0 0 0

o [ O(u+a)/0p g 2 g

3 y+1

gu BT | du+ta)/ou || 1 | T clt 1|~ 5 # 0, (1.23.8)

| O(u+a)/dp pa % pa

so that the A;-field and As-field (acoustic waves) are genuinely nonlinear but the As-field (entropy wave) is linearly
degenerate.
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Chapter 2

Model Equations

2.1 Linear Advection

| like the linear advection equation:

ug + (gradu) - X =0, (2.1.1)
or
ug +div(ud) =0, (2.1.2)
or simply
Du
— =0 213
Du o, (213)

where A is a constant advection velocity at which the solution u travels. In Cartesian coordinates, the advection
equation becomes, with A = (a, b, ¢),

1D: up + aug =0, (2.1.4)
2D: Uy + aty + buy =0, (2.1.5)
3D: up + auy + buy, + cu, = 0. (2.1.6)

The linear advection equation is a model equation for a general quasi-linear system of equations, e.g., in one dimension,
U, + AU, =0, (2.1.7)

where U is a vector of solutions and A is a coefficient matrix having real eigenvalues. This includes the Euler equations
of gas dynamics. To develop a method for solving such a system, it is a good idea to first study the model equation
which is simpler but retains important features of the general system. Once we develop and study a method for the
model equation, we may move on to extend it to the system of equations. For example, since the system (2.1.7) can
be diagonalized, i.e., decomposed into a set of linear advection equations (see Section 1.16.2), a method developed for
the linear advection equation can be directly applied to each component.

In studying the model equation, I like its integral form,

4 udV—i—?{u)\-ndS =0, (2.1.8)
because this allows discontinuous solutions: any initial solutions, whether continuous or discontinuous, will be simply
advected at the velocity A. This is, in fact, a good model for developing a method for computing flows with shock
waves. Many techniques for accurately and stably computing discontinuous solutions have been successfully extended
to more general equations such as the Euler equations.

Note that the linear advection equation is closely related to the wave equation in one dimension, but not so much
in higher dimensions. In one dimension, the wave equation is

Ugy — AUy = 0, (2.1.9)

45
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which can be written as
(0r — a0y) (Opu + adyu) = 0. (2.1.10)

Therefore, the wave equation has two general solutions: one traveling at the speed a and the other at the speed —a.
The linear advection equation governs only the one traveling at the speed a. On the other hand, in two dimensions,
the wave equation is defined by

gy — a* (Ugy + uyy) = 0, (2.1.11)

where a > 0. This has a plane wave solution in all directions at the same speed a (substituting a function of the
form f(xzcosf + ysin@ — At) into the wave equation, and solving the resulting equation for the wave speed A, we
obtain A = +a which is independent of the direction #). In contrast, the linear advection equation has a plane wave
solution only in a particular direction, i.e., specified by the constant advection vector (a,b). To describe an isotropic
wave propagation, the advection vector needs to be a function of space:

(a,b) = a(cos,sin §). (2.1.12)

This describes a wave traveling isotropically at speed a (see Section 1.21). The advection equation is then still linear,
but it might be nice to stay with constant coefficients. Then, we may use a system description of the isotropic wave:

uw = a(petaqy), (2.1.13)
Di = aug, (2.1.14)
G = auy. (2.1.15)

It is easy to show by straightforward differentiations that this system is equivalent to the wave equation (2.1.11). Note
however that this system representation has introduced an additional constraint, (p, — ¢ )¢ = 0, to the wave equation.
This condition implies that any zero or nonzero ‘vorticity’ is preserved at all later times. This type of model system
was used in Ref.[95] for developing vorticity-preserving schemes. In three dimensions, basically the same is true, except
that the number of constraints now becomes three; the vorticity has three components in three dimensions.

Incidentally, some people use the term ‘convection’ instead of ‘advection’. Personally, | like ‘advection’ better simply
because I'm used to it. | like not to discuss which is better.

2.2 Circular Advection

The advection equation will still be linear even if X = (a, b, ¢) is a function of space. For example, the two-dimensional
advection equation,

Ut + aug + buy =0, (2.2.1)
with the advection velocity,
(a,b) = (y, —x), (2.2.2)

represents a flow field that rotates clockwise around the origin. This is called the circular advection equation. A
three-dimensional circular advection equation would be

Ut + auy + buy + cu, =0, (2.2.3)
with
(a,b,¢c) = (y,—,0). (2.2.4)

This represents a circular flow field around z-axis. Alternatively, we can take A = (0, z, —y) to create a flow around
x-axis, or A = (z,0, —x) to create a flow around y-axis. Yet, we may take A = (y, —z, V') where V is a constant. |
like this one because it describes a more 3D flow: rotating around z-axis and simultaneously moving in the z direction
at a constant speed V. Note that the circular advection equation can be written also in the conservative form,

ug +div(ud) =0, (2.2.5)

A = (y,—x) in two dimensions, and A = (y, —x,0), (2,0, —z), (2,0, —z) or (y, —x, V) in three dimensions.
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2.3 Diffusion Equation

| like the diffusion equation:
uy = div(vgradu) , (2.3.1)

where v is a positive diffusion coefficient. As long as v does not depend on the solution itself, this equation is linear.
In Cartesian coordinates, the diffusion equation becomes

1D: uy = (Vg )z, (2.3.2)
2D: U = (Vug)y + (VUy )y, (2.3.3)
3D: U = (Vug)z + (VUy)y + (Vus).. (2.3.4)

The diffusion equation is parabolic in time (prove it!). It requires both an initial solution and boundary conditions.
Generally, its solution is very smooth. Even if an initial solution is not smooth, it will be made smooth as time goes on
because of the smoothing effect of the second-derivative term on the right hand side, i.e., ‘diffusion term’. The solution
will reach a steady state, unless we introduce a time-dependent boundary condition and/or source term. Then, the
steady solution will be equivalent to that of the Laplace equation (see Section 2.8).

Of course, | like its integral form also,

d
— [ uwdV + j{ vgradu-ndS =0, (2.3.5)
dt Jy s

or

d ou

This is a good starting point for developing a finite-volume scheme for the diffusion equation. In general, it is
relatively easy to develop a scheme for the diffusion equation in the sense that it only deals with smooth solutions (no
discontinuities), especially for second-order methods on regular computational grids. The issue, if any, would be the
efficiency of the numerical method. In particular, an explicit scheme can be very inefficient due to a severely restricted
time step; implicit schemes are generally preferred. All these (smoothing effect and efficiency) are characteristics of the
viscous part of the Navier-Stokes equations. Therefore, the diffusion equation is a typical model for the viscous terms
of the Navier-Stokes equations. Numerical methods for the viscous terms are often developed based on the diffusion
equations or equivalently on the Laplace equation for spatial discretizations. By the way, the integral form above shows
that the integral value of the solution depends only on the normal solution gradient over the control volume boundary,
S. This is very interesting. It is basically one-dimensional, and the normal gradient can be easily evaluated on regular
grids in which the normal direction often is perfectly aligned with the direction of two solution data points, i.e., a
simple finite-difference formula gives the normal gradient. | like it because | think it is one of the reasons that it is
relatively easy to develop diffusion schemes on regular grids. For irregular grids, on the other hand, the construction
of diffusion schemes is not necessarily easy. Accuracy and convergence can be easily deteriorated unless the normal
gradient is carefully evaluated. See, for example, Refs.[101, 108] for diffusion schemes on irregular grids.

Note that the viscous terms of the compressible Navier-Stokes equations are actually more than the diffusion
equation because they involve not only the normal gradient but also the gradients tangential to the control volume
boundary as described in Section 4.12. Some numerical schemes ignore the tangential gradients, e.g., a thin-layer-
approximation [89, 111]. Such schemes are known to be robust, but accuracy is not obtained because they are not
consistent schemes. Nevertheless, | like such schemes because they can be useful for constructing an implicit scheme
for the compressible Navier-Stokes equations [111]. See Section 4.12.

2.4 Diffusion Equation: Mixed Formulation

Often, the diffusion equation is written and discretized in the following first-order system:

ug = vdivp, (2.4.1)
p = gradu, (2.4.2)
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where p = (p, ¢, 7) is the vector of variables that represents the gradients. In Cartesian coordinates, it reads in one
dimension,

Up = UPy, P = Uy, (24.3)
in two dimensions,
u =v(ps +ay), P=ts, q=uy, (2.4.4)
and in three dimensions,
w=v(ps+ay+72), P=Us, q=Uy, T =1 (2.4.5)

This formulation is known as the mixed formulation in the finite-element-method community [182], and widely used,
for example, in high-order methods [25, 66, 115]. | like the mixed formulation because apparently it involves only
first-order derivatives, which are easier to discretize, especially on unstructured grids, than second-order derivatives. In
fact, a variety of successful diffusion schemes have been developed based on the mixed formulation [176, 182]. Note
however that we cannot really avoid the second-derivatives in this formulation. The system is perfectly equivalent
to the diffusion equation of second derivatives and the numerical schemes developed for the system is subject to the
well-known severe limitation: the explicit time step of O(h?), where h is a mesh spacing. | actually like it, though,
because it shows that the system is indeed equivalent to the diffusion equation. Notice that the first-order system is
parabolic in time and thus does not alter the physics of the original diffusion equation. The first-order formulation is
used just for the sake of convenience in discretization. | like such an approach very much.

2.5 Diffusion Equation: First-Order Hyperbolic System

There is an interesting first-order hyperbolic system associated with the diffusion equation:

1
Ut = VPay Pt = 7 (Uz = p), (2.5.1)

where T, is a constant. In two and three dimensions, it is given, respectively, by

1 1

Uy = V(pr + Qy)a Pt = 7(“1 —p), qr = 7(uy - (]), (2.5.2)
T,

and
1 1 1

u =v(Pr +qy+72), pr=7(Uz—Dp), @ = f(uy —q), 1= f(uz —r). (2.5.3)

This system is equivalent to the diffusion equation in the limit 7. — 0 [20], and often called the hyperbolic heat
equations. Consider the vector form:

U + 0,F +0,G +9,H =S, (2.5.4)
where
U —up [ —vq —vr 0
P —u/T; 0 0 —p/T;
U= , F= , G= , H= , S= . (2.5.5)
q 0 —u/T, 0 —q/T:
r 0 L 0 —u/T, —r /T,
The flux Jacobians are given by
0 —v 0 0 T 0 0 —v 0 0 00 —v
A=F_ _Ti 0 001 g 06 PR c=H_ Coo (2.5.6)
ou o 0o ool OU —Tir o 0o of 9U 01 000
0 0 0 0 L 0 0 0 0 T 00 0




2.5. DIFFUSION EQUATION: FIRST-ORDER HYPERBOLIC SYSTEM 49

Consider the projected Jacobian along an arbitrary vector, n = [n,, ny, n. "

0 —Vng —Vn, —un,
—ng /T, 0 0 0
—ny /T, 0 0 0
—n, /T, 0 0 0

The projected Jacobian has the following eigenvalues:

[v [v
M=—y/7, A=/, Aza=0. 25.8
1 T, 2 T, 734 ( )

The eigenvalues are real, and the associated eigenvectors can be shown to be linearly independent. Hence the system
is hyperbolic. Note that the eigenvalues are independent of n, and therefore the system describes a wave propagating
isotropically. The third and fourth eigenvalues correspond to the inconsistency damping mode [98], acting on the
quantities, g, — py and 7, — p, that should be zero. Although it has a hyperbolic character, it is hyperbolic only for
a very short time of the order T,.. After a long time compared with T}., it behaves like the diffusion equation as the
waves will be damped by the effect of the source term. There have been efforts on solving this system instead of the
diffusion equation [129] as it models in part a relaxation system for the Navier-Stokes equations. | like this approach
because it avoids the discretization of second derivatives. Also, it allows us to apply numerical schemes well developed
for hyperbolic systems to diffusion problems. However, these advantages do not come free. The small relaxation time
T, makes the system 'stiff’ and consequently makes it difficult to solve numerically if not impossible.

On the other hand, if we are interested only in the steady state, then, T,. can take any positive value [98]. Observe
that when time derivatives vanish, the hyperbolic system becomes, for any positive 7., in one dimension,

0 = VP, 0 = VP,
— — 0 = VUgy, 259
0 = (us—p)/Ty, p o= (2:5.9)
in two dimensions,
0 = v(ps+aqy), 0 = v(ps+ay),
0 = (we—p)/Tr, — D = ug, = 0 = v(ugs + uyy), (2.5.10)
= (uy_Q)/Tra q = Uy,
and in three dimensions,
0 = V(pz+Qy+Tz)v 0 = V(pz+qy+rz)7
0 = (uz—p)/Tr, P = Ug,
— — 0 = v(ugg + Uyy + Usz). 2.5.11
0 = (w—0)/T, ¢ = (o gy +tza)- - (2510)
0 = (u,—n)/Ty, r o= u,,

Therefore, the system is equivalent to the steady diffusion equation (the Laplace equation) for arbitrary 7. ( > 0) in
contrast to the hyperbolic heat equations that are equivalent to the diffusion equation at any instant of time but require
extremely small T;.. To distinguish the two, the hyperbolic system designed to solve steady problems with arbitrary T..
is simply called the hyperbolic diffusion system. The equivalence to the Laplace equation emerges naturally also in the
energy estimate [104]. Define the energy associated with the hyperbolic diffusion system as

E

2 L2 2 2
w Tgp ), (2.5.12)

The governing equation for the energy can be derived by multiplying the hyperbolic system (2.5.4) by the row vector,
27 = (u, L2p, L2q), from the left:

OE + 0. fF +0,9" +0,hF = —v(p* + ¢ +1r?), (2.5.13)
where

= —vup, ¢f = —vuq, h¥=—vur (2.5.14)
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By integrating the energy equation over the domain €2, we obtain
d
—/Edvz—j{ fE-ndA—u/(p2+q2+r2)dV, (2.5.15)
dt Jg o9 Q

where 9Q denotes the boundary of the domain, f¥ = (f¥, ¢ h¥), n is the unit outward normal vector, and dA
denotes the infinitesimal boundary area. This integral form shows that the total energy is damped by the magnitude
of the solution gradient and changed only by the boundary flux. In the steady state, we have (p,¢,7) = Vu, and the
energy estimate reduces to

/ Vu-VudV — j{ u@dA =0, (2.5.16)
Q a0 On

which is the well-known energy estimate of the Laplace equation.

| really like that the stiffness is no longer an issue in this approach. The free parameter, T;., can therefore be chosen
to make the system strongly hyperbolic for all times, and can also be defined to accelerate the convergence of numerical
methods [98, 99, 104]. In fact, it naturally leads to a very fast method for computing steady state solutions of the
diffusion equation with O(h) explicit time step, not O(h?) [98, 99, 103, 104]. One might have noticed that the first-
order hyperbolic system is equivalent to the mixed formulation in the steady state. However, the discretization is very
different in that methods for hyperbolic systems, e.g., upwind scheme, are directly applicable to the hyperbolic diffusion
system but not to the mixed formulation. This is a great advantage of the hyperbolic formulation because various
schemes and techniques developed in the past decades for hyperbolic systems can be applied to the discretization of
diffusion. Naturally, it is also possible to develop first-order schemes for diffusion [104]. In addition, in this approach, the
solution gradient (p, q,r) can be computed to the same order of accuracy to that of the solution u [98]. Furthermore,
the Neumann condition can be implemented as the Dirichlet condition by the extra variables that will be equivalent to
the solution gradients in the steady state. Do | like this approach? Oh, yes, | do like this approach very much.

2.6 Advection-Diffusion Equation

| like the advection-diffusion equation:
ug + (gradu) - A = div (v grad u) , (2.6.1)
or in the conservative form,
u + div (uA —vgradu) = 0. (2.6.2)

In Cartesian coordinates, it is written as

1D: us + aug = (Vug)a, (2.6.3)

2D: U + auy + buy = (Vug)s + (Vuy)y, (2.6.4)

3D: U + aug + buy + cuy = (Vug) e + (Vuy)y + (Vus)s, (2.6.5)
or

1D: u + (au — vug), =0, (2.6.6)

2D: u + (au — vug)g + (bu — vuy), =0, (2.6.7)

3D: u + (au — vug)y + (bu — vuy)y + (cu — vu,), = 0. (2.6.8)

The advection-diffusion equation is a model equation for a general quasi-linear system of equations of the form, e.g.,
in one dimension,

U, + AU, = DU,,, (2.6.9)

where U is a vector of solutions, A is a coefficient matrix having real eigenvalues, and D is a positive coefficient
matrix. This includes the Navier-Stokes equations written in the quasi-linear form (see Section 4.16). Basically, it is
simply the sum of the advection and diffusion equations. But to solve this numerically, we should be very careful if
we want to simply add a diffusion scheme to an advection scheme. Such a scheme may fail in the intermediate case
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Pe=10.0

0 X L

Figure 2.6.1: A typical steady solution of the advection-diffusion equation. «(0) = 0 and u(L) = 1.

where the advective effect and the diffusive effect are equally important. In fact, some high-order schemes are known
to lose the formal accuracy due to incompatible discretizations of the advection and diffusion terms [24, 115, 125].
One important consideration in preserving accuracy is to treat the advection and diffusion terms in a unified manner.
For this purpose, the conservative form (2.6.2) may be particularly useful in which the advection and diffusion terms
are equally treated in the flux form. Naturally, then, the integral form,

d ou
- ‘n—v— = 26.1
o VudV—i—]i (uz\ n Uan) ds =0, (2.6.10)

will be useful also.
Another difficulty, which may arise in advection-diffusion problems, is a rather drastic change in the character of
the equation. Consider the one-dimensional advection-diffusion equation,

Up + AUy = Vlgy, (2.6.11)

where a > 0, in z € (0, L). This is a typical parabolic problem, and therefore we must specify solution values at both
boundaries: u(0) and u(L) which must be different for the solution to be non-trivial. However, if v = 0, this becomes
a simple advection equation; we are allowed to specify only one value at the left boundary, i.e., u(0). The solution at
the right boundary u(L) must be left unknown and determined by the wave coming all the way from the left boundary.
Then, what happens in general (v # 0) is that the wave attempts to propagate the left boundary value «(0) to the
right, but cannot continue to the right boundary because u(0) # w(L); the diffusion term resolves the discrepancy by
smoothing the solution between u(L) and the one transported by the wave from the left (see Figure 2.6.1). Certainly,
if the advective effect dominates the diffusive effect, the influence of diffusion will be confined within a narrow region
near the right boundary. There is a nice dimensionless parameter that characterizes this balance:
pe— 9L (2.6.12)
v
which is called the Peclet number. As Pe — 0, the diffusion dominates; thus the narrow region gets broader and
broader. On the other hand, as Pe — oo, the advection dominates; thus the narrow region gets extremely narrow (as
if making it look like a pure advection problem by ignoring the right boundary condition u(L)). The corresponding
parameter in the Navier-Stokes equations is the Reynolds number; the narrow region is observed near a body in a flow
and called the boundary layer. Of course, we may as well ignore such a layer by discarding the diffusion term completely
(solve the Euler equations instead of the Navier-Stokes equations). But if we really need to resolve the layer (e.g., need
to compute the viscous drag or the heat transfer on a body), we will have to retain the diffusion term and confront a
variety of issues in computing such a solution in terms of both accuracy and efficiency.
| like the advection-diffusion equation. It is a very simple linear scalar equation, but contains essential difficulties
that we will encounter when solving the Navier-Stokes equations for practical problems. It is useful not only for
illustrating such difficulties in a simpler setting, but also for developing a new method for the Navier-Stokes equations.
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2.7 Advection-Reaction Equation

The advection-reaction equation is given by

ug + (gradu) - A = —ku. (2.7.1)
In Cartesian coordinates, it is written as
1D: up + au, = —ku, (2.7.2)
2D: us + aug + buy = —ku, (2.7.3)
3D: us + aug + buy + cu, = —ku. (2.7.4)

This equation models the transport of a material in a flow with a constant speed A, decaying at the rate of k. This is
a typical model equation for conservation laws with a source term:

ug +divf = s, (2.7.5)
where f = uX and s = —ku. Basically | like it, but not with large k because it makes the equation stiff and very

difficult to solve numerically.

2.8 Poisson/Laplace Equations

The Poisson equation:
divgradu = f, (2.8.1)

where f is a given function of space. If f =0, it is called the Laplace equation. In Cartesian coordinates, the Poisson
equation is written as

3D Upy + Uyy + Uz = f(2,y, 2). (2.8.4)

| like the Laplace equation because its solution is very smooth. In particular, it is well known that the minimum
and the maximum of the solution can occur only on the boundary (maaaximum principle), implying a smooth solution
in the interior. On the other hand, solutions of the Poisson equation could be non-smooth, depending on the source
term. Anyway, in both cases, the operator is the Laplacian which is very easy to discretize on regular grids: a simple
central differencing works fine. Although typically it takes a long time to obtain a numerical solution (expensive direct
methods or a large number of iterations), the multigrid technique works extremely well for this type of equation [17].
Well, if the grid is not regular and/or high-order accuracy is required, that is a different story as mentioned in Section
2.3.

2.9 Cauchy-Riemann Equations

2.9.1 Velocity Components

In incompressible irrotational flows, the velocity components (u, v) satisfy the Cauchy-Riemann equations:

Uy +vy = 0, for incompressibility, (2.9.1)

vy —uy = 0, forirrotationality. (2.9.2
Write the system in the vector form,

AU, +BU, =0, (2.9.3)
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where

U:[H, A:H _01], B:HH' (2.9.4)

Then, A is invertible, and we find the eigenvalues and eigenvectors of A~ !B:

; 1 . 1
)\122, ry = |: i :|, /\2:—1, ro — |: —’L.:|7 (295)
where i = \/—1. Therefore, this system is elliptic. If, in addition, v and v are twice differentiable, they satisfy the
Laplace equation independently,

Uz +Uyy = 0, (2.9.6)
Ve +Vyy = 0. (2.9.7)

Another interesting fact is that the contours of u and v are orthogonal to each other. To see this, observe that the
dot product of the gradients vanishes by the Cauchy-Riemann equations:

(gradu) - (gradv) = ugvy + uyvy = (—vy)vs + (vg)v, = 0. (2.9.8)

| like the Cauchy-Riemann equations because they are basically the same as a pair of Laplace's equations. Discretize
the Cauchy-Riemann equations by any method, you will often find yourself solving the associated Laplace equations in
effect [61, 107]. Note that solutions of the Laplace equations do not necessarily satisfy the Cauchy-Riemann equations.
For example, the solution, (u,v) = r(sinf, —cos#), which represents a sold body rotation, satisfies the Laplace
equations, but does not satisfy the Cauchy-Riemann equations (the vorticity does not vanish). So, if you really want to
solve the Cauchy-Riemann equations, you need a numerical method that really solves the Cauchy-Riemann equations
[105, 107].

The Cauchy-Riemann system is known as a model for the elliptic subsystem of the Euler equations [93, 123] (the
acoustic subsystem for subsonic flows). In fact, it is a model for all elliptic subsystems of a general two-dimensional
differential system. That is, any two-dimensional system of partial differential equations can be decomposed into a set
of advection equations and/or a set of Cauchy-Riemann systems. This is very interesting. See Ref.[117] for details.

2.9.2 Stream Function and Velocity Potential

The stream function 1 and the velocity potential ¢ are defined by

U = P =1y, (2.9.9)
- (2.9.10)
Then, it is obvious that 1 and ¢ satisfy the following Cauchy-Riemann equations,

Ve + ¢y = 0, (2.9.11)
Gz —y = 0. (2.9.12)

If, in addition, 1) and ¢ are twice differentiable, they satisfy the Laplace equation independently,
Guz + yy = 0, (2.9.13)
w;c;c + wyy = 0 (2914)

| like the stream function because the boundary condition is made very simple, i.e., constant along a solid body. On the
other hand, the velocity potential can be tricky because it may not be continuous for multiply-connected regions such
as a flow around a lifting airfoil (see Ref.[68], for example). Of course, the contours of ¢ and ¢, or equivalently the
streamlines and the equi-potential lines, are orthogonal at their points of intersections because (gradiy) - (grad¢) = 0.

2.9.3 Vorticity and Pressure

In Stokes’ flows, where the viscous terms balance with the pressure gradient, the vorticity and the pressure satisfy the
Cauchy-Riemann equations (see Section 4.25):

Pe+pwy = 0, (2.9.15)
py - ,uwx 0; (2916)
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where p is the pressure, w = v, — u, is the vorticity, and g is the viscosity. | like it very much because the theory
of complex variables is directly applicable and a variety of exact solutions can be found for viscous flows just like for
potential flows [54].

2.9.4 Time-Dependent Systems

Augment the Cauchy-Riemann equations with time-derivatives as follows:

U+ ug+vy, = 0, (2.9.17)
ve—vy+uy, = 0, (2.9.18)
which may be written in the vector form,
U;+ AU, +BU, =0, (2.9.19)
where
U:[H, A:H _01], B:HH. (2.9.20)

| like this system because it is no longer the Cauchy-Riemann equations, but equivalent to the Cauchy-Riemann
equations in the steady state. So, | can compute a solution of the Cauchy-Riemann equations by integrating this in time
until the solution stops changing [93, 134]. Note that the time terms have been added in such a way that the resulting
system is stable [93]. Also note that the eigenvalues and eigenvectors of the projected Jacobian A,, = An, + Bn,,
where (n,n,) is an arbitrary unit vector, are given by

Ao=1, rl{”“’ﬂ], Ao = —1, rz[”l’_l}. (2.9.21)
Ty Ny
Therefore, this system is hyperbolic in time (although elliptic in space). On the other hand, it is interesting that if we
add time-derivatives to the Laplace equations,
U = Uggy + Uyy, (2.9.22)
Ut - Vax + Uyy7 (2923)

these are not hyperbolic but parabolic in time. If we wish to have hyperbolic equations, we must introduce the
second-derivatives, u;; and vy, thus resulting in the wave equations:

Ut =  Ugg + Uyy, (2.9.24)
Vgt = Ugy + Vyy- (2925)
These wave equations can be derived also from the Cauchy-Riemann system (2.9.17) and (2.9.18). In either case, i.e.,
parabolic or hyperbolic, these equations are equivalent to the Laplace equations in their steady states. But | definitely

like the hyperbolic equations better since a simple explicit scheme will work very well (with a large time step) to quickly
reach a steady state.

2.10 Biharmonic Equation

The biharmonic equation is a fourth-order partial differential equation given by
divgrad(divgrad u) = f, (2.10.1)
or equivalently by
Ay = f, (2.10.2)
where f is a given function of space. In Cartesian coordinates, the biharmonic equation is written as

1D Uppew = [ (1), (2.10.3)
2D Ugzzz T Uyyyy + 2Usayy = f(2,Y), (2.10.4)
3D Uggzs T Uyyyy + Uszzr + 2ux$yy + 2uyyzz + 2uzzzz = f(x7 Yy, Z) (2105)
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| like the biharmonic equation because it does arise in CFD. Stokes' equations, which govern very low Reynolds number
flows, formulated by the stream function and the vorticity, involve the biharmonic equation for the stream function.
The biharmonic equation is typically solved with the following boundary conditions:

ou
U:gl(I,y7Z), % :92(Iay7z)a (2106)

where g; and go are given functions, and Qu/dn is the derivative in the direction normal to the boundary. For two-
dimensional Stokes’ flow, u corresponds to the stream function. Then, the first boundary condition may be specified
with g1 = 0 to for a solid wall boundary, meaning that the wall is a streamline. The second boundary condition specifies
the velocity tangential to the boundary, and thus the no-slip condition can be specified with go = 0 at the wall.

Discretization of fourth-order derivatives may be straightforward on a regular computational grid, but not so
straightforward on irregular grids. An interesting approach is to write the biharmonic equation as a pair of the Laplace
equations [160]:

divgradu = w, (2.10.7)
divgradv = f, (2.10.8)

where v is a new variable. It is easy to verify that these equations are equivalent to the biharmonic equation for u. Then,
the biharmonic equation can be solved by any well-known method for the Laplace equation, e.g., multigrid methods.
| like it. It is always nice to reduce the order of partial differential equations. However, the boundary condition for
the new variable v is not known and may be difficult to apply in some applications [2]. Nevertheless, the number of
boundary conditions required is basically two [160]. For Stokes' flows, the boundary conditions as described above will
suffice and the boundary condition is not necessary for v. See Ref.[160] for details.

2.11 Euler-Tricomi Equation

Euler-Tricomi equation,
YUgz + Uyy + Uy = 0, (2111)

is an interesting model equation often used in the study of numerical methods for transonic flows. Some people call it
the Tricomi equation, and | don’t know exactly why they ignore Euler. Anyway, it is an interesting equation because it
changes its type depending on y: it is hyperbolic where y < 0 and elliptic where y > 0. It thus models transonic flows,
which is hyperbolic when the local velocity exceeds the speed of sound and elliptic when the velocity is lower than the
speed of sound (see Section 3.17 and also Section 3.20). The Euler-Tricomi equation actually develops steep waves
in the hyperbolic region and yields a smooth solution in the elliptic region. This model has been employed for testing
a numerical algorithm designed for transonic flow calculations [58, 137]. To deal with the mixed behavior, a mixed
numerical algorithm (i.e., central-upwind) is employed in Ref.[58] whereas the equation is made hyperbolic in pseudo
time and solved by an upwind method in Ref.[137]. The latter seems to be a popular approach as typically done for
the Euler equations, which are physically hyperbolic in time but mixed hyperbolic-elliptic in space as shown in Section
3.17.

2.12 Relaxation Model

| like relaxation models but | don't know much about them. See Refs.[62, 88] for details. As far as | know, the
one-dimensional relaxation model is given by

u+v,; = 0, (2.12.1)
v +atuy, = (cu—v)/T, (2.12.2)
where 7 > 0,a2 > ¢%. For 7 < 1, this system behaves like the advection-diffusion equation,

ug + cuy = 7(a% — ) tge. (2.12.3)
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This can be shown by the Chapman-Enskog expansion [81]. Note that this is a simple model for moment equations
(derived from the Boltzmann equation) which behave like the Navier-Stokes equations in the limit of small relaxation
time. The two-dimensional version is given by

U+ v +wy = 0, (2.12.4)
v +a*uy, = —(v—ru)/T, (2.12.5)
wy +b*u, = —(w—su)/T, (2.12.6)
(2.12.7)
where 7 > 0,a% > r2,b% > s2. For 7 < 1, this system behaves like the following advection-diffusion equation,
Up + TUg + SUy =T [(a2 — 1)Uy — 278Uy + (b7 — 32)uyy] ) (2.12.8)

Note that it is more advantageous to solve the first-order relaxation system than the advection-diffusion equations
because you can avoid any difficulties in dealing with mixed derivatives [165].
We may generalize the relaxation model, and write a system of nonlinear conservation laws,

U, +F, =0, (2.12.9)
as a linear system with a source term, by introducing a new set of variables V,

U +V, = 0, (2.12.10)

V,+AU, = —2 * (2.12.11)

where A and 7 are constants carefully chosen such that the solution to this system is equivalent to the original
conservation law: the eigenvalues of A must satisfy the so-called sub-characteristic condition and 7 must be very small
(see Ref.[81] for details). | like to avoid nonlinearity in this way (A is now constant), but we now have a stiff source
term instead (7 must be very small). So, it is difficult anyway. Methods which use this approach to avoid nonlinearity
are called relaxation methods. See Ref.[81] for details.

2.13 Burgers’ Equation

| like Burgers' equation (also known as inviscid Burgers' equation):
up + uuy, = 0. (2.13.1)
This can be written in the conservative form,

ug + (u?/2) =0. (2.13.2)

T

Then, we can derive a shock speed V; by integrating this over a discontinuity across two states, uy, and ug, i.e., from
the Rankine-Hugoniot relation (1.22.1),

V, = w (2.13.3)

Also, if we multiply Equation (2.13.2) by 2u, then we get another conservation form,

2
(u?); + <3u3> =0, (2.13.4)
from which we find
2 ULUR
== - ). 2.13.
V. 3 <uL+uR UL+UR) ( 35)

So, the two conservation forms share the strong solutions (those that satisfy the differential form), but have different
weak solutions (those that satisfy the integral form). In fact, it is natural that they have different weak solutions
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because the conserved quantities are different: Equation (2.13.2) conserves u while Equation (2.13.4) conserves u?. |
like this particular example because it tells us that it is very important to choose the right conservative variables so
that we obtain physically meaningful solutions.

Two-dimensional version is given by

up + uugy +vuy, = 0, (2.13.6)

vy +uvy +vvy, = 0. (2.13.7)
The following version is also often used,

Up + Uy + Uy = 0. (2.13.8)

The latter is basically the same, at a steady state, as the one-dimensional equation (2.13.1), with y taken as a time-like
axis. There is also the three-dimensional version:

up + Uty + vuy +wu, = 0, (2.13.9)
v+ uvgy +vvy +wv, = 0, (2.13.10)
(2.13.11)

Wi + UWg + VWy + WW,

Incidentally, some people think that it is Burger's equation. This is wrong. It is Burgers' equation because it is the
equation of Burgers, not of Burger.

2.14 Traffic Equations

The traffic equation is given by
pe+ (pv)e =0, (214.1)

where p is the density of cars traveling on the road (cars/distance) and v is a local speed of a car. It is reasonable to
assume that v is a function of p, e.g.,

R - (2.14.2)

Umax Pmazx

which means that the speed goes up if there are less cars while the speed goes down if there are more cars. Then, the
characteristic speed is given by

of  dlpw) (1-2)
—_— = :/Umax 1— . 2143
8p 8,0 Pmazx ( )

The shock speed V; can also be found, by the Rankine-Hugoniot relation (1.22.1), as

%:szeraw (1_pR+pL) . (2_14_4)
PR — PL Pmaz

| like the traffic equation because the relation between the speed and the car density, such as Equation (2.14.2),
is required for the traffic equation to be closed but can be determined in any way we want. Various forms may be
proposed for modeling a real traffic flow. But remember that we would have to derive the characteristic and shock
speeds for each relation we choose. For example, why don’t you take this relation,

2

vy (2.14.5)

2
Umax Pmaz

and derive the characteristic and shock speeds? See Ref.[81, 170] for more details on the traffic equation.
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2.15 Viscous Burgers’ Equations

Viscous Burgers' equation is given by

U + Uy = Vg, (2.15.1)
where v is a positive constant. | like this equation because it is a simple model for the Navier-Stokes equations. Of
course, | like the two-dimensional version also:

Up + Uy +0Uy = U (Ugy + Uyy), (2.15.2)
Ve uvp vy = U (Vgg + Vyy), (2.15.3)

which is in fact the two-dimensional incompressible Navier-Stokes equations without the pressure gradient. | like this
one also,

Ut + Ul + Uy = Vg, (2.15.4)

which will behave like the one-dimensional equation (with time-like y) at a steady state. Finally, of course, | like the
three-dimensional version,

Up 4+ Uy + Uy + WU, = U (Ugy + Uyy + Usz) (2.15.5)
Ut F Uy + vy Fwv, = U (Vgp + Uyy +022) (2.15.6)
Wy + UWg +VWy +WW, = UV (Wap + Wyy + Wsz) . (2.15.7)

One of the most interesting features of the viscous Burgers equation is that its solution can be constructed from a
solution of the diffusion equation. This is very interesting, isn't it? See Section 6.4.1 for details.
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Chapter 3

Euler Equations

3.1 Thermodynamic Relations

| like gases that obey the ideal gas law (also called the thermal equation of state):
p = pRT, (3.1.1)

where p is the gas pressure, p is the gas density, T is the gas temperature, and R is the gas constant which is 287
N - m/kg for the sea-level air. Naturally, a gas that obeys this relation is called an ideal gas (or a thermally perfect gas).
The ideal gas law implies that the state of a gas at a point in a flow is determined by any two of the three variables:
the pressure p, the density p, and the temperature T. These variables are then called state variables: the variables
which depend only on the state of gas and not on how it was changed from one state to another. It is interesting that
this relation (3.1.1) has nothing to do with time. In a flow, all these variables will generally change in time. But their
relation (3.1.1) holds at any instant of time at any location in the flow (no matter how violent the flow is). In other
words, the gas is always in equilibrium. Of course, this may not be true in reality, but this is the basic assumption of
thermodynamics, and in fact, it applies remarkably well to a wide range of flows, from low-speed to supersonic. That
is why | like thermodynamics so much. It is very useful for fluid dynamics and CFD.

The internal energy of a gas is defined as the sum of all microscopic energies related to molecular motions (trans-
lation, rotation, vibration, etc). In this book, we use e to denote the specific internal energy (‘specific’ means per-unit-
mass). The internal energy is generally a state variable and depends on two other state variables, e.g, T" and p. But it
is well known that for ideal gases it depends only on the temperature:

e=e(T). (3.1.2)

Note now that from the equation of state that p/p also depends only on T'. This makes us want to introduce another
quantity called the specific enthalpy, denoted by A:

h=e+Z, (3.1.3)
p
so that the enthalpy also depends only on the temperature,
h=h(T). (3.1.4)

It is interesting that the first law of thermodynamics, which is a simple energy conservation law, can be expressed in
terms of both e and h: with the specific volume v defined by v = 1/p,

dq = de + pdv, (3.1.5)
or

1
dq = dh — ;dp, (3.1.6)

where dq is an added specific heat. | must mention here that both de and dh depend only on the state while dg
depends on the process (how the heat is added), and that the work done, say dw, depends on the process also but this
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has been replaced by pdv, i.e., a reversible work done solely by the pressure (i.e., no viscous forces). Note that the
above equations (3.1.5) and (3.1.6) are true for non-ideal gases also. Now, what is even more interesting is that if we
define the constant-volume specific heat ¢, and the constant-pressure specific heat ¢, as the amounts of heat required
to increase the temperature of unit mass by one degree at constant volume and pressure respectively,

_ (9 _ (%
Cy = (8T>v’ cp = (aT)p, (3.1.7)

then, it immediately follows from Equations (3.1.5) and (3.1.6) that

Oe oh
Cy = <W>v7 Cp = (M_‘)p . (318)

This is very interesting. It shows that c, represents a change in e per unit change in T" at constant volume while ¢,
represents a change in i per unit change in T at constant pressure. It is known from kinetic theory that for molecules
with « degrees of freedom for translational and rotational energy, the specific heats are given by

o = %R, (3.1.9)
[0
& = (1 + 5) R, (3.1.10)
and thus their ratio is independent of R,
2
g2t (3.1.11)
Cy «

where ~ is called the ratio of specific heats (also called the adiabatic exponent). For monatomic gases, we have o = 3
and hence v = 5/3; for diatomic gases (e.g., air), we have « = 5 and hence v = 7/5. These results imply that + is a
constant. But this is not a general result; vibrational energy of molecules has not been taken into account. If the gas
temperature is high enough to excite the vibrational energy, then it will generally depend on T

For ideal gases, both e and h are functions of T only, and therefore, we obtain from Equation (3.1.5)

dq Oe
“ = (&) - N
dq de v v
@)
p p D
Since the last term above becomes R/p by the ideal gas law (3.1.1), we have the important relation:
cp—C = R. (3.1.14)
This is very nice. Now we can solve this with Equations (3.1.9), (3.1.10), and (3.1.11) for ¢, and ¢, to get
1
, = — R, 3.1.15
o = =3 (3115)
v
= —R. 1.1
Cp - 1R (3.1.16)

For high temperature gases, v may depend on T, and so are ¢, and ¢,. Then, by integrating Equation (3.1.8), which
are now ordinary derivatives, we obtain

e(T) = /cv dT + constant, (3.1.17)
MT) = /cp dT + constant. (3.1.18)

Yet, for a calorically perfect gas, which is defined as a gas with constant specific heats, we can write

e = c,,T:ilT7 (3.1.19)

h = ¢l =—""—T. (3.1.20)



3.1. THERMODYNAMIC RELATIONS 61

This is very nice. For example, we can arrange the equation of state into the form,

p=(—1pe=(y-1) (pE - pf) : (3.1.21)

where v is the velocity vector and FE is the specific total energy,

1 1
p + =v2.

Relation (3.1.21) is then called the equation of state for a calorically perfect gas (a calorically perfect gas is also
called a polytropic gas [76, 81]). By the way, some people use E and H to denote the total energy and enthalpy:
E= % + %pv2 and H = E 4 p. Others use F to denote the specific total energy as in Equation (3.1.22) and H to
denote the specific total enthalpy,

H = E+ZL (3.1.23)
p
| like the latter, but the former is fine too. They are just different definitions. | like not to discuss which is better.

Throughout this book, | will use the latter simply because | like it.
There is another quantity that | like. Consider the following,

dg _de | dv

— 3.1.24
T =7 g ( )
which is the first law (3.1.5) divided by the temperature. This can be written as, by the ideal gas law,
dq dT 1
— =cy— +pRd | — 3.1.25
e tona (), (31.29)
which further can be written as, for a calorically perfect gas, as
dg  d(eT) d(Rp)
T T p
= d(InT® —Inp"). (3.1.26)
Therefore, % can be written as an exact differential; it is thus a state variable (although dq is not a state variable).
This is defined as an entropy s:
_ dq o Co R
ds:de(lnT —Inp"). (3.1.27)

This is nice but we must recall that this relation is subject to the assumption of reversible process. In general, e.g., for
viscous flows with heat transfer, this is not true, and the second law of thermodynamics states that the entropy must
increase:
d
ds = ?q +ds, (3.1.28)
where ds’ denotes a contribution from irreversible processes which is non-negative (ds’ > 0). It follows from this that
for an adiabatic process we have

ds =ds" >0, (3.1.29)
and for an adiabatic and reversible process we have
ds = 0. (3.1.30)

That is, the entropy is constant for an adiabatic and reversible process. Such a process is called isentropic. For an
isentropic process, some very important relations can be derived. We have from Equation (3.1.27)

dr dp
RZE 3.1.31
T p ) ( )

ds = ¢,
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and thus by the ideal gas law (dp/p = dp/p + dT/T),

d, d
ds = v—p — p—p
D P
dT dp
For a calorically perfect gas, we can write these as
v—1 dT dp
L - = — _(~=12ZE
7 a8 (=1
o dp
p P
dT dp
= 77— —-(y—-1)— 3.1.33
v~ (=1 o ( )

and thus

d <1n Twl) . (3.1.34)

-

Therefore, we obtain the following important relations for an isentropic process (ds = 0):

1 constant, (3.1.35)
p

o constant, (3.1.36)
R

i constant, (3.1.37)

where constants on the right hand sides are, of course, not all the same. These relations are generally called isentropic
relations or adiabatic relations (dg = 0). They are very useful for a wide range of applications because many flows can
be considered as adiabatic and reversible. For example, a supersonic flow over an airfoil can be adiabatic and reversible
except inside possible shock waves or inside a thin viscous/thermal boundary layer on the airfoil. Even for a curved
shock wave across which the entropy increases by different amount for different streamlines, the flow is isentropic along
each streamline (except for the jump across the shock wave). Note that in such a case the constants in these relations
differ from one streamline to another.

Overall, | like a calorically perfect gas since it has actually been used quite successfully for a wide range of flows.
So, in the rest of this book, | will simply call it a perfect gas.

3.2 Speed of Sound

The speed of sound is a speed at which a disturbance produced by a sound wave travels in a gas. The distur-
bance is generally very small (a sound wave is not at all as strong as a shock wave), so that the process is considered
as isentropic. The speed of sound a is then given by

a’ = (gil' (3.2.1)

For a perfect gas, we have the isentropic relation p/pY = constant, and thus

2 p
a® =y=. 3.2.2
; (322)
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Using the equation of state, p = pRT, we can write this also in terms of T,
a® = yRT. (3.2.3)

Generally, | like to use a to denote the speed of sound, but sometimes | will instead use ¢ to avoid a possible conflict
with other variables. But in the special case that the speed of sound is constant everywhere in a flow field (e.g.,
isothermal flows), | think | would rather use ¢ than a since it looks like standing for ‘constant’.

3.3 Euler Equations

Conservative Form

The conservative form of the Euler equations:

Op +div(pv) = 0, (3.3.1)
O (pv) +div(pvev) + gradp = 0, (3.3.2)
O (pE) +div(pvH) = 0. (3.3.3)

Some people claim that only the momentum equation should be called the Euler equation because Leonhard Euler
actually derived the momentum equation only. But usually all these equations (momentum + continuity + energy) are
called the Euler equations. Either way, | like the Euler equations.

Primitive Form

The primitive form of the Euler equations:

D
F[t)—l—pdivv = 0, (3.3.4)
D
p?‘t’+gradp = 0, (3.3.5)
D
Ff—l—chdivv = 0. (3.3.6)

Other Energy Equations

| like energy equations because the energy equations, (3.3.3) and (3.3.6), may be replaced by any of the followings:

TR +div(pvH) = 0, (3.3.7)
p% +div(pv) = 0, (3.3.8)

p% +pdivv = 0, (3.3.9)

p%ftl _ %?; ~ 0, (33.10)

p% _ % _— (33.11)

or even by the entropy equation. From Equation (3.1.27), we have

dr dp
— —R— 3.3.12
R, (3312)

ds = ¢,
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which can be written for a perfect gas as

EULER EQUATIONS

de P
ds = — — ==d 3.3.13
=T T ( )
Therefore, we obtain from Equations (3.3.9) and (3.3.4)
Ds
=2 33.14
P ( )
According to the second law of thermodynamics, this should be interpreted as an inequality in general:
Ds
— >0. 3.1
P 2 0 (3.3.15)
3.4 1D Euler Equations
3.4.1 Conservative Form
U, +F, =0, (3.4.1)
where
p pu
U = pu |, F=| pu>+p (3.4.2)
pE puH
Flux Jacobian
0 1 0
oF b-3% 3w
—-3)— 3—v)u -1
A = —= v " 7 343
au , 2 (3.4.3)
<’Y 2H>u H+1-7u?  ~yu
Eigenstructure
A =RAL, (3.4.4)
where
u—c 0 0
A= 0 v 0 , (3.4.5)
0 0 u+ec
1 1 1
R = u—c U u+tc |, (3.4.6)
H—uc u?/2 H+uc
r1/vy-1,5 u 1 /~v—-1 1 y—1 7
2(2c2u +c) 2( c? IH_C) 2¢?
Y—1, -1 y—1
= 1 - -
L 502 =2 =z , (3.4.7)
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dp — pcdu
2¢2
Lau= | _dp=¢dp | (3.4.8)
2
dp + pcdu
2¢2

2
It is interesting to note that the quantity dp%d” corresponds to the entropy change ds and the corresponding right
eigenvector indicates (as discussed in Section 1.16.2) how the conservative variables change due to this entropy change,

ap 1
d(pu) | x u . (3.4.9)
I(pE) u?/2

This is often called an entropy wave. The associated eigenvalue u gives the speed at which the entropy wave travels:
it moves with the local fluid velocity. It is actually more interesting to look at it in the primitive form where we see
exactly what variable is affected by the entropy change.

3.4.2 Primitive Form

W, + AW, =0, (3.4.10)
where
p u op 0
W = ul, A=10 wu 1/p |. (3.4.11)
P 0 pc2 u

Incidentally, | wouldn't call A* the primitive Jacobian. This is because A" is not a Jacobian [166]: there does not
exist a (flux) vector H such that 0H/OW = A" . So, | simply call A" the coefficient matrix of the primitive form of
the Euler equations.

Eigenstructure

AY = RYALY, (3.4.12)
where
P
u—c 0 0 120 216
A= 0 U 0 , RY= -0 = |, (3.4.13)
0 0 u+c 2 2
pe e
2 2
1 du — @
01 —— pc
o dp
=11 o -5 , YdU= | d — 2 (3.4.14)
d
0 1 ﬁ du + L
pc
The second component above represents the entropy wave, and we thus find
ap 1
ou [ o< | 0 |. (3.4.15)
dp 0

Therefore, it is the density that changes due to the entropy wave; the velocity and the pressure are not affected. A
typical example is a contact surface (or contact discontinuity) observed in shock tube problems: a surface across which
two different gases are initially in contact moves with the local fluid speed carrying the density jump. In fact, the
entropy wave is sometimes called the contact wave.
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ou oW
dU = —dW, dW = —dU 4.1
aw ‘W 50 U (3.4.16)
where
1 0 0
g—;gf = U P 0 (3.4.17)
w2 pu 1/(y—1)
1 0 0
OW ( U )‘1 u 1
— = == = _Z 0 . (3.4.18)
ou oW p p
(y=1Du?/2 —(v—Du ~v-1
Note that the coefficient matrix A¥ is similar to the conservative Jacobian A,
oW . 0U
AV = —A—. 4.1
ou oW (3.4.19)
Hence, the eigenvectors are related by
w W ou _.,
L=L 0 R = a—WR , (3.4.20)

and the eigenvalues are the same as those of the conservative Jacobian because similar matrices share the same

eigenvalues (see Section 1.11).

3.4.3 Characteristic Variables
Multiply the primitive form (3.4.10) by L“ from the left to get
LW, + L"A"W, =0,
LW, + LY ARVT*W,, = 0,
We, + AW®, =0,

where the new variables defined by

ou — iap
pc
1

OW®¢ = LYOW = | 0p— 0—2819
1

Ou+ —0p

(3.4.21)
(3.4.22)
(3.4.23)

(3.4.24)

are called the characteristic variables, and the equation (3.4.23) is called the characteristic form. It is very nice that
the system (3.4.23) is a completely diagonalized form of the Euler equations, so that we have a set of independent

scalar nonlinear advection equations:

ou_10p\ (% Lo
ot pc ot Oxr  pcOx
o Lop\ ., (O 10p
ot 2ot “\or ™ 2or

ot pc ot YT\ Bz

0, (3.4.25)
0, (3.4.26)
0. (3.4.27)
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The second equation corresponds to an entropy advection, and the other two correspond to an acoustic wave propa-
gation. This shows that the entropy is simply convected along a streamline and not affected by the acoustic waves.
In other words, the entropy is constant through the acoustic waves (unless they are strong enough to become shock
waves). For adiabatic (isentropic) flows, the characteristic variables can be integrated:

_ 1 ;
_ 2
Ou pcap 3<u—7_1c)
oWe = | ap— CiQap - D , (3.4.28)
L 0 <u + 2 c)
I ou + E@p ] N -1

where the entropy s has been scaled by —(y — 1)p/(vR). These integrated quantities are called Riemann invariants.
We thus have

0 2 0 2

Js 0s

a +u % = 0, (3.4.30)
0 2 0 2
m(u+7_1c>+(u+c)ax (u+7_1c> = 0. (3.4.31)

This system is often used to implement a characteristic boundary condition in CFD [51]. Now, if we assume v = 3,
this system reduces to a set of Burgers' equations.

% (u—c)+ (u— c)% (u—c) = 0, (3.4.32)
0Os Os
z2 - = 4.
5 T 0, (3.4.33)
Q(u—kc)—k(u—i—c)g(u—kc) = 0 (3.4.34)
ot oz - o
On the other hand, if we assume a simple wave, i.e., for example,
o [ ¢ = constant, s = constant, (3.4.35)

everywhere (alternatively, u + %c = constant may be assumed), then it can be shown that the system of Equations
(3.4.29), (3.4.30), and (3.4.31) reduces to the following single Burgers' equation:

g(u—f—c)—&—(u—i—c) g

o P2 (u+c¢) = 0. (3.4.36)
To show this, let
_ 2
R_o=u-— o [ ¢ = constant, (3.4.37)
and solve for ¢,
1
c="2 ——(u—RY) (3.4.38)
Then, we find
2
Rt =u+ —¢=2u—Ry, (3.4.39)
1 -1
u+c= iu 1 R: (3.4.40)
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and derive the relation,

4 v—3
Rt = —— [(u+c)+ 7R 3.4.41
|t (3.4.41)
Finally, substitute this into Equation (3.4.31) and multiply the result by 23 to arrive at Equation (3.4.36).
After all, | like the one-dimensional Euler system because it can be dlagonallzed completely and thus written as a

set of independent scalar advection equations as shown above. This is very nice but difficult in higher dimensions.

3.4.4 Parameter Vector

| like the parameter vector Z [128],

1 z1
Z = Jp| u |=|2]|, (3.4.42)
H zZ3
because every component of conservative variables and fluxes can be expressed as quadratics in the components of Z,
- 2
U = | pu | = =2 , (3.4.43)
| JE 2123 —1 z%
Y
i Z122
F = pu 4+ p 2+p |, (3.4.44)
puH 2923
-1 ZQ (3.4.45)
= —— (z123—=]. 4.
p ~ 123 2

This is very useful, for instance, for linearizing the Euler equations [128].

3.5 2D Euler Equations

3.5.1 Conservative Form

U, +F,+G, =0, (3.5.1)
where
p é)u pv
u=| ™ , F= pu”+p , G= p2uv . (3.5.2)
pU puUv pUv°+0p
pE puld pvH

Normal Flux
Projection of the flux in the direction of n = [n,, n, "

Pn

P+ Pa
F, =[F,G] -n=Fn, + Gn, = : 353
[, Gl n=Fna Gy = | 0 o 4+ pn, (353)
panH

where

Gn = ung +un,. (3.5.4)
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Jacobians
[ 0 1 0 0 |
q2 2
OF (V=15 —u B—=7)u (I=7v -1
A = —= (3.5.5)
ou —uw v U 0 ’
y—1, 2
54 —Hlu H+(1—-7vu* (I1—7yuww ~u
[ 0 0 1 0 |
—uv v U 0
oG 9
B = —= q , 3.5.6
a0~ | G-DL-? e G- g-1 (350)
y—15, 2
54 —H)v 1—-y)uw H+((1-7v) Y
OF,
A, 50 Ang + Bny
i 0 Ny Ny 0 1
7
(v — 1)57% —ugqn, ung — (v — Dung + ¢n uny — (v — 1)vng (v = Dny,
(V=1G5ny =0 vne—(y—Duny vy —(y=Dvny +an (v =1y
Y1,
¢ ~H)@m  Hng— (v~ 1ugs Hny — (v = 1)vgn Vn
r 0 n’ 0
2
_ (ny%nf%N ven+ (1-ynev+gl (y-1n | (3.5.7)
v—1
<f2q210qn Hn' — (1 -9)v'q, Van

where ¢% = u? +v?, v = [u,v]!, and T is the 2x2 identify matrix. | like A,, very much because it is very convenient:
simply by taking n = [1,0]* and [0, 1]*, we obtain A and B respectively.

Eigenstructure

A, =R,A,L,, (3.5.8)
where
[ go—c O 0 0
_ 0 Qn 0 0
An = 0 0 g.+c O ’ (3.5.9)
. 0 0 0 qn
i 1 1 1 0
_ U — CNy U u+cng Ly
R, = v — cny v vteny 4, | (3.5.10)
H_an q2/2 H+an qe
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2c2
dp — c*dp
L,dU = | &
dp + pcdgy,
2c2

pdqe

where [(;,£,]" is a tangent vector (perpendicular to n) such as

by || —ny
4, | ng |’
and gy is the velocity component in that direction,

g = uly+vly.

i dp 7 pCdQn T
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Ny
C

v—1
2c?
v—1

v—1
2c2

0

(3.5.11)

(3.5.12)

(3.5.13)

(3.5.14)

| like R,, and L,, very much. Again, they are very convenient: simply by taking n = [1,0]" and [0,1]’, we obtain
eigenvectors of A and B. It is also nice that the normal Jacobian A,, can be diagonalized as

An = Ln,Aan .

(3.5.15)

It would be even nicer if A and B could be diagonalized simultaneously so that the Euler equations could be written as
a set of scalar advection equations. This was easy for the one-dimensional Euler equations, but it seems very difficult
in two (and also three) dimensions. But it is still nice that the steady two-dimensional Euler equations can be fully

diagonalized (see Section 3.17).

3.5.2 Primitive Form

W, + A"W, + B"W, =0,

where
P u p 0 0 v
_ u w_| 0 uw 0 1/p w_ | 0
W= v |’ AT = 0 0 uw O , BY= 0
P 0 pc2 0 wu 0

o O

0

p 0

0 0

v 1/p
pcc w

(3.5.16)

(3.5.17)

Of course, as in Section 3.4.2, | wouldn't call A* and B" the primitive Jacobians because they are not Jacobians.
| do like to call them the coefficient matrices of the primitive form of the Euler equations.

Eigenstructure

w _ W w
Al =R/ALY,

where
dn PNz Py 0
0 g 0  ng/p
AY = ,
0o 0 I ny/p
0 pcPng pciny gy

(3.5.18)

(3.5.19)
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gn —C

0

A, 0

0

1 1 1 0
x zem
_faC gy MeC b
RY = p PP
Mg e by
p PP
_02 0 ¢ 0 |
LYdW =

0 0
n 0
0 gqn+c
0 0
[0
1
. L=
0
L O
[ dp —pcdgn T
2c2
dp —c?dp
_ >
dp + pcdgy
2c2
pdqe

0
0
O Y
q7L
NP Ny P 1
2 2 22
0 0 L
2
Ny P Ny p 1
2c 2c 222
Joram ply 0
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(3.5.20)

, (3.5.21)

(3.5.22)

Note that the fourth component represents a wave which brings a change in the tangential velocity component. This
is often called a shear wave or a vorticity wave (because such a velocity jump can be represented by a vortex sheet).

Change of Variables

ou OW
dU = W dW, dW = Fiid du,
where
1 0 0 0
ou U p 0 0
OW v 0 p 0 ’
/2 pu pv 1/(y—1)
i 1 0 0 0 7
u 1
—1 —— - 0 0
oW _ (8U> B P P
1 9
ou oW v 0 1 0
P p
L (v=1¢*/2 —(v=Du —(y=1)v -1 ]
oW ou oW ou
wo__ _Tw _ w
An = ou An oW’ Lo =L, ou’ R aWR"'

(3.5.23)

(3.5.24)

(3.5.25)

(3.5.26)
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3.56.3 Symmetric Form

| like the symmetric form of the Euler equations because the coefficient matrices become very simple.

V:+A'V,+B"V, =0, (3.5.27)
where
dp

pe v c 0 0 v 0 ¢ O

_ v_ | ¢ u 0 0 v _ |0 v 00
AV = du O o P - S I (3.5.28)

dv 00 0 u 000 v

dp — a’dp

and dV is called symmetric variables (symmetric variables are not unique; see Refs.[10, 40] for other choices). Look
at the matrices above. They are very sparse and simple. Moreover, | like the fourth equation which clearly shows how
the entropy evolves:

St + usy + vsy =0, (3.5.29)

where the entropy s has been scaled by (y — 1)p/R. That is, it is convected along a streamline, thus implying the
isentropic flow.

Change of Variables

The symmetric variables and the conservative variables are transformed into each other as follows:

ou ov

dU=—dV, dV=—dU 3.5.30
ov 7’ ou 7’ ( )
where the transformation matrices are given by
_ P 1 -
= 0 0 N
c c?
pu U
ou c c?
P T2
c c
2
q 1 2
[ v —1¢? u v o y—117
=L -t =
pc pc pc pc
U 1
v U\ ! - > 0 0
oV _ v — P P ) (3.5.32)
ou ov v 1
—— 0 - 0
P P
—1
_72 ¢ —(v=Du —(y-1v y-1 |

Eigenstructure

A’ =RUA,LY, (3.5.33)
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where
[ ¢, cng cny 0
v CNg  Qn 0 0
A = cny 0 o 0 , (3.5.34)
| O 0 0 qn
[ qn 0 0 0
v 0 gn—c 0 0
An = 0 0 gn+c 0 ’ (35.35)
| 0 0 0 qn
[0 1 1 0
v _ 0 —Ng Ny gm
R, = 0 ny ny L | (3.5.36)
| 1 0 0 O
[0 0 0 1
N 3 —3% —3ny O
L, = ) . . (3.5.37)
L 0 by Ly 0

o 1 1
pe
ou s | T e |, | (3.5.38)
v —ny Ny 4y
6]) _ a28p 0 0 0

which shows that the entropy is constant through the acoustic and shear waves. Of course, the entropy may increase
across a shock wave (a strong acoustic wave); this change is given by the Rankine-Hugoniot relation.
Streamline/Natural Coordinates

| like the streamline coordinates, (£,7) where £ taken along streamlines and 7 perpendicular to streamlines. The
symmetric form (3.5.27) becomes even simpler in this coordinate system:

—sinf cosf
0 0

V,+ AV +B'V, =0, (3.5.39)
where
dp
pc qg ¢ 0 0 0 0 ¢ O
_— dq w leq oo o 0000
v = N T DR D (3.5.40)
dac 00 0 g 000 0
dp — c*dp
g = wucosf+wvsinb, (3.5.41)
q = —usind+wvcosb, (3.5.42)
A" = AVcosf+ BVsind, (3.5.43)
B’ = —A'sinf+ BYcosé, (3.5.44)
) 10 0 0
~ ov 0 cosf sinf 0
aV = Sodv=| o | av. (3.5.45)
0 1
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and 6 is a local flow angle defined by 6 = tan~! (£). Look at BV. It is extremely simple.
We have obtained this form from Equation (3.5.27) by setting x axis to be a streamline direction and y axis to be
normal to the streamline. Or more formally, we invert this change of coordinates,

% = cos 9% + sin 9%, (3.5.46)

% = —sin 9% + cos 0%, (3.5.47)
to get

a% - cosea% sin 6, (3.5.48)

8%/ = sin 0(% + cos 9%, (3.5.49)

and substitute these into Equation (3.5.27).
Note that we always have ¢, = 0 by definition (zero velocity across streamlines), but its rate of change is not
necessarily zero along the streamlines.

3.5.4 Parameter Vector

The parameter vector is defined by

Z = Jp — . (3.5.50)

me:»—l
N
w

| like it because every component of conservative variables and fluxes can be expressed as a quadratic in the components
of Z [128].

2

r 22
pu zZ122
U = = 2173 y (3551)
v
PE z1Z4+7—1z§+z§
L Y g 2
[ pu ] [ 2129 ]
T I N O B (3.5.52)
puv 2925 | e
| puH | | 2224
[ pu 1 [ z123 ]
U 2%
G - " = 77, (3.5.53)
pU=+p z5+p
| pvH | | 2324
-1 2 2
p = R <Z1Z4 | Zd) . (3.5.54)
0 2

We can write the conservative form of the Euler equations in terms of the parameter vector variables:

U, + A°Z, + B°Z, =0, (3.5.55)
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[ V) Z1 0 0 1
-1 +1 -1 -1
, OF 1 24 1 22 - 23 ! 21
A= = v ot g v : (3.5.56)
0Z
0 zZ3 z9 0
L 0 zZ4 0 z9 i
I z3 0 21 0 i
0 z3 zZ92 0
oG
B = —_— = 3.5.57
9z -1 v=1  y4+1  y-—1 (3.5.57)
24— 22 z3 <1
Y Y Y Y
I 0 0 24 z3

Note that the Jacobian matrices are linear in the parameter vector variables, which can be useful to linearize the Euler
equations over a computational cell [31].
Perform change of variables as follows:

07 ou
7= — = —dZ 5.
d 8UdU’ dU 77 dZ, (3.5.58)
where
[ 22 0 0 0 ]
29 21 0 0
ou
9Z Z3 0 z1 0 (3:5.:59)
zg -1 v—1 z
Z9 zZ3 —
L Y Y J
- 1 -
5 0 0 0
1
e} 1 0 0
9Z 1 22
PR f— —_— 1 )
ou Zl o= 0 1 0
2 Z1
7—125—1—2;3 12y 29 23
- 2 D2 (v
L 2 Z% 2 21 ( )21 ( )251 i h
[ 1 0 0 0 ]
2
1
——u 1 0 0
- 2 (3.5.60)
VP —}v 0 1 0
2
¥ — 1
5 (u® +v?) fiH —(y—Du —(y—1v »
from which we find also
07 10U
Z=2—U U=-—7 5.61
ou ' 2 0Z (3.5.61)

Compare these with Equation (3.5.58). It is very interesting, isn't it? Moreover, since we have

F =AU, G=BU, (3.5.62)
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for the Euler equations (see Section 3.10), we find from Equation (3.5.61) that

10FOU, 1 .,
F = AU= o5 2= AL (3.5.63)
10GoU, 1.

These show how we can compute the fluxes by the parameter vector. | like these formulas because they would be useful
if we carry the parameter vector as working variables in a CFD code (i.e., we can directly compute the fluxes without
converting the parameter vector into the primitive variables). | like them also because they show that the physical
fluxes are quadratic in Z.

3.6 3D Euler Equations

3.6.1 Conservative Form

U, +F,+G,+H, =0, (3.6.1)
where
P pu pv pw
pu pu2 +p pvU pwy
U=| pv |, F= puv , G=| p®+p |, H= pwWU . (3.6.2)
pw puw pUW pw? +p
pE pul pvH pwH
Normal Flux
Pln
PAnU + Py
F,=[F,GH] - n=Fn, +Gn,+Hn, = | pg,v+pn, |, (3.6.3)
PanW + PNy
panH
where n = [n,,n,,n|" and
qn = Ung + vny + wn,. (3.6.4)
Jacobians
i 0 1 0 0 0 7
v—1
¢ B-vu (A= (I-yw y-1
A — —Uuv v U 0 0 (3.6.5)
—uw w 0 U 0
Y1, 2
54 —H|lu H+(1—-yu* 1—-—yw (1—7)uw ~u
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where A

Ay

— OF
— ou

B:8G C:6H

i 0 0 1 0
—vu v U 0

Y=le 2 1 3 1 1

B— 5—¢ —v (1 =9 (B=")u 1=yw v-

[ 0 0 0 1
—uw w 0 U
—vw 0 w v
N (R VI P MR C )
(*y;qu - H) w (I—7)uvw (1-v)ovw H+(1-7y)w?

and q2 = u? + 02 + w?. Also, | like this one:

ou’ ou’

Ang +Bny + Cn,

r 0 Ny Ny

K ,

Eq Ng — Uy  UNge — Kung + qn uny — Kong Un,

K ,

Eq Ny — Uqn vng — Kuny vny — Kvng + qp N,

K

Eanz WG wng, — Kun, wny — Kvn,

K ,

Eq —H)qn Hn, — Kugq, Hn, — Kvg, Hn
i 0 n’ 0 ]

y—1,4

5 d vy ven— (y—1)n®v+gI (y—1)n ’

TP H Hn! 1)vt

¢~ H)a n' —(y—1)vig, Yn

Ny

— Kwn,

— Kwny

wn, — Kwn, + q,

., — Kwqy,

Kng

Kn,

Kn,

Ydn

7

(3.6.6)

(3.6.7)

(3.6.8)

where K = v — 1, v = [u,v,w]?, and I is the 3x3 identity matrix. We may take n = [1,0,0]%, [0, 1,0]%, or [0,0, 1]?,
to obtain A, B, or C, respectively.

Eigenstructure

An = RnAnLn7

(3.6.9)
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where
[ go—c 0 0 0 0
0 ¢ 0 0 0
A, = 0 0 gute 0 0 (3.6.10)
O 0 0 ¢ 0
| 0 0 0 0 qn
I 1 1 1 0 0
U—CNy u u+tceng Cp my
R, = v—cny, v v4cny Ly, my |, (3.6.11)
w—cn, w w+cn, £, m,
H—quc ¢*/2 H+qc @ gm
K¢ an (K ome (K o) (K o) K
4c? 2c 2c¢2 2c 2c2 2c 2c? 2c 2¢2
1 Kq? Ku Ko Kw K
2¢2 c? c? c? c?
Lo = | K@ g0 (K om0 (K —m) (K - on) K | (3612
4c2 2¢ 2c2 2¢ 22 2c 2¢2 2¢ 2¢2
—4e Ea: gy Ez 0
L —qm My My m, 0 ]
[ dp — pcdgy, |
2¢2
dp —c?dp
s
LdU = | gt peda, |- (3.6.13)
2¢2
pdqe
pdgm
where £ = [(,, 0y, 0.]", m = [m,, m,, m.]", and n are mutually orthogonal unit vectors, and
@ =uly +vly +wl,,  Gm = umgy +vmy + wm,. (3.6.14)

See Section 1.3 for formulas and properties of mutually orthogonal unit vectors. Again, it is nice that the normal
Jacobian A, can be diagonalized as

A, =L,A,R,, (3.6.15)

but it is very difficult to diagonalize A, B, and C simultaneously. In three dimensions, even the steady equations
cannot be diagonalized for the same reason that it is hard to diagonalize the two-dimensional time-dependent Euler
system.

Absolute Normal Jacobian

Incidentally, | like to show that the absolute value of the normal Jacobian defined by

1A,| = Ry |Ay Ly, (3.6.16)
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where
A, = diag(|M\1],|A2]s | As], [Aal, [As]) (3.6.17)
|Qn - C| 0 0 0 0
0 19| 0 0 0
= 0 0 Jgntc 0 0 |, (3.6.18)
0 O O ‘Q1’L| 0
0 0 0 0 gl

can be expressed without ambiguous tangent vectors, £ and m. First, denote the k-th column of R,, by r; and the
k-th row of L,, by EI;’C, so that we can write

|A,| = R,|A,|L,
5
= Mlrety. (3.6.19)
k=1

(Note that £ is a tangent vector and €. is the k-th left eigenvector.) Now, we have

0 0t 0
il = | —q@f £x£ 0 |, (3.6.20)
- @ 0
where 0 = [0, 0, 0], and also
0 0’ 0
r5ll = —gmm mm 0 |. (3.6.21)

G gmm' 0
Then, we can eliminate the tangent vectors by adding these two and using the results from Section 1.3:
0 ot 0
ral +rsbt = gpm—v I—-n®n 0 |, (3.6.22)
@ —q¢ vi—gmn' 0

where I is the 3x3 identity matrix. Here, we notice that Ao = Ay = A5 = |¢,| and r2£; does not depend on tangent
vectors. Then, we would want to add rgﬂg,

- 1
11262
2

v—1
rgfg = 5 M?v

—v |, (3.6.23)

2 _ _ —_
< <1 _ 721M2> Tl Y1

where M? = ¢?/c?, to Equation (3.6.22) to get

5
|Xo| ols + Z (Al Ty, = |qn| (r2€5 + ral) + r5€5)

k=4
1oL y— Lo v—1
c2 c2
-1 -1 -1
= |qn| —<1+72M2>v+qnn 702 vedv+I—-—n®n _762 v | .(3.6.24)
¢ g g v-1
q§—2(1+ 5 M2) (1+ M2)vt—qnnt oM
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. t T .
Next, consider r1£; and rsf;:

i 7_1 2 Mn
T iz
4 + 2
1 M,
rifi = | (v—cn) (’y s 2)
1 M,
_ (H — gnc) (rY4M2—|— 2L>
i 7_1M2 Mn
4 2
v—1 M,,
rafy = | (v+cn) <4M2 - 2)
7_1 2 Mn
H+gue) (122 - 2
} +qd<4 2)
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-1, n y-1 |
2¢2 2¢ 2¢2
v—1 n v—1
(v—cn)® (— 52 vV 20) (v—rcn) 502 , (3.6.25)
-1 n v—1
H- ~ B (H-y
( anc) ( 2¢2 20) ( anc) 2¢2
v—1 n v—1 1
_ v
2c2 2¢ 2¢2
v—1 n v—1
Htan0) (-2 2) (H 4 gae) 2
n¢ 222 "2 € 50

where M,, = g,,/c. It may be possible to simplify the sum, | ;| r1£} +|\3| r3€h, but | stop here because they are already
independent of the tangent vectors. | like this very much because | can now compute the dissipation term (3.6.19),
using the normal vector n only. This is very useful because tangent vectors are not uniquely defined for a given normal
vector n, especially in three dimensions. By the way, the matrix |A,,| is required, for example, for implementing a class

of residual-distribution schemes [15, 19, 30, 164].

| also like to show that the product of the absolute normal Jacobian and the differential of the conservative variables,

|A,|dU = R,|A,|L,dU, (3.6.27)
is independent of the tangent vectors. It goes like this:
|A,|dU = R, |A,|L,dU
5
= [ M| rifdU
k=1
~ 0 -
p(gdeZ + mdem)
3
et p(L-dge + m.dgm)
L p(qedae + qmdgm) |
[ 0
p(du - danm)
3
= > Pkl relidU + |, pldv — dgnny) , (3.6.28)
=t p(dw - danz)
L p(udu + vdv + wdw — gpdg,) |
where the results in Section 1.3 have been used in the last step. This is very nice. | like it. Basically, the tangent

vectors should not appear at all because obviously |A,,| depends only on the normal vector. It should always be possible
to eliminate tangent vectors, £ and m, from |A,,| for any equations. By the way, the vector |A,,| dU is often used, for
example, for implementing Roe's approximate Riemann solver [128].
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Expanded Form

Sometimes, it is convenient to expand the conservative form of the Euler equations in terms of the derivatives of the
primitive variables:

(pu)e + (pv)y + (pw)-
(pu?)z + (puw)y + (puw). + pa

(E+
F.+G,+H: = (pvu)s + (pv?)y + (pow). + py
o +

(pwu)z + (pwv)y + (pw?). + p.

(putl)e + (poH)y + (pwH),

p(uy + vy + w,) + upy + vpy + wp;
u{p(uz + vy +w;) + upy + vpy +wp,} + puug + pvuy + pwu, + pa
= v{p(uz + vy + W) + upy +vpy +wp.} + puvg + pvvy + pwu, + py ,(3.6.29)

w {p(uw + vy + W) + upy + Vpy + wpz} + pUWg + PUWy + pWW; + P

PH (uy + v, + w,) + u(pH), + v(pH), + w(pH).

where
1
(pH), = P Z Pt 5pgc(u2 + 0% + w?) + pluuy, + vv, + wwy), (3.6.30)
v 1 2 2 2
(pH)y = 7Py + 5y’ +0% + %) + pluny + vv, +ww,), (3.6.31)
g 1 2 2 2
(pH). = mpz + ipZ(u + v +w) + pluu, +vo, + wwy). (3.6.32)

| like it because this form can be useful for numerically computing a source term arising from the method of manufactured
solutions where we define simple functions for the primitive variables and substitute them into the Euler equations to
derive a source term, so that the simple functions are the exact solutions for the Euler equations with the source term.

3.6.2 Primitive Form

W, + AW, +B*W, + C*W_ =0, (3.6.33)
where
[ p ] [w p 0 0 0 ]
u 0 u 0 0 1/p
W=|wv |, A=[0 0 w 0 0 [, (3.6.34)
w 0 0 0 w O
| p | L0 p2 0 0 u |
[v 0 p 0 0 ] [w 0 0 p 0 ]
0v 0 0 O 0w 0 O 0
B*=|[00 v 0 1/p|, C*=|0 0 w 0 0 |. (3.6.35)
00 0 v O 0 0 0 w 1/p
L0 0 p> 0 v | 0 0 0 p& w |
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Eigenstructure

Ay =RYALLY, (3.6.36)
where

qn PNz PNy PN 0

0 Gn 0 0 Ng/p
Av=10 0 dn 0 ny/p |, (3.6.37)
0 0 0 Gn nz/p

0 pc?ng pcny, pcPn, g

qgn—c 0 0 0 O

A, = 0 0 gute 0 0 |, (3.6.38)

0 0 0 g 0

[ 1 1 1 0 0 ]
_NaC g MaC b M
P PP P
14
R® - _% 0 "7 ;y m? , (3.6.39)
z r4 £Z z
_nee o ome om
P pop P
0 & 0 0 |
[ _MeP P _7ep 17
2c 2¢ 2¢c  2c?
1
1 0 0 0 =
LY = 0 Taf nyp n.p 1 |, (3.6.40)
2c 2c 2¢ 2¢2
0 ply ply pL. 0
L0 pmgz; pmy,  pm, U

Again, as in Section 3.4.2, there are no such things as primitive Jacobians. Note that we have two shear/vorticity
waves (fourth and fifth components above) in three dimensions.

Derivatives of Conservative Fluxes
We can write the spatial part of the conservative form of the Euler equations in terms of the primitive variables:

OF oG OH
U, + 37WW;C + ﬁwy + 87WWZ =0, (3.6.41)
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u
u2
5F o uv
OW
uw
1
| 3w
)
VU
0G | 42
oW
vw
1
| v
r w
wu
8H o wo
OW
w2

p 0
2pu 0
pv U 0
pw pu

pH + pu® puv  puw
0 p 0
pv pu 0
0 2pv 0
0 pw pv

pvu  pH + pv?2  pow

pu
pU

2pw

pwu  pwv  pH + pw?

1

O w
v—1

83

(3.6.42)

(3.6.43)

(3.6.44)

| like these derivatives of the conservative fluxes because they can be useful in computing the gradient of the fluxes in

terms of the gradient of the primitive variables:

oF _ oF ow
dr ~ OW Oz’

o _ oF ow
oy OW 0y’

o _ oF ow
8z OW 9z’

and similarly for G and H. Also, it is possible in the same way to compute the gradient of the normal flux:

oF, OF,0W OF, O0F,0W 0F, O0F,J0W
or OW 9z’ 9y OW Oy’ 0z OW 9z
where
oF, 8Fn N BGn N 8Hn
OW — OW ° oW Y gW 7
[ Pz Py PN
g  p(gn +unyg) pumny, pun.
_ Gn PUN, p(gn + vny) PN,
Gnw PWN pwny, o(gqn +wny)
1
2@ pHN. + papu pHny + pgnv pHn. + pgnuw

Change of Variables

U
dU = =0 AW,

OW
AW = — dU,

(3.6.45)
(3.6.46)
0 A
Ny
"y (3.6.47)
n.
e
e L0
(3.6.48)
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where
[ 1 0 0 0 0
0 0 0
ou wop
w 0 0 p 0
/2 pu pv pw 1/(y—1)
I 1 0 0 0 0
—u/p 1 0 0 0
OW P
Vit —v/p 0 2 0 0o |, (3.6.50)
—w/p 0 0 2 0
(v=D¢/2 —(v=1Du —(v=1)v —(y=Dw y-1
OW ou\ ! OW  9U oW U
—_— = —_— AY=—A,—, L,=L'—, R,=_——R". .6.51
ou (6W> ’ ENG10) OW " oU OW (3.6.51)
3.6.3 Symmetric Form
V,+ AV, +BV, +C"V, =0, (3.6.52)
where
d
= w ¢ 00 0
5 c u 0 0 0
AV = d“ , A’=|0 0 u 0 0|, (3.6.53)
dz 000 u O
dp — a%dp 0 0 0 0 wu
v 0 ¢c 0 O w 0 0 ¢ 0
0 » 00 O 0O w 0 0 O
B°=|¢c 0 v 00, C°=|0 0 w 0 0 (3.6.54)
00 0 » O c 0 0 w O
0O 0 0 0 w 0 0 0 0 w
Note that the fifth equation is an advection equation for the entropy:
St + usg + vsy +ws, =0, (3.6.55)

where the entropy s has been scaled by (v — 1)p/R. So, in all dimensions, basically the Euler equations describe
isentropic flows. It is the Rankine-Hugoniot relation (the integral form of the Euler equations) that describes non-

isentropic flows (shock waves).

Change of Variables

where

ou
oV

ou oV
dU = —dV, dV=_—dU
ov ou
L 0 0 0
c
P p 0 0
c
_ Py 0 p 0
c
pw 0 0 p
c
M2
pc\ —+ —— pu  pv - pw
L (2 v—l)

(3.6.56)

(3.6.57)
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'y—1q2 v w  y—1 T
I D= —(y=1)—= —(y—1)—
5 e ( )C (v )pc (v )pc e
1
— - 0 0 0
ov ou\ ! ’ ’
v 1
oV _ (2 _ v 0 L 0 0 . (3.6.58)
ou <3V> p p
1
v 0 0 - 0
p p
A S “(y =1 (-1 1
| 5@ ¢ (v —Du (y-Dv —(y—LDw y-1 ]

Eigenstructure

Al =R ALY, (3.6.59)
where
Gn Cngy cny cny 0
CNz  Qn 0 0 0
AV = cny 0 g 0 0 |, (3.6.60)
cn, 0 0 Qn 0
0 0 0 0 qn
dn 0 0 0 O
0 qn — C 0 0 0
A = 0 0 gn+c 0 0 |, (3.6.61)
0 0 0 qgn O
0 0 0 0 qn
[0 1 1 0 0 ]
0 —ng ng fy myg
R, = 0 —ny ny £y my |, (3.6.62)
0 _nz nz ‘62 mZ
|1 0 0 0 0 |
[0 0 0 0 1]
3 3" —3y —3ne O

0 My my m, 0

Again, as in two dimensions, it can be seen from the right eigenvectors that the acoustic and shear waves do not affect
the entropy.

Absolute Normal Jacobian

| like the absolute value of the normal Jacobian very very much for the symmetric form,

AY| = Ry AL, (3.6.64)
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because it can be much simpler than that of the conservative form (see Section 3.6.1). If we denote the k-th column

of RY, by ry and the k-th row of LY, by £}, then we can write

5

A% = Akl rity.

k=1
First, consider the following components:
00 0 0O
0 0 0 0O
rif, = | 00000
00 0 0O
00 0 01
0 0o 0
rfl, = 0 £2£ O
0 0o 0
0 ot 0
rsl; = 0 me@m 0
0 ot 0
where 0° = [0,0,0], and so

[0
Ai|ri€y + [Aafvaly + [ As|rsls = gl | O
| O
[0
= lgu| | O
| O

Lf+mem 0

Ot

Ot

Ot

0

I-n®n O

Ot

where I is the 3x3 identity matrix. Second, consider the other two components:

1 -nt 0
rolh = 3| m n®n 0
0 ot 0
1 n' 0
; 1
rs¢; = - | n n®n 0
0 o 0
and so,
Al mnt 0
Aol raly + [As| T3l = mn Anen 0
0 o' 0
where

IV |)‘3|+|)‘2| _ ‘Qn+c|+|Qn_C‘

Al = 5 5

b

Y |/\3|_|)‘2| _ ‘Q7L+C|_|Qn_c‘

Al = 5 5

1

i

0

)

1

(3.6.65)

(3.6.66)

(3.6.67)

(3.6.68)

(3.6.69)

(3.6.70)

(3.6.71)

(3.6.72)

(3.6.73)

(3.6.74)
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Finally, we obtain

B I\n? 0
5
A% = Il = | Nn gulI+ (N — ga))nen 0 |- (3.6.75)
k=1
0 0! |gn]

Comparing this with |A,,| in Section 3.6.1, we immediately see that this is so much simpler. | really like it. Note also
that
ou

A, =R,|A,|L, = =RV A, 122X = =

oV ou ., OV
Anl5o (3.6.76)

which is possible because the conservative form and the symmetric form are related through a similarity transformation.
Hence, the absolute Jacobian |A,,| can be calculated via a much simpler matrix (3.6.75). This is very nice.

Streamline Coordinates

Take x-axis as a streamline direction denoted by &, and y-axis and z-axis as mutually orthogonal normal directions
denoted by 1y and 7,,, then | get the following.

V. + AV, +B"V,, +C'V, =0, (3.6.77)
where
_ dp -
pc g ¢ 0 0 O
_ dgq 3 c g 0 0 O
dv = d , A=[0 0 ¢g 0 0|, (3.6.78)
q 000 g0
dgm 0 00 0 g¢g
_dp—anp_
0 0 ¢c 00O 0 00 ¢ O
~ 0 00 0O 5 0 00 O0WDO
B°=(¢ 0 00O, C°=]0 00 0 0], (3.6.79)
0 0 00O c 0 0 0O
0 00 0O 0 00 O0WDO

and we have set the unit vector in £ direction to be n = u/q, and the unit vectors in the other two directions, 7, and
Nm, to be £ and m, and defined the followings:

g = ung+uvny+wn,, (3.6.80)
@ = wly+vly+wl,, (3.6.81)
Gm = UMy +vmy +wm;, (3.6.82)
A’ = A’n, +B'n, +C'n,, (3.6.83)
B' = A%, +B",+C",, (3.6.84)
C' = AYm, +Bm, +C"m,, (3.6.85)

10 0 o0 O

_ ov 0 ng ny ny O
dV = ——=dVv=|0 ¢ ({, (, 0 [dV. (3.6.86)

ov 0
my my my; 0
0o 0 0 0 1
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3.6.4 Parameter Vector

The parameter vector is defined by

1 21
U 22
Z = p| v = | z3
w Z4
N | %5 |

(3.6.87)

| like it as in two dimensions because again every component of conservative variables and fluxes can be expressed as

a quadratic in the components of Z [128].

T [ 22 T
2122
P 2123
U = pv | = - ,
pw
B | z125+7—1z§+z§+zf
L v 0% 2 J
[ opu ] [ 2120 ]
pu® +p 2 +p
F = puv = 2923 ,
puw 2224
| puH | 2225 |
[ v ] [ 2123 ]
pou 2329
G = | pP4p |=|zHE+p |,
pUW 2324
| pvH | | 2325 |
[ pw ] [ zzg ]
pwU 2429
H = PWV = 2423 ,
pw? +p 224D
| pwH | | 2425

—1 2 2 2
= L (2,’12’5 — 722 +Z$ + 24) .
¥ 2

We can write the conservative form of the Euler equations in terms of the parameter vector variables:

U, + A*Z, + B*Z, + C*Z. = 0,

(3.6.88)

(3.6.89)

(3.6.90)

(3.6.91)

(3.6.92)

(3.6.93)
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. OF
A_a—z_

276G7
B =%z~

Z_BH_
C =%z

z9 Z1 0 0 0
v—1 v+1 v—1 v—1 v—1
z5 22 - Z3 - 24 21
Y Y Y Y Y
0 zZ3 z9 0 0
0 zZ4 0 Z9 0
0 25 0 0 29
z3 0 z1 0 0
0 z3 Z92 0 0
v—1 v—1 v+1 v—1 v—1
25 — 22 23— Z4 21
Y Y Y Y 0
0 0 24 23 0
0 0 Z5 0 z3
zZ4 0 0 Z1 0
0 24 0 29 0
0 0 Z4 z3 0
v—1 v—1 v—1 v+1 v—1
25— 22 — 23 24 21
Y Y Y Y Y
0 0 0 z5 zZ4
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(3.6.94)

(3.6.95)

(3.6.96)

Again, the Jacobian matrices are linear in the parameter vector variables, and this can be useful to linearize the Euler
equations over a computational cell [31]. Of course, | like to perform change of variables:

where

ou
0Z

0z _ 1
8U z1

2

0Z ou
dZ = —dU, dU = —dZ
ou 7’ 0Z
[ 229 0 0 0 0 7
Z9 Z1 0 0 0
_ z3 0 21 0 0
24 0 0 Z1 0
zs y—1 v—1 v—1 21
- 22 z3 24
L Y Y Y .
1 0 0 0
2
1 zZ2
———= 1 0 0
2 Z1
1 z3
——— 0 1 0
2 21
1 zZ4
- 0 0 1
2 z1
y=128428+28 1z  (y—Dz (y—Dzm  (y—1zu
22 22z 21 2 21

(3.6.97)

(3.6.98)

(3.6.99)
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] . -

5 0 0 0 0

_g 1 0 0 0
_ \}ﬁ _g 0 1 0 01, (3.6.100)

_% 0 0 1 0

R S A e
from which we find

Z=2 STZJU’ U= % aizjz. (3.6.101)

As in the two-dimensional case, | find it very interesting. Of course, since we have
F=AU, G=BU, H=CU, (3.6.102)

for the Euler equations even in three dimensions (see Section 3.10), we find from Equation (3.6.101) as in two dimensions
that

_19FOU,_ 1

_ il A ¥

F o= AU=j omZ= AL, (3.6.103)
10GoU,, 1.
10HOU, 1 .

Yes, we can directly compute the fluxes by the parameter vector variables without converting them into the primitive
variables. | really like the fact that the physical fluxes are quadratic in Z as seen in the above equations.

3.6.5 Derivatives of Eigenvalues

Sometimes, it is necessary to differentiate a numerical flux function, for example, for constructing implicit schemes.
Then, we would need to differentiate various quantities, e.g., the eigenvalues with respect to the conservative variables.
| have done it before, and | like it. Suppose we wish to compute d¢,,/OU. It can be computed as follows.

¢, Ogn OW
U ~ OW 9U
1 0 0 0 0
1
—= z 0 0 0
p p
v 1
— [Omm,ny,nz,O} —; 0 ; 0 0
1
v 0 0 Z 0
p p
v—1
| 5 ¢ ~(-Du —(y=1v —(y=Dw y-1

|28 e Ty M) 3.6.106
, ( )



3.6. 3D EULER EQUATIONS 91

which is the derivative of the eigenvalue, ¢,,. How about the speed of sound? In the same way, we obtain

e Oc OW
ou  OW 9U
i 1 0 0 0 0
1
—— - 0 0 0
p p
_ e N 2 0 - 0 0
2p7 ) 7 3 2pc p p
1
-2 0 0 - 0
P p
v—1
5 ¢ O =Du (=D —(y=Dw y-1
1) @2\ Ay —Du —y(y =D —y(y—1 1
_ ey 20=Da& ’ v(y )u’ (v )v7 v(y )w7 1y —1) (3.6.107)
2p 2 2 2pc 2pc 2pc 2pc
So, it is now easy to get the derivatives of the remaining eigenvalues, ¢, — ¢ and ¢, + c.
— N 2 St
e (2=
p o 2p 2 c2
- —1
ne Yy = Du
p 2pc
o(gn —c¢) Oqg, Oc ny vy —1w
) dn 2 - 4 - 3.6.108
ou ou ouU p 2pc ’ ( )
2 —1
ne oy - Dw
p 2pc
1y —1)
L 2pc J
an C -1\ 1’
P 2p 2 c2
ne  Y(y—1u
p 2pc
o(gn+c¢) Oq, Oc ny vy —1w
— = —+ — = — - 3.6.109
ou ou " ou o 20 ( )
n, y(y—Hw
p 2pc
1y —1)
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Some numerical flux functions involve the maximum eigenvalue, |g,| + c¢. Its derivative can be obtained in the same
way. First compute

Olan| _  Oldn| OW
ou OW 0U
[ 1 0 0 0 0
- - 0 0 0
P P
v 1
= [0,sign(gn) ng,sign(gn) ny, sign(gn) nz, 0] ) 0 P 0 0
1
v 0 0 2 0
P P
T—1 2
| 5 ¢ ~Or=Du —(y=Dv —(v=Dw v-1 |
_ _M) sign(gn) nx’ sign(gn) ny7 sign(gn) N2 7 O} 7 (3.6.110)
p p p p

and then we obtain

[l e (20 -D¢ 1
p 2p 2 2
sign(gn) e y(y — Du

P 2pc
sign(ga) . y(y —Dw
p 2pc
1y =1
L 2pc i

If we wish to differentiate Roe's approximate Riemann solver [128], which is a very popular numerical flux function

for the Euler equations, we need to differentiate the eigenvalues evaluated at the Roe-averaged quantities:

V PLPR,

\/PLurL + \/PRUR
VPL+ PR

\/PLVL + \/PRVR
VPL+ PR

o = YPLUL + VPRWER
VoL + PR

>
\

=9

>

(3.6.112)

(3.6.113)

(3.6.114)

(3.6.115)
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. VPrHL + /orH

o o= Yt pi+ 'Zi i (3.6.116)
N q2

¢ = 4/(y=1) (H—2>, (3.6.117)

Q¢ = W+ 0% 40, (3.6.118)

where the subscripts L and R indicate the two states that are averaged. See Ref.[128] for details and Ref.[109] for the
Roe-averaged density, p. Here, I'm interested to compute the derivatives of the eigenvalues, §,, ¢, + ¢, and ¢, — ¢,
where G, = Un, + 9ny + Wn,. We can compute the derivative of g, as follows.

A A X7 H H
n _ O4n OW_OW OW (3.6.119)
U ~ oWt OWH W U

where

N A

t
WH — {ﬁ,a,@,w,H] . WH = [p,u,v,w, H]' . (3.6.120)

Note that we are interested in 9§, /0U}, and 9§, /OURg, but the subscripts L and R have been dropped because the
above expression is valid for both L and R. From now on, the quantities with no subscripts are understood as either
the state L or the state R. The first derivative on the right hand side, i.e., 9G,,/OW™  is given by

9n

W = [0, ng, ny, 12, 0]. (3.6.121)
The transformation matrix GWH/GWH is given by
- p’\ -
— 0 0 0 0
2p
u—1q p
= - 0 0 0
20+p) p+p
OWH v — D p
| == 0 _ 0 0 . 3.6.122
oOwWH 2(p+p) p+p ( )
YU 0 P
2(p+p) p+p
H-H
— 0 0 0 P
L 2(p+p) p+p

| like this matrix very much because it has been arranged such that it can be used to compute both 8WH/8W£I and
OWH JOWH  That is,

r p
L 0 0 0
2p1,
ur — UA PL _ 0 0 0
2o +p) pL+p
OWH vy — 0 PL
| == 0 _ 0 0 , 3.6.123
oW 2(pL +p) pr+p ( )
wrmw o 0 L
2(pL + p) pL+p
H,—H
LiA 0 0 0 PL _
L 2(pL +p) pr+p 4
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and
P
2pr

uRfﬁ

2(pr +p)
OWH VR — 0

oWl 2(pr + P)

waﬁ)

A

Hp—H

2(pr +p)

L 2(pr +p)

0 0
PRA 0
PR TP
0 PRA
PRTP
0 0
0 0

PR
PR+ P
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0 . (3.6.124)

PR
pr+p

It is nice. | like it. So, | continue to drop the subscripts below. Next, the matrix OW ! /OW s given by

oWH
A%

1 0
0 1
0 0
0 0
a2
-1

ply—1) |

(3.6.125)

which also can be used to compute both SWH /oW and OWH /OWE . We are now ready to compute the derivative.

First compute

OWH  gWH gwH
OW  OWH oW
- ﬁ 7 -~ _
2p 0 0 0 0 00 0 0
“me P 0 0 10 0 0
2p+p) pt+p
_ V"YU P 0 010 0
2(p+p) p+p
w— 6 p 00 1 0
A 0 0 -0
2(p+p) p+p 5
I S
! 0 0 0 P p(y—1) p(y—1) |
L 2(p+p) p+p
- ﬁ -
£ 0 0 0 0
2p
u—1a P
~ -0 0 0
2(p+p) p+p
v—10 p
- . 0 -0 0 , 3.6.126
2(p+p) p+p ( )
w— W P
A 0 0 _ 0
2(p+p) p+p
H—H'_ a? pu pv pw 5
L 2(p+p) (y=Ulp+p) p+tp p+p p+p (v—1lp+p)
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and then
OWH WM oW
ou OW 09U
Ao+p) 0O 0 0 0 1 0 0 0 0
2p
u—a 0 0 0 — ! 0 0 0
2 P p
— 9 — 1
_ v-e 0O p 0 0 0 = 0 0
p+p 2 p p
w— W0 —w 1
—_— 0 0 - 0
2 0 0 » 0 p p
iy 2 (v = 1)¢?
H-H __a pu  pv  pw T 9 I=-7u A=y I-7w y-1
L 2 v—1 y—11F -
i plp+p) 0 0 0 0
2p
u—+u
— 1
) 0 0 0
1 + 0
- _ oy 0 1 0 0, (3.6.127)
p+p 2
w + W
— 0 0 1 0
2
H-—H & (-2
— 1-— 1— 1—
5 771+ 5 I-=7u I-=7v I-yw v
and we finally obtain
D G, OWH OWH oW
oU  gWH OWH oW oU
94, OWH oW
O OWH OW QU
94, OWH
 9WH 0U
r plp+p) 0 0 0]
2p
u—+ U
" 0 0 0
v+
= ——[0,n4,ny,n2,0] - 1 0 0
p+p 2
w + W
— 1
5 0 0
H-H &  (v-2)¢
- 1— 1— 1—
L 7_1+ 5 I=7u A=7v A=7w 7 |
1 Gn + Gn
In the same way, we can derive also
a AT 1 i A'I J . . A . A
% - P [_S|gn(ql)(2qn+qn)’ sign(Gn)nz,  sign(Gn)ny, sign(g,)n., 0]. (3.6.129)
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Of course, the derivative of the speed of sound can be obtained in the same way. First compute,

oc [, _(=Di (-1 (y-Da y-1
OWH ’ 26 7 26 7 26 7 2 |’

(3.6.130)

and then

A~ ~ x*7 A~
oE _ o oWT 1 (=1 + (y = 1)v) . (36.131)
ou  owH 0U  p+p 2¢

L 2¢ J
where v = [i, 9, @]" and v = [u, v, w]’. Now we can easily compute the following derivatives.

_ . qt
qn + 4n —1(¥*+%v-v H-H c? v —2)¢?
_ v

2 2 2 T3 y—1 2

-0 _ 1 (r =10+ (3= 1)o)
= = ) 3.6.132

M td) _ _1 (v =)+ (v~ )
_ ) 3.6.133
ou p+p Ny — 28 ( )

L 2¢ J

- St
_sign(@n)(gn +qn)  v—1 <\72+\7-V H-H 2 (7—2)q2>
2 2¢

Odn| +8) _ 1 .
ou  p+p sngn(qn)nyf( I 26( V) -(3.6.134)




3.7. AXISYMMETRIC EULER EQUATIONS 97

Other derivatives can be obtained in the same way. It is so easy because we have 8WH/8U. That is, we first
differentiate any Roe-averaged quantity with respect to W and then multiply it by the matrix OW /9U from the

right. | like it. | hope you like it, too. Note that we have already obtained the following derivatives from the matrix
(3.6.127):
[ 9p ] i plp +p) 0 0 0 0]
ou 2p
ol u+ U
— — 1 0 0 0
ou 2
o 1 v+
[t — 0 1 0 0. 6.1
50 P B (3.6.135)
9w _wrw 0 0 10
ou 2
oH H-H a? (v —2)¢?
a7 - 1— 1— 1—
| 50 . 5 o R I=u Q=7 A-7uw 7 |

It is, of course, possible to make use of these derivatives for differentiating Roe-averaged quantities. For example, we
can express 9¢/0U as a combination of 94/9U, 09/0U, 0w/0U, and 9H /OU, and then evaluate each term by the
corresponding row vector in the above matrix. Finally, | say again that all the expressions above are valid for both L
and R.

F 0 . Hos +5) |
Y 0 0 0 0
6UL 2PL
oa ur + 4
ouy, - 2 1 0 0 0
o 1 4
0] _ _ v+ 0 1 0 0 ], (3.6.136)
UL pL +p 2
o wp + W
_ 0 1
OH Ho-H df | (v-2)q}
- 1-— 1— 1—
L oUy, | L2 7f1+ 2 I=yur L=7)vr L=7wr 7 |
[0 7 [ plor +p) 0 0 . 0
OUg 2R
L ur + U
B — 1
00 1 VR +@
- - 0 1 0 0 |.(3.6.137
OUR PR+ P 2 ( )
0w wR + W
OUpR T 9 1
OUg 2 0 0 0
o Hp—H  af  (v—2a
U - - 1-— 1— 1—
L OUR L 2 v—1 + 2 (I=7ur (I=7vr (A—=7wr 7 |

To illustrate how these formulas are used in an implicit solver, | wrote a 2D implicit Euler solver and have made it
available at http://www.cfdbooks.com. | hope you like it.

3.7 Axisymmetric Euler Equations

| like the axisymmetric Euler equations very much. These equations formally two-dimensional equations but de-
scribe three-dimensional flows. That is very efficient. In fact, the axisymmetric Euler equations have been often
employed in CFD, e.g., Refs.[145, 173, 179].
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Consider cylindrical coordinates in Figure 1.5.1, where the velocity is denoted by v = [u,., ug, u]*. An axisymmetric
flow is defined as a flow with no variation in 6 with the z-axis as the axis of symmetry. Hence, ug = 0, and one of the
momentum equations drops out. The Euler equations are then given by

p

puz

pu

pE

19(rpu,)  Opu,
roor 9z
190(rpusu,)  d(pu?) Op
r o or 0z 9z
19(rpu?)  d(puyu,) Op
r o or * 0z + or
19(rpu,H) n Opu,H
L r or 0z

(3.7.1)

Note that the continuity equation comes from Equation (3.3.1) with Equation (1.5.23), the momentum equations from
Equations (3.3.2) with Equation (1.5.45), and the energy equation from Equation (3.3.3) with Equation (1.5.23). The
system can be written in the conservative form (multiply the both sides by r):

rp A(rpu,.) N A(rpu;) 0
or 0z

s Orpuzur)  O(rpuz)  O(rp) 0
9 N or 0z 9z | _ (3.7.2)
ot - A(rpu?)  A(rpuyuy)  O(rp) N

Pl or 0z or P

A(rpuyH)  O(rpu.H)
| B || or 0z J Lo

The system is very similar to the two-dimensional Euler system. To see this more clearly, let us replace (z,r) by (z,y)

and (u,,u,) by (u,v) to get

[ yp ] I(ypu)  O(ypv) [0 ]
ox dy
2
ypu Oypu) | Olypuv) | Olyp) 0
0 or oy ox
o7 + 9 = (3.7.3)
ot ) Olypuv) | O(ypv®) | Olyp)
up Ox Oy Oy p
O(ypuH) | O(ypvH)
LvwE | L O dy 1 Lo
In the vector form, it can be written as
(yU); + WF)z + (yG)y =S, (3.7.4)
where
P pu pv 0
2
u=| "¢ R pu +p , ;;uv . S= 0 (3.7.5)
pv puv pv? +p p
pE puH pvH 0

It is clear now that the system differs from the two-dimensional Euler system only by the factor y multiplied by the
conservative variables and the flux vectors, and the pressure source term. In Ref.[173], the axisymmetric form and the
two-dimensional form are expressed in a single form with a logical switch, @ = 0 for the two-dimensional form and
w = 1 for the axisymmetric form:
(@, U), + (@oF)z + (@ G)y =wS, (3.7.6)
where
We=(1-w)+wy. (3.7.7)

This is nice. If you have a two-dimensional Euler code, you almost have an axisymmetric Euler code, which is exciting
because the axisymmetric code is essentially a three-dimensional CFD code. | like it very much.
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3.8 Rotational Invariance
The Euler equations have the rotational invariance property (see Section 1.20)
F, =n,F +n,G +n,H=T'F(TU), (3.8.1)
where
1 0 0 0 0
0 ng, my n, O
T=|0 ¢ ¢ ¢, 0], (3.8.2)
0 my my m; 0
0 0 0 0 1
1 0 0 0 0
0 ng ¢, mgy O
T'=T'={0 n, ¢, m, 0|, (3.8.3)
0 n, £, m, O
0O 0 0 0 1
and n, £, m are three orthogonal unit vectors (see Section 1.3). So, we can do the following. First compute TU,
[ »
Pdn
TU=| pg |, (3.8.4)
Pqm
L PE
and evaluate F(TU),
[ pan
P +p
F(TU) = | pamge |, (3.8.5)
P4ndm
panH
and then rotate it back to obtain a flux vector projected in an arbitrary direction n,
PAqn
PAnU + Pg
F, =T 'F(TU) = | pg,v+pn, |, (3.8.6)
PAnW + PNy
panH

where the relation (1.3.21) has been used to get u, v, and w.

So, basically, we need only F and don't really need G and H. In fact, some people take advantage of this property
when they write a finite-volume code: set up one subroutine to evaluate the finite-volume interface flux based on F
only, and then perform the rotation as described above to get a numerical flux in arbitrary directions. | like this way
of computing a numerical flux, but | also like to use the form (3.8.6) directly to implement a numerical flux since it

seems more intuitive.

3.9 Convenient Ordering

| like to order the components as follows:

p pu pv pw
pE pul pvH pwH
U=|pu |, F=| pu®’+p |, G= pUU , H= WU . (3.9.1)
pvU puv pv2 +p pwvY
pw puw pUW pw2 +p
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Then, simply by ignoring the fifth row and H, we obtain the two-dimensional Euler equations, and by ignoring further
the fourth row and G, we obtain the one-dimensional Euler equations. The same is true for the flux, Jacobians, and
eigenvectors:

Normal Flux

P4n
panH
F,=Fn,+Gny,+Hn, = | pgu+pn, |. (3.9.2)
PanV + pny
PAnW + PN

Jacobians

0 0 n'
A = | ((FE-H)a v Hu'— (y—-1)vlg, | (3.9.3)
(- DLn-ve (1-Dn ven—(y— Un@v+ gl
Note that by taking n = [1,0,0]%, [0,1,0]%, or [0,0, 1], we obtain A , B, or C.

Right-Eigenvector Matrix

1 1 1 0 0
H—quwe ¢*/2 H4quc @ Gm
R, = u—cng, u u-tcng Ly mg |. (3.9.4)
vV —cny v v+eny, Ly my
W — CNy, w  wHcecn, £, m,

This is convenient in the case that we want to perform one- or two-dimensional calculations with a 3D code (simply
limit the size of arrays). | like this technique. It's really simple and useful. The CFD code called EulFS [15] actually
takes advantage of this ordering. Of course, alternatively, if we have a 3D code, we can perform one-dimensional
calculations by using a string of 3D cells aligned in z-axis. You can also do two-dimensional calculations by using a
two-dimensional grid with a unit width added in the third direction (this creates a 3D grid of prismatic cells). But |
think that the ordering technique is still useful for other purposes also. For example, it can be used also for extended
systems such as magnetohydrodynamic equations: add magnetic field components to the end of the hydrodynamic
state vector so that one can run purely hydrodynamic cases with an MHD code simply by limiting the size of the
solution array.

3.10 Homogeneity Property of the Euler Fluxes

If we assume that p/p is a function of e only (i.e., if p = pf(e)), then the Euler fluxes are homogeneous of de-
gree 1 in terms of the conservative variables. That is, for any scalar A, we have

F(AU) = AF(U), G(AU)=)\G(U), H(\U)=\H(U). (3.10.1)
Differentiating both sides with respect to A, and then setting A = 1, we obtain

OF oG oH

a—UU =AU =F, a—UU =BU =G, a—UU =CU=H. (3.10.2)

Therefore, the conservative form,
U, +F,+G,+H, =0, (3.10.3)
can be written not only as

U, + AU, + BU, + CU, =0, (3.10.4)
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but also as
U, +(AU), + (BU)y +(CU), =0. (3.10.5)

| like this because the Jacobian matrices look like as if they are constant even though they are actually not. In fact,
this can be useful. The Steger-Warming flux vector splitting [149] takes advantage of this property.
Also, note that we have

dF = d(AU)=AdU+dAU, (3.10.6)
dF = AdU, (3.10.7)

from which we find
dAU = 0. (3.10.8)

| think that | like it. I'm not sure, but it must be useful.

3.11 Nondimensionalization

3.11.1 Nondimensionalized Euler Equations

Nondimensionalized quantities are nice. No matter how large the actual free stream speed is (which depends on units
also), we can set it equal to 1 by scaling the velocity by the free stream speed. So, a CFD code does not have to deal
with too large (or too small) numbers. To be even nicer, the Euler equations stay in exactly the same form for various
nondimensionalizations. Consider the following nondimensionalization:

pr=—, pP==—, vi=— x*==, t*=— (3.11.1)
where L is a reference length, the variables with * are the nondimensional variables, and those with the subscript r are

some reference values. Substituting these into the continuity equation (3.3.1), we obtain

op™ Vi o s
2% + 7 div*(p*v*) =0, (3.11.2)

where div* is the divergence operator based on the nondimensionalized coordinates. So, by setting
(3.11.3)

we find that the nondimensional variables satisfy exactly the same continuity equation as that for the dimensional
variables:

*

Ip

T +div*(p*v*) = 0. (3.11.4)
For the momentum equations (3.3.2), we find
6 * ok . .
% Fdivi (o Vi evt) + hW grad” p* = 0, (3.11.5)
which suggests that we set
pr = p V2, (3.11.6)

and therefore the momentum equations are also identical to those for dimensional variables:

d(p*v")

BT +div*(p*v*®@v*) + grad* p* = 0. (3.11.7)
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For the energy equation (3.3.3), we first nondimensionalize the internal energy by V,?:
e

o — v (3.11.8)
so that we have
B % e ij (3.1L.9)
and also
H*_XIZQZ *+V;2 +2;;;. (3.11.10)

Hence, the total specific energy and enthalpy can be calculated in the same forms for the nondimensional variables.
Furthermore, it follows that the equation of state for a calorically perfect gas (3.1.21) also holds for the nondimensional
variables:

p*=(y—1)p*e”. (3.11.11)
Finally, with the above nondimensionalization, the energy equation (3.3.3) becomes
*E*
% +divi(p*vrH") =0, (3.11.12)

which is again the same form as that for the dimensional variables. So, all equations are invariant for the nondimen-
sionalization. This is very nice. So, I'm happy to summarize the result below.

Euler Equations for Nondimensionalized Variables

8 *
P divi(p*v') = o0, (3.11.13)
ot*
a9 (p*v*
9 (p*E*
QLD | av (v = o, (3.11.15)
where E* :e*Jr%, H* :E*Jr%:, and
* p * p * € * v * X * ¢
_r _ _ _Vv L 111
p pr7 p pT‘/’,‘27 e Vr27 v Vr7 X L7 l//‘/‘;1 (3 6)

The reference length can be taken as anything you like. For example, if the diameter of a cylinder is chosen as the
reference length, you generate a computational grid around the cylinder with the diameter 1. If you are given a grid,
whatever having the length 1 can be thought of as the part chosen as the reference length. Then, it is now a matter
of what values to choose for the reference density and velocity. There can be various choices. | especially like those |
describe below.

3.11.2 Free Stream Values

We may use the free stream values (indicated by the subscript co) as reference, i.e., set p, = po and V,. = Vi, which
give the following nondimensionalization:

*_p * p * € *

v X
I = = = — = th= . 3.11.17
Lo Vo STy Vo X o Ve ( )
Then, we can set the free stream values as follows:
1 * 1 -
p=1, pl= * Poo Vi = 22—, (3.11.18)

MZ C T 1) A - DME T T Vi

where n,, is a unit vector in the direction of the free stream. This means that the free stream speed is 1 and only
the direction, i.e., ny,, needs to be specified at a free stream inflow. Yes, also the free stream Mach number M
needs to be given, in order to set the free stream pressure. Note that the pressure is inversely proportional to M2 and
therefore it will become extremely large for flows with a very small Mach number. In fact, this is not a popular choice
for compressible flow simulations (popular for incompressible flow simulations, though).



3.12. CHANGE OF VARIABLES 103

3.11.3 Speed of Sound

We may use the free stream speed of sound a, in place of the free stream velocity V. This set of quantities is widely
used in compressible flow simulations:

«_ P " P «_ © «_ Vv X t
= =< = — = — ==, f=—-—. 3.11.19
Ce P T Y e T N T (1119
Then, we can set the free stream values as follows:
1 1 Voo
pio=1, pi== e =—— vi=—"=DMny. (3.11.20)
ol (v —1) oo

Again, we only need to specify the Mach number and its direction at the free stream inflow. | like this nondimension-
alization particularly because the velocity becomes equivalent to the Mach number at the free stream inflow and also
that the free stream pressure is constant (independent of M,). This is a very popular choice for compressible flow
simulations.

3.11.4 Stagnation Values

We can also use the stagnation values:

_1_ ol

—1. ] 7 1 —1_ ] 7T
=P 1 e o=t =B 2Ty 7 (3.11.21)
P0 2 poas  Ypo 2

(you can derive these relations from Bernoulli's equation for compressible flows in Section 3.18), and

t

* * A v.oa v p* v * * *
= 5, = — = —— = — _— = — 5 = ; = —. 31122
€ a? v a aay a ’yp* 0" X L L/ag ( )
Then, we can set the free stream values as follows:

1 1 1 1 e

_ ~y-1 — v-1
Pl = {1 + 7Mgo} ;P =T {1 + VMfo} , (3.11.23)

2 ol 2

. P3o Voo . Pio
€= —"—0 Vi=—al = Mooy [7—. (3.11.24)

Pi(y—1) oo Phe

Again, only the Mach number and the free stream direction need to be specified at the free stream inflow. This will
be convenient when you want to compare a computed pressure at a stagnation point with a known value. See Section
7.13.7 for example.

3.12 Change of Variables

| like converting variables, from conservative to primitive, for example. In particular, | like those | describe in this
section since these are valid for any set of nondimensionalized variables discussed in Section 3.11.

3.12.1 One Dimension

Let U = [p, pu, pE]" = [u1, u2,ug]’, W = [p,u,p]" = (w1, wa,ws]’, and Z = \/p[1,u, H" = [21, 22, 23]". Then we
have the following relations.

From conservative variables to others

p = u, (3.12.1)

u = up/ui, (3.12.2)

2
1uj

b o= (-1 {ug _ MJ 7 (3.12.3)
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z3 =

From primitive variables to others

puU

21

z2

z3

From parameter vector variables to others

U
pE

3.12.2 Two Dimensions

v,
u2/\/1717

2
ug  y—1 fug
\/LTl|:YU1 2 <U1> ‘| ’

2
us _y—1 (w2
vul 2 Uq '

= 1w,
= wWiwsa,
_ow wn
7_1 9 29
- vV W1,
- V W1w2,
w w
= =,
v —1/w; 2
_ 7 ws 1o,
y—1lw;, 2 2
22,
- 22/215
2
v—1 z
RV )
= Zz1Z22,
oz 7= 1,
= R—— ZQ,
g 2y
= 23/2’1.
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(3.12.4)
(3.12.5)

(3.12.6)

(3.12.7)

(3.12.8)
(3.12.9)

(3.12.10)

(3.12.11)
(3.12.12)

(3.12.13)

(3.12.14)

(3.12.15)
(3.12.16)

(3.12.17)

(3.12.18)
(3.12.19)

(3.12.20)

Let U = [P»puaPUvPE]t = [u17u2au37u4}t1 W = [pvuvvvp}t = [w17w27w3aw4]t1 and Z = \/ﬁ[lauava]t =
[21, 22, 23, 24]*. Then we have the following relations.

From conservative variables to others

uy,
U2/U1,
uz/uy,
1 u3 + uj
-1 _Z
(=) |- 5]

3.12.21
3.12.22
3.12.23

— —~ o~
~ ~— ~— ~—

3.12.24
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Z1 = /Ui, (3.12.25)
zo = uz/\/ui, (3.12.26)
zZ3 = Ug/\/ul, (31227)
ug oy — Lud +ud
— oA - 3.12.28
24 Uy ’Yul 2 u% ) ( )
ug oy — Lud + ud
H = ~———— . 3.12.29
’Yul 9 u% ( )
From primitive variables to others
p = wi, (3.12.30)
pu = wiws, (3.12.31)
pv = wiws, (3.12.32)
pE = (2 4 2) (3.12.33)
y—1 2 ’
21 = Wi, (31234)
Zo = AJWiWwa, (31235)
z3 = Vv Wi1ws, (31236)
! VW1 o9 2
= .12.37
24 'y—l\/w71+ 5 (w3 +w3) , (3.12.37)
yows 10, 2
H = ——+— . 12,
7—1w1+2(w2+w3) (3.12.38)
From parameter vector variables to others
p = 22 (3.12.39)
u = z9/z, (3.12.40)
= Z3/2’1, (31241)
-1 2 2
p = 1 . <le4 _2 ;*23) , (3.12.42)
pu = 2129, (3.12.43)
pv = 2123, (3.12.44)
2128 Y —1 .4 2
ol = —+ z5 + 23), 3.12.45
o 2,7 ( 2 3) ( )

3.12.3 Three Dimensions

Let U = [p7 PuvpvapvaE]t = [Ul,Ug,Ug,U47U5]t, W= [P»Uﬂ%w:p]t = [w17w27w37’w4;w5]t1 andZ = \/ﬁ[lauwvuw?H]t =
[21, 22, 23, 24, 25]". Then we have the following relations.

From conservative variables to others

p = ui, (3.12.47)
u = uz/ug, (3.12.48)
v = wug/uy, (3.12.49)
w = ug/uy, (3.12.50)
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z21

Z2 =

z3 =

24

zZ5 =

H =

From primitive variables to others

U

pU
pw
pE

21
z2
Z3

Z4

Z5

H

CHAPTER 3.

NI ey
Vi,

UQ/\/E,

us/\/u1,

U4/\/U1,
[ us vy —1lui+ui+u]
u1 {’Yul 2 u? ’

U1

uy 2 u?

us oy — 1u3 +uf +u?

wi,
wiws,
wiws,

w1wWy,
Ws w1
2 (0 ),
Vv W1,
V Wiwsz,
V W1w3,
Vv W1Wyg,
T Ws n \/ W1
v—1/w 2

Y ows 104 2 2
— + - (w3 + w3 + wy).
v 1w 2( 2 3 1)

From parameter vector variables to others

g€ ¢ 2

puU
pv
pw

pE

I

e
no
~

e
A

I
N
w
~
™D
=

(w% + w3 +wj),

EULER EQUATIONS

3.1251

( )
(3.12.52)
(3.12.53)
(3.12.54)
(3.12.55)
( )

3.12.56

(3.12.57)

3.12.69
3.12.70
3.12.71
3.12.72

—~ ~ —~ —~
~ —_ — — —

3.12.73

3.12.74
3.12.75
3.12.76

~ ~ —~
— — — ~—

3.12.77

(3.12.78)
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3.13 Incompressible/Pseudo-Compressible Euler Equations

Incompressible fluids are defined as fluids with negligible density variation (e.g., water). This is equivalent to negligible
Mach number, and in fact, a flow with a Mach number below 0.3 may be considered as incompressible. If we simplify
the Euler equations by using the constant density assumption, p = constant, the results will be called the incompressible
Euler equations.

Conservative Form of the Incompressible Euler Equations:

div(pv) = 0, (3.13.1)
O(pv) + div(pvev) +gradp = 0. (3.13.2)
Primitive Form of the Incompressible Euler Equations:
divv = 0, (3.13.3)
D
p?: +gradp = 0. (3.13.4)

| like these incompressible Euler equations because they are closed without the energy equation (which may be solved
a posteriori) and also because there is no time derivative in the continuity equation even for unsteady flows (because
the density is constant). But in fact the latter can be a disadvantage: a simple time-marching method is not applicable
because the whole system cannot be written as a time-dependent system. Now, Chorin proposed a pseudo-compressible
method [21], in which a constant artificial speed of sound a* is introduced to define an artificial density variable p*,

p=p/a*?, (3.13.5)
and a time derivative is brought back to the continuity equation in the form,
8 *
P Ldiv(pv) = 0, (3.13.6)
ot*
ie.,
P
o Tdv (a®v) = 0, (3.13.7)

where t* is an artificial time and P = p/p which is called the kinematic pressure. This helps the incompressible Euler
equations recover the hyperbolic character, so that a time-marching method is now directly applicable. The resulting
equations are called the pseudo-compressible Euler equations. This is very interesting. | like it. Note however that
only when p* reaches a steady state in the artificial time, is the original continuity equation (divv = 0) satisfied. That
is, the solution will be accurate only at a steady state. The value of the artificial speed of sound a* depends on the
problem and it is usually assigned a value between 0.1 and 10.0. See Refs.[21, 75, 97, 131, 132] for details. Note that
some people formulate the pseudo-compressible equation with a slightly different notation for the artificial parameter,
e.g., with g = pa*2 [97, 131, 132]. | like both notations, but in this book | will use a* throughout.
The pseudo-compressible Euler equations:

oP
— +div(a**v) = 0, (3.13.8)
ot*
ov .
5 +div(vev+ PI) = 0. (3.13.9)
In Cartesian coordinates:
Uy +F,+G,+H, =0, (3.13.10)
P a*%u a*?v a**w
2
u=|"|, =¥ a=| v |, m=| W |, (3.13.11)
v uv v° + P wv
w uw VW w?+ P
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The normal flux:

a*Qqn
. | gnu+ Pn,
F,=Fn, +Gny + Hn, = 4nv + P,
gnw + Pn,
The Jacobians:
[0 a? 0 0]
A - OF |1 20 00 ’
ou 0 v u O
|0 w 0 u
[0 0 a*? 0]
B — oG 0 v u 0
T 9U |10 20 0|
10 0 w v |
[0 0 0 a*?
c — OH |0 w 0 wu
99U |00 w o w ’
|1 0 0 2w
0 a*znm a*Qny a*2nz
A, — An, +Bn, + Cn, — Ng  Qn + UNg UNy UN
n ¢ Y # ny VN qn + vy Un,
Ny Wy Wy qn +wn,
The eigenstructure of the Jacobian matrix A,,:
An = RnAnLna
where
gn—c 0 0 0
B 0 qn 0O 0
An = 0 0 qn 0 ’
0 0 0 gun+tc
c=1/q2 + a*?,
(gn + ¢)c 0 0 —(qn — ¢)c
u—(qgnt+eng Ly my u—(qgn—c)ng
R, = ,
v—(gn+c)ny Ly my v—(gn—c)ny
l

w — (qn + c)n m. w— (gn —c)n,

n

[ 1 (Qn _'C)nw (Qn _'C)ny (Qn _'C)n% i
2c2 2c2 2c2 2c2
qe qndqe dnqe qnqe
2 by — =2 Ng £y — =2 Ny £, — =2 n,
L =
" Gm @nGm Gnlm GnGm
— 3 Me— TN My = ooy My = =,
1 (Qn + C)nar (QH + C)ny (Qn + C)nz
L 2¢2 2c2 2c2 2c2 J
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(3.13.12)

(3.13.13)

(3.13.14)

(3.13.15)

(3.13.16)

(3.13.17)

(3.13.18)

(3.13.19)

(3.13.20)

(3.13.21)
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€= [l 0y, L.]", m = [mg,my, m;]", n are mutually orthogonal unit vectors, and

@ =uly +vly +wl,,  Gm = umg +vmy +wm,. (3.13.22)

The characteristic variables (amplitudes of the waves) are given by

dP + (gn, — ¢)dgn
2c?
dP + q,dq,
dag qe( 6261 Gn)
L,dU = . (3.13.23)
i Gm(dP + gndg,)
Gm — ———
C
dP + (qn + c)dqn
L 2c2 i

The product of the absolute normal Jacobian and the differential of the variables,
|An|dU = Ry |Ap|L,dU, (3.13.24)
which can be used to construct the upwind flux, is, of course, independent of the tangent vectors as it should:

|A,|dU = R,|A,|L,dU

4
= [ M| rifdU
k=1
_ 0 -
Ly + grmy)(dP + qndg,
(Cadqe + modgy,) — 4l T4 6)2( 4nar)
= |)\1|I’1£§dU+ |)\4|I‘4£idU+|qn| V)
+ @My ) (AP ~+ gndqn,
(6, e + mydapm) — (qely +q 1;)2( Gndqn)
L, + qgmm.)(dP + q,dgn,
(C.dgo + mdgy) — 9T C)Q( 4ndr)
_ 0 -
— Unltx dpP nd n
C
— t t
= |)\1| rlﬂldU + |)\4| I'4£4dU + |qn| (U _ qnny)(dP + QndQn) s (31325)
(dv — dgnny) — 5
C
— Unllz ar nd n
L C J

where the k-th column of R, is denoted by r, the k-th row of L,, is denoted by 2%, and the identities in Section 1.3
have been used in the last step.

Note that this system is in conservative form and it is equivalent to the primitive form only in the steady state since
the continuity equation will be satisfied only in the steady state. Note also that the time derivative in the momentum
equation is actually real but has been written as artificial in the above. This is because it is meaningless to be real if
the momentum equation is solved simultaneously with the pseudo-compressible continuity equation.

3.14 Homentropic/lsothermal Euler Equations

As we have seen in the previous sections, in all dimensions, the Euler equations involve a scalar advection equa-
tion for the entropy s:

St +usy +vsy +ws, =0, (3.14.1)
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where (u,v,w) is a local flow velocity. This means that the entropy is constant along a streamline. But at the same
time, it means also that the entropy is not necessarily uniform for the entire flow field and can differ from one streamline
to another. Such a flow is called an isentropic flow. So, the Euler equations basically describe isentropic flows, with
a capability of accounting for non-isentropic features such as shocks by the Rankine-Hugoniot relation (the integral
form). A typical example of the isentropic flow is a flow behind a curved shock where the entropy is constant along
each streamline, but not uniform because its increase across the shock depends on the shock intensity which varies in
space. On the other hand, it would be very nice if the entropy were constant everywhere. It would be the case, for
example, when the entropy is initially constant everywhere and no shock waves are created anywhere. Such a flow is
called a homentropic flow (a special case of an isentropic flow). What is nice about a homentropic flow is that the
Euler equations close without the energy equation. For homentropic flows, the adiabatic relation,

p/p’ =K, (3.14.2)
is valid everywhere, i.e., K is a global constant (not only along a streamline), say K = ps./p2,. Hence, it follows from
the equation of state,

P 1 4 Kp 1

F=—"— 4 _pvi= —pv? 3.14.3
i e At e VAR ( )

that the total energy can be explicitly computed everywhere once the density and the velocity are determined by the
continuity and momentum equations, and therefore the energy equation is no longer required. This implies also that
more generally, if the pressure is a function of the density only, i.e., p = p(p) (such a flow or a process is called
barotropic [18]), the Euler equations will close without the energy equation. Then, the speed of sound c¢ is given by

c=7(p), (3.14.4)
which becomes, in homentropic flows,
c=/yKpr~1. (3.14.5)

On the other hand, a flow with v = 1 is called an isothermal flow. Here, by Equation (3.1.11), this is equivalent
to a gas with infinite degrees of freedom. Also, from Equations (3.1.9) and (3.1.10), we see that the specific heats
become infinite. This means that it is extremely difficult to change the temperature of the gas, thus leading to the term
‘isothermal’. | like isothermal flows because in this case also the Euler equations close without the energy equation. In
particular, the speed of sound is given by

c? = RT =p/p, (3.14.6)

which is now a constant. Isothermal flows are mysterious because v = 1 is artificial. There are no such gases in reality.
In either homentropic or isothermal flow, the Euler equations close without the energy equation, and the pressure
and the speed of sound are given by

p=Kp', c=+/yKp' 1, for homentropic flows,

(3.14.7)
p=c?p, c¢=+RT = constant, for isothermal flows.

In what follows, | write the Euler equations without the energy equation. Note that p and c in these equations are
given by the above formulas, depending on the type of flows.

3.14.1 1D Homentropic/Isothermal Euler Equations

U, +F, =0, (3.14.8)

where

U = [ppu},F:[pfzuz}. (3.14.9)

Jacobian

OF 0 1
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Eigenstructure

A =RAL,
where

u—c 0
A= ,

0 u+c
u+c 1
R — 1 1 L 2c 2c
u—c u4c _u—c 1
2c 2c

1

C LdU=| 2

1 p
Sdp+ La
Pt g

p
dp — —d
P 20u

111

(3.14.11)

(3.14.12)

(3.14.13)

Of course, this system is hyperbolic only if ¢ is real, which is true if p’(p) > 0. Hence, it then follows from Equation
(3.14.7) that it is hyperbolic for both homentropic and isothermal flows.

3.14.2 2D Homentropic/lsothermal Euler Equations

U;+F,+G, =0,

where
P pu pv
U = ou |, F=| p+pu? |, G= puv
pv puv p+ pv°
Jacobians
OF , 0 , 1 0 oG 0 0 1
A*ﬁ* cc—u” 2u ,B*ﬁ* —uw  vou |,
—uv v —v2 0 2w |
0 Ny ny 1
A, = An,+Bn,=| ®n, —uq, g¢n+un, uny ,
czny — VQp VMg Gn +v1y |
where
qn = ung +vny.
Eigenstructure
An = RnAnLn»
where
gn—c 0 0
An - O Qn O )
0 0 gntc
c+qn Ny Ny
1 0 1 2c 2c 2c
R,=| u—cng, —-ny u-tcng , L, = —qe —MNy Ny
V—Cny Ny VA cny €”n Iz My
2c 2c 2c
and

Q= —uUny + vng.

(3.14.14)

(3.14.15)

(3.14.16)

(3.14.17)

(3.14.18)

(3.14.19)

(3.14.20)

(3.14.21)

(3.14.22)
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3.14.3

where

Jacobians

CHAPTER 3.
3D Homentropic/lsothermal Euler Equations

U, +F,+G,+H, =0,

Eigenstructure

where

p pU ) pY pw
U= pu CF= P+ pu G- pvu2 CH-= puU
pU puv P+ pv pWU
pw puw pow P+ pr
[ 0 1 0 0
A — OF | —u® 2u 0 0
) —uv v u 0|’
| —uw w 0 wu
[ 0 0 1 0
B — oG —vu v u 0
T U | E=v?2 0 20 0 |
| —vw 0 w w
i 0 0 0 1
c - oH —wu  w 0w
| S —wv 0 w v |’
i Ac—w? 0 0 2w
0 Ng Ny n,
Can —Uqp UNg + Qqn UMy UM,
A,=An, +Bny +Cn, =
chy — Vqp VNy UMy + qn VN,
c2nz — Wqn Wy Wy WN, + qn,
A"ﬂ - RnAnLn»
gn—c 0 0 0
_ 0 gn O 0
An = 0 0 qn 0 ’
0 0 0 qgun+tc
[ €t Na Ty 7
1 0 0 1 2c 2c 2c 2c
u—cng fp my uU-+cng —qr Ly l, L,
Rn = 5 Ln =
v—cny f, my v4cng —qm My my My
w—cn, £, m, wHcny €74 M= Ty ne
L 2c 2c 2c 2c

£=[ly, L, L.]", m = [mg,my, m,", n are mutually orthogonal unit vectors, and

Ge = uly +vly +wl,, qpm = umg +vmy +wm;.
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(3.14.23)

(3.14.24)

(3.14.25)

(3.14.26)

(3.14.27)

(3.14.28)

(3.14.29)

(3.14.30)

(3.14.31)

(3.14.32)
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3.15 Linear Acoustics Equations (Linearized Euler Equations)

Decompose variables as follows:

p = po+/r, (3.15.1)
p = potyp, (3.15.2)
(u,v,w) = (ug,vo,wo) + (u', v, W), (3.15.3)

where the variables with the subscript 0 are uniform stream values and those with a prime are small perturbations.
Substitute these into the Euler equations, and make approximations (ignoring products of perturbations), then we
obtain the so-called linear acoustics equations.

Flows with small perturbations can be considered as homentropic (because shock waves will not appear). Then,
the equation of state can be written as

p = P(p), (3.15.4)

(4P
"=\

where ¢g is the speed of sound which is a constant. This will close the linear acoustics equations. Note that

dP
co — il
0 dp

must be positive. Don't worry. It is positive in homentropic flows:

co=\vKp) T =7 (1”2) py = \/7% >0, (3.15.7)
Po Po

for physically realistic pressure and density.

So, basically, the linear acoustics equations are valid only for flows with small perturbations, such as a sound wave
propagation or a flow over a slender body. The governing equations are now linear, and therefore nonlinear waves such
as shocks or expansions all reduce to linear waves. Also, simple wave solutions can be superposed to produce more
general solutions. This can be very useful. | like it.

e.g., p = Kp?, from which we get

P =, (3.15.5)

P=Po

, (3.15.6)

P=Po

dP

and therefore <~
7]

3.15.1 1D Linear Acoustics Equations

W+ AW, =0, (3.15.8)
where
/ 2
r p w' Ug PoCo
w2 el )
Eigenstructure
AY = RY ALY, (3.15.10)
where
) ) 1 1
-~ POCH  PoCyH 200c2  2cn
w | Up—¢C 0 w w P0CH Co
AV = 0 o + ¢ R"Y = , LY = 1 1 (3.15.11)
—Cp Co —_

2poct  2co
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3.15.2 2D Linear Acoustics Equations

W+ AW, + BY W', =0, (3.15.12)
where
P’ ) up  pocd 0 vo 0 pocd
W = o |, AV =1|1/pp wy 0 |, B"Y= 0 w O (3.15.13)
v 0 0w 1/po 0 v
Of course, these matrices are not Jacobians (see Section 3.4.2).
Eigenstructure
AY = RYA, LY, (3.15.14)
where
Gno  POCENL  Pociny Gng—c¢ 0 0
AY = | na/po ano 0 . OAY = 0  qng O , (3.15.15)
ny/po 0 Ino 0 0 gnotec
[ ey ]
pocg 0 poch 2poc3 2¢o 2¢o
RY = | —eona by con |, L =| O L b (3.15.16)
/ )
Oy Ly Cotly 2p0c3  2co 2¢o
and (0;,4y) = (—ny,Nz).
3.15.3 3D Linear Acoustics Equations
W+ AW, + B W', + CY' W', =0, (3.15.17)
where
2 UQ POC% 0 0
’ ’U/ w' 1/p0 uop 0 0
Wo= ol A= %0 0 w o (3.15.18)
w’ 0 0 0 w
Vo 0 Po 6(2) 0 Wo 0 0 LoCy
wo__ 0 Vo 0 0 w 0 wo 0
B 1/p0 0 Vo 0 ’ c 0 0 wo (31519)
0 0 0 I/po 0 0 wp

Eigenstructure

(3.15.20)
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where

2 2 2
qno PoCoNgz  PoCyNy  PoCyNz
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, nw/pO dno 0 0
AY = : (3.15.21)
ny/Po 0 dno 0
n/po 0 0 qng
ng—c O 0 0
w 0 Gng O 0
AY = 0 o e 0| (3.15.22)
0 0 0 qugte
pocg 0 0 pocg
’ —CoNg gm My  CoNg
Ry — (3.15.23)
—cony €y my  Ccony
—con, £, m, con,
r1 Ny Ny n, ]
2p0c2  2co  2c9  2c
0 Ly l, L,
LY = (3.15.24)
0 My my my
1 Na Ny Nz
| 2p0¢  2co 2¢o 2co |
£=[ly L, L.]", m = [mg,my, m;]", n are mutually orthogonal unit vectors, and
qe = wly +0ly +wl,, @ =umg +vmy + wm,. (3.15.25)

3.16 Quasi-1D Euler Equations

The quasi-1D Euler system is a model for a nozzle flow. The nozzle itself is two-dimensional, i.e., its section area A(x)
varies along the axial direction z, but flow variables are assumed to depend only on z. Here is the quasi-1D Euler
system:

oU  OF

4= 8 3.16.1
ot Tor > (3.16.1)
where
pA puA 0
U=| pud |, F= pul A , S=| -A% |, (3.16.2)
pEA pu(E+p/p)A 0

and E = e+ u?/2. | like this system because it can be written in the following form (A(z) only in the source term),

P pu 1 DA P
U=| pu |, F= pu? +p , S= “ADr pu , (3.16.3)
pE pu(E +p/p) pE +p
and also in the following form (no pressure gradient in the source term),
pA PuA 0
U=| pwd |, F= (pu? +p)A , S= p% . (3.16.4)

pEA pu(E +p/p)A 0
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See Ref.[57] for derivation, and Ref.[159] for the case that A changes in time. A really nice thing about the quasi-1D
Euler system is that if | set pA — p, then it is in the same form as the 1D Euler system (except for the source term),
and therefore the eigenstructure is the same as the 1D Euler system (which we already know). This is very nice.

On the other hand, if | set A(xz) = 27z, then | obtain the Euler equations for cylindrically symmetric wave motion,
i.e., the Euler equations in cylindrical coordinates (7,0, z) with no variations in the z direction. For example, | obtain
from Equation (3.16.3),

ou OF
ou  oF 3.16.5
ot * or ’ ( )
where
p pu p
U=| pu |, F= pu +p , S=—— U , (3.16.6)
pE pu(E +p/p) pE +p

and u is now the velocity in the radial direction. Note also that | have replaced = by r to emphasize the cylindrical
symmetry. Similarly, if | set A(x) = 4722, then | obtain the Euler equations for spherically symmetric wave motion:

P pu 90 p
U=| pu |, F= pu +p , S=—— U . (3.16.7)
r
pE pu(E +p/p) pE +p

This is very interesting, isn't it?

3.17 2D Steady Euler Equations

The 2D steady Euler equations are obtained by removing the time derivative from the 2D Euler equations (3.5.16),
AW, +B"W, =0, (3.17.1)

where W = [p, u, v, p]t. Since A is invertible (for u? # c?), we can write this as

W, + (AY)"'B*W,, =0, (3.17.2)
where
I Y- —pv pu L.
U
1 0 uv —c? .
(AY)"IBY = o , P , (3.17.3)
v u® —c
0 0 —(u? = ¢?)
U pU
L 0 —pvc? puc? u

Therefore, x-axis may be time-like (depending on flow directions). The eigenvalues and eigenvectors of (A%)~!B"™ are
given by

v
A = - 3.17.4
1,2 U’ ( )
uv —cy/q2 —c2  vB—u
D — = 3.17.5
3 ’LL2 — 02 ’U/B + ’U7 ( )
2 _ 2
Ay = uwreve e u+tvp (3.17.6)

u? — c? uB —v’
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_ P P ;
1 _
0 uf + v uf — v
0 u o vB —u B vB+u
pg*  MP(uB+v)  M?*(uB-—v)
R, = . . . , (3.17.7)
0 o e A
0 0 e’ pe
L uf +v uf —v
- 1 -
1 0 0 2
0 pU pv 1
L, = v " 1 : (3.17.8)
_m(uﬁ +v) QCQB(UB +v) _2,002 (uB +v)
v U 1
L 0 - 2¢2p (uf =) 2¢2p8 (uf =) 2pc? (uf =) _

where 3= VM2 — 1= /¢?/c2 — 1= /(u2 +v2)/c2 — 1 and ¢ = \/yp/p. Clearly, the character of the 2D Steady
Euler Equations depends on the Mach number:

Supersonic M >1 — Real eigenvalues — Hyperbolic,

Subsonic M <1 — Complex eigenvalues — Elliptic. (3.17.9)

Of course, it can be mixed: hyperbolic (supersonic) in some region while elliptic (subsonic) in other regions. In
particular, | like supersonic flows because then the system (3.17.2) can be fully diagonalized, with the characteristic
variables defined by 0V = L,0W:

oy u oy

o . = A7.1
or v Oy 0 (3.17.10)
Ovy 1 0vsy B
%‘Fgaiy = 0, (3.17.11)
vy vB —u dvs
.. . = 17.12
Or  uB+v Oy 0, (3.17.12)
Ovy u+ ’UB vy .
where
_ ) r o .
81}1 p— 75
c
A, p(udu + vOv) + dp
oV = = | ub+v : (3.17.14)
93 sy o (i —vou) — 9}
uf —v
| Ovy | i 2ﬁp025 {p (uOv — vou) + BOp} |

Note that the eigenvalues represent the slope dy/dx of the characteristics. Therefore, they can be expressed as vectors:
M2 =[u0]', Xs=[uB+v,08—u', Xy=[uB—0v,08+u". (3.17.15)

Then, we find
div s = div(Bv) + ¢, diviy = div(8v) — ¢, (3.17.16)

where { = v, — u,. The left hand side (the divergence of the characteristic speed vector) represents the diver-
gence/convergence of characteristics, implying the existence of expansion/shock waves. | like these relations very
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much because they indicate connections between the existence of the nonlinear waves and the physical quantities such
as the vorticity and divergence of the velocity field. Interestingly, it is not just the vorticity or the divergence but their
combinations (the sum or the difference) that tell us whether a shock or expansion wave exists (and also of which
family it is). So, if the sum div(5v) + ( is negative/positive, there is a shock/expansion from 3-family; if the difference
div(Bv) — ( is negative/positive, there is a shock/expansion from 4-family. Or you might want to combine them into
one,

(divX3)2 + (divX4)2 — {div(Bv)}? + 2. (3.17.17)

This can also be a useful scalar (non-negative) quantity for detecting nonlinear waves (a shocks and/or expansions of
any family). Actually, these relations were successfully used for adaptive Euler schemes in Ref.[100].

| like the steady Euler equations because they are of mixed type. There have been attempts to construct optimal
discretization schemes for the Euler equations, i.e., central scheme for the elliptic part and upwind scheme for the
hyperbolic part, (see Refs.[94, 113] and references therein). That sounds like an optimal strategy, but typically in
most cases numerical schemes for the Euler equations are constructed based on the unsteady character, i.e., hyperbolic
character. Yes, the Euler equations are hyperbolic in time, and can never be elliptic in time, which in fact makes it
easier to construct a numerical scheme. So, | actually like both approaches.

3.18 Bernoulli’s Equation

Bernoulli's equation is basically an integral of the Euler equation (the momentum equation),

ov
"ot
which can be written, by Equation (1.7.7), as

+ p(gradv)v+gradp = 0, (3.18.1)
) 2

p(% + pgrad <v2) —pvxcurlv+gradp = 0. (3.18.2)
This can be integrated for various flows; thus there are various forms of Bernoulli's equation.

Unsteady, Incompressible, Irrotational Flows

For incompressible irrotational flows, we have p = constant and curlv = 0. The latter implies the existence of the
velocity potential ¢: v = grad¢. Then, the Euler equations (3.18.2) can be written as

dp v p
d{ =+—=—+=) = 0. 18.
pgra (815 + 5 T ; (3.18.3)
This means that the quantity in the parenthesis is spatially constant but may change in time. We therefore obtain
0 V2 p
—+—+==f(t 3.18.4
o T t, =0 (3.18.4)

where f(t) is an arbitrary function of time. This is called the unsteady Bernoulli's equation and its steady version,
v2/2 4 p/p = constant, is the famous Bernoulli's equation obtained by Daniel Bernoulli.
Steady, Incompressible, Rotational Flows

For steady incompressible rotational flows, the Euler equations (3.18.2) becomes

v op
pgrad 7—&—; —pvxcurlv = 0. (3.18.5)

Because of the second term, there can be no spatially constant quantities. However, noting that the vector (v x curlv)
is perpendicular to the velocity vector v, we take the dot product of this equation and the velocity,

v:i op
pv - grad 5 + o) pv-(vxcurlv) = 0, (3.18.6)
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so that the second term vanishes and we obtain
vZ p
-grad | — + = = 0. 3.18.7
pvegrad (4 2) (3187)

This shows that we do not have a global constant quantity but a streamwise constant quantity:

V2
> -+ = = constant, (3.18.8)

ESEAS

along a streamline, i.e., the stagnation pressure py = pv?/2-+p takes different constant values for different streamlines.
To see how it changes across streamlines, we take the dot product of Equation (3.18.5) and a unit vector n in the
direction normal to the streamline,

v:i o p
pn - grad 5 += ] —pn-(vxecurlv) =0, (3.18.9)
p

which gives the spatial rate of change of the stagnation pressure normal to the streamline,

2
Opo _ 0 (p + p;) =pn- (v xcurlv). (3.18.10)

on  on
This shows that the vorticity (curlv) is the source of the spatial variation of py. However, it is also clear that in order
for py to be constant everywhere, the vorticity does not have to be zero, or equivalently the flow does not have to be
irrotational. If the flow satisfies

v x curlv =0, (3.18.11)

everywhere, meaning that it is a Beltrami flow (see Section 1.5), po will be a global constant. This is nice. | also like
two-dimensional flows in which we always have v L curlv, and so by choosing n in the same direction as (v x curlv),
we can write

0 pv?
= ) = 18.12
B (p+ 5 ) Pqw, (3.18.12)

q is the flow speed and w is the magnitude of the vorticity.

Unsteady, Compressible, Irrotational Flows

For compressible flows, the density is not constant. This makes it non-trivial to integrate the pressure gradient term
%gradp in the Euler equation. But it can still be integrated if we can express it as a gradient of some quantity. This
is possible for an adiabatic flow of a calorically perfect gas:

dp YR 1

— =dh —Tds = dh = dT = d(a?), (3.18.13)
p 1 v—1

where s is the entropy which is uniform for adiabatic flows and a is the speed of sound. This gives

1
;gradp = grad (a?). (3.18.14)

v—1

Now, introducing the velocity potential ¢, we can write the the Euler equations (3.18.2) as

0p V2 a?
d{ =+ — = 0. 3.18.15
pere (5‘t+2+71 ( )
Therefore we obtain the Bernoulli's equation for unsteady compressible irrotational flows:

b A = g(t), (3.18.16)

where ¢(t) is an arbitrary function of time.
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Steady, Compressible, Rotational Flows

In the same way as in the previous case, we can derive Bernoulli's equations for steady compressible rotational flows.
2
Basically, we just need to replace p/p by ﬁ Along a streamline, we have

2 2
V? + VQ— 7= constant. (3.18.17)
Normal to the streamline, we have
a 2 2
o ("2 + Wa_ 1) —n-(vxcurlv), (3.18.18)

where n is a unit vector normal to the streamline.

3.19 Gas Dynamics Equation (Nonlinear Potential Equation)

Assume that the vorticity is everywhere zero: curl v = 0. Then, we can define the velocity potential ¢ as
v = grad ¢, (3.19.1)
and substitute this into the continuity equation to get the so-called potential equation:
div(pgrad ¢) = 0. (3.19.2)
In Cartesian coordinates, the potential is defined as
U=z, V=0¢y, W=, (3.19.3)
and the potential equation becomes

(p92), + (pdy), + (p2), = 0. (3.19.4)

This nonlinear equation requires an additional equation for the density which can be obtained from the energy equation
(Bernoulli's equation) for an adiabatic flow of a calorically perfect gas (see Section 3.18):

2 2 2 2
a4 WAV AW g constant, (3.19.5)
v—1 2
where a = /~p/p. The density equation is then derived from
a? u2_|_v2_|_w2: ago +u§0+vgc+w§o7 (3.19.6)
v—1 2 v—1 2

and the adiabatic relation, p/pY = constant, as

1/(v—1)
P y—1_, u? + v? + w?
p—oo_ [1— 5 M2, (u§o+v§o+w§0 -1 . (3.19.7)

This formulation is valid for a steady adiabatic irrotational flow. It is also worth noting that in a steady adiabatic
irrotational flow the entropy is constant everywhere, i.e., the flow is homentropic (see Section 3.23). It follows then
that it is not valid for flows with shocks. But this conservative form is still approximately valid if the Mach number is
close to 1; it has actually been used successfully for various such flows. See Refs.[51, 155] for more details.

In two dimensions, the nonlinear potential flow can be described by the following Cauchy-Riemann type system:

Opu)  9(pv)
ox oy
dv  Ou

v _ou _ 19.
5~ By 0 (3.19.9)

= 0, (3.19.8)
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See Ref.[134] for numerical methods for solving this system. | like the Cauchy-Riemann system, but in this case | like
the scalar potential equation (3.19.14) better simply because it is a scalar equation. It is so much easier to develop a
numerical scheme for a scalar equation than for a system.

| also like the potential equation written in a nonconservative form. To derive it, expand the continuity equation,

pdivv+v-gradp = 0, (3.19.10)
and take a dot product of the velocity vector and the momentum equation,
a2
v - [(gradv)v] + n v-gradp = 0, (3.19.11)

where the pressure gradient has been replaced by the density gradient by using the relation, grad p = a? grad p. Now
it is clear that this and the continuity equation can be combined to give

d.vv_aiv (gradv)v] = O. (3.19.12)

This equation is known as the gas dynamics equation. | like it very much, especially the name, ‘Gas Dynamics Equation’.
It sounds exciting. In Cartesian coordinates, the gas dynamics equation is written as

U2 'U2 w2 uv VW wu

Of course, this cannot be solved for the three velocity components (u, v, w) because it is a scalar equation. But if the
flow is irrotational and thus the velocity is given by the velocity potential ¢: u = ¢, v = ¢y, w = ¢., then we can
write the gas dynamics equation in terms of ¢:

2
(1 - ¢2) Gzz + ( ¢> Pyy + (1 - ¢2> Pz — 2¢I¢y Py — 2¢y¢z byz — 2¢Z¢x P2z = 0. (3.19.14)

This is a scalar equation for ¢, and so can be solved for ¢ with Equation (3.19.7). This equation is perhaps more
widely known as the full potential equation rather than as the gas dynamics equation.

Incidentally, the velocity potential exists even in viscous flows as long as the vorticity is zero. The viscous terms
actually vanish from the governing equations for irrotational flows (curlv = 0), but the viscous stresses do not
necessarily vanish and can be expressed in terms of the velocity potential. See Ref.[65] for an interesting theory of
viscous potential flows. Also, the potential formulation can be extended to rotational flows by decomposing the velocity
into the irrotational (potential) part and the rotational part. See Refs.[43, 44, 96] for details.

3.20 Linear Potential Equation

In general, | like to linearize nonlinear equations. | would linearize the nonlinear potential equation as follows.
In two dimensions, a flow over a slender body with the free stream velocity Uy, in z direction generates perturbations
u, v (U0 << Us):

u=Ux+u, v=1" (3.20.1)
Then, introducing the velocity potential and its perturbation as

we find from Equation (3.19.14) that, for two-dimensional flows,

¢/

(3.20.3)
Note that the right hand side must be retained for transonic flows M., =~ 1 to keep the equation two-dimensional:
the a-derivative term (1 — M2 )¢/, will be very small for transonic flows and the equation will become nearly one-
dimensional without the right hand side. However, the right hand side can be ignored for subsonic and supersonic
flows, resulting in

(1= M2)¢l,, + ¢y, = 0. (3.20.4)
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This is the two-dimensional linear potential equation. In three dimensions, we introduce a perturbation velocity w’ in
z direction as

w=w =¢, =¢, << Uy, (3.20.5)
and obtain, from Equation (3.19.14), the following three-dimensional linear potential equation:
2 / / /
In either two or three dimensions, once the perturbation potential ¢’ is determined, the pressure can be computed by

D — Poo 2 2’1/ ) u/2 U/2+w/2
Cp = = o — 1) =— 1-M -
= Toon, ~ g Pre D= g O M)

(3.20.7)

| like the linear potential equation because it can be solved easily for small Mach number (it is almost the Laplace
equation), but not so much for a large Mach number (it is now hyperbolic. See Section 1.17 for classification). See
Refs.[53, 84] for more details on the linearized potential equations, and Refs.[51, 155] for numerical methods for solving
them.

3.21 Small Perturbation Equations

We can write the linear potential equation in terms of the velocity components, which are called the small per-
turbation equations (or the Prandtl-Glauert equations). For supersonic flows (M, > 1), these equations are written
as

Bu, —v, = 0, (3.21.1)
0 (3.21.2)

Vg — Uy = )

where 32 = M2 —1 > 0. It can be written as a vector form:

Wy + Aw, =0, (3.21.3)
where
0o - L
w:{ﬂ, A= B2 . (3.21.4)
-1 0
Eigenstructure
A =RAL, (3.21.5)
where
1 1 1
- 0 - = 3 -1
A= b , R= 2628 , L= . (3.21.6)
1 1 1 3 1
0 - — —
5 2 2
Characteristic Form
Lw, +LAw, = 0, (3.21.7)
(Lw), + A(Lw), = 0, (3.21.8)
that is,
1
az(ﬁu —v)+ Bé%(ﬂu —v) = 0, (3.21.9)
——(Bu+v) lg(ﬂ +v) = 0 (3.21.10)
8{17 u v 5ay u v = . .
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This shows that Su — v is constant along dy/dx = 1/ while Su+ v is constant along dy/dxz = —1/8. Note that this
diagonalization is valid only for supersonic flows (M., > 1). In particular, | like a flow with M., = /2 because then
B =1 and everything looks very simple.

For subsonic flows (M, < 1), we have

(1-M2)uz +v, = 0, (3.21.11)
vy —u, = 0. (3.21.12)

Then, the eigenvalues become complex, and therefore the system is elliptic. As for the Mach number, | like to set
My, = 0 (incompressible flows) because the system reduces to the Cauchy-Riemann system. As a matter of fact, |
would use the Prandtl-Glauert transformation:

=z, n=y\/1-MZ, U=+1-MZu V=u, (3.21.13)
so that the system, (3.21.11) and (3.21.12), becomes the Cauchy-Riemann system,

Us+V, = 0, (3.21.14)
Ve—U, = 0, (3.21.15)

for any Mach number (|Mo| < 1). This is very nice. Any subsonic small perturbation flow can be transformed into
an incompressible flow. See Refs.[74, 84] for more details on the Prandtl-Glauert transformation.

3.22 Incompressible Potential Equation

As we have seen in the previous sections, the velocity potential ¢ is very useful in computing steady compressible
irrotational flows. Here, we consider steady incompressible flows. For steady incompressible flows, the continuity
equation is divv = 0. Therefore, by substituting the velocity potential (3.19.1) into the continuity equation, we obtain

divgrad ¢ = 0. (3.22.1)

That is, the velocity potential satisfies the Laplace Equation in all dimensions. | like it because various exact solutions
are available for the Laplace equation. Two-dimensional flows are even nicer because a potential flow can be described
by the velocity potential and the stream function as described in Section 2.9. It is nice especially because the velocity
potential and the stream function satisfy the Cauchy-Riemann equations (see Section 2.9.2), and we can generate
various exact solutions by the theory of complex variables. Note that the applicability of the theory of complex
variables is limited to two-dimensional flows; it doesn't apply to general three-dimensional flows including axisymmetric
flows because the stream function does not satisfy the Laplace equation. See Section 4.24 for the governing equation
of the stream function.

3.23 Crocco’s Equation

Crocco's equation (or Crocco's theorem) is a modified form of the momentum equation. Consider the momentum
equation written in the primitive form,

0 1
a—: + (gradv)v + ;gradp = 0. (3.23.1)
Using the following relations,
v2
(gradv)v = grad (2> — v x curlv, (3.23.2)
1
Tds = dh— ;grad D, (3.23.3)

H = htY

2
R 234
- (3:234)
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the momentum equation can be written as

0
a—‘t’ —v X w=Tgrads — grad H, (3.23.5)

where w = curlv. This is Crocco's equation. It is a quite interesting equation. For example, we can use it to show
that the entropy is constant along a streamline for a steady adiabatic flow. To do so, first, note that for a steady
adiabatic flow, the equation for the total enthalpy (3.3.7)

DH 10p
—_— = 3.23.6
Dt pot’ ( )
reduces to
v-grad H =0, (3.23.7)

which implies, incidentally, that the total enthalpy is preserved along a streamline. Now, take a dot product of the
velocity and Crocco's equation to get

v-(vXxw) = v-gradH —Tv-grads. (3.23.8)

Observe that the left hand side vanishes because v L (v X w), and also that the first term on the right vanishes by
Equation (3.23.7). Then, we are left with

0 = v-grads. (3.23.9)

This indicates that the entropy is constant along a streamline. This completes the proof for constant entropy along a
streamline in a steady adiabatic flow. On the other hand, if we assume that w = 0 and H is uniform, then it follows
immediately from Equation (3.23.5) that the entropy is constant everywhere, i.e., the flow is homentropic. That is, zero
vorticity implies uniform entropy if H is uniform. Basically, Crocco’s equation is another form of the Euler equation
(i.e., the momentum equation). So, it is perfectly possible to replace the momentum equation by Crocco's equation
in the Euler system (then we would have to call it the Crocco system). | like Crocco’s equation. It is a quite insightful
equation.

3.24 Kelvin's Circulation Theorem

The circulation T is defined for a closed curve C by

r= }z{ v -dl, (3.24.1)
C

where dl is an element taken counterclockwise along C, and it is related to the vorticity w = curl v by

F:fv-dl://curlv-ndS://w-ndS, (3.24.2)
c 5 S

i.e., the circulation around C is equal to the in/out-flow of the vorticity across any surface S whose boundary is C.
The rate of change of the circulation of a closed curve C (moving with the fluid) can be obtained easily from the
primitive form of the Euler equations:

Dr d
el 775 el 1. (3.24.3)
Dt c P
If derived from the Navier-Stokes equations, by the way, it will have a contribution from the viscous term on the right
hand side:
Dr 1
= = j[ fdivrdl—jQ{ gradp g, (3.24.4)
Dt Jep c P

where 7 is the viscous stress tensor (4.2.1). For inviscid incompressible flows, p is constant and the right hand side of

Equation (3.24.3) vanishes:
d 1 1
%gra p-dl:ffgradp-dlszdp:& (3.24.5)
c P pJc pJe
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Therefore, we have from Equation (3.24.3)

Dr
— =0 3.24.6
=0, (3:246)

i.e., the circulation is conserved. This is interesting. Even for compressible flows, where Equation (3.24.3) can be
written as

Dr d
- = _7{ 89P 1= —j{ (gradh —T'grads) - dl = %Tgrads - dl, (3.24.7)
Dt c P c c
if the entropy is constant, then again the circulation is conserved:
DT
— =0. 3.24.8
Dt ( )

This shows that the circulation around a closed curve remains constant at all times as the curve moves with the fluid.
This is called Kelvin's circulation theorem. | like it because it gives interesting and important explanations about
vortical flows. The vorticity defines a vector field, and thus integral curves (i.e., the curves tangent to the vorticity
vector) may be defined. These curves are generally called the vortex lines. The surface formed by the vortex lines
passing through a closed curve is called a vortex tube (or filaments). The strength of the vortex tube is defined as the
integral of the vorticity over a cross-section of a tube, which is equivalent to the line integral of the velocity around the
closed curve, i.e., the circulation I'. Now | begin to see the connection between the vortex tube and Kelvin's circulation
theorem. Below are the theorems, known as Helmholz's theorems, obtained as direct consequences of the circulation
theorem:

1. A flow that is initially irrotational remains irrotational if no rotational forces exist.
2. The strength of a vortex tube is constant along its length.
3. A vortex tube cannot end in the flow, and must extend to the boundary or form a closed loop.

One of the most interesting behaviors that | like, which is implied by the second theorem, is that the vortex strength
increases/decreases as the cross-section of the vortex tube shrinks/expands. This is called the vortex stretching
mechanism as the cross-sectional changes are associated with the stretching of the tube.

3.25 Vorticity Equation

Evolution of the vorticity is described by the vorticity equation, which can be derived by taking the curl of the
momentum equations. Consider the primitive form of the momentum equations:

0 d
a—: + (grad v)v + grap P 0, (3.25.1)
which can be written by Equation (1.7.7) as
ov + grad YV _vxaurlv+ gradp = 0. (3.25.2)

ot 2

Taking the curl, we get

%—"; —I—M— curl(v x w) + curl (grapdp) =0, (3.25.3)

where w = curl v is the vorticity, which can be written by Equations (1.7.19) and (1.7.20) as

1 1
O;—c: — vdivw — (grad v)w + (divv)w + (grad w)v + ;c/ud/graﬁ?—&- grad (p) x gradp = 0. (3.25.4)

Therefore, we have

Dw_(?w

Dw  Jw gradp x gradp
Dt ot W '

> (3.25.5)

+ (gradw)v = (grad v)w — (divv)
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The left hand side is the rate of change of the vorticity along the streamlines. The first terms on the right hand
side describes the vortex stretching and twisting (or tilting), and the second term describes stretching due to the
compressibility. The third term is called the baroclinic term, describing the change in the vorticity by the misalignment
of the gradient of the density and the gradient the pressure. The baloclinic term vanishes for barotropic gases, i.e., if
the pressure is a function of the density only, because then the density and pressure gradients become parallel to each
other and the cross product vanishes. An example of such flows is the homentropic flow discussed in Section 3.14. Of
course, the barocliic term vanishes also for incompressible flows because the density gradient vanishes.
The vorticity equation can be arranged further by using the following relations:

0 (w low wdp 10w w W
%\2) 5o 2ot s Tl )dvvt s : 25,
5t<ﬂ> p ot p? ot p8t+<p)d"’"+p2(gradp) v, (3.25.6)

where the continuity equation (3.3.1) has been substituted, and

i (2] - oo (2) ]

1 1
= —— (w®gradp)v + —(gradw)v
p

02
w 1
= (gradp) - v + ;(grad w)v, (3.25.7)
which yields
D (w 0 (w w 10w w 1
Z () == (= dl = =_-= =) di “(grad ) 3.25.8
i () = (5) oo (5)] v =35 + (5) v St 6259
Finally, dividing Equation(3.25.5) by the density and substituting Equation (3.25.8), we obtain
D (w w gradp x gradp
D (9N _ (pradv) (&) 4 8rdp x gradp 3.25.9
Dt(ﬁ) (gra V)(p)+ P ( )

Comparing this form with Equation (3.25.5), we see that the stretching term due to compressibility is gone. In fact,
| like this form very much because the compressibility effect is incorporated into the stretching-twisting term and it
shows that it is the quantity w/p, not w, that behaves like the vorticity in the same way as in incompressible flows.
That is, w/p satisfies the equation that w satisfies in incompressible flows.

| like the vorticity equation because it describes very interestingly how the vorticity evolves in a flow and it is one
of the basic tools to understand turbulence as well as the basic equation for vortex methods [29].

3.26 Shallow-Water (or Saint Venant) Equations

Like a smooth water surface, when the vertical (z-direction) velocity and the vertical displacement of the surface
is sufficiently small (compared with the frequency of water waves; see Figure 3.26.1), the water depth h and the
velocity v = [u,v]! are governed by the following shallow-water equations (also called the Saint Venant equations):

Oth +div(hv) = 0, (3.26.1)

0y(hv) + div(hvev) + grad(gh?/2) = —ghgrad z(z,y), (3.26.2)

where g = 9.8m/s? and z¢(z,y) is a function that defines the shape of the bottom. Note that all quantities are
independent of z. It is interesting that the shallow-water equations can be derived from the Euler equations: add

a gravitational force term in the z-component, ignore the z-velocity and any variation in z, and then integrate all
equations in z from the bottom to the water surface. In doing so, we obtain from the z-momentum equation,

p-=-pg — p=po+pglh+z—2). (3.26.3)

This is a familiar relationship, called the hydrostatic pressure relation. Conversely, if we write p = %ghQ, rewrite h as
p, and assume zy = constant, then, the shallow-water equations become

Op +div(pv) = 0, (3.26.4)
O(pv) +div(pvev) +gradp = 0, (3.26.5)
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Figure 3.26.1: One-dimensional free surface flow.

which are nothing but the Euler equations without the energy equation. In fact, if we look at the eigenstructure, we
find that the quantity v/gh corresponds to the speed of sound:

Vigh =\/2p/h = \/2p/p. (3.26.6)

This implies that we have v = 2. Therefore, the Euler equations above are in the form of the homentropic/isothermal
Euler equations with v = 2. Basically, the shallow-water equations are a subset of the Euler equations. This is very
interesting. | like it.

Incidentally, it is easy to derive a conservation form for ¢ = gh, but it requires differentiations and therefore it is
not really valid for flows with shocks. See Ref.[81] for details.

3.26.1 1D Shallow-Water Equations

ht + (hu), = 0, (3.26.7)
1
(hu); + (mﬂ + 29h2> = —gh(20)e, (3.26.8)
or in the vector form
U, +F, =8, (3.26.9)
where
h hu 0
U = , F= , S= . 3.26.10
] P[P 5= [ . | (2510
Jacobian

OF 0 1
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Eigenstructure

CHAPTER 3.

A =RAL,
where
- 1 1
A — u—+/gh 0 ] R —
0 ut Vgh u—+gh u++/gh
u+gh 1 1 h
o0Vgh  2Jgh 2 o™
L — g I pau = X hg
_u—vgho 1 “dh+ ——du
2v/gh 2v/gh 2 2V gh
3.26.2 2D Shallow-Water Equations
hi + (hu)y + (hv), = 0,
1
(hu): + (hu2 + 2gh2) + (huww)y = —gh(20)z,
2 1 9
(hv) + (huv), + (hv + igh ) = —gh(z0)y,
y
or in the vector form
U, +F,+G, =8,
where
h hu hv 0
U = hu |, F=| p+hu?® |, G= huv , S=| —gh(20)s
hv huv p + hv? —gh(z0)y
Jacobians
OF 0 , 1 0 oG 0 0 1
A:%: gh—u® 2u 0 ’B_ﬁ_ —uv vou |,
—uv v gh—v?2 0 2v
0 Ng Ny
A, = An,+Bny=| ghng —ug, gn+un, uny ,
ghny — vgy VN Qn + VN
where
Qn = UNg + UNny.
Eigenstructure
An = RnAnLn7

EULER EQUATIONS

(3.26.12)

(3.26.13)

(3.26.14)

(3.26.15)

(3.26.16)

(3.26.17)

(3.26.18)

(3.26.19)

(3.26.20)

(3.26.21)

(3.26.22)

(3.26.23)
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where
Gn —Vgh 0O 0 ]
A, = 0 an 0 : (3.26.24)
0 0 qn+Vgh |
1 0 1 i
R,=| u—+ghn, €. u++ghn, |, (3.26.25)
v—+/ghn, £, v++/ghny |
Voh+aqn — ng  ny
2v/gh 2v/gh 2v/gh
L, = —q 2 by , (3.26.26)
Vah — qn Ny Ny
2v/gh 2v/gh 2v/gh
and
Q@ = uly +vly, (3.26.27)
e, by = [—ny,ng (3.26.28)

3.26.3 3D Shallow-Water Equations

Unfortunately, | cannot write them because | don't know them. | would definitely like them if the shallow-water
equations existed in three dimensions.
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Chapter 4

Navier-Stokes Equations

4.1 Navier-Stokes Equations

| like a little bit more realistic model for describing a fluid flow than the Euler equations. So, | will add some missing
pieces to the Euler equations: the viscous stress tensor 7 and the heat flux vector q. Yes, these are the Navier-Stokes
equations.

Conservative form of the Navier-Stokes equations

Op +div(pv) = 0, (4.1.1)
O(pv) +div(pvev) = dive, (4.1.2)
O (pE) +div(pvH) = div(Tv)—divq, (4.1.3)

where o is the total surface stress tensor which consists of the static pressure p and the viscous stress tensor T,

where I is the identity matrix.

Primitive form of the Navier-Stokes equations

D
Ff + pdivy = 0, (4.1.5)
D
p—D‘tf +gradp = divT, (4.1.6)
Dp . .
FtJr'ypdlvv = (y—1)[r:gradv —divq]. (4.1.7)

The continuity equation (4.1.5) can be derived from the conservative form (4.1.1) simply by expanding the divergence
term. The momentum equation (4.1.6) can be derived from the conservative form (4.1.2) by expanding the left hand
side and substituting the continuity equation (4.1.5). Note also that

dive = —div (pI) + divr = —gradp + div . (4.1.8)

To derive the pressure equation (4.1.7), first derive the kinetic energy equation by taking the dot product of the velocity
vector and the momentum equation (4.1.6),

D [v? .
roi\ o + (gradp)-v = —7:gradv +div(7v), (4.1.9)

131
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then subtract the kinetic equation from the energy equation (4.1.3), and finally use the equation of state for a perfect
gas, i.e,, p = (7 — 1)pe, and the continuity equation to convert the time derivative of the internal energy into that of
the pressure.

Which form do you like? | think | like the conservative form better because conservation is a very important property
(to ensure a correct shock speed in particular), and it is easier to develop a conservative scheme by directly discretizing
the conservative form.

4.2 \Viscous Stresses and Heat Fluxes

In Newtonian fluids (e.g., the sea-level air or water), the viscous stress tensor T depends linearly on the strain and it
is given by

7 = Adivv)I + p [grad v + (grad v)'] , (4.2.1)

where grad v + (grad v)! is the rate of strain tensor (also called the deformation tensor), u is the viscosity coefficient,
and X is the second viscosity coefficient. The bulk viscosity pp defined by
= At %u, (4.2.2)
is usually very small, and therefore we may set up =0, i.e.,
A= _gu, (4.2.3)

This is called Stokes’ hypothesis. | like this because it is a reasonable assumption. Consider the average normal stress
P (also called the mean pressure),

(73

3
1 2
= p— (3)\ x 3divv + 3udivv)

2
= p— (A—i— 3/L> divv

= p—ugdivv, (4.2.4)

P

where it has been defined as negative because o;; is negative when acting onto the fluid element. Basically, this gives,
independent of coordinates, an average normal force acting on a fluid element; such a quantity is generally considered
as the thermodynamic pressure. Then, it is a state variable. That is, under the assumption of the thermodynamic
equilibrium, it should not depend on the rate of the volume change, divv. So, it would be reasonable to accept Stokes'’
hypothesis ;g = 0, so that we have a reasonable relation, P = p. Of course, this is only a hypothesis, but it works very
well for a wide range of conditions. See Refs.[136, 169] for more details. Note that the viscosity coefficient generally
depends on the temperature. On the other hand, the heat flux is given by Fourier's law,

q=—rgradT, (4.2.5)

where £ is the heat conductivity which is a function of the temperature. The negative sign is put to define q as positive
when the temperature gradient is negative. That is, the heat flows from higher to lower temperature. In fact, this is
the basic assumption (or observation) of this empirical law. | think that it is indeed very reasonable.

| like both Newtonian fluids and Fourier's law for the same reason: both the viscous stress and heat flux depend
linearly on the derivatives of the primitive variables. This is nice.

4.3 Artificial Bulk Viscosity

As mentioned in the previous section, the bulk viscosity up is typically set to be zero, but there are methods in
CFD that bring it back in the governing equations as an artificial viscosity to improve numerical algorithms:

T = (ugt'f'c'a' - 3/;) (divv)I + p [grad v + (grad v)'] , (4.3.1)
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where ptificial (> 0) is the artificial bulk viscosity. In Ref.[124], the artificial bulk viscosity is introduced to accelerate
the convergence of an incompressible Navier-Stokes solver. The solver is based on the pseudo-compressible formulation
[21]. This formulation generates pseudo-acoustic-waves (see Section 3.13), and the numerical convergence towards
the steady state depends on how quickly the pseudo-acoustic-waves are eliminated via propagation and damping. The
artificial bulk viscosity is then introduced to enhance the damping effect. | like the idea very much, especially the fact
that the bulk viscosity term has no effect on the steady solution because it is proportional to the divergence of the
velocity divv that vanishes in the steady state for incompressible flows. Therefore, it only affects the convergence of
the numerical method. The idea has been extended to the compressible Euler [90] and Navier-Stokes equations [3],
where the artificial bulk viscosity term is formulated by div (pv) so that it vanishes in the steady state for compressible
flows. Of course, these methods are designed for steady problems, but time-accurate computations are possible by
implicit time-integration schemes where the fast steady solver can be employed to solve the implicit-residual equations
over each physical time step.

Another example is the localized artificial diffusivity method [27], where the artificial bulk viscosity is introduced as
a means to effectively capture shock waves without deteriorating the resolution of turbulence structure. To effectively
accomplish the task, the artificial bulk viscosity is designed to get activated locally at shocks, thus the term "localized".
The localized artificial diffusivity method has been applied to compressible shock-turbulent simulations with very high-
order numerical schemes. See Ref.[69] and references therein for details.

It is interesting to observe the impact of the artificial bulk viscosity term on the divergence § = divv and the
vorticity w = curl v:

06

1 o
n + .- =div ;grad (parificialgy | 4. (4.3.2)

ow

1 e
= —> grad p x grad (u3f925) ... | (4.3.3)

which have been obtained by taking the divergence and the curl of the momentum equations (4.1.6) divided by the
density. It is clear that the artificial bulk viscosity plays a role of diffusion for the divergence and is expected to provide
damping for faster convergence and for shock capturing. On the other hand, the second equation shows apparently
that the artificial bulk viscosity can actually generate the vorticity. In the convergence acceleration methods mentioned
above, it actually does not affect the vorticity at all because it vanishes in the steady state. In the localized artificial
diffusivity method, it is expected to be small at numerically captured shocks because the cross product of the density
gradient and the gradient of the artificial bulk viscosity is expected to be small (they are both dominant locally in the
direction normal to a shock front) [70]. It is nice to be small because accurate prediction of vorticity production across
a shock can be very important in turbulent simulations [78].

| like these ideas in that they attempt to improve numerical methods by improving the governing equations rather
than the discretization. In a way, it makes the construction of numerical schemes easier: given such improved governing
equations (with desired features built in), you just have to discretize them accurately.

4.4 \Viscosity and Heat Conductivity

The heat conductivity « can be evaluated through the viscosity coefficient p by utilizing the definition of the Prandtl
number Pr,

Cpht YRu YRu

Pr = 28 _ — = " 441
" K k(y—1) " Pr(y—-1) ( )

This is very nice because the heat flux vector can then be expressed in any of the following forms:
q=—rgradTl = fﬁ grad (a?) = 7%’; grade = fpﬁr grad h, (4.4.2)

where the relations, a? = vp/p = YRT, e = %T, and h = J—iT have been used. It is nice to know then that
the Prandtl number for the sea-level air is nearly constant for a wide range of temperature; Pr = 0.72 is a valid
approximation for the temperature between 200K and 1000K. In general, it is known that the Prandtl number is
related to 7y by

4y

Pr = .
9y —5

(4.4.3)
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This can be useful for non-ideal gases. See Ref.[159] for more details. Therefore all we need to evaluate the heat flux
is the viscosity coefficient . The viscosity coefficient can be computed by Sutherland’s law,

3

T T\?
0+ C (T) , C=1105[K], Ty=273.1[K], po=1.716x 107" [Pa-s], (4.4.4)
0

r=hrye

for air. This is also a good approximation for a wide range of temperature, between 170K and 1900K. See Ref.[169]
for more details.

4.5 Other Energy Equations

We obtain the equation for the internal energy e by subtracting the kinetic energy equation (4.1.9) from the total
energy equation (4.1.3):

D
pfi = —pdivv —divq + P, (45.1)
where ® is the dissipation term given by
® = r:gradv=pgradv + (gradv)'] : grad v + A(divv)>. (4.5.2)

It can be shown that the dissipation term can be written as

o g [gradv + (gradv)* — ;(divv)I} : {grad v+ (grad v)* — %(div v)I} + ()\ + §u> (divv)?

I Ou;  Ouy 2 . Ouy 2 2 Oouy, 2
g S i) Z —) . 4.5.
2 [(31’3 + 8%) 36” 8$k + A + 3” 8xk ( > 3)

It follows immediately from this that the dissipation term is positive if

2
>0, )\+§u20. (4.5.4)

This is very nice. It shows that Stokes' hypothesis (A = f%u) guarantees the positivity of the dissipation term. If you
are interested to derive Equation (4.5.3) from Equation (4.5.2), first you need to understand these identities,

[gradv + (grad v)*] : [gradv — (grad v)| = 0, (4.5.5)
(divv)I: [gradv — (grad v)"] = O0. (4.5.6)
Then, you write
® = T:gradv
= 7|2 (gradv + (gradv)) + 1 (gradv — (gradv)') | (45.7)

and expand this with 7 = A(divv)I + p [grad v + (grad v)!] and the identities above to get

o = g [grad v + (grad v)] : [grad v + (grad v)'] + %(divv)l : [grad v + (grad v)']
= % [grad v + (grad v)] : [grad v + (grad v)] + A(divv)>. (4.5.8)

Finally, you somehow arrange this into the final form (4.5.3), e.g., by adding [%p(div v)? — %u(div V)Q] and refactoring.
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Basically, the energy equation in the Navier-Stokes equations can be replaced by any of the followings:

d(pH) 0p . o .
pranialy +div(pvH) = div(rv)—divq, (4.5.9)
DH 0p . .
"o " div(7v) — divq, (4.5.10)
PDr +div(pv) = div(rv)—divq, (4.5.11)
p%j +pdivy = ®—divq, (4.5.12)
Dh  Dp .
et R, S _ 5.
"Dt ~ Dt diva (4.5.13)

It is very nice that we have so many options for the energy equation. Naturally, the entropy equation/inequality can
also be used:

Ds . /q P K
= = — 4 — . > 0. .
T + div <T) 7172 (gradT) - (gradT’) > 0 (4.5.14)

4.6 Total Pressure Equation

| find it interesting that the governing equation for the total pressure, p; = p + pv?/2, can be derived quite eas-
ily for steady incompressible flows. Take the dot product of the velocity and the steady version of the momentum
equation (4.1.2) to get

v-div(pv®v) = —v-gradp+ v - div T, (4.6.1)

which becomes by the vector identities (1.7.15) and (1.7.11), and the continuity equation

div (pv %) + %W: —div(pv) + pdivv + v - divT. (4.6.2)

We thus obtain

div(pyv) = div (Tv) — @, (4.6.3)
which can be written, by the continuity equation, as

(grad py)v = div (Tv) — ®. (4.6.4)

where @ is the dissipation term (4.5.2). This is the governing equation for the total pressure p; of steady incompressible
flows. | like it very much because it tells us some interesting physical behaviors of the total pressure in inviscid and
viscous flows. For inviscid flows, the right hand side vanishes, and the equation shows that the total pressure is
constant along the streamline. For viscous flows, the second term on the right hand side acts as dissipation, and it
only decreases the total pressure. On the other hand, the first term on the right hand side can be locally positive and
therefore can increase the total pressure although the global effect is zero provided no external forces are applied at
the domain boundary. This is an interesting observation, first made in Ref.[55]. In Ref.[55], a local rise in the total
pressure is actually demonstrated for a two-dimensional viscous stagnation flow and a three-dimensional viscous flow
over a sphere.

4.7 Zero Divergence and Viscous Force on Solid Body

Consider the continuity equation for steady compressible flows:

div(pv) =0, (4.7.1)
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which can be written by Equation (1.7.11) as
pdivv +gradp - v = 0. (4.7.2)
Now, suppose we apply the no-slip condition on a solid body, i.e., v. = 0. Then, we obtain
divv = 0. (4.7.3)

This is interesting. It says that the velocity divergence vanishes on a solid body in steady compressible flows. | like it
because it means that compressibility has no impact on the viscous force acting on a solid body:

T |pody = AWV + 4 [grad v + (grad v)']| = i [grad v + (grad v)'] (4.7.4)

which may be integrated over the body to calculate the viscous force. It is even more interesting to attempt to calculate
the viscous force. Consider the viscous force acting on an infinitesimal surface element on the body:

T |pody RAS = 4 [grad v + (grad v)*| ndsS, (4.7.5)
where dS is the infinitesimal surface element and n is the unit outward normal vector. We write it as
T |hoay D AS = p [grad v — (grad v)*| ndS + 2u(grad v)' ndS. (4.7.6)
Then, we can show that the last term vanishes on the body. First, | can easily show that
(gradv)' ndS = grad ¢, dS, (4.7.7)

where g, = v-n. The gradient of the normal velocity can be decomposed into three orthogonal directions: the normal
direction and two tangential directions.

0
adq, = — — 4+ — 4.7.8
gradin =5, " T am ™ (47.8)
where the tangential directions are denoted by ¢ and m, and their unit vectors are denoted by £ and m, respectively.
We then immediately find that the tangential derivatives vanish by the no-slip condition (i.e., no suction or injection):
t o Oqn
(gradv)'ndS = —ndS. (4.7.9)
on
Does this vanish also? Yes, it does. Recall that the velocity divergence vanishes on the body, which can be expressed
in the orthogonal coordinates taken with respect to the normal direction:
Oqn | Oqr | Ogm
dvv=—+—+ —=0. 4.7.10
V=0 T o0 T om (4.7.10)
The no-slip condition implies that the tangential velocities are uniformly zero in the tangential directions on the body.
Therefore, their derivatives vanish, and we are left with

% =0, (4.7.11)
on the body, and thus we do have
(gradv)' ndS = 0. (4.7.12)
We therefore conclude that
T lyoay 1 dS = p1 [grad v — (grad v)'] ndS. (4.7.13)
| like it because it can be written by Equation (1.7.6) as
Tlpoay D dS = p(curl v x n) dS = pi (w x n) dS. (4.7.14)

This is interesting. The viscous force can be calculated by integrating the vorticity over the body. The result is, of
course, valid also for incompressible flows [11, 122]. So, if your CFD code produces accurate vorticity on the body, the
viscous force can be calculated by integrating it over the body for steady incompressible/compressible flows.



4.8. 1D NAVIER-STOKES EQUATIONS 137
4.8 1D Navier-Stokes Equations
The 1D Navier-Stokes equations in conservative form:
ou OF
L =0 48.1
ot + Oz ’ ( )
where
P pu
U = pu |, F= put +p— Ty (4.8.2)
pE pUH — TaaU + 9z
ou
T = (2HENS (+83)
aT I 0a? o
. = —k— =— S L e— 48.4
e Ox Pr(y—1) oz Pr(y—1) ox ( )
| like that Stokes' hypothesis (A = —%u) simplifies the viscous stress to
4 Ou
vz = . 4.8.5
T 3o (4.8.5)
Incidentally, the dissipation term (4.5.2) becomes
ou\? ou\?
o = 2u|— A = 4.8.6
(o) () (4.85)

which is always positive, of course. | like this dissipation term, but it is not needed in the conservative form (4.8.1).

4.9 2D Navier-Stokes Equations

The 2D Navier-Stokes equations in conservative form:

oU 0P 0G _
o ox Oy

where

pU

pu2 + P — Tax
PUV — Tyy

putl — Tppt — Toy¥ + s

pv

PUV — Try
pU2 + P — Tyy

pvH — Typu — Ty + qy |

0,

(4.9.1)

(4.9.2)

(4.9.3)

(4.9.4)
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ou ou Ov
= 2u— == 4.9.
Tox u6x+)‘<8x+8y>’ (4.9.5)
Ov Ju  Ov
= 22—+ A —+— 4.9.6
Tuy u6y+ <8x+8y>’ ( )
ou  Ov
Toy = Tyz = M (5‘y + (%) ; (4.9.7)
oT I Oa? Y o (p
y = k—=-7—"F7—"-—=-"—"7"—"—"——1|=|], 4.9.8
e Ox Pr(y—1) ox Pr(y—1) 0z \ p ( )
oT I 0a? Vi o (p
@ = —-k—=-——+r =2 B 2 () 4.9.9
Y Ay Pr(y—1) dy Pr(y—1)0y \p (4.99)
| like again that Stokes' hypothesis (A = f%u) simplifies the viscous stresses to
2 Ju Ov
T — 5 20— — — ) 4.9.1
" 3t ( Ox 8y> (4.9.10)
2 ov  OJu
= —pl2e= -2, 4.9.11
Again, the dissipation term (4.5.2) is always positive:
ou\? v\ > v ou\’ ou v\’
P = 2 — 2 =— — + — AM=—+ = . 49.12
u[ (556) i (81/) +<3I+3y) * (3I+3y> ( )
| like this dissipation term, but again it has nothing to do with the conservative form (4.9.1).
4.10 3D Navier-Stokes Equations
The 3D Navier-Stokes equations in conservative form:
oUu oF 0G OH
S Rt o My 4.10.1
ot Tor Tay Tas 7Y (4-10.1)
where
F ]
U
U=| pv |, (4.10.2)
pw
L PE
_ o :
pu2 +p — Tax
F= PUV — Tyg , (4.10.3)
PUW — Ty
L putl — Typpu — ToyV — Tz W + Qx ]
_ o -
PUU — Ty
G = pv2 +p—Tyy , (4.10.4)
PUW — Ty
| p0H — Tyzu — Tyyv — Ty w + gy |
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pw
PWU — T
H= PWV — Ty , (4.10.5)
pw? +p—Te

| pwH — Top — Toyv — T2 + @ |

ou ou Ov Ow
T a_ a_ a. . | 4.10.
T 2uax+>\(ax+ay+az> (4.10.6)
v OJu Ov Ow
_ 9, ou , ov , ow 4.10.7
Ty M8y+/\<8x+8y+8z>’ (4.10.7)
ow Oou Ov Ow
- 9= i T E st 4.10.8
Ou Ov
_ _ du v 4.10.
Tey = Tyx K (ay + 3$) ) (4.10.9)
ow = Ou
ov  Ow
Tyz = Tzy = (82 + ay) ) (4.10.11)
oT I 0a? Y a (p
Y ¥ S — 4.10.12
o Ox Pr(y—1) ox Pr(y—=1)0z \p)’ (4.10.12)
oT I 0a? Vi d (p
= k—=-——""""=——"""—\|(= 4.10.13
o "oy Pr(y—1) 9y Pr(y—=1)oy \p)’ ( )
oT I 0a? Vi o (p
- - K I Y (P 4.10.14
1 0z Pr(y—1) 0z Pr(y—1)0z \p (4.10.14)
Of course, | like Stokes’ hypothesis (A = —2 1) which simplifies the viscous stresses to
2 ou Ov OJw
_ 2 (0u_Ov_Ow 4.10.15
Te 3”( oz~ By az>’ ( )
2 ov Ou Ow
2 ow Ou Ov
o= 2 (0w _ou _Ov 4.10.17
T 3t (282 Ox 8y> (4.10.17)
Yes, | like the dissipation term (4.5.2) that is always positive:
o = ul2(2) po (2 pa(w) s (Quy0u) L (Qu 00T (Ou Ouy’
- A or 0y 0z or Oy dy 0z 0z O
ou v ow\’
— 4+ — 4+ — 4.10.1
+’\(ax+ay+az>’ (4.10.18)

which is again irrelevant to the conservative form (4.10.1).

4.11 Axisymmetric Navier-Stokes Equations
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| like the axisymmetric Navier-Stokes equations as much as the axisymmetric Euler equations in Section 3.7. Again,
these equations describe a three-dimensional flow but formally two-dimensional equations. Since the inviscid part is
already described in Section 3.7, here we focus on the viscous terms.

Consider cylindrical coordinates in Figure 1.5.1, where the velocity is denoted by v = [u,, ug, u.| and the heat flux
is denoted by q = [g, qs,q.]". By taking the z-axis as the axis of symmetry, we assume an axisymmetric flow with
ug = 0 and 9/00 = 0. First, the divergence of the heat flux can be written by Equation (1.5.23) as

_divg = —1re) 194 e (4.11.1)

r Or 09 0z

Next, the divergence of the viscous stresses in the momentum equations is given by (see Equation (1.5.45))

[ 1 ormer) 1 (r“)% OTr.  Tos
Trr  Tro Trz r or /89 0z

dvr=div| 79, 799 T9. | = ;ig/m{)/ )17/%—29/ 87:9/ ;TZ . (4.11.2)
r r

Ter Ta0 Tes 10(r7..) | 1014 | Or..

L ar 0 o ]

where the viscous stress tensor is given by

T = Adivv)I+ pu[gradv + (grad v)']

1 Our 7{ aur [ 8ur 8;% Ou,
90 or
B 19(ru,) 10 Ou, ur 1 0ug
- /\(r ar ae+az>1+“ % /ﬁ %4 + ,/Z -7 /ﬁ -

Ou, 10yz Ou, Ouy Oug Oou,
L Or a0 0z L Oz z 0z
ou, Oou, Ouy,
2
or 0 0z + or 0 0 0
o or 0z r H 0 mes 01 o
ou ou, ou
z T o TUz 0 0 0
or + 0z 0 0z
Therefore, we have
divr =divt’ +s, (4.11.4)
where
o [ 10(r7),) n o), | C2uue A (Quy . A L
Trr Tro Trz r or 0z 7‘2 or 0z T
divr' =div| 75, 74 T, | = 0 ,S§ = 0 , (4.11.5)
T,;r T;G T;Z 1 a(TTér) 87—;;; 0
L r Or 0z |
8'LLT 0 Bur auz
or 0z or
N AT 0 0 0 (4.11.6)
or 0z r a ' o
Oou, Ou, 0 26‘u2
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It is clear that the 8-component is zero. Hence, we have only two equations: r- and z-components. Finally, the viscous
work term in the energy equation can be written as

ou, Oou, Ou,
0 +

2
Ur or 0z or Ur 0 0 0 Ur
ou, Ou, U, Uy
TV =2\ S Ml B O N7 T 0 0 0 wg |+ 0 20" 0 || w
or 0z r r
u, Ou, Ou, 0 28uz wu, 0 0 0 u,
or 0z 0z
(4.11.7)
Clearly, the -component is zero, and we have 7v = 7'v, and thus
div(tv) = div(7'v). (4.11.8)

We are now ready to write the viscous terms in the two-dimensional form. Switch the z-equation and the r-equation
just for convenience, and replace (z,7) by (z,y), (¢z,¢r) by (¢z,4y), and (u,,u,) by (u,v) to write

1 (0(yg.) | 9(ygy)
divg = y ( O + ay ) (4.11.9)
OWTaa) | OYTay) 0
. 1 Ox oy
divr = — + 9 Nz P , (4.11.10)
Yy a(yTyz) + a(yTyy) _ AU A (u + ov + 'U>
Oz dy y> oy \dz 9y vy
o oo
Ox 0 ox
T{Tm Twy]A<au+av+v)I+u Y , (4.11.11)
Tyx  Tyy oz dy y v L Ou 2@
Jx Oy Jy
6(y7—zzu) + a(yszv)
1 ox Oy
div(tv) = — , (4.11.12)
Y| Oyryau) 4 AyTyyv)
oz Jy

where v and q are now two-dimensional vectors, and 7 is a two-dimensional tensor. It is important to note that the
velocity divergence in the viscous stress tensor (4.11.11) has an extra term v/y, and the same for the second component
of the source term in the viscous-stress divergence (4.11.10). Finally, the axisymmetric Navier-Stokes equations can
be written as

WU), + (F)e + (¥G)y = (VF*)e + (yG")y + S, (4.11.13)
where
[ p ém pU
u=| |, F=|P“TP | g=| P |, (4.11.14)
pv puv pv°+0p
| pE puH pvH
0 7 0 [ 0 ]
Txax Tey 0
vo_ v = (4.11.1
F G S 2uv ou Ov v ( %)
Ty Tyy p—— A —+ —+—
Yy ox 9y y
Tzl + TzyVU — qg Tyalh + TyyV — Gy L 0 1
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As in the inviscid case, following Ref.[173], we can express the axisymmetric form and the two-dimensional form in a
single form with a logical switch, @ = 0 for the two-dimensional form and w = 1 for the axisymmetric form:

(@, U), + (WoF)z + (0o G)y = (@WaF")z + (@ G”)y + WS, (4.11.16)
where

U, =(1-w)+wy. (4.11.17)

This is really nice. If you have a two-dimensional Navier-Stokes code, you almost have an axisymmetric Navier-Stokes
code, which is essentially a three-dimensional CFD code. | really like it very much.

4.12 3D Normal Viscous Flux and Jacobian

Often, we consider the inviscid and viscous fluxes separately. The viscous flux of the Navier-Stokes equations,
denoted by F¥, GY, H", are given by

0 0 0

Txx Tay Trz
FY = —Tyx , G'= —~Tyy , HY= —Tyz , (4.12.1)

—Tzx —Tzy — Tz

—Tyz T Q| | —Toy T qy | | —Tvz T4z |
where

Toe = TaaW + Toy¥ + T W, (4122)
Toy = TyzlU + TyyV + Ty W, (4.12.3)
Toy = TzaU+ TzyV + T2 w. (4124)

It is so much simpler than the inviscid flux. | like it very much. In CFD, we often deal with the flux projected along
a particular direction, e.g., normal to a control volume boundary. Let n = [n;,ny,n.]" be a unit vector. Then, the
viscous flux along n, denoted by F,,, is given by

0

T
F,=Fn,+Gn,+Hn, = —Tny , (4.12.5)

—Tnz

[ ~Tno TG0 |
where

Tne = TazNz + TayNy + TazNyz, (4.12.6)
Tny = TyaNae + TyyNy + TyzNz, (4.12.7)
Tnz = TzaNa + TzyNy + TzzNz, (4.12.8)
Tno = Tnall + Tpyl + Ty W, (4.12.9)
qn = QN+ qyny T, (4.12.10)

All quantities above have been assumed to have been evaluated at some average state, which is indicated by the over
bar. For example, in finite-volume methods, the normal viscous flux F? needs to be computed at control-volume
boundary faces, and n denotes the normal vector. | like the normal viscous flux because all we need for the heat flux
is the normal gradient:

_ . I — 72 Vi p
G, =-fkn-gradT = ——————n-grad(a?) = ——=———~n - grad (), 4.12.11
g Pri " E (a?) Py g, ( )
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which we may write simply as

_ . _ar B 0da® a9 (p) Vi dp pIp
gp=—"RKR7—=—"F7F""F"""—F7"="">""—++—|~“"|=—"—F—"""—=|+——=5-1, (4.12.12)

on Pr(y—1) on Pr(y—1) 0On \ p Pr(y—1)p \On pon
where 0/0n denotes the derivative along n, i.e., 9/0n = n, 0/0x + n, d/0y + n,d/0z. So, we need only one
derivative, i.e., the one along n. This is nice. | like it. On the other hand, the viscous stresses require the derivatives

in the other directions. To see this, recall that the viscous stress tensor is given by
7 = Adivv)I + 1 [grad v + (grad v)] . (4.12.13)
Then, the viscous stress tensor projected along n is given by

?nac

™= | Tpy = Adivv)n + 7 [(grad v)n + (grad v)'n]

F’I’LZ

= Adivv)n+7 BZ + grad un]

[~ @_’_@_A’_@ + 7 @_ﬁ_%

oz "oy 0z )" T\ on T ox
—(Ou Ov Ow Ov  Ou

- D T ol = n 4.12.14
A<ax+8y+8z)ny+u<8n+8y) ' ( )

X %Jr%Jr% . %Jraun
A el P g

"oz "oy T a2 )T \an T e, ) |

where W,, = un, +Tn, +wWn,. It is clear from the above that it cannot be written in terms of only 9/dn, and

therefore we need all derivatives of the velocity components.

It is often necessary to differentiate the viscous flux, for example, when implicit schemes are constructed. Consider
the normal viscous Jacobian:

>

I o 17 1 0 0 0 0 7
_8?711.'15 U 1
oW - = 0 0 0
o p p
oF. OF, OW _ ITny v 1
n_ n — —= 0 - 0 0
ou  OW 90U oW p p (#12.15)
OTns w 1
- —— 0 0 - 0
oW p P
Ty 07, vy—1 4
L aow taow J L 5 ¢ ~O-Du ~(y-Dv ~(y-Dw 7y-1 |

where U = [p, pu, pv, pw, pE]* and W = [p,u,v,w,p]’. Let us assume Stokes' hypothesis and write the viscous
stresses as

Tnz = [ Sna, ?ny = ﬁgnya Tnz = WSnzy  Tnv = 1 Sny, (41216)
where 5, = 5p,U + 5,V + 5, W, and

Sna = SpaMs + SeyNy + 522Nz, Sny = SyaNa + SyyNy + SyzNz,  Snz = SpaNy + SNy + S22y, (4.12.17)

2/ O OGw\ _ 2(% Ou Ow\ _ _2( 0w Ou O
3(axaya) 3(ayaxa) 3<Qaaxay) (4.12.18)
B} v w du _ % dw

Sxyzsyx:@+ax7 Swzzszng‘FaZa Syz:fszyza (97’!/
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The derivative of 7,,;, can be obtained as follows.
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aw  aw T Haw
B '@g _ 0%z _OSne _O8ng @g
= -aﬁnwauauauavauawaapnw
r om T _ 1!
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oT Op
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u@u 38;1:7% on
0 2 0v ov
= - il 4.12.20
“m( 30y " 9 "J> ( )
o (20w 7w
Fow\ 38" a:""
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L oT Op ne i
Similarly, we have
o T 7’ - ouor T’
oT dp ™™ oT dp™"*
o (2w Tw o (2w
Fou\ 302" " ay"* Fou\"302" " 92"
a?ny 0 10v W a?nz 0 2% v
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On the other hand, the heat flux can be differentiated as follows.

9, _ 1 opor 00T . OopdT 00T
W —  Pr(y—1) |apan Hapon T " apon  Mopon
B 1 opoT T _ 0 0T opoT 0T _ 0 0T
~ Pr(y-1) {8T dp 8n+u8p8n’ 7 9T Op 8n+u8p8n]' (4.12.23)

For Sutherland’s law (4.4.4), the derivative Of/0T is given by

— 3 — —
GE_ 9 [ () | KR (32T 4.12.24
ar ~ oT (“OT+O <To> ) aT 2T+ 0Ty \ T, ) ar ( )

That is all we need to compute the viscous Jacobian (4.12.15). | like it because it is a general expression; the specific
form depends on how the interface values, i.e., the quantities and derivatives with the over bar, are defined. For
example, if the temperature T is evaluated as the average of two states, 77, and Tk, and the Jacobian is sought with
respect to the left state, then

oT 0 T, +Tr 1
= = . 4122
oTr, 0Tg ( 2 ) 2 ( 5)
Also, if the normal derivative is evaluated by the difference between the two states,
Ju _ur—ur (4.12.26)

on As

where As is the distance between the two states, then the derivative with respect to the left state is given by

0 Ju -1
— = 4.12.27
our, On  As ( )
It really depends on the discretization method, but the derivatives not in the normal direction such as a%% can often

become a source of difficulty. For example, on unstructured grids, these derivatives (as well as a part of the normal
gradient) lead to a non-compact stencil [49] and the Jacobian matrix can become prohibitively large. In such a case,
these derivatives are often ignored in the construction of the Jacobian matrix. The corresponding discretization is then
not consistent, but it is perhaps OK for the Jacobian matrix as it acts only as a driver in implicit solvers. As long as
the residual (i.e., the right hand side of the implicit formulation) is constructed by a consistent scheme, accuracy is
obtained at convergence although the convergence may not be optimal [111, 157].

4.13 Expanded Form of Viscous Terms

Sometimes, it is convenient to expand the Navier-Stokes equations in terms of the derivatives of the primitive
variables. As we have shown the expanded form already for the Euler equations in Section 3.6.1, we here focus on the
viscous part only:

OTww  OTny  OTaz

ox Jy 0z
_aTym B OTyy B 0Ty

v v v ox 0 0z
oF + oG + oH = Y , (4.13.1)
Ox Ay 0z 0T Oy OTas

Oox dy 0z

aTv.r . aTvy _ 87—1;2 + aQT 8(]3/ aQZ
Ox oy 0z ox dy 0z |
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where

94z
ox

0qy

dy

dq.
0z
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(4.13.2)
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(4.13.8)

(4.13.9)

(4.13.10)

(4.13.11)

(4.13.12)

(4.13.13)

%a ”ﬂ ,(4.13.14)

ﬂ , (4.13.15)
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The derivatives of the viscosity can be computed for Sutherland’s law (4.4.4) by

2
op 0 [ Ty+C (T\?\OT C.)\ or
2 (S (7)) 5 -t (1o5m) 5 (41319
3
5= o @f;jg (%) ) 5 = s (1 H07) 5 (41319)
The derivatives of A can be easily computed from the above by Stokes’ hypothesis, A = f%u. The derivatives of the
temperature can be computed from the derivatives of the density and the pressure. Again, | like this expanded form

because it can be useful in numerically computing the source term arising from the method of manufactured solutions.
Note that the form of the derivatives depends on the nondimensionalization for the viscosity and the temperature,
which is the subject of the next section.

4.14 Nondimensionalization

4.14.1 Nondimensionalized Navier-Stokes Equations

It is always nice to nondimensionalize the governing equations. For the Navier-Stokes equations, in addition to the
quantities introduced for the Euler equations in Section 3.11:

«_ P « P «_ € «_ v s _ X ¢
=2 = =— = =2 = 4.14.1
= M oTm Sy Vs X =g IV ( )
we need to introduce nondimensionalized the temperature and the viscosity,
T
= =2 (4.14.2)
T, [
Substituting these quantities into the Navier-Stokes equations, (4.1.1), (4.1.2), (4.1.3), we obtain
a *
Pt div(p*v*) 0, (4.14.3)
ot*
a * *
% +div' (p*v*@v*) 4 grad*p* = div' 1", (4.14.4)
o (p*E*
% +div*(p*v*H*) = div' (7*Vv*) —div' q*, (4.14.5)

*2 * . . . . .
where E* = e* + VT H*=FE*+ i—*. These are exactly the same as in the dimensional version, but the viscous stress
tensor and the heat flux vector have some dimensionless parameters,

T 2 * _ x * % * %
T = pﬁ/}L w* {—S(div v + grad® v* + (grad* v¥)'| , (4.14.6)

« YR pir
¢ T TRy et

*grad® T, (4.14.7)

Also, note that the equation of state (3.1.1) is now written as

p* = ( V;) p*T™. (4.14.8)
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Therefore, a specific form of the equation of state as well as the viscous and heat fluxes depend on the choice of the
reference values: p,., V., T;., and p,. Note that because of the forms of the nondimensional pressure and specific
internal energy, the equation of state for the calorically perfect gas holds exactly as in the dimensional form:

P = (v = D)p'e", (4.14.9)

for any choice of the reference states (see Section 3.11), but the one with the temperature, i.e., p = pRT, depends on
the reference states. Note that the governing equations are virtually in the same form as the dimensional form for an
appropriately defined scaled viscosity as shown below.

4.14.2 Free Stream Values

We may use the free stream values for the reference quantities, pr = poo, Vi = Vo, T = T, fr = oot

. P P . € « _V o X t . T . M
_ P B L A , TF =, g = (41410
o DT v ST Y Tt T L/Veo T ¥ T )

p

Then, the equation of state is given by

. pT
= 4.14.11
VR ( )
and the viscous stress and the heat flux are given by,
* A~k 2 .ok % * % * _ k\t
™ = [ 7§(dlv v)I + grad™ v* + (grad™ v*)*| , (4.14.12)
- _ — _grad" T = ——%  grad®| &= 4.14.13
a CEDAT e (). (#14.13)
where the scaled viscosity i* is defined by
ok w Poo Voo L
= 5 ReOO = —\ 41414
W= e . ( )
The free stream values are set as follows:
1 v 1
=1, pi=—, = X=ng, e =—-"—— T:=1, =1 4.14.15
The nondimensionalized viscosity coefficient p* is given by
3 3 -
To+C ([ T\? To+C (T2 14+ C/T 3
p= £ - Ho s N Mo*o ha T = *+ /7 (T*)g ) (4.14.16)

with C' = 110.5 [K] for air. The derivative of the nondimensionalized viscosity coefficient is given by

op* 1 w* C/Tw
aT* 2T +C/Tx (1 3 ) ' (4.14.17)

Note that in order to set a free stream inflow condition, we need to specify not only the Mach number M, and the
free stream flow direction n.,, which are required for the Euler equations (see Section 3.11), but also the free stream
temperature T, €.g., Too = 293.15[K] for the sea-level condition. Of course, the free stream Reynolds number Re,
must be specified, and also the Prandtl number Pr needs to be given (Pr = 0.72 for the sea-level air).

The Reynolds number Re,, must be set carefully in relation to the reference length scale L because it is defined
based on L as in Equation (4.14.14). It is important to note that if you solve the nondimensionalized system on a
computational grid, then Res, is the Reynolds number based on the part having the length of 1 in the grid (i.e., in
the nondimensionalized coordinates, x*). So, for example, if you want to simulate a flow around a cylinder where the
Reynolds number based on the diameter of the cylinder is 100, then you generate a grid around the cylinder with the
diameter 1 and set Reo, = 100. On the other hand, if you are given a grid where the diameter of the cylinder is 2 in
the grid, then Re., is the Reynolds number based on the radius of the cylinder (which is 1 in the grid). Then, you
need to set Reo, = 50 to simulate a flow with the Reynolds number 100 based on the diameter. Or if the diameter is
0.1 in the grid, then you need to set Re,, = 1000 to simulate the desired flow.
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4.14.3 Speed of Sound
Instead of the free stream velocity V., we may use the free stream speed of sound for the reference velocity, V,, = ao:

N e O t

X
I _ - - == $r=_—"" 4.14.18
p pooa p pooagoa € agoa v aoo7 X L7 L/aoo, ( )
T 14
T = — = 4.14.19
T Mo ( )
Then, the equation of state is given by
*T*
= (4.14.20)
Y
and the viscous stress and the heat flux are given by,
* A~ 2 sk sk * sk * _ k\t
T = h —g(dlv v)I + grad® v* + (grad™ v*)"| | (4.14.21)
. i x ok ol <[P
qQ = ———F——grad"T" = —————— grad (*), 4.14.22
(v=1)Pr (y=1)Pr p ( )
where the scaled viscosity i* is defined by
Moop*
0 = . 4.14.23
W= e ( )
The free stream values are set as follows:
1 - 1
P =1, pio=—, v:;ozv—:Moonoo7 e =———, Tr=1pui =1 (4.14.24)
~ (oo (v —1)

The nondimensionalized viscosity coefficient * is again given by Equation (4.14.16) as in the previous case. Therefore,
at a free stream inflow, again, we need to specify not only the Mach number M, and the free stream flow direction
N, but also the free stream temperature T, (not to mention Rey, and Pr). | like this one, again, because the free
stream pressure is independent of M. In fact, this one is very widely used for compressible flow computations.

4.14.4 Stagnation Values

Instead of the free stream values, we may use the stagnation values for the reference quantities:

1 i
1 —5 1 —1 B
Po 2 poag Y 2
e = — vV = — X = — = . .
2’ a0’ L Ljay’
A PR e V7 - p=H (4.14.27)
T 5 , s 14,

Then, the equation of state is given by

*T*
pr=t (4.14.28)
Y
and the viscous stress and the heat flux are given by,
2
T = 4 fg(div* v*)I + grad* v* + (grad” v*)t} , (4.14.29)

G — () , 4.14.30
(y—=1)Pr (y—=1)Pr p* ( )
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where the scaled viscosity i* is defined by

A x mOOM* PR Y- 1 2 2D
= L Moo = ploat, = Vppi. = |1+ == M2 : 4.14.31
B = R Mee = pla VPip { +— } ( )
In this case, the free stream values are set as follows:
1 1 1 1 .
_ ~—1 — v-1
P = {1 + VM;} , Pl =~ {1 + VMgo} , (4.14.32)
2 ol 2
T* oo oo o0 5
et = —too oy _Vooloo Voo gy ) Poo (4.14.33)
(v —1) Uoo G0 Goo Pie
— 1 -1
T = {1 n 72M§o} .ol =1 (4.14.34)

The nondimensionalized viscosity coefficient p* is again given by Equation (4.14.16) as in the previous case. Therefore,
in this case also, at a free stream inflow, we need to specify the Mach number M, the free stream flow direction n.,
and the free stream temperature T, in addition to Re,, and Pr.

4.15 Reduced Navier-Stokes Equations

| like reduced Navier-Stokes equations such as thin-layer, parabolized, or conical Navier-Stokes equations. They are ap-
proximated forms of the full Navier-Stokes equations and hence simpler and cheaper to solve than the full Navier-Stokes
equations. If you like them too, see Refs.[51, 155].

4.16 Quasi-Linear Form of the Navier-Stokes Equations

Often for various purposes (e.g., analysis, scheme development, etc.), it is nice to write the Navier-Stokes equa-
tions in the quasi-linear form,

Vi+AV,+B"V,+C"V,=D"V,, + E'V,, + F'V,, + G"V_,, + H'V,, + 1"V, (4.16.1)

for some set of variables V, where the superscript v merely indicates that the coefficient matrices are associated with
V. To be able to do so, it is necessary to assume that the viscosity ;1 and the heat conductivity x are constant. Also,
it is necessary to ignore non-linear terms which involve a product of derivatives. It will be, therefore, no longer the
full Navier-Stokes system. However, recall that not all terms are necessary to identify the type of partial differential
equations as discussed in Section 1.17. In fact, the quasi-linear form of the Navier-Stokes system retains the essential
feature of the full Navier-Stokes system; this is the form modeled by the scalar advection-diffusion or the viscous
Burgers equation. For example, a symmetric form of the quasi-linear Navier-Stokes system has been successfully used
in the development of convergence acceleration techniques [1, 72, 77, 167].
Consider the primitive form of the Navier-Stokes equations,

D
L+ pdivy = 0, (4.16.2)
D
pF;’ +gradp = divT, (4.16.3)
Dp , ,
E—i—'ypdlvv = (y—1)[r:gradv —divq]. (4.16.4)

Obviously, the dissipation term (7 - grad v) involves products of derivatives and needs to be ignored. Also, a part of
the heat transfer term needs to be ignored as well. To see this, we first express T in terms of p and p,

1 1
pole_ v op 1w p (4.165)

“Rp (Ve klue/mh—1)p
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thus
Yy b
g = — =, 4.16.6
Pr(y=1)p ( )
Then, the heat transfer term can be written as
divq = —div(kgradT)
Y . p
= —————divgrad ()
Pr(y—1) p
Y (1 D
= ————div | —gradp — gradp)
Pr(y-=1) (p p?
Yy

1 1. p p .
= ————— |——gradp - gradp + —divgradp — grad <) -gradp — —divgradp|. (4.16.7
Pr(y—1) { p? p p? p? ( )

Hence, the first and the third terms involve products of derivatives and need to be ignored. The pressure equation
then becomes

D
F;: +ypdivy = % {divgradp— ];divgradp} . (4.16.8)

In this sense, therefore, the quasi-linear Navier-Stokes equations may be called linearized Navier-Stokes equations, or to
be precise the Navier-Stokes equations with the linearized energy equation. Clearly, the continuity equation is already in
the quasi-linear form. The momentum equation is also in the quasi-linear form, which can be clearly seen by expanding
the viscous term as follows,

divr = div [A(divv)I+ pgradv + p(grad v)']
= Agrad (divv) + udivgrad v + pdiv (grad v)*

2
= —3h grad (divv) + pdiv (gradv)! + pdivgrad v

2
= fgugrad (divv) + pgrad (divv) + pdivgrad v

1
= g,ugrad (divv) 4+ pdivgradv, (4.16.9)

where we have assumed constant viscosity and Stokes’ hypothesis. This involves second-derivatives of the velocity
components only, and therefore it can be written in the form (4.16.1).

Linearized Navier-Stokes Equations

The linearized Navier-Stokes equations, with v = u/p and a? = yp/p,

D

Ff +pdivy = 0, (4.16.10)
D 1 1
?:f’ + ;gradp = gz/grad (divv) 4+ vdivgrad v, (4.16.11)
Dp . vy, va? .
Dt +ypdivv = ﬁdlv gradp — ﬁdlv gradp, (4.16.12)

are now ready to be written out in the quasi-linear form (4.16.1) in one, two, and three dimensions.
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4.16.1 1D Quasi-Linear Navier-Stokes Equations

Primitive Form

The primitive form in one dimension is given by

pt +ups +pugz = 0, (4.16.13)
1 4
Up + Uy + —Pp = —Vum, (4.16.14)
p 3
+up, + i va’ (4.16.15)
Dt UPx YPUg Per PT‘ Pxa- . .
This can be written in the form:
W;:+ AW, = D"W,,, (4.16.16)
where
u 0 0 0 0
W = , AY = 1/p |, D"= 0 4v/3 0 (4.16.17)
D 0 v wu —a*v/Pr 0  vy/Pr
Symmetric Form
| like the following variables,
d dT
av = |22 a (4.16.18)

) du7
el T~y —1)

where a = 1/fy%, since the quasi-linear Navier-Stokes system is symmetrized by these variables [1]. Naturally, these

variables are called symmetrizing variables, and often called parabolic symmetrizing variables to distinguish them
from the symmetrizing variables for the Euler equations (3.5.28) which are in contrast called hyperbolic symmetrizing
variables.

The primitive variables W and the symmetrizing variables V are transformed into each other as follows.

BAY% oW
dV = S dW, AW =~ dV, (4.16.19)
where
a
0 0
Vel
ov
oy _ 0 1 0 16.
W , (4.16.20)
_ a 0 a
pv/ (v —1) /(v —1)
I 0
a
OW ov\ !
- = _ — 1 .106.
v (aw) 0 0 (4.16.21)
pa -y pavy =l
L VY o

The primitive form is now transformed, with gTYV multiplied from the left, into the symmetric form:

V, + AV, =D"V,,, (4.16.22)
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where
a
Uu — 0
Nei 0 0 0
ov . OW a ayy—1 ov oW 4
A= 2 Al — u — D'=—D¥——=|0 -v 0 |. (41623
oW av T | VA Vil oW =~ Vv 3" ( )
o I - ! u U ;/pi
el "

It is clear from these matrices that the system is indeed symmetric. Note that in transforming the viscous term we
have ignored again non-linear terms involving products of derivatives:

OV e, (DY W) OV
aw D Wee = <awD av)aw
J[o [ov o [0V
=D [ax (aww>_a<aw)w}
~ D"V,,. (4.16.24)

Or equivalently, it can be thought of as the transformation matrix g—‘yv being frozen at a certain constant state (so

that its derivative is zero).
4.16.2 2D Quasi-Linear Navier-Stokes Equations
Primitive Form

The primitive form in two dimensions is given by

pt +upy + pug +vpy +pvy = 0, (4.16.25)
1 4v v
Up + Uy + VUy + ;px = gum + ng + Vilyy, (4.16.26)
1 4
Vi UV + 00y + =Py = VUge + guw + %vyy, (4.16.27)
p
vy va?
Pt + upe + vpy + YUy +ypv, = P—T(pm +pyy) — P—r(pm + pyy)- (4.16.28)

This can be written in the form:

W, + A"W, + B"W, = DW,, + G*W,, + E*W,,, (4.16.29)
where W = [p, u, v, p|*,
v p 0 O v 0 p O
0 uw 0 1/p 0 v 0 0
A = , BU= , (4.16.30)
0 0 uw O 00 v 1/p
0 vw O u 0 0 ~vp v
0 0 0 0 0 0 0 0
0 /3 0 0 0 0 v/3 0
DY = , Gv= , (4.16.31)
0 0 v 0 0 v/3 0 0
—a’v/Pr 0 0 wvy/Pr 0 O 0 0
0 0 0 0
0 v 0 0
EY = . (4.16.32)
0 0 4/3 0
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Symmetric Form

The symmetrizing variables,

ad,o7 du. dv, adl

el T~y 1)

and the primitive variables W = [p, u, v, p]* are transformed to each other by the following matrices:

dVv =

— a -
00 0
2val
0 1 0 0
v _
oW 0 0 1 0 '
P
AVATCEY Py —1) |
VAR 0
a
0 10 0
oW
ov 0 0 1 0
a9 0 apyy —1
L VY Voo

The primitive form is now transformed, with g—“{, multiplied from the left, into the symmetric form:

Vi+ AV, +B"V, =D"V,, + G"V,, + E"V,,

where
_ a - _ a .
u — 0 0 v 0 — 0
Vi Vi
a v—1 0 w 0 0
— u 0 ay/—
A= VI 7 , BY= a y—1 |-
0 0 u 0 — 0 v ay | ——
Nal g
-1 -1
0 a i 0 U 0 0 a i v
L Y J L Y J
0 0 0 0 7] ro o0 0 07
4
0 v 0 0 00 Y2 o
DU: 3 , GU: 3 ,
0 0 v 0 0 2 0 o0
3
vy
0 O —
i o L0 0 0 0 |
0 0 0 0
0 v O 0
EY = 4
0 0 -v O
vy
0 0 —
L Pr

(4.16.33)

(4.16.34)

(4.16.35)

(4.16.36)

(4.16.37)

(4.16.38)

(4.16.39)
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4.16.3 3D Quasi-Linear Navier-Stokes Equations

Primitive Form

The primitive form in three dimensions is given by

Pt T UPy + pPUg + VPy + pUy + WP, + pw, =

1
ut—i—uum—i—vuy—i—wuz—i—;pz =

1
vt+uv$+vvy+wvz+;py =

1
wt+uwz+va+wwz+;pz =

Pt + UPg + VPy + WPz + YPUz + YPUy + YPW, =

This can be written in the form:

0,

4v v v

3 Uz + 3 Ve + 3 Wae + VUyy + VU,
v v 4v

VUgg + gumy + ngy + ?'Uyy + VUzz,
v v 4v

VWyy + guxz + gvyz + way + ?wzz;

WY et ps +pas) — 2

Pr Pzx Dyy Pzz Pr
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(4.16.40)

(4.16.41)

(4.16.42)

(4.16.43)

(Pzz + Pyy + P22).(4.16.44)

W, + AW, +B“W, + C“W, =D“W,, + E*W,, + F*W_, + G*W_, + H*W,, + I*W__,(4.16.45)

where W = [p, u, v, w, p|?,

u p 0 0 O v 0 p 0 O w 0 0 p
0 uw 0 0 1/p 0O v 0 0 O 0 w 0 O
A=[0 0 w0 0 |,B=|00 v 0 1/p|,C"=|0 0 w 0
0 0 0 w O 00 0 v O 0 0 0 w
10 w 0 0 w | |0 0 7w 0 v | |10 0 0 v w
[ 0 0 00 0 [ 0 0 0 0 0
0 /3 0 0 0 0 v 0 0 0
D" = 0 0 v 0 0 , EY= 0 0 4v/3 0 0
0 0 0 v 0 0 0 0 v 0
—a®v/Pr 0 0 0 wvy/Pr | —a*v/Pr 0 0 0 wvy/Pr |
[ 0 00 0 0 [0 0 0 0 0]
0 v 0 0 0 0 0 v»/3 00
Fv = 0 0 v 0 0 , GY=10 v/3 0 0 0],
0 0 0 4v/3 0 0 0 0 0 0
—a’v/Pr 0 0 0 wvy/Pr | | 0 0 0 0 0|
00 0 0 0] [0 0 0 0 0]
0 0 0 0 0 0 0 0 »/3 0
H*=]00 0 ¢»/3 0], I*=]10 0 0 0 O
00 v/3 0 0 0 v/3 0 0
L0 0 0 0 0 | |0 0 0 0 0|
Symmetric Form
The symmetrizing variables,
av = |2 g de dw, — 29T
el Tyy(y=1)

, (4.16.46)

(4.16.47)

(4.16.48)

(4.16.49)

(4.16.50)



156

and the primitive variables W = [p, u, v, w, p]" are transformed to each other by the following matrices:

ov

oW

ow
ov

0 0
Vel
0 10
0 0 1
0 0 0
a4 00
pyv/ (v —1)
VAR
a
0 1.0 0
| 0o o010
0 00 1
ap
a0 0
L VY

CHAPTER 4. NAVIER-STOKES EQUATIONS

0 0
0 0
0 0 7
1 0
0o — %
pvy(y—1) |
; -
0
0
0
apy/y—1
VAl

The primitive form is now transformed, with g—“{, multiplied from the left, into the symmetric form:

V,+ AV, +B"V, +C'V, =D"V,, + E°V,, + F'V,, + G'V,, + H'V,. + I'V_,,

where
[ W a
VA
a w
\/7)/
A = 0 0
0 0
-1
0 al—2
L Y
[ w 0
0 w
0 0
C" =
a
— 0
Vai
0 0
0
0
Ev=1]0
0
0

0
v—1
ax ] —=
v
0
0
u
a
Vi
0
0
w a
r-1
Y
0 0 0 7
0O 0 O
4
gVOO
0O v 0
0 »wy

Pr -

B' =

v
, F

- a
v 0 — 0 0
VA
0 w 0 0 0

a v—1
— 0 v 0 ay/—
Nal Y
0 0 0 v 0
-1
0 0 a/1—= 0 v
L Y
ro 0 0 0 0 T
4
051/000
D=0 0 v 0 0 |,
0 0 0 v O
vy
0O 0 0 0 —
. P’r‘_
ro 0o 0 0 0 T
0O v 0 0 O
00 v 0 O
00040
—v
3
vy
0 0 O —
. P”"_

)

(4.16.51)

(4.16.52)

(4.16.53)

(4.16.54)

(4.16.55)

(4.16.56)
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ro 0 0 0 07 r0 0
14
00 = 00 0 0
3
G“:()ZOO(),HU:OO
3
0O 0 0 0 O 0 0
L0 0 0 0 0 L0 O

1
jan}
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4.17 Incompressible Navier-Stokes Equations

0 0 0
0 0 0
0o 2 o
3

14

Y 0 0
3

0 0 0
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: (4.16.57)

(4.16.58)

As | said before, | like incompressible fluids: constant density or small Mach number. So, of course, | like the incom-
pressible Navier-Stokes equations, which are obtained from the full Navier-Stokes equations by assuming p = constant.

Conservative Form of the Incompressible Navier-Stokes Equations

divpv = 0,
O(pv) +div(pvev) +gradp —divr = 0,
pcv%f —div(kgradT)—® = 0.
where
T = plgradv+ (gradv)'],
® = 7:gradv=p[gradv + (gradv)'] : gradv.

Primitive Form of the Incompressible Navier-Stokes Equations

divv =
D
o +gradp —divr =

pcv% —div(kgradT) - =

(4.17.1)
(4.17.2)

(4.17.3)

(4.17.4)
(4.17.5)

(4.17.6)

(4.17.7)

(4.17.8)

If the viscosity coefficient is constant, the viscous term can be written as the Laplacian,

divr = div [ {gradv + (grad v)'}|

= pdivgradv,

pdivgrad v + pdiv(grad v)*
wdivgrad v + pgrad(divv)

(4.17.9)
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which is nice. Then, assuming also that the heat conductivity is constant, we have

where

divv = 0,
D 1
ﬁ‘t’+;gradp71/divgradv = 0,
DT
Peopr — kdivgradT —® = 0,

1% =

fad
P

NAVIER-STOKES EQUATIONS

(4.17.10)

(4.17.11)

(4.17.12)

(4.17.13)

| like the fact that the energy equation (the temperature equation) is completely independent from other equations.
So, we can solve the continuity and momentum equations first (to determine the velocity field), and then, if necessary,
solve the energy equation separately for a given velocity field. Also, | like the idea of pseudo-compressibility. See

Section 4.21.

4.18 2D Incompressible Navier-Stokes Equations

| like the 2D incompressible Navier-Stokes equations in any of the following forms.

Conservative Form

ox dy
dpu)  O(pu)  I(puv)
ot Ox dy

where

Primitive Form

u , Ov
dr Oy
Ou 0. ot
Pot TP TPy

0, (4.18.1)
op 0 (ou) 0 (o
Oor Oz M@x dy May
0 ou 0 ov
O, 0 (o0), 0 (o
Oy Ox e dy K Y
0 ou 0 ov
e (e N (P 4.18.
e (uay)+3y : y) (4.18.3)
0 oT 0 oT
)= (k=) o 4.18.4
9w<k3w>+8y(k y)+ ’ (4.18.4)
(4.18.5)
(4.18.6)
op 0 (0u), 0 ( ou
or = ox \Mox dy u@y
0 ou 0 v
oz (Maw) + Biy M:C) ; (4.18.7)
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IO S T YA XA
Por TPz TPy T oz \Poz ) T oy
o ( ou\ & [ o
9 (2m) L9 (2 4.18.
+5$(M3y>+8y(3) (4.18.8)
or  oT  OT o ([ aT\ o (8
CENCE I Y ) By G IS 4.18.
pc”<8t+ or Y ay) 8x<k8x>+8y(k8 )+ (4.18.9)

Case of Constant Viscosity and Heat Conductivity

%+% _— (4.18.10)
%—i—u%—kv% = [l)gi +1/<g2;2b+g2yg> (4.18.11)
%+u%+vg—z = _%% 1/(2124—22;2}), (4.18.12)

PCy (%{ + ug—z + vgz) = k ((;2;; + ngj;) + @. (4.18.13)

4.19 3D Incompressible Navier-Stokes Equations

Of course, | like the 3D incompressible Navier-Stokes equations also in any of the following forms.

Conservative Form

Olpu) | 9pv) . O(pw)

= 4.19.1
Ox Oy 0z 0 (4.19.1)
Opu) | pu?) Dpw) dpww) _ dp 0 ( ow\ 0w\ 0 ( o
ot * ox + y + 0z N 8x+8x oy +8y May +8z "o,
9 (o) 0 (e, 0 (o
oz \Mor Oy oy 8- \FMor )
(4.19.2)
dpv)  dpw) At Olpww) _ dp 0 (N 0 (N 9 ( &
ot + or + oy + 0z N 8y+3x Max +8y May +8z o
L0 () 0 (o), 0 (o
oz \M g Oy H g a2 \! y )’
(4.19.3)
opw) | Apww) | Apvw)  Opw?) _ dp 0 (Ow\ 0 ( dw\ 0 ( 0w
ot oz + Jy + 0z B 3z+8x Koz +3y M@y +3z Haz
9 (N D (Y, 0 (o
or \" oz Oy o a- \Maz )
(4.19.4)
e (2L 4,08 0T 0T 0 (0T 0 (0T 0 (0T L g
Peolor "o "oy T V0z) T 9z \"ox) "oy "oy ) T oz oz ’

(4.19.5)
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u 2+2 v 2Jr2 dw 2
Ox oy 0z

where
¢ = u[Q
L (8, Ou
or Oy
Primitive Form
ou  Ov  dw
or Oy 0z
ouw  Ow  ouw . 0u
Pot TP TPy TP
ov  ov, v . ov
Par TPz TPy T PVa;
ow  ow  ow  ow
Pae TP TPy TP,
or o oo, 7T
Peol\ar T Ty T2

D (ow Nt (ou | ow?
oy 0z 0z Ox '

2 kal +
ox ox

Case of Constant Viscosity and Heat Conductivity

ou 0w 0w _ |
or oy 90z
o, v 0w o _ 10 (0u Fu 0
ot oz Oy 0z  pox 0x2  Oy?  922)°
o v oo v 1o (0 o o
ot Ox Oy dz  pdy 0x2  Oy2  0z22)’
du Dw o ow  op (0w 0w o
ot 0 dy oz  poz ox2  Oy2 022 )7
Pol\ar TYar Ty Tz ) T 9z ' By | 922 '

4.20 Axisymmetric Incompressible Navier-Stokes Equations

(4.19.6)

(4.19.7)

(4.19.8)

(4.19.9)

(4.19.10)

(4.19.11)

(4.19.12)

(4.19.13)

(4.19.14)

(4.19.15)

(4.19.16)

| like the axisymmetric incompressible Navier-Stokes equations because they are much simpler than the compressible
version in Section 4.11. | really like the assumptions that p and p are constant, and thus v = u/p is also constant.
Then, we write the continuity equation (4.17.1) and the conservative momentum equations (4.17.2) in cylindrical
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coordinates in Figure 1.5.1, where the velocity is denoted by v = (u,, ug,u,):

19(ruy) n Ou,

r or 9z 0, (4.20.1)
ou,  10(ru?)  O(uyuz)  9(p/p) 10 ([ Ou, Pu,
o v o T To: o o Uar ) TaE (4.20.2)
ou, 10(ruzu,)  Ou?) d(p/p) 10 [ Ou, 0?u,
o v o e T 0= Vlrar\"ar )T a2 | (420.3)

where the viscous terms are obtained by using the Laplacian form (4.17.9). Note that up = 0 for axisymmetric flows
and the momentum equation for uy vanishes and therefore it is ignored in the above. Note also that the viscous terms
have been obtained by Equation (1.5.61), i.e., the Laplacian of a vector. The momentum equations in the primitive
form can be obtained from the primitive form also by directly writing out (gradv)v or by inserting the continuity
equation into the conservative momentum equations:

ou,. Ouy ou, d(p/p) 19 [ Ouy 0%u, Uy

ot ot or T 9= or “1rar or * 922 r |’ (4:204)
Ou, du, du, _ Ap/p) 19 ( du, 0%,

o oy TUgr T o= Vlrar\Uar ) Tz | (4.20.5)

Now, as we have done in Section 4.11, we multiply all the equations by r, replace (r, z) by (y, ) and (u,,u.) by (v,u),
and reverse the order of the momentum equations to obtain the axisymmetric incompressible Navier-Stokes equations
in a form similar to the two-dimensional equations:

e oy 0, (4.20.6)
Ayu) | O(yu?) | Ayww) _ Ayp/p) O ( Ou\ 9 ([ Ou
ot T Tox oy or Yoz \Yaz) Ty Yoy )| (4.20.7)
Ayv) | A(yvu) = 9(yv?) A(yp/p) 9 ( v d ([ v p
S A T2 oy e I e | NI 4.20.
ot + or + dy dy v Ox yax +8y yay +p v (4.20.8)
In the vector form, it can be written as
WU), + WF)2 + (¥G)y = (WF")s + (yG")y + S, (4.20.9)
where
0 U v
U=|u |, F=|u+p/p |, G= uv , (4.20.10)
v uw v2+p/p
0 0 0
F'=v| Ou/ox |, G'=v| Oufdy |, S= 0 . (4.20.11)
v/ 0x v/ dy p/p— vg

Of course, in the same way as described in Section 4.11, we can express the axisymmetric form and the two-dimensional
form in a single form with a logical switch, @ = 0 for the two-dimensional form and @ = 1 for the axisymmetric form:

(W, U), + (WoF)z + (0o G)y = (W F")z + (W GY)y + WS, (4.20.12)
where

We=(1-w)+wy. (4.20.13)
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This is really nice.
One of the reasons that | like the axisymmetric incompressible Navier-Stokes equations very much is that the stream
function 1 for axisymmetric flows can be easily found from the continuity equation (4.20.6):

1oy 1o

=" = ___7, 4.20.14
Yoy T Ty ( )
Clearly, then, the continuity equation is automatically satisfied. It's so simple. | like it.
4.21 Pseudo-Compressible Navier-Stokes Equations
Yes, | like the pseudo-compressible Navier-Stokes equations. Introduce the artificial density,
p* =pla*?, (4.21.1)
and add its time derivative to the continuity equation,
o +divpyv = 0, (4.21.2)
which can be written also as
OP
o T dv (a?v) = 0, (4.21.3)

where P = p/p which is the kinematic pressure. The incompressible Navier-Stokes equations with this modified
continuity equation are the pseudo-compressible Navier-Stokes equations [21, 75, 97, 132]:

8;2 + div(a*®v) = 0, (4.21.4)
ov , .
e +div(vedv+ PI) = divr, (4.21.5)
where
T = vgradv+ (gradv)']. (4.21.6)

The time derivative in the momentum equation is a real time derivative but not realistic when solved with the pseudo-
compressible continuity equation (so ¢* instead of t).
In Cartesian coordinates:

Uy +F, +G, +H, :F;+GZ +H?, (4.21.7)
P a*%u a*?v a*?w
2
u=| 4|, =¥t e=| 2 |, H=| W |, (4.21.8)
v U v+ P VW
w uw uw w2+ P
0 0 0
Fooy| 2| groy| St | gy | WU | (4.21.9)
Uy + Vg 20y Wy + U,
Uy + Wy v, + wy 2w,

If we assume that the viscosity is constant, then the viscous term can be simplified to the Laplacian as shown in
Equation (4.17.9),

0
31:‘ +div(vev+ PI) = wvdivgradv, (4.21.10)
and therefore the viscous fluxes are given by
0 0 0
Fo=v| ™ |, G=v| ™| H=v|"]. (4.21.11)
Vy Uy Uz
wx wy wz

This is nice. | like it.
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4.22 Vorticity Transport Equation and Stream Function

The vorticity transport equation (the curl of the momentum equation (4.17.11)) is given by
W+ UWg +Vwy =V (Wap + Wyy) , (4.22.1)

where w = v, — u, is the vorticity. To solve this for w, the velocity components (u,v) must be given or solved
simultaneously. A nice way to compute the velocity is to introduce the stream function 1 as

uU=1y, V= —1Y, (4.22.2)

so that the continuity equation is automatically satisfied, and that we see from w = v, — u, that the stream function
satisfies the following:

Yo + Wy = —w. (4.22.3)

That is, we now have two equations (4.22.1) and (4.22.3) for two unknowns (w,1)). So, we only need to solve these
two equations (4.22.1) and (4.22.3) to get w and ¢, and determine the velocity field.

Once the velocity is obtained (via ¢), the pressure can be computed as a solution of the following Poisson equation
(the divergence of the momentum equations):

divgrad p = 2p (ugvy — uyvy) = 2p [Yaatbyy — (Yay)?] - (4.22.4)

These are the fundamental equations for the famous vorticity-stream function approach (see Ref.[155] for details). It
is nice that instead of solving three equations simultaneously (continuity and two momentum equations), we solve two
equations simultaneously and then solve one equation independently afterwards. | surely like these equations.

4.23 Vorticity Transport Equation and Vector Potential

For a three-dimensional incompressible flow, we write the velocity as follows,
v =grad ¢ + curl @, (4.23.1)

where ¢ is a scalar potential and W is a vector potential. Note that the first term on the right is curl-free while the
second term is divergence-free. This is called the Helmholtz decomposition. Substitute Equation (4.23.1) into the
continuity equation to find the governing equation of ¢,

divgrad ¢ = 0. (4.23.2)
Substitute Equation (4.23.1) into the vorticity, w = curl v, to get the governing equation of ¥,
divgrad ¥ = —w. (4.23.3)
Also, take the curl of the momentum equations (4.17.11) to get the governing equation of w,

D

?": = (grad v)w + v divgrad w. (4.23.4)
Now, we can determine the velocity field by solving the above seven equations, (4.23.2), (4.23.3), and (4.23.4). Once
the velocity field is determined, we can compute the pressure by solving the Poisson equation (the divergence of the

momentum equations):

divgrad p = —div [div (pv®V)], (4.23.5)
whose components are
o ( 0p 0 [0(pvivy)
- _ Ut AN I 4.23.
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We may use the continuity equation to write this as

0 ap . a'U] avz
0x; (8931> N 8@ Oz’ (4.237)

In Cartesian coordinates, we can write the Poisson equation as

Pax + Dyy T D2z = ( 2)9095 (PUU):ry (puw)mz
—(pvtt) ye — (pv?)yy — (prw)
(o) — (pwv)=y — (pu?

z

; (4.23.8)
or we obtain directly from Equation (4.23.7)
Paw + Dy + 022 = —p[(Ua)? + (vy) + (w2)? + 2uyvy + 2usw, + 2wyv. ], (4.23.9)
which we can rewrite as (by the continuity equation)
Doz +Pyy T D2z = 2P [UgVy + VyWs + WUy — UyUp — Uz Wy — Wy . (4.23.10)

These equations are fundamental equations for vortex methods [29].

4.24 Stream Functions

| like stream functions. They are useful in generating as well as visualizing flows. In 2D, we have only one stream
function, and we get two velocity components from a scalar function. That is nice. However, in 3D, we need two
stream functions. That's one more scalar function. But it is still nice compared with the vorticity, which has one
component in 2D but three components in 3D.

4.24.1 Three-Dimensional Stream Functions
| like to set ¥ =) grad x and ¢ = 0 because then | find from Equation (4.23.1) that

v = curl ¥

= curl (¢ grad x)
= ¢ curl(grady) + grady x grady
= grad ) x grad x. (4.24.1)

This means that v is tangent to the two surfaces defined by ¢ =constant and x = constant, and so that these two
families of surfaces are composed of streamlines. Therefore, 1) and x can be thought of as three-dimensional stream
functions. Of course, the continuity equation, divv = 0, is automatically satisfied because div(curl ) = 0. This is very
interesting. In fact, various well-known two-dimensional stream functions can be derived from the three-dimensional
stream functions.

4.24.2 Cartesian Coordinates (2D)

Consider Cartesian coordinates (z,y,2), and denote the velocity components by v = [u,v,w]’. We can derive a
well-known two-dimensional stream function by setting ) = ¥ (z,y) and x = z, i.e., ¥ = ¢ grad x = 1 e,. Equation
(4.24.1) becomes

oy Oy
"oy U7 o (4242)
The governing equation of the stream function is given by curl v = w, which becomes
ot 321/1
., 4.24.3
Ox? o2 Oy? v ( )
where w = (0,0,w.). For irrotational flows, the stream function satisfies the Laplace equation:
0% 9%
-5 +t55 =0 4244
Ox? * Oy? ( )

That is nice.
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4.24.3 Polar Coordinates (2D)

Consider cylindrical coordinates (7,6, z), and denote the velocity components by v = [u,.,vg,u,]'. We can derive
a well-known two-dimensional stream function in polar coordinates by setting v = ¥(r,0) and x = z, i.e., ¥ =
grad x = ¢ e,. Equation (4.24.1) becomes

10y oY
= - — Ug = ——.

rog’ T or
The governing equation of the stream function is given by curl v. = w, which becomes in cylindrical coordinates

10 [ op) 10%

(4.24.5)

U

Hence, for irrotational flows, the stream function satisfies, again, the Laplace equation:

10 [ op)  10%

4.24.4 Axisymmetric Cylindrical Coordinates

We can derive the stream function for axisymmetric flows (i.e., ug = 0, 3/06 = 0) in cylindrical coordinates by setting
Y =1(r,z) and x =0, i.e., ¥ =1pgrad x = 1p ey. Equation (4.24.1) becomes

10y 10y

Uy —= —— —— Uy = — ——

" rdz’ C ror’
where the axis of symmetry has been taken along the z-axis (see Figure 1.5.1). Axisymmetric flows do not have
variations in @ by definition, and therefore they are essentially two-dimensional. Here, the two-dimensional plane is
defined by the (z,7)-plane. The governing equation of the stream function is given by curl v = w, which becomes in
cylindrical coordinates for axisymmetric flows

(4.24.8)

o (10y 9 (10y\

9z (a) T ar <a> = e, (4.24.9)
or equivalently

1/0% 0% 10y

r <8z2 T rar) - (4.24.10)

Note that the left hand side is not the Laplacian. The Laplacian for axisymmetric flows in cylindrical coordinates is

given by
. . 0 1 0
divgrad = div (87"’ ;%7 %>

_ 1o 9y, o
= ror\or) o2

0? 02 10
- 2 4,72 4 -2 42411
87’2+8z2+7“8r’ ( )
which does not precisely match the operator on the left hand side of Equation 4.24.10. Therefore, the stream function
does not satisfy the Laplace equation in axisymmetric irrotational flows.

4.24.5 Axisymmetric Spherical Coordinates

The stream function for axisymmetric flows can be derived also in spherical coordinates (r, 0, ¢), where the velocity

components are denoted by v = [u,, ug, uys|’. Note that ¢ here is the angle, not the scalar potential. By setting
Y =1u(r,¢) and x = —0, i.e., ¥ = 1) grad x = —1) ey, we obtain from Equation (4.24.1)
1 oy 1 oy

Uy = 77'2Sin¢%) Uy = —rsingsE, (42412)



166 CHAPTER 4. NAVIER-STOKES EQUATIONS

where again the axis of symmetry has been taken along the z-axis (see Figure 1.5.2). The governing equation of the
stream function is given by curl v = w, which becomes in spherical coordinates for axisymmetric flows

170 (1 o\ 8 1 o\l
Lor Graor) + 56 (g3 )| =~ )

Again, the left hand side is not the Laplacian. The stream function does not satisfy the Laplace equation in axisymmetric
irrotational flows.

4.24.6 Axisymmetric (z,y) Coordinates

It is straightforward to show that Equation (4.24.8) and Equation (4.24.12) are equivalent, and both can be written as

10y 10y
_1 __19% 4.24.14
YTyay VT Tyor ( )

Note that here the z-axis is the horizontal axis of symmetry and the y-axis is the vertical axis. Of course, the above
expression is equivalent to the one obtained directly from the axisymmetric continuity equation, i.e., Equation (4.20.14)
in Section 4.20. The governing equation of the stream function is

0%y 0% 10y
- = —yw 4241
ox?  Oy?  y oy Yo, ( 5)

which will not reduce to the Laplace equation for irrotational flows as shown in Section 4.24.4. For irrotational flows,
we can define the velocity potential, ¢:

9¢ 9¢
wu=22 ,-9

= = . 4241
or " Oy ( 6)

The system (4.24.14) and (4.24.16) looks like the Cauchy-Riemann system for ¢ and ¢ as described in Section 2.9.2,
but not really because of the non-constant coefficient 1/y. Note also that although 1 does not satisfy the Laplace
equation, the velocity potential satisfies the Laplace equation. Anyway, | like axisymmetric flows especially expressed
in the (x,y)-plane because the equations are very similar to those in two-dimensional flows and it makes it easy to
understand the differences between two-dimensional and axisymmetric flows as we have just seen.

4.24.7 Volume Flow and Stream Functions

Of course, the stream functions are associated with the volume flow. Consider a volume flow @) through a section S,

QZ//Sv-ndS, (4.24.17)

where dS and n are the infinitesimal area and the unit outward normal vector of the section, respectively. By Stokes'
theorem in Section 1.13, it reduces to the line integral over the boundary of S,

Q= curl@-dl:f ¥ grady - dl, (4.24.18)
oS oS

where dl denotes the infinitesimal length vector in the counterclockwise direction. Assume that the section .S is bounded
by four stream surfaces, ¥ = 11,12 and x = x1, x2:

0S = 0S8y, + 0Sy, + Oy, + OS,,, (4.24.19)

where 91,2, x1, and 2 are constants, 0Sy, denotes the boundary where ) = 1)1, and similarly for others. Then, on
each boundary portion, one of the functions is constant. Noting that gradxy = 0 on 05, and 95,,, we obtain

Q=1 / grady - dl + s / grady - dl. (4.24.20)
0S5y, 9Sy,

By definition, dy = grady - dl. We thus finally obtain

Q=v1(x1 — x2) +¥2(x2 — x1) = (2 — ¥1)(x2 — x1)- (4.24.21)
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Therefore, the volume flow through the section S is given by the product of the differences of the stream functions.

| like the stream functions because they are applicable to a wide range of flows: irrotational, rotational, inviscid,
and viscous flows. Note also that the stream functions can be defined for compressible flows as v = (1/p)curl ¥,
where p is the density, so that it automatically satisfies the steady continuity equation div(pv) = 0. See, for exam-
ple, Refs.[18, 67, 120] for more details on three-dimensional stream functions. See Ref.[140] for an application of
three-dimensional stream functions to CFD.

4.25 Stokes’ Equations

| like Stokes’ equations because they are linear. In fact, we obtain Stokes’ equations by ignoring the nonlinear convective
term from the incompressible Navier-Stokes equations. This is a valid approximation for small Reynolds number flows.
These flows are often called Stokes’ flows or creeping flows.

Stokes’ Equations

Stokes’ equations are given by

divv = 0, (4.25.1)

pg—: + gradp — pdivgradv = 0, (4.25.2)

where p and p are constants. Note that the momentum equation has been obtained by ignoring the convective term
(grad v)v from Equation (4.17.7). | like the fact that the pressure satisfies the Laplace equation, which can be easily
shown by taking the divergence of the momentum equation:

d(divv)
ot

+divgradp — pdivdivgradv = 0, (4.25.3)

which becomes by Equation (1.7.12)

6(?) + divgradp — pdiv [grad(divv) — curl(curlv)] = 0, (4.25.4)
divgradp — pdivgrad(divv) + pdivewHeartv) = 0, (4.25.5)

and thus
divgradp = 0. (4.25.6)

This is the Laplace equation for the pressure. That's nice. Recall that the pressure satisfies the Poisson equation
(4.22.4) when the convective term is present.

Stokes Equations (pressure and vorticity)

Stokes’ equations can be written as a first-order system in terms of the pressure and the vorticity. By Equation (1.7.12),
we have

divgradv = grad(divv) — curl curl v = —curl w, (4.25.7)

where w = curl v = [w,, wy,w,]" is the vorticity. Then, we obtain

divv = 0, (4.25.8)
caurlv. = w, (4.25.9)

0
p% + gradp+ pcurlw = 0. (4.25.10)
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It is nice to be a first-order system because often the discretization is relatively simpler compared with second derivatives.
Nevertheless, | also find it interesting that the vorticity obeys the diffusion equation. Take the curl of the momentum
equation:

0
pa—‘; + curlgradp + pcurlcurlw = 0, (4.25.11)
which becomes by Equation (1.7.12)
367(.: = vdivgrad w, (4.25.12)

where v = p1/p. More interestingly, for steady flows, the vorticity satisfies the Laplace equation:

divgradw = 0. (4.25.13)

4.26 2D Stokes Equations

| like the 2D Stokes equations. Especially | like the steady version because they reduce to two sets of Cauchy-Riemann
type equations.

2D Stokes Equations

%1‘ . % o (g?; n g?;) I (4.26.2)
O o (gzj; i g?;) _ (4.26.3)
2D Stokes Equations (pressure and vorticity)
% + % = 0, (4.26.4)
% _ % — (4.26.5)
p% + gl,; + ua(,;;z = 0, (4.26.6)

For steady flows, these are basically two sets of the Cauchy-Riemann equations; they are coupled through the vorticity
w,. It is nice to be the Cauchy-Riemann system because exact solutions can be found by using the theory of complex
variables [54]. | find it interesting that the Stokes equations cannot accurately describe a flow around an object in
two dimensions: a far-field free stream condition cannot be satisfied simultaneously with the no-slip condition on the
object. This is called Stokes' paradox. To resolve this, we must retain a leading term in a linearized advection term;
this is called Oseen's approximation. See Ref.[54] for more details.

4.27 3D Stokes Equations

| like the 3D Stokes equations because Stokes' paradox does not apply and a flow over a body can be properly
described. It is also exciting that the vorticity is now a vector having three components (it has only one component in
two dimensions).
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3D Stokes Equations

ou Ov Ow

wtayte: - (4.27.1)
pg?-f—gi-u(g?;-ﬁ-g;g-f—gj;) = 0, (4.27.2)
pgj+§§u(gj;;+gzg+gz) = 0, (4.27.3)

p%f+§§—u(§?§+§?§+$é’) - o (4.27.4)
3D Stokes Equations (pressure and vorticity)
% n % n ‘31;’ Y (4.27.5)

%’ _ % — (4.27.6)

% _ ‘2%) — (4.27.7)

% _ %‘ — (4.27.8)
Pau(Ge-%2) - o (427.9)
p% + giy’ tfu <a;; - 38‘;2> - 0, (4.27.10)

It is really nice to be a first-order system, but now | don't see the Cauchy-Riemann equations for steady flows. The
theory of complex variables cannot be applied, and exact solutions need to be found by some other methods [54].
"How about axisymmetric flows?" That's a good point. As we have seen before, axisymmetric equations are almost
like two-dimensional equations. It is worth looking at.

4.28 Axisymmetric Stokes Equations

Axisymmetric Stokes Equations

Axisymmetric Stokes equations can be obtained from the axisymmetric incompressible Navier-Stokes equations (4.20.8)
by ignoring the convective terms:

o o = 0 (4.28.1)
o) | D) [0 (ow\, D ()] _
o T or Mo V) Tay V)| T 0 (4.28.2)
o) o) [0 () 0 (] _ v
LT +Ty Hlor \Yor +8y y@y - P My’ (4.28.3)

where as before the z-axis has been taken as the axis of symmetry.
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Axisymmetric Stokes Equations (pressure and vorticity)

For axisymmetric flows, the first-order system of Equations (4.25.8), (4.25.9), and (4.25.10) becomes

d(yu) n d(yv)

. o~ (4.28.4)
%_% — (4.28.5)

8((?1;:) N 6(8315) +ua(g;) — (4.28.6)
pa(aytv) N 6(83/5) L 8(3;) _ ) (4.28.7)

where w is the #-component of the vorticity, which is the only nonzero component. As expected, the axisymmetric
system is very similar to the two-dimensional system, but not similar enough. Unfortunately, the momentum equations
do not become purely the Cauchy-Riemann system for steady flows because of the presence of the pressure source term.
Nevertheless, the stream function can be defined for the continuity equation as in the axisymmetric incompressible
Navier-Stokes equations (see Section 4.20), which can be useful for deriving exact solutions [54].

4.29 Boundary Layer Equations

The boundary layer equations for two-dimensional incompressible flows are given by

ou Ov

4122 =0 4.29.1

Ox + Oy ’ ( )
ou ou 8U 02u

where U = U(x) is the velocity outside the boundary layer (constant for a flow over a flat plate). This can be solved
numerically, for example, as follows [158]. First, we compute v by numerically integrating the continuity equation in
y direction with the boundary condition u(z,0) = v(z,0) = 0, then solve the momentum equation for given v, and
repeat this process until convergence. In this case, the momentum equation behaves like the viscous Burgers' equation
(2.15.4). It is nice that a scalar scheme can be used for solving such a nonlinear system. To be even nicer, there exists
an exact solution for this system (see Section 7.15.9), so that the accuracy of the numerical solution can be directly
measured.
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Chapter 5

Turbulence Equations

5.1 Averages and Filters

Express a physical quantity a as the sum of the average @ and the fluctuation a’: for example,
v=v+vVv, p=p+p, p=p+p, h=h+h, T=T+T, H=H+H'. (5.1.1)

This is called the Reynolds decomposition. Here we must be careful about the fact that the fluctuation is not necessarily
small (compared with the average), and also that usually fluctuations of the viscosity, the heat conductivity, and the
specific heats are small and therefore ignored.

In turbulence calculations, typically we average the Navier-Stokes equations and solve for averaged quantities. After
averaging, as we will see later, we find extra terms created which involve fluctuations and cannot be evaluated from
averaged quantities. So, we derive governing equations for these extra terms, but then we will find similar extra terms
again that cannot be evaluated, and this process goes on forever. Therefore, at some point, we must stop and model
these terms, i.e., evaluate them somehow in terms of averaged quantities.

The most fundamental in turbulence calculations is the averaging. There are many different ways of averaging.
Properties of averages and fluctuations depend on their definitions. Also, terms that need to be modeled, in averaged
governing equations, depend on them.

5.1.1 Reynolds Averaging

The Reynolds averaging includes ensemble averaging, time averaging, and space averaging. These are very interesting.
For example, they are identical to one another for steady homogeneous turbulence (which is called Ergodic hypothesis).
The simulation based on the Reynolds-averaged Navier-Stokes equations is called RANS.

Ensemble Averaging

The ensemble averaging:

N
_ ) 1
flxt) = lim — _Z fi(x, 1), (5.1.2)
i=1,N
which is the average of measurements, f;(x,t) where ¢ = 1,2,3,--- N, obtained by N experiments. | like it, but it

is unrealistic to perform this averaging in practice. You can, of course, formally (or theoretically or mathematically,
whatever) use this averaging to write down averaged governing equations.

Time Averaging

The time averaging:

t+T
Tt =5 [ s (5.13)
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where T" must be larger than the fluctuation time scale but smaller than the average time scale. | like this one also,
but in real flows, these two time scales are comparable, so such T' may not exist. Of course, you can still formally
derive averaged governing equations based on this assumption. For a steady flow, by taking T — oo, we may define

- 1 t+T
fﬁﬁ%&&fl’ f(x,t)dt. (5.1.4)
Space Averaging
The space averaging:
76 = 1im = [[[ rxtyav. (5.15)
o Vgnoo Vv v % ’ T

which can be used for homogeneous turbulence in which the mean flow quantities are uniform in space. Of course,
many of us are probably not interested in uniform mean flows. However, for any flows, if we look close enough, there
could be a limit beyond which the flow looks locally uniform. Then, the homogeneous turbulence does make sense,
and the space averaging can be useful. | like it.

Properties of Reynolds Averaging

The Reynolds averaging has the following properties:

=T (5.1.6)
=0, (5.1.7)
fg = o, (5.1.8)
fg = 73 (5.1.9)
f+g = F+a (5.1.10)

They all make sense and thus easy to remember. | like them.

5.1.2 Favre Averaging
Favre Averaging

The Favre averaging (denoted by a tilde):

(5.1.11)

bt
S|

which may be called the mass-weighted averaging or the mass-averaging. In fact, | like it very much because we can
greatly simplify the averaged compressible Navier-Stokes equations using this particular averaging, much simpler than
those obtained by using the Reynolds averaging.

Usually, only the velocity and thermodynamic variables are Favre-averaged and the density and the pressure are
Reynolds-averaged:

(5.1.12)

)

l
~[3

t
<[

T
T:pf7 H=
D

~[E

Also note that the fluctuation associated with Favre averaging fis denoted by f”':

v=v+Vv', p=p+y, p=p+p, h=h+h", T=T+T', H=H~+H" (5.1.13)
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Properties of Favre Averaging

Favre averaging has the following properties:

o= f—?—pgﬂ (5.1.14)
o p/f/

o 1.1
f > (5.1.15)
#0, (5.1.16)
pf” = 0, (5.1.17)
of = 7f. (5.1.18)

These are more complicated than those of the Reynolds Averaging, but | like them. These are very important, anyway.

5.1.3 Spatial Filter
Spatial Filter

The spatial filter is a local space (or a local wave-number space) averaging. A typical spatial filter is the volume-average
box filter (also called the top-hat filter):

. 1 z+Az/2 py+Ay/2 pz+Az/2
Fx.t) = 55 [ o] e e (5.1.10)
z—Azx/2 Jy—Ay/2 Jz—Az/2
where
X = (’Iay7z)t = (I1,$27I3)t, E = (5’7]7C)t = (61562753)):7 A= (AIAZ/AZ)I/S (5120)

We may think of it as the integral over a computational cell: f(x,t) can be thought of as a smooth (low-frequency)
component that can be resolved on that grid. This smooth component is called a grid scale (GS) or a resolvable scale,
and the rest (high-frequency component that cannot be resolved) is called a sub-grid scale (SGS), i.e.,

f=7+r, (5.1.21)

in which f” is the sub-grid scale. Note that in principle the filter spacing, (Ax, Ay, Az), does not have to be the grid
spacing (as long as larger than the grid spacing). So, the terms like GS and SGS may be confusing. This filtering
operation can be thought of as a decomposition of a flow into large eddies(GS) and small eddies(SGS). The smaller the
filter spacing is, the more universal the properties of small eddies can be (Kolmogorov's law: a theory by Kolmogorov,
which is sometimes called K41 theory because it came out in 1941 [73]. See Refs.[12, 156] for details). If the filter
spacing is small enough, then, a universal model can be developed: methods applicable to many different flows can
be developed. Yes, a smaller filter spacing implies finer computational grids, and hence such simulations are generally
very expensive.
We can generalize the filtering operation by writing it in the form,

Tot) = [[[ G- @ se 0 agandc. (5.1.22)

where the integration is over all space and G is called the filter function. For example, the following filter function
corresponds to the volume-average box filter (5.1.19),

1/A3 lzi — &| < Awy/2,

Glos —&) = { 0 otherwise. (5.1.23)

There are other types of filters such as the Gaussian filter or the Fourier cut-off filter. See Ref.[171] for details.

The large eddy simulation (LES) refers to a simulation based on filtered governing equations with sufficiently small
filter spacing such that the sub-grid scale will be homogeneous. | like the idea, but it requires a very fine computational
grid (very expensive). If | use a grid fine enough to resolve all scales, then no turbulence models are needed, and the
simulation is called the direct numerical simulations (DNS). | like this one. It's very simple. It is particularly nice that
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we do not need turbulence modeling. However it is even more expensive than LES: the grid must be extremely or often
prohibitively fine especially for high-Reynolds-number flows encountered in many practical applications. There is also
a class of methods called detached eddy simulations (DES) [147, 151]. In DES, the near-wall region (too expensive
to resolve by LES) is solved by RANS and the rest of the domain (where relatively large eddies dominate) is solved by
LES. I like the idea of DES, but I really think that it would be very very nice if DNS would become feasible for practical
flows. It is so simple.

Properties of Spatial Filter

Generally, filtering once and twice, we obtain different values:

T#T, (5.1.24)

which is not the case in the Reynolds averaging. Therefore, filtered governing equations and averaged governing
equations can be quite different. We must be careful about the following also:

f#0, (5.1.25)

fg' # 0. (5.1.26)

Do | like it? Well, sure, of course, | like it.

5.2 Reynolds-Averaged Incompressible Navier-Stokes Equations

Take the Reynolds average of the incompressible Navier-Stokes equations to get the Reynolds-averaged incompressible
Navier-Stokes equations (p = constant):

div(pv) = 0, (5.2.1)
O0:(p¥V) + div(pV®¥V) + gradp —div: = 0, (5.2.2)
where
+ = T—pvaVv = plgrad v+ (gradv)'] — pv'@v'. (5.2.3)
The extra term,
pv' RV, (5.2.4)

has been generated by the averaging operation. This is usually interpreted as a stress and called the Reynolds stress.
Without the Reynolds stress, the system would have been closed and solved for the average quantities (just like the
laminar equations). It is possible to derive its own governing equations; but it is so much simpler to model this
term (i.e., to relate somehow to the average quantities) by the Boussinesq approximation (or the gradient transport
hypothesis) [16]:

2
—pv'@V = ur [gradV—i— (grad V)t} — gpkl, (5.2.5)
where pr is called the eddy viscosity or the turbulence viscosity, and
k=—-v v/, (5.2.6)

is called the turbulent energy. Basically, we assume that this fluctuation stress is proportional to the gradient of the
average quantities (similarly to Newtonian fluids). The second term —%ka is needed in order for the Boussinesq
approximation to be valid when traced: the trace of the right hand side must be equal to that of the left hand side
—pujvl = —2pk. But this term is usually ignored if we have no ways to evaluate k, e.g., in zero-equation or one-
equation models. To evaluate k, we would probably have to derive and solve the governing equation for k. Typically,
two-equation models include such an option (see Section 5.6).
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| like ignoring k and employing the Boussinesq approximation because then | can write the viscous stress term as
# = (u+pr)[grad v+ (grad v)'] (5.2.7)

so that practically the form of the Reynolds-averaged incompressible Navier-Stokes equations is the same as that of
the original (laminar) incompressible Navier-Stokes equations except that it has one extra viscosity coefficient, pr,

w— pu+ pr. (5.2.8)

So, the focus is now on estimating the turbulent viscosity, ur. You might want to evaluate it algebraically (algebraic
models), by deriving and solving a governing equation for ur (one-equation models), or by deriving and solving
governing equations for pr as well as &k (or any relevant two quantities: two-equation models).

5.3 Favre-Averaged Compressible Navier-Stokes Equations

Apply the Favre averaging (instead of the Reynolds averaging) to the compressible Navier-Stokes equations to ob-
tain the following relatively simple form of the averaged Navier-Stokes Equations:

d,p+div(pv) = 0, (5.3.1)
O(pVv) +div(pveVv) +gradp = divT, (5.3.2)
0,(pE) +div(pvH) = div(#V) —divg +divK, (5.3.3)

where
P = PRI, (5.3.4)
E = €+¥+k, (5.3.5)
H = E+Lj+k, (5.3.6)

NN

ko= ”T, (5.3.7)
F = T—pv"@Vv" = pgradv + (grad v)'] — %ﬂ(divV)I—W, (5.3.8)
q = —}%gradh—w, (5.3.9)

and also
K = v/ —pv'(v/-v")/2, (5.3.10)

but this one is considered to be small and often ignored. Also, as a matter of fact, because v/ # 0, we actually have

2 _ _ 2 _
T = plgradv+ (gradv)'] — 3k (divv)I + [grad v/ + (grad v/')"] — i (div v/,
(5.3.11)
but the last two terms are considered to be small and often ignored. So, | have done so in Equation (5.3.8). Also,

the turbulent energy k in E and H are often ignored. Now, with these terms all ignored, we apply the Boussinesq
approximation:

—_— ~ ~ 2 ~ 2
—pv"@Vv" = pup[gradv + (gradv)'] — 3 b (divv)I — gﬁkI, (5.3.12)
—ov'R"T = — dh 3.1
pv Pro grad h, (5.3.13)

where of course, k will have to be ignored if there are no ways to estimate it; Pry is called the turbulent Prandtl number
and Prpr = 0.9 is a good approximation for the sea-level air. So, we ignore k and obtain the following Favre-averaged
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Navier-Stokes equations:

op+div(pv) = 0, (5.3.14)
O(pVv) +div(pveV) +gradp = divT, (5.3.15)
0, (pE) + div(pvH) = div(#V) —divq, (5.3.16)
where
p = pRT, (5.3.17)
P o— a ? (5.3.18)
H = TL+‘~’2j, (5.3.19)
7 = (u+pr)[gradv+ (grad v)'] — ; (1 =+ pr) (divv)l, (5.3.20)
qa = - <]ia + :;) grad h. (5.3.21)

Therefore, the differences between these equations and the laminar equations are the turbulent viscosity and the
turbulent Prandtl number:

woo—  u+pr, (5.3.22)
[ | Hr
— — , 5.3.23
Pr - Pr * Prp ( )

But since we may take Prp = 0.9, it is again a matter of how to estimate up just like in the Reynolds-averaged
incompressible Navier-Stokes equations. This is nice and simple. | like it.

5.4 Filtered Incompressible Navier-Stokes Equations

Apply filtering to the incompressible Navier-Stokes equations to get the filtered incompressible Navier-Stokes equations:

div(pv) = 0, (5.4.1)
Ot(pV) + div(pvRV) + gradp — divd: = 0, (5.4.2)
where
#9095 = _p(vev - Vo), (5.4.3)
is called the SGS stress, which is usually expanded as
#9965 = (FRV-vov)+ (VEV+vav) + vV av, (5.4.4)

and on the right hand side the first term is called the Leonard stress, the second the cross-term stress, the third the
SGS Reynolds stress. It may look a little bit more complicated than the Reynolds stress in the Reynolds-averaged
incompressible Navier-Stokes equations (5.2.4), but | like it.

5.5 Filtered Compressible Navier-Stokes Equations

Apply mass-averaged filtering to the compressible Navier-Stokes Equations to obtain the simple filtered compress-
ible Navier-Stokes Equations:

op +div(pv) = 0, (5.5.1)
O (pv) +div(pveVv) +gradp = divT, (5.5.2)

0,(pE) + div(pvH) = div(#¥) — divg + divK S (5.5.3)
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where
V-V SGS [y T V-V | s56s
= pRT, E=c4+2Y 5 +k H = h—I—T—Fk , (5.5.4)
2 ~
+ = [grad v + (grad v)!] — e (div)I — 7565 q = —Pi grad h + q°%%, (5.5.5)
r
5GS Lo~ o

k = ip(vv —Vv), (5.5.6)

965 = —p(vev - vev), (5.5.7)

q°% = —p(Ev - EV), (5.5.8)

K% = B(7v—7V) — (pv — DV). (5.5.9)

kSGS KSGS SGS

Usually, if the Mach number is not large, and are ignored and only 75¢5 and q are modeled. These
equations may look more complicated than the Favre-Averaged Navier-Stokes Equations, but essentially the same in
that extra terms are introduced in the viscous stress and the heat flux. | like these equations.

5.6 Turbulence Models

In many cases, the Boussinesq type approximation is made, and it leads us to the problem of estimating the eddy
viscosity, p7. There are various ways to evaluate the eddy viscosity. The simplest would be the algebraic models where
the eddy viscosity is computed algebraically in terms of the mean flow quantities. This includes, for examples, Prandtl’s
mixing-length theory [121], the Cebeci-Smith model [143], the Baldwin-Lomax model [8], and their numerous variants.
These methods can give a good estimate for the eddy viscosity in some cases, but its success essentially depends on
the flow because the eddy viscosity is not an intrinsic property of the fluid (unlike the molecular viscosity, i). In other
words, the models need to be tuned (e.g., constants somehow adjusted) for each application. Johnson-King model [63]
is a little bit more sophisticated model with an ordinary differential equation incorporated (often called 1/2 equation
model), but still its applicability is limited because it does not directly estimate up. | like these algebraic models
because they are relatively easy to implement, but | must admit that we definitely need more sophisticated methods for
successful and general turbulence calculations. Beyond the algebraic model, the simplest method would be to directly
solve a governing equation for pp. This is good because pr will be solved along with the flow equations and thus
it now depend on the flow. This includes, for examples, the Baldwin-Barth model [7, 6], the Spalart-Allmaras model
[146], and their variants. | like these models. They are still simple. It is possible to couple the turbulence equation
with the flow equations, but it is also possible to solve them separately. Personally, | like the latter. In fact, these
models work successfully for many different flows, but not so much for separated flows. It looks like that we need
more sophisticated models. Then, the simplest thing to do is to solve another equation for yet another turbulence
quantity. This leads to two-equation models. This includes, for example, the Menter shear stress transport (SST)
model [92], and its variants. These models are widely used; so people must like them. Anyway, | know there are many
other turbulence models, e.g., Reynolds stress model, Smagorinsky model for LES, etc., but honestly speaking, | am
not really an expert in turbulence modeling (although | like it very much). So, | recommend readers to consult other
books such as Ref.[171] for more details.
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Chapter 6

Methods for Exact Solutions

| like studying methods for deriving exact solutions. Various exact solutions have been used for accuracy verification
in CFD, but it is sometimes difficult to find detailed descriptions on how they were derived. It is nice to know various
methods for deriving exact solutions so that | can generate an exact solution myself whenever | need one.

6.1 Exact Solutions with Separation of Variables

| like separation of variables because it makes it possible to obtain exact solutions for some partial differential equations.
It is a very powerful technique.

6.1.1 Laplace Equation

Consider the Laplace equation:

Ugz + Uyy = 0. (6.1.1)
In separation of variables, we first assume the solution of the form,

u=X(x)Y (y), (6.1.2)

and substitute this into the Laplace equation to get

1 d?2X 1 d?Y
il -2 1.
X dx? + Y dy? 0, (6.1.3)
from which we find
1 d2X 1 d?Y
= = constant. (6.1.4)

X da? Y dy?

So, now the problem is to solve the two ordinary differential equations. If we want the solution to be periodic in
x-direction, then set the constant to be negative, say, —k2, and we obtain

X(x) = Asin(kz) + B cos(kx), (6.1.5)
Y(y) = Ce™ + De v, (6.1.6)

where A, B, C, and D are arbitrary constants which are determined by boundary conditions. Therefore, we obtain an
exact solution as

u(z,y) = X (2)Y (y) = [Asin(kz) + B cos(kxz)] [Ce™ + De™"] . (6.1.7)
It is, of course, true that any linear combination of the solution with different k, i.e.,the Fourier series:
u(z,y) = ZXk(x)Yk(y) = Z [Ag sin(kz) + By, cos(kx)] [Ckeky + Dke_k'y] , (6.1.8)
k=1 k=1

179
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is also an exact solution because the equation is linear. This is called the principle of superposition. It may be useful
for deriving a solution which will fit a given domain and boundary conditions. But just one term would be enough for
the purpose of accuracy verification of numerical schemes.

As an example, we consider deriving a solution from the fundamental solution (6.1.7) in a square domain [z,y] =
[0,1] x [0, 1] with the following boundary conditions:

u(z,0) = u(0,y) = u(l,y) =0, (6.1.9)
u(x,1) = sin(mz). (6.1.10)

These boundary conditions require that we set

B=0, C=-D, AC:®7 (6.1.11)
in Equation (6.1.7), and thus the exact solution is given by
u(z,y) = SIH(ZI)IEI(I:;(W) (6.1.12)
Now, consider another set of boundary conditions,
u(0,y) = u(x,0) = u(z,1) =0, (6.1.13)
u(1,y) = sin(my), (6.1.14)
to obtain the exact solution,
u(z,y) = Sln(?;i)l}sll(r;})l(wx)7 (6.1.15)
and add this to the previous one to generate a new exact solution,
w(z,y) = sinh(7z) Sin(ﬁgi)nl—(j:)nh(ﬂy) sin(mx) 7 (6.1.16)
which is the exact solution to the following boundary condition:
u(0,y) = u(z,0) =0, (6.1.17)
u(z,1) = sin(nz), (6.1.18)
u(1,y) = sin(my). (6.1.19)
This superposition is possible because the Laplace equation is linear. It is very nice. | like linear partial differential
equations.
6.1.2 Diffusion Equation
| like the two-dimensional diffusion equation also,
U =V (Ugg + Uyy) - (6.1.20)
This can also be easily solved by separation of variables. First, we assume
u(z,y,t) = T X (@)Y (y), (6.1.21)

substitute it into the diffusion equation to find

1 dT v d*X v d’Y
— = —_— 6.1.22
T d ~ X(@) d? | Y(y) dg®’ (6.1.22)

and so by setting

1 dT s 1 X ,
- Y b LA
Twar - VT e = e

—(bm)?, (6.1.23)
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where a and b are arbitrary constants, we find

T(t) = Ce v (@)t (6.1.24)
X(x) = Ajsin(amx)+ Ay cos(arz), (6.1.25)
Y(y) = Bjsin(bry) + Bgcos(bry), (6.1.26)

where C, Ay, Ay, B, and Bs are arbitrary constants. Therefore, we obtain an exact solution as
w(z,y,t) =TH)X ()Y (y) = Ce—vm2(a+b?)t [Ay sin(arz) + Ag cos(amz)] [By sin(bmy) + Bz cos(bry)], (6.1.27)

where C, Ay, Ay, By, and By are arbitrary constants which can be determined by specifying boundary conditions. Of
course, any linear combination of the solution with different @ and b can also be an exact solution. Constants may
be determined to produce a desired solution for given domain and boundary conditions. But | like a simple one, even
simpler than the solution above. For example, | would set A; =1, A5 =0, By =1, and By =0:

w(z,y,t) = T X (2)Y (y) = Ce™™ @) gin(arz) sin(bry). (6.1.28)
This solution in a square domain with the Dirichlet boundary condition is enough for verifying the accuracy of a diffusion
scheme.
6.1.3 Advection-Diffusion Equation
Consider the two-dimensional advection-diffusion equation,
Ut + Qg + by = V(Ugy + Uyy), (6.1.29)

where a, b, and v are constants, and a2 + b? # 0. This can be transformed into the following form,

Ut
aZ + b2 + ug = v(uge + uny), (6.1.30)

where £ = ax + by and n = bx — ay (see Section 1.15 for the transformation). Basically, the coordinate system has
been chosen along and normal to the advection direction. So, there is only one advection term present, which is a
derivative along the advection direction. It is always nice to have less terms. | like it. To solve this, | first assume

u(§,n,t) =T)X (&)Y (n), (6.1.31)

substitute it into the transformed advection-diffusion equation (6.1.30) to find

v dar_ 1 ﬂJr v d2X+ v d2Y 6132)
(@2 +0)T(t) dt X&) dé ' X(€) de2 " Y(n) dn2’ 1.
and so by setting,
1 dT
@ T a = T B A, (6.1.33)
1 dx 1 &®X , 1 ey )
X d T x@ ez - A yagae — B (6.1.34)

where A and B are arbitrary constants (the constants on the right hand sides have been chosen to make the solution
periodic in n), we find

T(t) = Coe~v™ (@ +b*)(B* =A%)t (6.1.35)

X (&) = Cyrexp(M&) + Coexp(A2f), Y(n) = Cssin(Brn) + Cy cos(Bmn), (6.1.36)
where Cy, C1, Cs, C3, Cy are arbitrary constants, and

1V 4A27212

2v

9 =

1—+V14+4A27212

A
! 2v

(6.1.37)
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Therefore, we obtain an exact solution as
u=TEHX ()Y (n) = Coe "™ @H) B =AD (C1 axp(A1€) + Cs exp(Aaf)] [C5 sin(Bmn) + Cy cos(Brn)] . (6.1.38)

Note that it is easy to obtain a steady solution by taking A = B (see Section 7.3). This is very nice. But this solution
looks complicated to me. | cannot even think about taking a linear combination of this solution (which is also exact,
though). | like a simple one such as

(6.1.39)

_/ 22,2
u—C’ocos(Bmy)exp<1 L+ 44y &,

2v

which has been obtained by taking C; =0, Co =1, C3 =0, C4y = 1. | can now imagine what this solution looks like.
Can you?

6.1.4 Advection-Diffusion-Reaction Equation
| like the one-dimensional advection-diffusion-reaction equation,
Up + AUy = V Uzy — KU, (6.1.40)
where a, v, and k are positive constants. | like it because | can easily derive an exact solution. Assume
u(z,t) = T#) X (x), (6.1.41)

and substitute it into the advection-diffusion-reaction equation to find

1 dT a dX v d’X
—_—— = — — — k. 6.1.42
T dt ~  X(z) de | X(z) da? (6.142)
| like solutions that decay in time, and so | set
1 dT 9 a dX v d’X 9
- — - —k=A 6.1.43
T dt X(z) de T X(x) da? ’ (6.143)
where A is an arbitrary constant. Then, | obtain
T(t) = Coe™™™, (6.1.44)
X(z) = Cyexp(Ai1z) + Coexp(Aagx), (6.1.45)

where Cy, Cy, Cs are arbitrary constants, and

Va?+4v(k + A2 —ya? + vk + A2
)\1:a+ a ‘;VV( + )’ )\2:a a +2VV( + ) (6.1.46)

Therefore, we obtain

2+ 4v(k + A? — a2+ 4v(k + A2
u="Tt)X(r)= Coe™ " | Cy exp (a Ve —;Z/V( * >m> + Caexp (a ¢ +2VV( + )JJ> (6.1.47)
| would set A% = k so that the solution decays at the reaction rate k:
Va2 L ) L
u = Coe * | Oy exp <a+a+81/x) + Cyexp <aa+81/x)] . (6.1.48)
2v 2v
| like this exact solution because a steady solution is easily obtained by taking A = 0 in Equation (6.1.47):
Va2 + 4vk —Va?+4vk

u = C7exp (Wx) + Cyexp (CL;V—FV@) . (6.1.49)
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6.1.5 Oscillating Solutions with Complex Variables: Diffusion

Notice that the exact solutions in the previous subsections will decay as time goes on and eventually vanish (because
of the exponential term). It would be nice also to have solutions which keep changing and never vanish. Then, | like
the idea of using the complex variables in separation of variables because it makes it possible to obtain such solutions
[54]. Consider the one-dimensional diffusion equation,

U = VUyy, in y € (0,d), (6.1.50)
with the time-dependent boundary conditions,

u(0) = 0, (6.1.51)
u(d) = U cos(wt), (6.1.52)

where U and w are arbitrary constants. Note that it is very hard to apply the solution obtained in Section 6.1.2 to this
problem because it is not compatible with the boundary condition at y = d. Now, an interesting strategy for deriving
an exact solution to this problem is to first write the boundary condition as

u(d) = Uexp(iwt), (6.1.53)

where i = y/—1, so that its real part describes the original condition; then, derive a solution by separation of variables,
which possibly involves complex variables; and finally extract the real part of the solution, which is the exact solution
for the original boundary condition. So, assume u(y,t) = Y (y)T'(t) and substitute into the diffusion equation to get

1 dT_ v d*Y

T(t)dt  Y(y) dy?

= constant. (6.1.54)

The boundary condition suggests that the constant should be iw, which leads to

T(t) = Cexp(iwt), (6.1.55)
Aexp(Ay) + Bexp(—Ay), (6.1.56)

=

S

N~—
|

where C, A, B are arbitrary constants and

w . w
A= =({1+i)k, k= 2 (6.1.57)

(note that v/i = [exp(im/2)]*/? = exp(in/4) = (14i)/+/2). The constants are determined by the boundary conditions:

U U

B=-4, AC= exp(Ad) — exp(—Ad) _ 2sinh(Ad)’ (6.1.58)
We thus obtain the complex solution,
u(y,t) =TH)Y (y) = m U exp(iwt). (6.1.59)
Finally, we take the real part of this to get the solution to the original problem,
u(y,t) = Q [sinh(ky) cos(ky) sinh(kd) cos(kd) + cosh(ky) sin(ky) cosh(kd) sin(kd)] cos(wt)
+Q [sinh(ky) cos(ky) cosh(kd) sin(kd) — cosh(ky) sin(ky) sinh(kd) cos(kd)] sin(wt), (6.1.60)
where
v (6.1.61)

~ cosh?(kd) — cos?(kd)’

It looks a little complicated, but | like it. It is really nice that this solution does not decay in time and oscillates forever.
It can be a good test case for studying a long time behavior of a diffusion scheme.
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6.1.6 Oscillating Solutions with Complex Variables: Advection-Diffusion
It is possible to derive an exact oscillating solution to the one-dimensional advection-diffusion equation,

Up + Aty = VUy,, in y € (0,d), (6.1.62)
with the time-dependent boundary conditions,

w(©0) = o0, (6.1.63)
u(d) = Ucos(wt), (6.1.64)

where U and w are arbitrary constants. The derivation follows exactly the same procedure as in the previous section.
So, assume u(y,t) = Y (y)T'(t) and substitute into the advection-diffusion equation to get

ldT_ a d? Vd2Y_,

s = — —+ — =W, 6.1.65
TOd ~ Yy V() dp? (6.0.65)
which gives
T(t) = Cexpl(iwt), (6.1.66)
Y(y) = Aexp(Ay)+ Bexp(Aay), (6.1.67)
where A, B, and C' are arbitrary constants, and
a++Va? + dvwi a—va?+ dvwi
N =—— T = T (6.1.68)
2v 2v
Therefore, by applying the boundary conditions, we obtain the following complex solution:
Ay) — A
u(y,t) = T)Y (y) = exp(M1y) — exp(Aay) U exp(iwt), (6.1.69)

exp(A1d) — exp(Aad)

whose real part is the exact solution to the original problem. | haven't been able to analytically extract the real part of
the complex solution, but | like it because | can easily compute it numerically and it is useful for testing time-accurate
advection-diffusion schemes.

6.2 Exact Solutions with Complex Variables

| like the Cauchy-Riemann system for the velocity potential ¢ and the stream function %,

Yz + by

=y = 0, (6.2.2)

because this implies that ¢ and 1) are the real and imaginary parts of an analytic function F' of a complex variable
Z = x4+ y:

0, (6.2.1)

F(Z) = ¢(2,y) +i(z,y), (6.2.3)
where ¢ = /—1. F'is called the complex potential. The velocity is obtained by the derivative of the complex potential:
W(Z)=F =dF/dZ = u — iv, (6.2.4)

which is called the complex velocity. Note that any analytic function of Z represents a flow. In other words, we can
generate an exact solution for a steady, incompressible, inviscid, irrotational two-dimensional flow, just by picking up
an analytic function of Z [68]. This is very nice. In particular, | like the following basic examples:

(a) Flow around a corner of angle a, where « is measured with respect to the z-axis,
F = c©z"/°, (6.2.5)
C
W = w—iv= "2z, (6.2.6)
«

If « = 7, this is a uniform stream with the velocity C' which is a constant. If « = 7/2, it represents a flow against
a horizontal wall (stagnation flow).



6.2. EXACT SOLUTIONS WITH COMPLEX VARIABLES 185

(b) Uniform Stream at an angle «:

F = UxZe ™, (6.2.7)

= Use '™, (6.2.8)
u = Uxcosa, (6.2.9)
v = Usxsina. (6.2.10)

(c) Source/Sink with a strength o located at Z = Zy = xg + yo:

ag
F = Zwz-z 6.2.11
o0 n( 0)7 ( )
g

S A— 6.2.12
W 27T(Z — ZO)7 ( )

o T — To
w = 2 , 6.2.13
2 (o= 20) (v — 3o)? (6:2.13)
v o= 2 Yy Yo . (6.2.14)

27 (z — 20)2 + (y — 0)2

(d) Doublet with a strength m at an angle « located at Z = Zy = z¢ + iyo:

e

.o _%’ (6.2.15)

W %(TZM_“ZO)Q , (6.2.16)

L m @20’ — (- yo)] cosar+ 2z — 20)(y ~ yo)sina (6.2.17)
o [(x —20)? + (y — v0)?]

s — M2z =)y —yo)cosa— [(@— o)~ (y—yo)*] sinar (6.2.18)

2 [(z — 20)2 + (y — y0)2°

(e) Clockwise Vortex with a positive circulation T' located at Z = Zy = x¢ + iyo:

i
F o= -W(Z-Z) (6.2.19)
i

- 6.2.20
W 27T(Z — ZO)7 ( )

I Y — Yo
w o= — , 6.2.21
21 (v — x0)* + (¥ — yo)? ( )
v o= -1 — (6.2.22)

21 (& — x0)2 + (y — v0)?

(f) Superposition:
Above solutions can be superposed to create a new flow: e.g., a uniform flow around a cylinder (of unit radius) at
the origin is obtained by the sum of the uniform stream and the doublet.

F = UOCZ+U7°°, (6.2.23)

U

W = Uoc_ﬁa

(6.2.24)
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- Uy, cos 20

2 )

u = Us (6.2.25)

r

Uy sin 20

v =
r2

(6.2.26)

Here, the doublet strength m has been set m = 27U, so that the cylinder itself becomes a streamline. Also,
note that a = 7 has been taken, i.e. the doublet pointing against the uniform stream.

More examples are given in Section 7.11.

6.3 Superposition for Nonlinear Equations

Generally, the principle of superposition (a sum of solutions is also a solution) is valid only for linear equations.
But it is sometimes possible to ‘superpose’ a solution onto another solution for nonlinear equations such as the Euler
equations. Consider superposing a perturbation velocity field v/ to a mean flow with a constant velocity v:

v(x,t) = Voo + V/(x — X0, 1), (6.3.1)

where xq indicates some reference center location of the perturbation field (which may be the origin). More specifically,
here we consider a type of solution in which the perturbation is convected at the mean flow velocity, i.e.,

V(X,1) = Voo + V(X — X0 — Vool). (6.3.2)

If such a solution exists, it will be very interesting. The perturbation flow field will not affect the mean flow at all; it
will be simply convected in the uniform stream. Of course, the density, the pressure, and the temperature will also be
convected together at the mean flow velocity:

p(x,t) = p(x—x0—Veol), (6.3.3)
p(x,t) = p(x—%x0— Veol), (6.3.4)
T(x,t) = Too+T'(x—X0— Vool), (6.3.5)

where only the temperature has been decomposed into the mean T, and the perturbation T” for the sake of convenience;
others can be obtained from the temperature. In particular, we consider only a flow with constant entropy (homentropic
flow), i.e., the following relations are valid,

1 0
P Px p_ (T \"T p _ (T \"T
il € Bl € B (620

which can be used to calculate p and p from T". Then, we seek such a solution for the Euler equations:

% +div(pv) = 0, (6.3.7)
ov 1
5 + (grad v)v + ;gradp = 0. (6.3.8)

Note that the energy equation is not needed for homentropic flows. Now, substituting the velocity (6.3.2), the density
(6.3.3), the pressure (6.3.4), and the temperature (6.3.5) into the Euler equations, we obtain

div(pv') = 0, (6.3.9)

YR

(grad v')v' +

1gradT' = 0, (6.3.10)
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where the isentropic relation % = %RldT has been used to replace the pressure gradient by the temperature gradient.

v
This is interesting. This means that our desired unsteady solution exists if the perturbations satisfy the above steady
Euler equations. A good example is a vortex-type perturbation in two-dimensions:

u. = 0, (6.3.11)

uyg = f(r), (6.3.12)

where (u)., uy) is the perturbation velocity in polar coordinates and f(r) is a function to be determined later. Likewise,
the density, the pressure, and the temperature depend only on 7. Then, the continuity equation and the -momentum
equation are identically satisfied, and we are left with the r-momentum equation,

(up)®> AR dT"

= ) 6.3.13
r v—1dr ( )
Integrating this to the far-field (r — 00), where the perturbation is assumed to vanish, we get
-1 [*f@r)?
T = L/ D0 ar. 6.3.14
oyl A ( )
Now, the form of f(r) needs to be chosen so that this can be fully integrated. A good choice for f(r) is
K
fr) = —re1=m)/2, (6.3.15)

2

which describes a vortex perturbation with the strength K and the rate of decay « (it quickly decays to the far-field
for a large value of ). Integrating Equation (6.3.14) with this f(r), we obtain

K2(y 1
_KTO 1) sy

T =
8am2yR

(6.3.16)

Using this result, we finally obtain the exact solution of a vortex, initially centered at (zo,yo), convected in a uniform
flow:

a t (e%) ! 7?7 o K -7
w@yt) _ te  W(@Y) U _ e 1-7)/2, (6.3.17)
aoo a/OO a’oo a/OO 27Taoo
o
A e V@Gt K paarye (6:3.18)
Goo Ao Uoo Ao 27raoo
T(z,y,t) I T'(z.7) K*(y—1) aa-
2B fe DY) g 2 T pa() 31
Too Too - TOO 8aﬂ-2ac2>o ‘ 7 (6 3 9)
plr,y,t) (T@Cyt)> o (6.3.20)
Poo Teo 7
0
plz,yt) _ (T(xy,t)\7" (6.3.21)
-y 2 7 3.
where a = \/m
T o= oy ust, (6.3.22)
T o= o — vt (6.3.23)

Fo= TP+ 7 (6.3.24)

| like this solution very much. It is really interesting that it is possible to superpose a vortex on a uniform flow and
that such a simple flow is an exact solution to the Euler equations. Moreover, other exact solutions could be obtained
in a similar way, i.e., by choosing some other steady solution as a perturbation.
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6.4 Exact Solutions with Transformations

6.4.1 Cole-Hopf Transformations
One-Dimensional Viscous Burgers’ Equation

Consider the one-dimensional viscous Burgers' equation,

Ut + Uy = Vlgy. (6.4.1)
It is well known that the transformation
o(l
u=—2u (ar;d’) = —21/%, (6.4.2)

called the Cole-Hopf transformation, relates u(xz,t) and ¢(z,t) > 0 in such a way that if ¢ is a positive solution of the
linear diffusion equation,

Or = V¢:L’.’E7 (643)
then, u is a solution of the Burgers' equation (6.4.1). This means that we can generate various exact solutions of the
viscous Burgers' equation simply by substituting exact solutions of the linear diffusion equation into Equation (6.4.2).
This is nice. | like it. See Ref.[13] for various exact solutions, and also see Section 7.8.1 for a few examples.

Two-Dimensional Viscous Burgers' Equation

Consider the two-dimensional viscous Burgers' equations,

Up + Uy + VUy — V(Ugy + Uyy) = 0, (6.4.
Ut + Uz + VU — V(Vgg + Uyy) = 0. (6.4.
Again, we have a nice transformation [37],
u=—2v 8(15;(;5) = —21/%:, v=—2v 8((1;;¢) = —21/%7 (6.4.6)
which relate u(z,t), v(z,t) and ¢(z,t) > 0 in such a way that if ¢ is a positive solution of the linear diffusion equation,
bt = V(Paa + Pyy), (6.4.7)

then, u and v are solutions of the Burgers' equations (6.4.4) and (6.4.5). See Ref.[37] for examples, or Section 7.8.3
for an example.

Vector Form of the Viscous Burgers’ Equation (3D)

Consider the vector form of the viscous Burgers’' equation,

U; + (grad U)U = vdivgrad U, (6.4.8)

where U = [u, v, w]'.

is, the transformation

It is nice to know that there is in fact a vector version of the Cole-Hopf transformation. That

grad ¢

¢ )
relates the solution vector U and a scalar function ¢(x,y, z,t) > 0 in such a way that if ¢ is a positive solution of the
linear diffusion equation,

U= —2vgrad(In¢) = —2v (6.4.9)

¢y = vdivgrad ¢, (6.4.10)

then, U is a solution of the vector form of the viscous Burgers' equation (6.4.8). This is very nice. | like it very much.
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Viscous Burgers’ Equation with Source Terms
Consider the one-dimensional viscous Burgers' equation with various source terms,
Up + Uy = VUge + eu® — ku + d, (6.4.11)

where v, ¢, k, and d are constants. It is nice to be able to find exact solutions to this equation. | like the following
derivation. The equation is transformed by

o1 -
u=p (ar;qﬁ) = P%, (6.4.12)
into
[(¢t - V¢1x)z + k(lsz - d¢/p] ¢2 + [¢t - (P + 37/)¢xm + €p¢m} ¢¢x - [P + 2V](¢a:)3 = 0, (6413)
which is true for any ¢ if
(¢t - V(bzw)w + k(bm - d(b/p = 0, (6.4.14)
(bt - (P + 3V)¢:z:x + €P¢x = 07 (6415)
p+2v =0, (6.4.16)
i.e., p=—2v, and
(¢t - V¢zz)z + kd)m + %Qb - O; (6417)
¢t - V¢xaz - 2€V¢x - 0; (6418)
thus resulting
2eVPpy + kpy + %¢ =0. (6.4.19)

Insert a trial solution ¢ = C(t) e, where C(t) is an arbitrary function of time, into this to find the characteristic
equation,

2ev A\ + kX + ;qs = 0. (6.4.20)
1%
Then, this can be solved easily, i.e.,
k4 VEZ
A= W. (6.4.21)
€

We now consider three cases: k2 — 4ed > 0, k? — 4ed < 0, and k2 — 4ed = 0.

(a) Two distinct real roots: k? — 4ed > 0

Denote the two distinct real roots by A\; and Ao, i.e.,

—k—Vk%2 -4 — Vvk2 —4
N = R VR —ded kA VR —ded (6.4.22)
dev dev
then one solution ¢ is given by
b1 = Oy (t) eM?, (6.4.23)

where C1(t) depends only on time, and it can be determined by inserting the solution into Equation (6.4.15) and
solving the resulting ordinary differential equation:

Ci(t) = Ky erMrat20t (6.4.24)
where K is an arbitrary constant. Therefore, the solution is given by

¢1 = Kl exp [Alx + V)\l()\l + 2€)t] . (6425)
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Now, we obtain a similar solution for the other root Ao, and superpose the two to get the general solution,
¢ = K1 exp Mz 4+ vA1 (A1 + 2€)t] + K3 exp [Aax + vAa(A2 + 2¢)t], (6.4.26)

where K5 is another arbitrary constant. Finally, we obtain an exact solution to the Burgers equation (6.4.11) from
the solution (6.4.12),

v )\1K1 exp [)\11' + I/)\l(>\1 + 2€)t] + )\2K2 exXp [)\QSC + V)\Q()\Q + 2€)t]

=-2 6.4.27
b Ky exp [Ax + vA1 (A1 + 2€)t] + K exp [Aax + vAa (A + 2€)t] ( )
(b) Complex conjugate roots: k? — 4ed < 0
Express the complex roots as
A2 = A £ i, (6.4.28)
where
—k Vied — k2
i= /1, A= L) = YEeT R (6.4.29)
dev dev

then insert these roots directly into Equation (6.4.26), split it into the real and imaginary parts, and form a linear
combination of them to get the general solution,

¢ = eMrotOTAIR2ANE [ 050 4 K sin 6] (6.4.30)

where K and K} are arbitrary constants, and

0 = Nz + 2v( A\ + €Nt (6.4.31)

Therefore an exact solution is given by

Do (A K + N K}) cosO + (A Kb — N\ K1) sinf
— oyt _ 9 ) 6.4.32
“ ng v K{cosf+ K/ sinf ( )
(c) Multiple roots: k% — 4ed = 0
Denote the single root by g,
—k

As = i (6.4.33)

and find the general solution of Equation (6.4.19),
b =M [C1(t) + 2 Ca(t)] - (6.4.34)

Insert this into Equation (6.4.15) and solve the resulting system of ordinary differential equations for C;(t) and Cs(t)
straightforwardly to get

C1(t) = 2K v(\s + )t e Pst29t (6.4.35)
Ca(t) = Ky e¥As(Pat29t, (6.4.36)
where K and K are arbitrary constants, and thus obtain
¢ = eMTHA QA2 [l L OKT (A + €)t]. (6.4.37)
Finally, we obtain an exact solution as follows,

- —QV@ _ K (14 Ax) + 2K vAs(As + €)t
o Kz +2Kv(\s + €)t

(6.4.38)

Finally, | remark that the method described above is originally studied and exact solutions of a more general equation
is discussed in Ref.[9].
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6.4.2 Hodograph Transformation

Consider the compressible continuity equation in two dimensions,

=0. 6.4.39
Ox * y ( )
This is automatically satisfied by the stream function v defined by
Po Y po
u=""" =B 6.4.40
po O Po
_ _Poy _ _po 6.4.41
v o 0T P Ve, ( )

where the subscript 0 denotes the stagnation state. This stream function is governed by the nonlinear equation,

(&) Fore [ () Fomes () enmn s
where c is the speed of sound given by
e () e (6:443)
and
1
%0 — |1+ PYT_l (?)2 M o (6.4.44)

These are basically derived from the irrotationality condition v, —u,, = 0 and the momentum equations (see Ref.[138]).
Obviously, it is not very easy to solve this nonlinear equation; it looks even more complicated than the nonlinear potential
equation (3.19.14). However, there is a nice way to get around it. That is, we exchange the independent variables
(z,y) and the dependent variables (V, ), where V is the flow speed and 6 is the flow angle, and transform the equation
(6.4.42) into

9% V2\ 9y V2\ 0%
V28v2+v<1+62) vt <162) a5z =0 (6.4.45)

(see Ref.[138] for derivation). This is a linear differential equation in v and therefore can be solved relatively easily.
In fact, to find analytical solutions, we don't really need to solve this in a formal way. Pick any function and see if
it satisfies the equation. If it does, then it is a solution. Moreover, any linear combination of such solutions (i.e.,
superposition) is also a solution because the equation is linear. This is very nice. Especially, | like the solution called
Ringleb's flow described in Section 7.13.6. See Ref.[138] for other examples.

6.5 Exact Solutions for Linear Systems of Conservation Laws

Consider the linear hyperbolic system of one-dimensional conservation laws of the form,

ou ou
— +A—=0 6.5.1
ot + Oz ’ ( )
where U = U(z, t) and A is a constant coefficient matrix having real eigenvalues and linearly independent eigenvectors.
If we are given an initial solution as

U(z,0) = Ug(z), (6.5.2)

then, we can find the exact solution as follows. First, we multiply Equation (6.5.1) by the left-eigenvector matrix L
(of A) from the left,

ou ou
L~ +LARL-- = 0, (6.5.3)
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where R is the right-eigenvector matrix (the inverse of L). Because the matrix L is constant, we can write

I(LU) J(LU)
LAR 0. 6.5.4
ot * Ox ( )
Defining the characteristic variables (or the Riemann invariants) by
W = LU, (6.5.5)

and the diagonal matrix A by A = LAR, we arrive at the diagonalized form of the system (6.5.1).
oW oW
— 4+ A—=0. 6.5.6
ot oz (65.6)
We point out that each component is now a linear scalar advection equation

— + \—— =0, (6.5.7)

where wy, denotes the k-th component of W and )y, is the k-th eigenvalue. Therefore, the exact solution of the k-th
component is given simply by

wi(x,t) = wi(x — Agt, 0). (6.5.8)
Then, by definition (6.5.5), we obtain
U(z,t) = RW(z,1) = > wi(z, )re = 3 wi(w — Aet, 0)ry, (6.5.9)
k k
or equivalently, (by Equation (6.5.5) again),
U(z,t) = Y (6 Uo(z — Ait))rs, (6.5.10)
k

where £, is the k-th row of L (the k-th left-eigenvector) and ry, is the k-th column of R (the k-th right-eigenvector).
This is the exact solution for the initial solution (6.5.2).

Now we consider a simple wave. A simple wave is defined as a solution whose variation is confined in a one-
dimensional subspace spanned by a single eigenvector. For example, if the initial solution is a j-th simple wave, we
project it onto the j-th eigenspace to write

Ug(x)

> (G Uo(@))rs

k

= (4Uo(z))r; + Z CkTk, (6.5.11)
k:k#j

where ¢, are constant. Then, the exact solution (6.5.10) can be written as

Ue,t) = > (G:Uo(x — At)rs

k
= (U@ =Nt + D exry
Kk

Therefore, the initial solution is preserved perfectly for a simple wave. This is natural because only one advection speed
is relevant in a simple wave. Finally, we give an example: set the following initial solution,

Uy(z) = U-+osin(z)ry, (6.5.13)
where U is a constant state and o is an amplitude of the sine wave, then the exact solution is given by
U(z,t) = Ug(x — \jt) = U + osin(x — \jt) r;. (6.5.14)

It is indeed simple and also general enough to be applicable to arbitrary linear hyperbolic systems of the form Equation
(6.5.1). Particularly, | like the fact that the result (and all the above discussion) is valid even for steady systems, i.e.,
Equation (6.5.1) with (z,t) replaced by (z,y) or (y,x). This is very nice.
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6.6 Simple Wave Solutions for Nonlinear Systems of Conservation Laws

Consider the nonlinear hyperbolic system of one-dimensional conservation laws of the form,

U  OF(U)

=t =0 (6.6.1)
o ou ou

- TAU) - =0, (6.6.2)

where U = U(z, t) and A(U) is a coefficient matrix which is diagonalizable but no longer constant. Unlike the linear

case, for a given initial solution such as
U(z,0) = Ugy(a), (6.6.3)

we cannot find the exact solution generally in a closed form. To see this, as in the linear case, we multiply Equation
(6.6.2) by the left-eigenvector matrix L from the left,
ouU ou

L +LARL=— = 0. 6.4
5, TLARL- 0 (6.6.4)

Here is a difficulty. We can no longer define the characteristic variables as in Equation (6.5.5) because L is not constant
any more. Instead, | define the characteristic variables by

OW = LoU, (6.6.5)
and arrive at the diagonalized form of the system.
oW A\%
—+A— = 0. 6.6.6
at Y ox (6.6.6)
Each component is now a nonlinear scalar advection equation with the exact solution,
wi(z,t) = wg(x — \gt, 0), (6.6.7)

which is valid up to the time when a shock forms. Note that this solution is given implicitly in general because Ay
depends on the solution. Then, we use Equation (6.6.5) to get the solution in the conservative variables, (6.6.5)

oU(z,t) = ROW (z,t) Zawk x,t)rg = Zawk x — At 0)ry, (6.6.8)
and so
OU(x,t) = Y _((x0Ug(x — Ait))rs. (6.6.9)
k

| like it, but it is too bad that we cannot get U(x,t) unless this is integrable. We cannot project even the initial
solution onto the space of an eigenvector exactly:

Uo(x) # Y (LUo(x))rs. (6.6.10)

Then, we consider a simple wave solution because it gives us a hope to get exact solutions. Let h(z,t) be any
smooth function that satisfies the j-th component of Equation (6.6.6),

%ZL +,(U) gh _— (6.6.11)
so that h(x,t) is the j-th characteristic variable w;(x,t) = h(z—X;(U)t) = h(£), and assume that other characteristic
variables are constant. Then, we have from Equation (6.6.5)

0U(z,t) =r;(U) 0h(§), (6.6.12)
or because U(z,t) = U(£), we may write

dt;ég) =1;(U) d};(f). (6.6.13)

If this is integrable, we can find an exact solution U for the j-th simple wave. This is possible in some cases. Note
that the variable U can be taken to be any variable (e.g., conservative or primitive) as long as the eigenvector r; is
defined consistently. Some examples are given in the next section.
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6.7 Some Exact Simple Wave Solutions

6.7.1 Case 1: r; = constant

| like eigenvectors that are independent of the solution because the ordinary differential equation (6.6.13) is then trivial.
We readily obtain a simple wave solution as

U(¢) = () r; + constant. (6.7.1)

The entropy wave in the Euler equations is a good example: the eigenvector, based on the primitive variables V =
[p,u, p]*, is given by

I‘j = 0 5 (672)
0

with eigenvalue A; = u. So, it follows immediately from Equation (6.7.1) that

p = h(z—ut)+ constant, (6.7.3)
u = constant, (6.7.4)
= constant. (6.7.5)

This shows that the wave does not deform because the speed w is constant (the entropy wave is linearly degenerate).
Any function (even a discontinuous one) can be chosen for h(x). It will be simply convected at the velocity .

6.7.2 Case 2: r; xU

Consider the case where the eigenvector is proportional to the solution vector,
I‘j = MU, (676)
where M is a constant matrix. In this case, we have from Equation (6.6.13),

du(g) _ MU(ﬂ;(;) — MU (¢). (6.7.7)

dg

This is a linear system of ordinary differential equations and therefore can be solved analytically by a standard technique.
This is nice. A good example is the Alfvén wave of the ideal magnetohydrodynamic equations. For the primitive variables
U = [p, vy, Vy, Vs, By, By, B, p]*, where (vy, vy, v,) is the velocity vector and (B, By, B.) is the magnetic field, with
the coefficient matrix,

(v p 0 0 0 0 0 7
B B 1
0 vy 0 0 -+ - -
4mp dmp  p
By
0 0 Vg 0 — 0 0
4mp
A= B, , 6.7.8
0 O 0 Vg 0 — 0 ( )
4d7tp
0 By —-DB; 0 Vg 0 0
0 B, 0 —-B,; 0 Vg 0
| 0 pa? 0 0 0 0 Vp |




6.7. SOME EXACT SIMPLE WAVE SOLUTIONS 195

where a is the speed of sound (a? = vp/p), the eigenvector for the Alfvén waves is given by
_ 0 ;
0
+B,

rT = +B, , (6.7.9)

with the eigenvalues

: . 6.7.10
Font (67.10)
Note that zeroes in Equation (6.7.9) correspond to the density, the velocity component v,, and the pressure. This
means that these variables are constant through the Alfvén waves (see Section 1.16.2). Therefore, the eigenvalues
are constant; this wave is linearly degenerate. Now, because the density is constant, the eigenvector is linear in the
primitive variable,

r; = MU, (6.7.11)
where U is taken to be the primitive variable and
[0 0 00 0 O 0 ]
00 0 0 O 0 0
o 00 0 0 O 0 +1
M=|0 0 0 0 0 =F1 0 (6.7.12)
00 0 0 O 0 0
00 0 0 O 0 —\/A4rp
00 0 0 0 dmtp 0 ]

Since only four variables, vy, v,,p, By, B,, are relevant, we ignore other components in the following. Now, we derive
an exact solution by solving Equation (6.6.13):

v, 00 0 +1 vy
d|{ v, | |00 F1 0 v, /
|3, |~ |oo o —ymp||sB, |"W (6.7.13)
B, 0 0 4dmp 0 B,
The standard diagonalization yields the decoupled system,
d(vy £ By/\/4mp)
- dg = 0, (6.7.14)
d(v. + B./\/4mp)
e = 0, (6.7.15)
W = —ia(B.+iB)K(€), (6.7.16)
d(Bzd_;B‘y) = ia(B.—iBy)h (8), (6.7.17)
whose general solution is
v (§) = FBYE)/VAnp+ cuy, (6.7.18)
02(§) FB.(§)/V/4Amp + cos, (6.7.19)
By(§) = Krcos(y/Amph(€)) + Krsin(y/4mph()), (6.7.20)
B.(§) = Kycos(\/4mph(§)) — Kgsin(y/4mp h(€)), (6.7.21)
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where ¢y, ¢, Kr and K7 are arbitrary constants. This is the exact simple wave solution for the Alfvén wave in the
most general form. Note that we can use only one solution, i.e., we can take only either positive or negative sign in
the formula; otherwise it will not be a simple wave. Here is an example: take h(§) = &/+/4mp and K; = 0, and obtain
the simple wave associated with )\j'

vy(x — )\jt) = —Kpcos(z — )\;rt) + Cuys (6.7.22)
v (T — )\jt) = K;g sin(x — )\;Lt) + Cyz, (6.7.23)
By(x — )\jt) = /4w K;g cos(x — )\;rt), (6.7.24)
B.(x —\ft) = —\/AmpKpsin(z — Aft), (6.7.25)

where cyy, ¢y, and K}i are arbitrary constants, and Kp = /4mp K;%. | like this simple Alfvén wave solution. It is
linearly degenerate, and therefore the wave must be preserved at all times. This can be a good test case for code
verification.

6.7.3 Case 3: Other cases

The acoustic wave in the Euler equations is a good example. In terms of the primitive variables, the acoustic eigenvectors
are given by

) +p/a
r; i;a , (6.7.26)
where a is the speed of sound. The associated eigenvalues are
A =uza. (6.7.27)
It must be kept in mind that there are two acoustic waves, + and —, but we can take only either + or — for this

solution to be a simple wave. Now, we insert these into Equation (6.6.13) to get

a | e[ an
Slul=] 1 . (6.7.28)
E| ol 7| ipa |

This is nonlinear, except for the velocity which can be integrated easily,

u h
/ du = / dh, (6.7.29)
Uoo hoo

u(€) = h(&) + Uoo, (6.7.30)

to give

where we have set ho, = 0 so that u, is a mean flow value and any non-zero h can be thought of as a perturbation
to the mean flow. Now, the density component can also be integrated if the flow is adiabatic, i.e. if

p/p7 = Pos/ Pl (6.7.31)

We take advantage of this adiabatic relation to write the speed of sound in terms of the density as

a P\ T

— = — 6.7.32
N (poo) , (6.7.32)

which is substituted into the first component of Equation (6.7.28) to yield

3—v

dp P\ ? P dh(§)
— = +|— —_ . 6.7.33
dg§ <pOO) oo dE ( )

This can be integrated easily,

-3
. h

p/poo =
/ (p> d (p) - L dh, (6.7.34)
1 Poo Poo Qoo Jhoo=0
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resulting
— 1 R(e)]7T
po - _ [1 + 7(5)] : (6.7.35)
Poo 2 Ao
or by Equation (6.7.30)
@ - [1 4 y-1 (u(f) _ Moo)] T , (6.7.36)
Poo 2 Goo
where My, = s /0. The pressure follows from the adiabatic relation (6.7.31),
v -1 %
p&) _ (”(O) - {1 1= (“(5) _ Mwﬂ : (6.7.37)
P Poo 2 Ao

This completes the derivation of the exact simple wave solution for the acoustic wave. Now, we summarize the exact
acoustic simple wave solution:

wlx —AFt h(z — Att
% = MOO+¥, (6.7.38)
- .
x— 2\t 1 (u(z =Tt Tt
PN L ( =% )Mm> : (6.7.39)
Poo 2 Qoo
+ r + 1%
x— ATt —1 (ulz =X+t Tt
Pe= XD L ( (=X )—Moo> : (6.7.40)
P 2 Goo

where )\f =wu £ a and h is an arbitrary function which must be chosen to keep the density and the pressure positive.
This is a very nice solution, but it is given implicitly, i.e., )\;t depends on the solution itself, and also it is valid only
when there are no shocks.

We point out here that the simple wave solution satisfies Burgers' equation as shown in Section 3.4.3. For example,
the simple wave solution corresponding to /\j' = u + a satisfies Equation (3.4.36) which is repeated here,

Vi+V V=0, (6.7.41)
where V = u + a. | like this because V' = u + a can be written in terms of w only, by using the fact that u — %a =
Uoo — %ao@ = constant:

1 -1

so that, by solving this for u, a solution V' of Burgers' equation (6.7.41) can be translated into the simple wave solution

of the Euler equation by
u(§) 2 V() 2 -1
= — 1— M 7.4

where £ = x — V', and the density and the pressure follow from Equations (6.7.39) and (6.7.40). Again, V must be
chosen such that the density and the pressure stay positive. | like this solution because basically | can add any constant
to u (and still V satisfies Burgers' equation), and so we may set up a solution as

ECVRE B C

Uoo (v+1) aw

: (6.7.44)

i.e., we use the solution V' of Burgers' equation as a perturbation to the mean flow. Compare this with Equation
(6.7.38) and see how you can determine h(&) by a solution V(£) of Burgers' equation. See Section 7.13.1 for some
examples.

The bottom-line is that the exact solution can be obtained if Equation (6.6.5) is integrable so that the Riemann
invariants can be defined explicitly. For example, the shallow-water equations and the isothermal Euler equations have
this property. | like such equations.
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6.8 Manufactured Solutions

Pick any function, substitute it into a governing equation you wish to solve, and define whatever left as a source
term. This way, you can cook up an exact solution to any equations (by introducing a source term). It is so simple. |
like it very much. Many people call such solutions manufactured solutions [127]. Here are some simple examples.

(a) 1D Linear Advection:

Substitute u = sin z into the advection equation (plus a possible source term f), au, = f, to get
acoszt = f, (6.8.1)
which suggests to define f = acosx. Therefore, we can say that the advection equation,
au, = f with f=acosuz, (6.8.2)
has the following exact solution,
u=sinz. (6.8.3)

(b) Poisson Equation:

Substitute u = sinz + cos y into the Poisson equation, Uz, + 1y, = f, to get

—sinz —cosy = f, (6.8.4)
which suggests to define f = —sinx — cosy. Therefore, the Poisson equation,
Uggp + Uyy = [ with f = —sinz — cosy, (6.8.5)
has the following exact solution,
u = sinz + cosy. (6.8.6)

| like cooking up exact solutions this way, but it always introduces a source term, i.e., an additional complication
to the original equation. Honestly speaking, | don't really like source terms because a scheme could lose its formal
accuracy unless the source term discretization is carefully designed [47, 82, 174].

(c) 2D Linear Advection:

In this example, we manufacture a solution by choosing appropriate coefficients rather than introducing a source
term. Substitute u = 22 + y? into the two-dimensional advection equation, au, + bu, = 0, to get

2za +2yb =0, (6.8.7)
which can be true if we take a = y and b = —z. Hence, the advection equation,
Yugy — xuy =0, (6.8.8)
has the following exact solution,
u =12+ 1y (6.8.9)
After all, | like the method of manufactured solutions very much because it is very convenient and useful especially

for complicated equations, such as the Navier-Stokes equations [83, 133] and turbulence models [34, 135]. Also
note that exact solutions for compressible flow equations can be manufactured by substituting exact incompressible
flow solutions into compressible flow equations and generating appropriate source terms. This will be useful for
manufacturing a physically realistic exact solution, which does look like a flow. It is very important to have a physically
meaningful manufactured solution because a solution will not be useful if it gives a negative viscosity, for example.
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6.9 Fine Grid Solutions

Some people use a numerical solution on a very fine grid as an exact solution: for example, compute the error of
a numerical solution against the fine grid solution, and estimate the order of accuracy of a scheme. | like the idea, but
this is wrong because the fine grid solution is not an exact solution. Such an error convergence study shows only how
quickly the solution converge to this particular fine grid solution, not to the exact solution. Note that the error or the
order of accuracy would not make sense at all if the scheme turned out to be inconsistent. You would then only know
how close your solution is to a wrong solution or how quickly your solution converges to the wrong solution. Anyway,
always remember that a fine grid solution is not an exact solution.

Commit with confidence
to a trusted CFD softwa

Choosing CFD software-is a crucial step of a long-t
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loaded CFD software.
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Chapter 7

Exact Solutions

| like exact solutions because | can directly measure the errors of numerical solutions. In doing so, in many cases, the
domain can be in any shape, and the boundary condition can be specified directly by using the exact solutions (the
Dirichlet condition). Also, a regular domain may be used with a periodic boundary condition so that any boundary
issues can be avoided. In either way, exact solutions are very convenient and useful for code verification. Note that the
verification is to check if a numerical method is correctly implemented, i.e., to see if it is solving the target equation
with a design accuracy. Even if a code has been verified, it still needs to be validated, for example, with experimental
data, i.e., to see if it is solving the right equation. Exact solutions are useful generally for verification, not for validation.
See Ref.[127] for more details on the difference between verification and validation.

7.1 Linear Advection

7.1.1 1D Linear Advection
| like the linear advection equation,
ut + aug =0, (7.1.1)

where a is a constant, because it simply means that any initial solution is merely convected at the speed a, preserving
its initial profile. The exact solution in the general form is therefore given by

u= f(x — at), (7.1.2)

for the initial solution u(x,0) = f(x). Note that we can avoid, in many cases, any boundary issues by using a periodic
boundary condition: u(1) = «(0) in the domain = € [0, 1]. | like this periodic boundary condition very much. It is very
interesting that it can be interpreted as transforming the plane domain into a cylinder surface by rolling up the plane
with respect to the vertical axis and connecting the left and right boundaries. Here are some examples.

(a) Smooth solution (Figure 7.1.1):
u = sin[27(x — at)], (7.1.3)
for the initial solution u(z,0) = sin(27x).
(b) Steep solution (Figure 7.1.2):

(x — xo —at)2]’ (7.1.4)

U = exp [— ]

for the initial solution u(z,0) = exp {—W} where d is a constant, e.g., d = 0.01.

201
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1 1 1
3 ix/dt:a s dxldt=a s dildt=a
0 - -
” 0 0
0 X 1 0 X 1 0 X 1
Figure 7.1.1: Smooth solution. Figure 7.1.2: Steep solution. Figure 7.1.3: Discontinuous Solu-
tion.

(c) Discontinuous solution (Figure 7.1.3):

1 if zp+at <z <axgr+at,
u = (7.1.5)

0 elsewhere,

where x;, and xr are arbitrary constants that specify the width of the non-zero part of the solution. Remember
that discontinuous solutions do not satisfy the differential form of the advection equation but do satisfy the integral
form (2.1.8).

7.1.2 2D Linear Advection
Of course, | like the linear advection equation in two dimensions also,
Ut + aug + buy =0, (7.1.6)

where (a,b) is a constant advection vector. Any initial solution is simply convected at the velocity (a,b), preserving
its initial profile. The exact solution in the general form is given by

u(z,y,t) = f(x — at,y — bt), (7.1.7)
for the initial solution of the form, u(x,y,0) = f(x,y). Here are some examples.
(a) One-dimensional wave solution: (a,b) = (a,0),
u(z,y,t) = Uso + Asin[27(z — at)], (7.1.8)
where Uy, and A are arbitrary constants.

(b) Two-dimensional plane wave solution:
u(z,y,t) = Uso + Asin(x + y — ct), (7.1.9)
where Uy, and A are arbitrary constants, and ¢ = a + b.

(c) Discontinuous solution:

In the square domain, (z,y) € [0,1] x [0,1], with @ > 0 and b > 0,

ur, if ay—bx >0,
u= (7.1.10)

upr elsewhere,

where uy, and up are arbitrary constants, with the inflow condition, «(0,y) = uy and u(z,0) = ug. See Figure
7.1.4.
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uy,

UR

O 1 T

Figure 7.1.4: Discontinuous Solution. Two constant states uy, and up are separated along the
characteristic passing through the origin with the slope 1.

(d) Steady solution:

| like the characteristic coordinates,

£ =ax + by, (7.1.11)
n=br —ay, (7.1.12)
which give
Op = £3,0¢ + 120, = a0 + b0y, (7.1.13)
Oy = &y0¢ + 1y 0y = b0z — a0y, (7.1.14)
and
ady + b0y, = (a® + %), (7.1.15)
because in these coordinates, the advection equation (7.1.6) is written as
up + (a® + b*)ug =0, (7.1.16)
so that the steady equation is simply
ug = 0. (7.1.17)

Hence, any function of 7 is an exact solution to the two-dimensional linear advection equation: e.g.,
u=n>+n*+n+1, wu=sin(mn), u=exp(n). (7.1.18)

This is very nice, isn't it? | like it so much. Note that boundary values must be specified on inflow boundaries,
according to the flow direction (a, b).

7.1.3 2D Circular Advection

The circular advection equation,
U + aug + buy =0, (7.1.19)

where (a,b) = (wy, —wx), describes a clockwise circular advection around the origin at the angular speed w rad/sec.
| like it because it is a very simple and good test case to see how long a numerical scheme can accurately preserve an
initial profile. Here are some examples.

(a) Rotating Smooth Cone:

In the domain [—1,1] x [—1, 1], start with the initial solution,

—r*/d for r < 0.25
| exp or r < 0.25,
u(@,y,0) = { 0 otherwise, (7.1.20)

where r = \/(z + 0.25)2 + y2 and (a,b) = (2wy, —27x). The cone returns to its initial position at ¢t = 1.
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(b) Rotating Cylinder:
In the same setting as above, we may set instead

1 forr < 0.25,

0 otherwise, (7.1.21)

ute.0) = {
to rotate a cylinder which is discontinuous and more difficult compute accurately than a cone.

(c) Steady solutions:

Here is a steady test case where the initial solution is set up as
f(z) for —0.65 <z < —0.35,
u(z,0,0) = (7.1.22)

0  elsewhere,

in the domain [—1,1] x [0,1]. The initial profile f(x) is then convected in a clockwise circular direction; the exact
steady solution is given, in the polar coordinates (r, ), by

f(r) for —0.65 <r < —0.35,
u(r,0) = (7.1.23)
0  elsewhere.

At a steady state, for example, we may compare the solution at the outflow boundary where x > 0 and y = 0 with
the initial profile to see how well its initial shape has been preserved. Here are examples of f(x):

(c-1) Smooth solution:
f(z) = exp~ (#10-5)7/0.01 (7.1.24)

(c-2) Discontinuous solution:

fla) = (7.1.25)

1 for —0.65 <z < —0.35,
0 elsewhere.

| like the smooth one better because the numerical error should converge to zero as | refine the mesh whereas
it will not converge generally if the solution is discontinuous. But, of course, if | am interested to study the
non-oscillatory behavior of numerical solutions, | would use the discontinuous one for which numerical oscillations
are more likely to occur.

7.1.4 3D Circular (Helicoidal) Advection
| like the 3D circular advection equation,
ug + aug + buy + cu, =0, (7.1.26)
where
(a,b,¢) = (wz,V, —wz), (7.1.27)

and w > 0 and V > 0. This describes a flow rotating clockwise around (at the angular speed w rad/sec) and
simultaneously transported (at the speed V') along the y-axis. So, any initial solution imposed on the (z,y)-plane at
z = 0 is rotated around and transported along the y-axis. For example, in the domain defined by

(z,y,2) € [-1,0] x [0,1] x [0,1], (7.1.28)
if we specify the initial solution,
u(z,y,0) = exp [-50 {(z 4+ 0.5)> + (y — 0.5)°}], (7.1.29)
in the (z,y)-plane at z = 0, then the exact steady solution in the (y, z)-plane at z = 0 is given by
u(0,y,2) = exp [-50{(y — 0.5 — V)* + (2 — 0.5)*}] . (7.1.30)

It is a very simple and useful solution for evaluating the accuracy of a three-dimensional advection scheme.
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t=0

= [ =06\

"";"1 —1=0.0
N ---1=0.25
_1 / --t=0.5
1 t=0.75
0 X 1 0 X 10
Figure 7.1.5: Unsteady solution of the 1D diffusion Figure 7.1.6: Unsteady solution that oscillates forever.
equation. n = 2. Up =1 and w=2~7.

7.2 Diffusion Equation

| like the diffusion equation because it is easy to obtain exact solutions by separation of variables (see Section 6.1).

7.2.1 1D Diffusion Equation
The one-dimensional diffusion equation,

Ut = VUgg, in (0,1), (7.2.1)
has the following exact solutions.

(a) Time dependent solution | (Figure 7.1.5):

2_2
u=e VT tsin(mrx)7 (7.2.2)

for the initial solution w(z,0) = sin(nmx) with the boundary conditions u(0,t) = w(1,t) = 0. where n is an
integer. | like this simple solution, but if you are looking for something more involved, you can generate it yourself
by superposition (see Section 6.1).

(b) Time dependent solution Il:

A (z—1)2

u(z,t) = 1B e WEFE (7.2.3)

where A, B and x are arbitrary constants. for the initial solution and the boundary conditions:

JA _@-1? A _ /A
u(z,0) = Ee_(4v115) , u(0,t) = T B¢ 4V<t1+3>, u(l,t) = B (7.2.4)

Note that the boundary condition changes in time at both ends. | like it. This type of solution is used for accuracy
verification of high-order schemes [119].

(c) Time dependent solution that will never decay to zero:

As derived in Section 6.1.5, there exists a time-dependent solution that oscillates forever:

u(z,t) = Q [sinh(kx) cos(kx) sinh(k) cos(k) + cosh(kx) sin(kx) cosh(k) sin(k)] cos(wt)
+Q [sinh(kx) cos(kx) cosh(k) sin(k) — cosh(kx) sin(kx) sinh(k) cos(k)] sin(wt), (7.2.5)
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where k and w are arbitrary positive constants, and

U
©= cosh?(k) — cos2(k) (7.2.6)

It satisfies the diffusion equation for the following boundary conditions:

u(0) = 0, 2.
u(l) = Ucos(wt). (7.2.8)

—
~

| like this one since it can be a good test case for studying a long time behavior of a diffusion scheme.

(d) Another time dependent solution that will never decay to zero:

There exists another time-dependent solution that oscillates forever:

s = e (B o+~ )| -

where U and w are arbitrary constants. This exact solution can be easily derived by a trial solution of the form:
u = Ue'@ttés), (7.2.10)

where ¢ is determined so as to satisfy the diffusion equation®. That is, you substitute it into the diffusion equation
and solve the resulting equation for £. | like this solution, especially, the way it is derived. You pick a function
and make it satisfy the target equation. That’s a wonderful way of deriving exact solutions. It's like you are
creating a solution rather than solving the equation. Of course, the solution itself is also very interesting in that it
represents a traveling wave entering the domain at z = 0 and quickly damped towards x — oo. See Figure 7.1.6.
The difference between the previous solution (7.2.5) and this solution (7.2.9) lies in the boundary condition: the
former has u = 0 precisely at x = 0 whereas the latter has u = 0 theoretically at £ — co. At the other end, both
solutions have the same boundary condition: u = U cos(wt).

(e) Steady solution (a simple linear function):
u(z) = (1 — z)ur + zug, (7.2.11)

with the boundary conditions w(0) = uy, and u(1) = ug. This is too simple. Any diffusion scheme should be able
to compute this exactly.

7.2.2 2D Diffusion Equation

The two-dimensional diffusion equation,
Up = V(Ugg + Uyy), (7.2.12)

has exact solutions of the form,

)= e—u7r2(n2 +m?)t

u(z,y,t sin(nmx) sin(mmy), (7.2.13)

where n and m are integers so that u = 0 on the boundary. It is straightforward to set up the problem in a square
domain. But sometimes it is too simple. Then, | would consider the following highly anisotropic problem,

U = V(Ugz + Uyy), (x,y) € (0,1) x (0,0.005), (7.2.14)
with the initial solution,
u(z,y,0) = 5sin(rz) sin(40007y), (7.2.15)
and the boundary condition, u = 0 on the boundary. The exact solution is given by

u(z,y,t) = 5exp(—160000017%vt) sin(rx) sin(40007y). (7.2.16)

1 This derivation is due to Professor P. L. Roe.
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0.005

Figure 7.2.1: Anisotropic solution of the unsteady diffusion equation (¢ = 0).

The solution at t = 0 is shown in Figure 7.2.1. This is a very good test case for diffusion schemes because it involves
high-aspect-ratio and possibly highly-skewed grids as typically encountered in practical CFD computations for viscous
problems. Many diffusion schemes work very well for isotropic problems, but not necessarily for this problem. In
Refs.[101, 108], this problem is used to illustrate numerical difficulties such as oscillations and instability with highly
stretched and skewed grids.

Various other exact solutions can be obtained by superposition as mentioned earlier in Section 6.1. | like the two-
dimensional diffusion equation especially because it is nothing but the Laplace equation at a steady state and therefore
it has many many exact steady solutions (see Section 7.9).

7.2.3 3D Diffusion Equation
The three-dimensional diffusion equation,

U = V(Ugp + Uyy +usz), in (0,1) x (0,1) x (0,1), (7.2.17)
has exact solutions such as

20,2 2, 52
u(z,y, z,t) =e VT (n" +m” + %)t sin(nmz) sin(may) sin(lnz), (7.2.18)

where n, m, and [ are integers so that « = 0 on the boundary. Other exact solutions can be obtained by superposition
as mentioned earlier in Section 6.1. Of course, | like this equation because it is again nothing but the Laplace equation
at a steady state and it has many many many exact solutions (see Section 7.9). Also, | like highly anisotropic problems,
which can be easily constructed from the above solution as in the two-dimensional case.

7.3 Advection-Diffusion Equation

7.3.1 1D Advection-Diffusion Equation
The one-dimensional advection-diffusion equation,
U + AUy = VUgy, (7.3.1)
where a and v(> 0) are constants, has the following exact solutions.
(a) Time-dependent solution:
u(z,t) = exp(—k*vt)sink(z —at) in [0,1], (7.3.2)

where k is an arbitrary constant, for the initial condition u(z) = sin(kx) with a periodic boundary condition.
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1 1 1
] ] ]
Re=10.0 Re=25 Re=25
0 0 0
0 X 1 0 X 1 0 X 1
Figure 7.3.1: Boundary Layer. Figure 7.3.2:  Friedrichs’ model. Figure 7.3.3: Manufactured solu-
c=0.3. tion. C = 1/R..

(b) Time-dependent solution that will never decay to zero:

As derived in Section 6.1.6, there exists an exact solution that oscillates forever:

exp(A1z) — exp(A2x)
exp(A1) — exp(A2)

u(z,t) =R U exp(iwt)| , (7.3.3)

where ¢ = v/—1, R indicates the real part of the complex solution (the expression in the square brackets), U and
w are arbitrary constants, and

a++vVa? + dvwi a—+va? + dvwi

M=, M= 5 (7.3.4)

The boundary conditions are
u(0) = 0, (7.3.5)
u(l) = U cos(wt). (7.3.6)

| like this one because it can be useful for studying a long-time behavior of time-accurate advection-diffusion
schemes. | would like it better if it were possible to extract the real part of the solution analytically.
Steady boundary-layer type solution (Figure 7.3.1):

1— ewRe

u(z) = TR in [0,1], (7.3.7)

where Re = a/v, with the boundary conditions %(0) = 0 and u(1) = 1.

Steady boundary-layer type solution (Figure 7.3.2):
The Friedrichs' model is given by

Vg +uz —c=0 in (0,1), (7.3.8)

where ¢ is an arbitrary constant (modeling the pressure gradient). It has the exact solution,

1— ewRe

u(z) =cx+ (1 -c¢) (7.3.9)

1 —eRe’

where Re = 1/v, with the boundary conditions u(0) = 0 and w(1) = 1. Particularly | like this one because it
has an interesting geometrical interpretation. The solution curve in the three-dimensional space with coordinates
(u,z,p = u,) is an intersection of two surfaces defined by

vp + u — cx = constant, (7.3.10)
2 4+ vin(p — ¢) = constant, (7.3.11)

where the constants are determined by the boundary condition. See Ref.[107] for details. The solution shown in
Figure 7.3.2 is a projection of this curve onto (z,u)-plane.
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/v v Ay

00

00 o

(a) t =0.0 (b) t =0.05 () t=0.1

Figure 7.3.4: Unsteady solution (7.3.16): C = —0.01,» =0.5,a=1,b=0,A = 0.5, B = 2.0.

50 50
= =
5 5
4 4
2 2
00 ¢ 00

(a) t =0.0 (b) t=0.5

Figure 7.3.5: Unsteady solution (7.3.17): C' = 50.0,v = 0.15,a = 2.5,b = 2.5,¢; = 1.0, ¢3 = 1.0.

(e) Manufactured solution (Figure 7.3.3):

1— eacRe

W + Csin(ﬂx) in [0, 1]7 (7312)

u(z) =
where C' is an arbitrary constant, is the exact solution of the following steady equation,
Ay = VUg, + C7 [acos(mx) + mvsin(nz)] . (7.3.13)

I like this solution because it is non-trivial in the diffusion limit (Re — 0).

7.3.2 2D Advection-Diffusion Equation

The two-dimensional advection-diffusion equation,
Ut + Qg + by = V(Ugy + Uyy), (7.3.14)
where a, b, and v(> 0) are constants, has the following exact solutions.

(a) Unsteady solution 1 (Figure 7.3.4):

As derived in Section 6.1.3, we have the following exact unsteady solution,

1— V11442722 £>

(7.3.15)

u(a:,y,t) — Ce—vqr2(a2+b2)(32_,42)t COS(BW’I?) exp < 5

where £ = ax + by, n = bxr — ay, and A, B, and C are arbitrary constants. If we rationalize the exponent, we
obtain

—9A27?
u(z,y,t) = Ce—vm(a®+0%) (B2 =A%)t cos(Bmn) exp (1 i )

1+ 442722 (7.3.16)

which can be used safely in the diffusion limit, i.e., as v — 0. So, | like this one better.
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Figure 7.3.6: Exponential steady solution (7.3.21): C = Figure 7.3.7: Boundary-layer type solution (7.3.22): v =
—0.009,v» =0.1,a =1.0,b = 0.0, A = 2.0. 0.05,a = 1.0,b = 1.0.

(b) Unsteady solution 2 (Figure 7.3.5):

Here is another exact unsteady solution to the advection-diffusion equation (7.3.14):

(x —at —c2)?  (y— bt —ca)?

)= — — — 7.3.17
u(@,y, 1) M te P v(4t + c1) v(4t + 1) ( )
where C', c1, and ¢y are arbitrary constants. | like the fact that this will reduce to an exact solution of the
two-dimensional diffusion equation if we set a = b = 0.
(c) Polynomial solutions:

Quadratic: u(z,y) =uo + Cin+ Co (206 + %), (7.3.18)

n? L
Cubic: u(z,y) =uo+ Csn+ Cy (1/5 + 2) +Cs < 6) ) (7.3.19)

7 7’

Quartic: u(z,y) = uo + Cen+ Cr (V{ + 2) + Cg <V§n + 5 )
262 2
3., V& vEnT
— 3.2

+09<u§+ 5t +24), (7.3.20)
where ug, C1, Co, C3, C4, Cs, Cg, C7, Cs, Cq are all arbitrary constants. | like these polynomial solutions

because | can directly check, for example, whether a numerical scheme can preserve a quadratic/cubic/quartic
exact solution. Such a polynomial-preserving property can be a useful measure of the accuracy of a scheme,
especially on unstructured grids.

(d) Exponential solution (Figure 7.3.6):
Simply by setting A = B in the solution (7.3.16), we obtain the following steady exact solution:

(7.3.21)

_2A2 2
u(z,y) = C cos(Amn) exp (1 n i >

1+ 442722

where C' and A are arbitrary constants. | like this solution because it is very smooth and thus can be easily used
to verify the accuracy of numerical schemes.



7.3. ADVECTION-DIFFUSION EQUATION 211

0.005

Figure 7.3.8: Boundary-layer type manufactured solution (7.3.24): Re = 10*, zo = 0.2.

(e) Boundary-layer type solution | (Figure 7.3.7):

[1—exp ((z— 1)2)] [1—exp((y—1D2)] in[0,1] x [0, 1]. (7.3.22)

) = R e T T e ()

This solution can be useful when we test a scheme for resolving boundary layers [155]. How would you avoid
spurious oscillations? Would you use a stretched mesh or an upwind scheme?

(f) Boundary-layer type solution II:

It is possible to construct an exact solution by superposing two one-dimensional exact solutions: e.g.,

1— eaa:/u 1— eby/u
1—ea/v Y1 —eb/v

u(z,y) = Cy in[0,1] x [0,1], (7.3.23)

where C; and C, are arbitrary constants. Note that the first term satisfies au, = vug, and the second term satisfies
buy, = vy, the sum of them satisfies the two-dimensional advection-diffusion equation, au, +buy = v(uze+uyy).
I like this type of solution because it has no cross-derivatives such as uzy or Uzqey.

(g) Boundary-layer type solution Il (manufactured solution):

An interesting manufactured solution is used in Ref.[153], which is essentially the same as the following:

u(z,y) =1 —exp(—n), (7.3.24)
where

Re Re_\/a2—|—b2
T+ x0 - v

n=y (7.3.25)

The reference location xg can be chosen to avoid the singularity, e.g., xo = 0.2. It resembles the z-component of
the velocity for the laminar flat-plate boundary layer flow in Section 7.15.9. It is exact for the steady advection-
diffusion equation with a source term, f(n):
aug + buy = V(um:v + Uyy) + f(n)a (7326)
where
F(n) = exp(=n) [ans + by — v(nes + 11y — (17 +0;))] - (7.3.27)
Look at Figure 7.3.8. It is just like a boundary layer in a very thin domain. It can be a good test case for advection-

diffusion schemes. | like it very much. Of course, the same solution can be made exact for the compressible
Navier-Stokes equations with a suitable source term.



212 CHAPTER 7. EXACT SOLUTIONS

7.4 Advection-Reaction Equation(3D)

The advection-reaction equation,
Up + aug + buy + cu, = —ku, (7.4.1)
has the exact solution of the form,
u(z,y, z,t) = e F f(x —at,y — bt, z — ct), (7.4.2)
where u(x,y, z,0) = f(z,y, 2); and its two-dimensional version,
up + aug + buy = —ku, (7.4.3)
has the exact solution of the form,

—kt

u(xﬂ Y, t) =e€ g(l‘ - at? Yy — bt)7 (744)

where u(x,y,0) = g(x,y); and its one-dimensional version,

up + auy = —ku, (7.4.5)

has the exact solution of the form,
u(z,t) = e *h(z — at), (7.4.6)
where u(x,0) = h(zx). So, as soon as you choose the initial solution, you immediately have the exact solution. | like

it. Basically, these exact solutions can be derived very easily. All are derived from the fact that

du
7 4.
o ku, (7.4.7)

along the characteristic (dx/dt, dy/dt,dz/dt) = (a,b,c). Or equivalently, we may apply the change of variables,

_kx

u=e =, in one dimension, (7.4.8)
u = 67%(%+%)v, in two dimensions, (7.4.9)
w=e 5(ETETE)y in three dimensions, (7.4.10)

to transform the advection-reaction equation into a pure advection equation of v, which can be solved easily. Note
that ¢ = x/a = y/b = z/c along the characteristic. Either way, it is very simple to derive the exact solution.

7.5 Advection-Diffusion-Reaction Equation

(a) Steady Solution:

Consider the steady advection-diffusion-reaction equation:
AUy = Vg, — ku + s(x), (7.5.1)

where a, v(> 0), and k(> 0) are constants, and s(z) is an arbitrary function of z. | like this equation because
the exact solution can be easily derived. Substitute u(x) = Aexp(A1x) + Bexp(Aex) + s(x)/k, A and B are
constants, into Equation (7.5.1), and find that the solution is exact if

VAT, —adi2 — k=0, (7.5.2)
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which yields
+ Va2 + 4vk
ALz = u. (7.5.3)
2v
Therefore, the exact solution is given by
2+ 4vk —Va? + 4k
T e B e R (754)
v v

where A and B can be determined from the boundary conditions, e.g., by solving u(z =0) =0 and u(z =1) =1
for A and B. Interestingly, this exact solution is used to construct a finite-difference scheme in Ref.[141].

(b) Unsteady Solution I:

As derived in Section 6.1.4, the following solution,

VaZ _JaZ %
u = Coe | Oy exp (Wx) + Caexp <aa2y+81/x)] ) (7.5.5)

where Cy, C1, Cy are arbitrary constants, is the exact solution to the unsteady advection-diffusion-reaction equa-
tion,

Up + AUy = Vlgy — KU. (7.5.6)

(c) Unsteady Solution Il (manufactured solution):

The exact solution to the unsteady version of the advection-diffusion-reaction equation can be constructed by the
method of manufactured solutions. For example, the solution [141]

u(z,t) = e, (7.5.7)
satisfies the advection-diffusion-reaction equation,
Up + Qg = Vg, — ku + s(z,t), (7.5.8)
where
s(z,t) =e " [(k—1)2® + 2az — 2] . (7.5.9)

Of course, various other exact solutions can be constructed by the method of manufactured solutions.

7.6 Spherical Advection Equation(3D)

Consider the spherical advection equation:

u
Up + Uy = ——, (7.6.1)
r
where 7 is the distance from the origin. This equation was used in Ref.[71] as a model for aeroacoustics for studying
the long-time behavior of advection schemes in a large domain r € [5,400]. | like this equation because it can be
written as
(ru)e + (ru)r =0, (7.6.2)

so that the exact solution is simply ru(r,t) = f(r — t), i.e.,

u(rt) = > fr 1), (76.3)

1

where f is determined by the initial condition, say u(r,0) = - sin(27r), meaning f(r) = sin(27r). This is very nice.
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7.7 Burgers Equation

7.7.1 1D Burgers Equation
For the one-dimensional Burgers equation,
du+ 0, (u?/2) =0, (7.7.1)
or
Oy + u dyu = 0, (7.7.2)

basically a shock is developed if the initial solution is monotonically decreasing (characteristics converging) while a
rarefaction is developed if monotonically increasing (characteristics diverging). What is nice about this equation is that
u is constant along the characteristics dx/dt = u, which in turn means that the characteristics are straight lines. So,
it is very easy to find the exact solution (simply trace back along a characteristic line) until characteristics collide with
each other to form a shock. In particular, | like the following exact solutions.

(a) Smooth solution turning into a shock (Figure 7.7.1):

A smooth initial solution such as

u= ot sin(2rz), € [0,1], (7.7.3)

with the periodic boundary condition u(0,¢) = u(1,¢) = 0, leads to the following exact solution,

1
U= sin|27(x — ut)|, 1.7.4
- sinl2n(z = ut) (7.7.4)
where t, is a free parameter that specifies the time when a shock is formed, i.e., 0,u — oo at x = 0.5. Note that
it is given implicitly and therefore must be solved numerically at each point and time (x,t): for example, for a
given location z; at time t,,, iterate on u¥ by a simple fixed-point iteration,

1

k41 . k

ufth = .y sin[2m(z; — uity)], (7.7.5)
S

until |uf'H —u¥| < 10715, | like this solution because it can be used continuously to measure the numerical

accuracy up to the shock formation as well as to test the shock-capturing capability after the shock formation.

(b) Smooth rarefaction (Figure 7.7.2):

A smooth initial solution such as
u = Atanh(k(z — 0.5)), (7.7.6)
leads to the following exact solution,
u = Atanh(k(x — 0.5 — ut)), (7.7.7)

where A and k are arbitrary constants. Of course, it is given implicitly again, but can be computed numerically as
in the previous one.

(c) Compression turning to a shock (Figure 7.7.3):

A linear initial condition such as

if x <0,
u(z,0) = % Cor if0<z<l, (7.7.8)

1
= ifz>1
3 if x ,
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A

Figure 7.7.1: Smooth solution turning into a shock: Figure 7.7.2: Smooth solution spreading out: solid
solid line at t = 0, dashed line at ¢ = 0.5, and dotted line at t = 0, dashed line at ¢ = 0.5, and dotted line
line at t =0.9. A= 31— with t, = 1. att=09. A=0.2and k = 20.

leads to the following exact solution: the solution before a shock is formed,
- if £ < %,

u(z,t < 1/2) =

1
~3 ife>1-1%,

and the solution after the shock is formed at ¢ = 1/2,

3 . 1
- |fgc§%7

u(z,t >1/2) = .
—— ifx > 4t
2 = 2
It is quite simple. | like it.
(d) Accelerating shock (Figure 7.7.4):
Consider a linear initial condition with a shock,
ur, if £ <0,

u(z,0) =
ug(x —1) ifz >0,

(7.7.9)

(7.7.10)

(7.7.11)

where uy, and upg are arbitrary constants. Assuming u; > 0, we would like a solution where the shock travels
to the right keeping the left side of the shock uniform u = uy. On the right side of the shock, the solution is
continuous, and therefore the exact solution is obtained by tracing back the characteristics:

u(z,t) = u(x —ut,0) = ugp((x —ut) — 1),

which can be solved for u to yield

(7.7.12)

(7.7.13)
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U = Uy, !
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u =
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0] 0.75 17 O i x
Figure 7.7.3: Compression wave turning into a straight Figure 7.7.4: Accelerating shock wave solution with the

shock at (z,t) = (0.5,0.75).

2
parameters: ug = 2uy, and uy, = §(1 +v3).

Therefore, the exact solution to the problem can be written as

ur, if ¢ < axg(t),
Jt) = 7.7.14
u(x ) w ifx>3:>(t) ( )
1+ugrt — D

where x4(t) is the location of the shock. See Figure 7.7.4; observe that the shock is accelerating. The shock path
can be obtained by solving the ordinary differential equation for the shock speed (2.13.3),

drs(t) 1 ugr(zs — 1)
Vs(t) = — = = —_ 7.7.15
W==5" =3 [“ 1+urt |’ (7.7.15)
with the initial condition x5(0) = 0. The solution is
z,(t) = (uL+1> (1—=vV1+urt)+ugt. (7.7.16)
UR
In order for the shock to travel to the right, we must choose the parameters such that
UR S ur,. (7717)
And | personally like the following values:
up = 3, Uurp = uyr,, (7718)

because it will lead to z4(1) = 1, i.e., the shock will reach z = 1 at ¢t = 1 as in Figure 7.7.4. In this case, the
shock path can be expressed by

#. (7.7.19)

t:

| like this solution very much. This is a very good test case to check if a numerical scheme can compute a shock
wave with the correct traveling speed. It is well-known that conservation is very important to ensure a correct
shock speed; the shock computed by a non-conservative scheme may not reach x =1 at ¢t = 1.
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t ur +ur ¢ cl_:L -
Vo= a 't
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U =uy, (>uR) U= UR U =uy (<UR) U= UR
O T [9) T

Figure 7.7.5: Isolated Shock for the 1D Burgers equation.  Figure 7.7.6: Rarefaction for the 1D Burgers equation.

7.7.2 1D Burgers Equation: Riemann Problems

The Riemann problem consists of a hyperbolic equation and piecewise constant initial data with a single discontinuity.
| like it especially because | can cook up exact solutions easily. Consider the Riemann problem for Burgers' equation,

Owu + 0y (u2/2) =0,

_Joup ifx <O,
u(aj,O)—{ ugp ifx>0.
This has the following exact solutions.

(a) Shock (Figure 7.7.5):

Choose ur, and ug such that
uy > UR,
then a shock is created and it will travel at the speed,

ur, +upr
v, = trn
2

and so, the exact solution is given by

u(x,t):{ up,  ifz/t <V,

ur ifx/t >V
(b) Rarefaction (Figure 7.7.6):

Choose uy, and ug such that
ur < UR,

then a rarefaction wave is created, and the exact solution is given by

U, if x/t <ur,
t— t—
u(z,t) = z/ uRuL—Fx/ uLuR if up, < x/t < ug,
Uy, — UR UR —ur,
UR if 2/t > ug.
(c) Sonic Rarefaction (Figure 7.7.7):
Choose ur, and ug such that
ur, <0, ur >0, and wup = —ug,

(7.7.20)

(7.7.21)

(7.7.22)

(7.7.23)

(7.7.24)

(7.7.25)

(7.7.26)

(7.7.27)
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u=upr (>0)

Figure 7.7.7: Sonic Rarefaction for the 1D Burgers equation.

then a rarefaction wave is created at the center, expanding to the left and the right at the same speed, which is
called a sonic rarefaction. The exact solution is given by

uy, ifl’/t<uL,
w(z,t) =< z/t ifup </t <ug, (7.7.28)
ur if &/t > ug.

Some numerical schemes fail to compute this solution, preserving the initial discontinuity which must break up
immediately.

7.7.3 2D Burgers Equation
The two-dimensional Burgers equation of the form,
Uy + Uy =0, (7.7.29)

is basically a one-dimensional equation with y considered as time. So, any time-dependent one-dimensional solutions
can be exact solutions of this equation if ¢ is replaced by y. Namely, any exact solutions for u; +uu, = 0 in (z,t)-space,
such as those in Sections 7.7.1 and 7.7.2, are exact solutions for u, + uu, = 0 in (z,y)-space. For example, those in
Figures 7.7.3, 7.7.4, 7.7.5, 7.7.6, and 7.7.7 can be directly interpreted, with ¢ replaced by y, as the exact solutions of
the two-dimensional equation (7.7.29). This is very convenient. | love it. Actually, the curved shock solution in Figure
7.7.4 is my favorite, and | have used it as a test case for mesh adaptation [114].

7.8 Viscous Burgers Equation

7.8.1 1D Viscous Burgers Equation
The one-dimensional viscous Burgers equation,
Up + Uy = Vlgy, (7.8.1)
has the following exact solutions.
(a) Unsteady/Steady solution (Figure 7.8.1):

- 14 (2a —1)exp((1 —a)¢/v)
T op((l-afy)
§ =z —at — o, (7.8.3)

(7.8.2)
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1 1
= Vs=0.5 =
-
0 0
0 X 1 0 X 1
Figure 7.8.1: Unsteady solution of the 1D viscous Burg- Figure 7.8.2: Steady solution of the 1D viscous Burgers'
equation. ur, =1, ugr =0, v = 0.01. equation. g = 0.5, b=1.0, ¢ = 0.5, v = 0.01.

ers’

xo, a, and v are constants, e.g., 2o = 0.1, a = 0.5, v = 0.001 (see Ref.[64]). This solution is nice because it can
be expressed also in the following form,

1 — — Vit
u=ug+ - (ur, —ugr) |1 — tanh (= up)(z = Vit) ) (7.8.4)
2 4v
where
ur, +UR . .
Vo= ———, wur= lim u, wur= lim u, wur > ug. (7.8.5)
2 T——00 z—00
Personally, | like this form better. It is very simple and intuitive. Moreover, if we take ug = —uy, then the shock
speed V; vanishes and thus we obtain a steady solution. This is also very nice.
(b) Steady solution (Figure 7.8.2):
A slightly modified version of the viscous Burgers equation [155],
us + (bu — C)uy = Vg, (7.8.6)
has the exact steady solution,
¢ 1 _ tanh [ LZ=20) (7.8.7)
u=-|1—tanh [ —= .8.
b 2v ’
where b(# 0), ¢(# 0), and xq are arbitrary constants.
I like this version also [154],
m+w%:%0mdw z e (0,1), (7.8.8)
because it has the following very smooth steady exact solution:
u(x) = e"". (7.8.9)
7.8.2 1D Viscous Burgers Equation with Source Terms
As shown in Section 6.4.1, the one-dimensional Burgers equation with source terms,
Up + Uy = VlUgg + eu® — ku + d, (7.8.10)

where v(> 0), €, k, and d are arbitrary constants, has the following analytical solutions, depending on the value of
D = k% — 4ed.
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Figure 7.8.3: Exact solution of the 1D viscous Burgers equation with source terms: Solid t=0.0,
Dash t=0.125, Dash-Dot t=0.25.

(a) D>0

U= —2

where K7 and K5 are arbitrary constants, and

v )\1K1 exp [)\L’C + I/)\1<>\1 —+ QG)t] —+ )\2K2 exp [)\21‘ —+ V)\Q()\Q + 26)t]
K exp [Ax + vA1 (A1 + 2€)t] + K exp [Aax + vAa (A + 2¢)t]

, (7.8.11)
—k—+D —k++VD
(b) D<O
(MK + N Kb)cos0+ (A Ky — N\ K)sind
=-2 7.8.13
“ v K/ cosf + K}sinf ’ ( )
where K{ and K/ are arbitrary constants, and
—k V=D
0= N\zx+ 21/(/\7')\1’ + 6)\i)t, A = E’ A= den (7814)
(c) D=0
K (14 Xsx) + 2K vAs(As + €)t
= —2y =2 . N 7.8.15
N Y O (7.8.15)
where K{ and K are arbitrary constants, and
—k
As = —.
dev
solution shown in Figure 7.8.3:

(7.8.16)
In particular, | like the case (a) because the following set of parameters generates a nice and smooth traveling wave
v =20.01, K;=100.0,

Ky, =0.01, e€=0.1, k=0.5
solution with no singularities.

d = 0.6.
| really like this case because in other cases | have not been able to discover a set of parameters which produces a

(7.8.17)
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Figure 7.8.4: Steady solution for the 2D viscous Burgers equation, (7.8.24) with v = 0.05.

7.8.3 2D Viscous Burgers Equations

The two-dimensional viscous Burgers equations,

Ut + Uy + VUy — V(Ugz + Uyy) =0, (7.8.18)
Uy + Uz + VU — V(Vgy + Uyy) =0, (7.8.19)
have an exact steady solution in the form [37],
—9 + + A AMz—z0) _ o—A(z—20) (\
" v [az agy as (e e )cos y)] (7.8.20)
a1 + asx + azy + agzy + as (eM@=20) 4 e=Az=70)) cos(Ay)’
—2v [as + asx — Aas (eM==%0) — g=Al@—w0) sin(A
v= 95 + a4 5 ( ) sin()] (7.8.21)
a1 + axx + agy + aszy + as (eM@E=70) 4 e=A==20)) cos(Ay)’
where a1, az, as, a4, as, Ty are arbitrary constants. In Ref.[37], the following set of parameters,
ar=a; =13x103 az3=as=0, as=1, A=25 =z9=1, v=0.04, (7.8.22)

are used to generate a smooth boundary-layer type solutions. Well, in fact, my favorite is the following two-dimensional
viscous Burgers equation,

Ut + Ulg + Uy — VUgy = 0. (7.8.23)
This is nice because it is a scalar equation and also it has a simple and interesting exact steady solution:

Y+ 2z 1
v 2"

u(z,y,t = 00) = —4tanh ( (7.8.24)

As shown in Figure 7.8.4, this solution has a very simple boundary-layer type feature. A similar solution was used in
Ref.[23] to verify the accuracy of high-order schemes.

7.9 Laplace Equation

| like the Laplace equation very much because it has a variety of solutions in two and three dimensions although
it has only a trivial linear solution in one dimension (7.2.11).
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7.9.1 2D Laplace Equation

| like the two-dimensional Laplace equation:

Uy + Uyy = 0. (7.9.1)
It has various smooth exact solutions:

(a) u =y, (7.9.2)
(b)  w=a®—y? (7.9.3)

2y
— , 7.9.4
© =g (7.9.4)
(d) u = exp(kz) sin(ky), (7.9.5)
(o) " sinh(7z) sin(zy) + sinh(7y) sin(7x) 7 (7.9.6)

sinh ()

where k is an arbitrary constant. We may take the domain to be [0, 1] x [0, 1] for all, and specify the boundary condition
directly by using the exact solutions (the Dirichlet condition).

7.9.2 3D Laplace Equation

The three-dimensional Laplace equation,

or in spherical coordinates,
1 0 [ 5,0 1 % 1 0 Oa
—— — ————— 4+ ————(sineg— ) =0 7.9.8
r2 or (r 81") - 2 sin? ¢ 9062 + r2sin ¢ O¢ (Sm¢3¢> ’ ( )
has the following exact solutions.
k
(a) u=—, (7.9.9)
T
(b) u = exp(V/2kz) sin(ky) cos(kz), (7.9.10)

where 7 = /22 + y2 + 22 and k is an arbitrary constant. In addition, it is possible to generate more solutions by
superposition: e.g.,
(c) u= Ay exp(V2kiz)sin(kiy) cos(kyz) + Ag exp(v/2ks2) sin(kyx) cos(kay)
+ Az exp(v/2ksy) sin(ksz) cos(ksz), (7.9.11)
where A; and k; with i = 1,2, 3 are arbitrary constants. This is nice. | like it.

Note also that any two dimensional solutions in the previous subsection and their linear combinations are exact
solutions to the three-dimensional Laplace equation. For example, these solutions,

(d) u=Ai1zy + Asyz + Aszz, (7.9.12)
(e) u=A(z? — %) + As(y? — 22) + Az(2? — 2?), (7.9.13)
() u= Aj exp(k12) sin(k1y) + Az exp(kay) sin(kaz) + As exp(ksz) sin(ksz), (7.9.14)

are all exact solutions to the three-dimensional Laplace equation. There are many many many possible exact solutions
for the Laplace equation.
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7.10 Poisson Equations

| like the Poisson equation because exact solutions can be easily manufactured (see Section 6.8). Basically, you
can easily cook up an exact solution simply by picking up a function u(x,y, z), substituting it into the left hand side
of the Poisson equation (i.e., the Laplacian part), and defining whatever left as the source term f(z,y,z). Just like
the Laplace equation, the Poisson equation is often used as a model equation for developing numerical schemes for the
viscous terms.

7.10.1 2D Poisson Equations

The two-dimensional Poisson equation,

Uy + Uyy = f(2,9), (7.10.1)
has the following manufactured solutions:
(a) u=e" with  f = (2% +y?)e"?, (7.10.2)
. A 5 9 .
(b) u = exp(kz) sin(ky) + Z(x +y°) with  f= A, (7.10.3)
(o) u=sinhz with f =sinhz, (7.10.4)
22 142 _ 22+ 4+ d 22 142
(d) U = exp { i } with f = ( d:g ) p { y i } ) (7.10.5)

where k, A and d are arbitrary constants. Of course, as in two dimensions, we may take the domain to be [0, 1] x [0, 1]
for all, and specify the boundary conditions directly by using the exact solutions. Also, we can superpose some of these
solutions to generate a new exact solution such as

(e) u = Ae” + Bsinhz with f = A(2® +y*)e"” + Bsinhuz, (7.10.6)

where A and B are arbitrary constants.

Smooth isotropic solutions are nice, but if numerical schemes are to be applied eventually to practical high-Reynolds-
number viscous simulations involving boundary layers, they must be tested for anisotropic solutions. | like the following
anisotropic solution:

(f) u = sin(7z) sin(20007y) with  f = —(1 4 2000?)7? sin(7z) sin(20007y), (7.10.7)

where the domain is taken to be (z,y) € (0,1) x (0,0.005), so that u = 0 on the boundary. This solution is very
similar to the anisotropic solution to the diffusion equation (7.2.16).

7.10.2 3D Poisson Equations

The three-dimensional Poisson equation,

Uge + Uyy + uze = f(2,,2), (7.10.8)
has the following manufactured solutions:
(a) — with  f = k(2? +y? + 22)e™¥7, (7.10.9)
A o a2 2 .
(b) u= E(x +y° +2%) with  f= A, (7.10.10)
(c) u = Cgsinhz + Cysinhy+ C,sinhz  with f=C,sinhz+ Cysinhy+ C.sinhz,  (7.10.11)
2 2(2r? + 3d 2

(d) u = exp [Td} with  f = (TT—H exp [CZ] , (7.10.12)

where k, A, Cy, Cy, C., and d are arbitrary constants, and r2=g%4 y2 + 22,
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7.11 Incompressible-Euler/Cauchy-Riemann/Laplace Equations

Two-dimensional incompressible irrotational flows are governed by the Cauchy-Riemann equations, in terms of the
stream-function 9 and the velocity potential ¢,

Yo t+oy = 0, (7.11.1)
o —thy = 0, (7.11.2)
or in terms of the velocity components u and v,
Uy +vy, = 0, (7.11.3)
Vg — Uy = 0, (7.11.4)
or the Laplace equations:
¢Jw + ¢yy = 07 (7115)
or
Ugg +Uyy = 0, (7.11.7)
Uga +Vyy = 0. (7.11.8)

Note that exact solutions to these equations are exact for the Euler equations in the incompressible limit, and therefore
can be used to test an Euler code. As mentioned in Section 6.2, | find it very interesting that a flow is obtained
simply by picking up an analytic function F' of a complex variable Z = z + iy = re'®. The velocity potential and the
stream function are immediately obtained as the real and imaginary parts, respectively: F(Z) = ¢(z,y) + iv(z,y).
The velocity components (u,v) are obtained as the real and imaginary parts of the complex velocity, respectively:
W(Z)=F =dF/dZ = u— iv. Some basic flows are given in Section 6.2. More practical flows such as a flow over
an airfoil can also be obtained by a mapping technique (the conformal mapping) as shown in this section. We also
consider a rotational flow for which the velocity potential does not exist but the stream function exists.

7.11.1 Stagnation Flow

Stagnation flow is obtained by the following complex potential:

Z2
F=—-——. (7.11.9)
2
The velocity potential and the stream function are given by
L s 2
¢:§(y —z%), Y=—axy. (7.11.10)
The complex velocity is given by
dF
W=—=-7 7.11.11
-2, (7.11.11)
which thus yields by W = u — v
u=-x, vV=y. (7.11.12)

Streamlines are plotted in Figure 7.11.1 where the flow goes from the right to the left towards the wall represented by
the y-axis. | like the stagnation flow because the velocity components are linear function of space. So, a second-order
Euler code should be able to produce the exact solution. It sounds like an easy flow to compute. However, for practical
problems, the stagnation region is often a major source of convergence difficulty due to the vanishing velocity. See
Refs.[32, 162] for details.
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Figure 7.11.1: Inviscid Stagnation Flow in 2D. Figure 7.11.2: Flow over a Rankine Half-Body in 2D.
7.11.2 Flow over a Rankine Half-Body
Superposing a source and a free stream, we can generate a flow over a half-body:
F(Z) = VOCZ+211nZ, (7.11.13)
7r
where o is the source strength. The velocity potential and the stream function are given by
(b:Voorcose—l—ilnr:wa—&—iln(xQ—&—yQ), (7.11.14)
27 4
szoorsiHO—i—iG: Vooy—i—itan_l(y/x). (7.11.15)
27 2w
The complex velocity is given by
dF o o cosf o sinf
W=-"+—-=1V — =WV — — 7.11.16
az ~ 57 <°O 2t r ) “or 1 ( )
which thus yields by W = u — v
o cosf o x
= Vo + — =V + — , 7.11.17
“ + 2T 7 * 21 a2 + 12 ( )
o sinf o y
v o= — = (7.11.18)

Cor o 2ma? 4y

Streamlines are plotted in Figure 7.11.2. Clearly, we see a flow over a half-body, which is called the Rankine half-body.
The equation of the half-body is given by ¥ = o/2:

o
2V

Y (m—0), (7.11.19)
which can be used to discretize the boundary of the half-body. The above expression represents the thickness of the
half-body. It shows that the thickness converges to

g

max — 5 7.11.2
y oI ( 0)
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Figure 7.11.3: Cavity Flow: Velocity potential. Figure 7.11.4: Cavity Flow: Streamlines.

as x — oo (i.e., @ — 0). The location of the stagnation point can be easily found by solving u =0 at y = 0:

g
Tstagnation — — .
27V

(7.11.21)

Since we also have v =0 at y = 0, it is a stagnation point.

A flow over a Rankine half-body can be useful for testing a CFD code and checking the performance for a flow
with a stagnation point. You may want to take only the upper half of the domain as the flow is symmetric anyway.
| like the upper half. It may be called a Rankine quater-body of which I've never heard. Also, it is possible to create
a closed body by placing a sink behind the source. The resulting flow is known as a Rankine oval. See your favorite
fluid dynamics textbook for details.

7.11.3 Cavity Flow

In a square domain [0, 1] x [—1,0], a flow that comes out at the upper left corner and sinks in the upper right corner
is given by the following complex potential?,

Z
F(Z)=¢+iw=mln<g(a))7 (7.11.22)
9(5)
I 1 sinh? %
7 k=even sinh2 k{
g(Z) =sinh | — , (7.11.23)
2a sinh? =Z
Mi—odd | 1 — — 57
sinh® ¢
where Z =z +iy, k=1,2,3,---, and m and a are arbitrary constants. This solution converges very fast: say, k = 20

is sufficient in practice. For example, we take

, (7.11.24)
a=1, (7.11.25)

2This solution was derived by Professor P. L. Roe at the University of Michigan.
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so that ¥ (z,y) and ¢(x,y) take the following boundary values,

Y(z,0) =0, (7.11.26)
1/)(177 71) = 1/)(0,@/) = dj(lay) =1, (7'11'27)
¢(0.5,0) =0, (7.11.28)

i.e., the boundary becomes a wall (see Figures 7.11.3 and 7.11.4: the solutions with k = 22.).

The solution is singular at the upper corners: obviously, the stream function is multi-valued and the potential goes
positive/negative infinity. But | like this solution. | can easily avoid the singularity, if | really wish, by restricting the
domain with the upper boundary taken somewhere a bit below y = 0.

7.11.4 Flow over a Circular Cylinder

A flow over a circular cylinder is obtained by superposing a uniform stream, a doublet, and possibly a vortex, in the
form of the complex potential,

) 2 ia T
F(Z)=¢+ih =V {Zem + e ] + % m Z, (7.11.29)
A 2
i.e., with Z = re®?,
R? r
¢ = Voo cos(f — ) [TJr r] - %9, (7.11.30)
b= Vasin(—a) [r— 2|+ 1) (7.11.31)
= Vo sin a) |r " o nr, 1.
which give
dp 10y R?
uT:E =50 = Vi cos(f — a) [1—742 , (7.11.32)
19¢ oY . R? r
=L =T =_V, 0 — 14+ —| — —. 7.11.
Ho r 00 or Voo sin @) { + r2 2mr ( 33)
Alternatively, either from the complex velocity W (Z),
dF . o R2et i
W(Z) = d—Z—u—zU—VC><> [e - ] 37’ (7.11.34)
or by the transformation (1.8.4), we obtain the Cartesian velocity components,
2,2 2 3 T
U= Vycosa — (2" —y)cosa + a:ysmaVOOR2+ y , (7.11.35)
rd 272
2 02\ g —92 . T
o= Vising + & —y)simazaycosay o, a2l (7.11.36)
rd 2mr?

This describes a flow past a circular cylinder of radius R with the free stream V, coming from the left at an angle of
attack . With non-zero T', it can be a flow over a rotating cylinder whose rotating speed is given by #. I like it
very much because | think that it is one of the most beautiful flows. The pressure can be obtained directly from the
Bernoulli's equation (3.18.4), or in the form of the pressure coefficient C,,

PP g _urtvy _ wte
Toav2 Vi V2

(7.11.37)

The flow is symmetric with respect to both z-axis and y-axis if I" is zero. If it is not zero, the symmetry breaks
down (see Figures 7.11.5 and 7.11.6). The stagnation points (zero tangential velocity at r = R) are given by

r

—_— 1.
ATRV,’ (7.11.38)

sin Hstag = —
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e

Figure 7.11.5: Pressure coefficient C, of the cylinder Figure 7.11.6: Streamlines of the cylinder flow: V, =1,
flow: Voo =1, a=0,T =m. a=0T=nm.

where 0444 gives the location of a stagnation point. Note that the stagnation points do not exist on the cylinder
surface if

7| > 47 RV (7.11.39)
Note also that a force F = (F}, F}) acting on the cylinder can be obtained by the Blasius formula,

ip

F, —iF, =+ W(2)) dz, (7.11.40)
2 Cylinder
giving
F, —iF, = pV De!m/2te), (7.11.41)

Therefore, the force acts perpendicular to the free stream, and so the drag D and the lift L are given by

L= pVsT, (7.11.42)
D =0. (7.11.43)

This result is called the Kutta-Joukowsky theorem. Of course, | like it. It is very nice that the drag is zero. This is
actually called d'Alembert’s paradox since the drag will be non-zero in reality. But an Euler code (being without any
viscous effects) should be able to produce this paradoxical result. Can your Euler code predict a zero-drag potential
flow?

Finally, | find it interesting that the line integral over a closed curve C of the complex velocity gives the volume
flow @ across C and the circulation I" around C:

T+iQ = 7{ W dz, (7.11.44)
C

which is very easy to prove. So, I'll leave it to you. Have fun.

7.11.5 Flow over an Elliptic Cylinder
Analytic function g that maps a point { = £ + in into a point Z = x + iy (see Figure 7.11.7):

Z=9(¢), (7.11.45)
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R Z=9(¢

Y

—
-

Figure 7.11.7: Conformal mapping from a circle to an ellipse. A =R+ ¢2/R? and B =R — (*/R?.

is called a conformal mapping. Consider a flow in Z-plane defined by the complex potential F(Z). This flow can be
mapped onto (-plane easily by Z = ¢g({). The corresponding flow in (-plane is then described by the complex potential

f(C) given by

f(€) = F(g(¢)), (7.11.46)
and the complex velocity w(() is given by
wie) = L8 — W) Q) (7.11.47)

Now, reverse the viewpoint. As a matter of fact, the mapping is useful in obtaining a complicated flow in Z-plane
from a simple flow in {-plane: f(¢) — F(Z) and w({) — W(Z). For example, the Joukowsky transformation,

€2
Z:C+z, (7.11.48)
maps a circle in {-plane onto an ellipse in Z-plane with the foci at Z = +2¢, and a circle with radius ¢ onto a line
segment of length 4¢. | like the Joukowsky transformation, but | like its inverse better because it is more useful.

Suppose we wish to compute a velocity at a point Z,, in Z-plane, but we know only f({), i.e., the complex velocity in
¢-plane (the simpler flow). Then, first, we must map a point Z, back to the corresponding point ¢, in {-plane,

G =912y, (7.11.49)
and then compute the desired velocity by

W(Z,) =Wi(g(¢p)) = w((p)/g/@p) = f/(Cp)/g/(Cp)- (7.11.50)

This way, we can compute the velocity at a point Z, in Z-plane. The key is to have the inverse transformation g~! at
hand. It is generally difficult to obtain the inverse transformation, but it is often possible to do so. For the Joukowsky
transformation (7.11.48), since it can be written in the form,

Z -2 —0\?
Z+20 (g+£> ’ (7.11.51)

an inverse is found to be

(Z+20)2 +(Z —20)
(Z+20)2 —(Z—-20)

(7.11.52)

NI=[ N
NI=[ Nl

(=
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L

Figure 7.11.8: Pressure coefficient C), of the flow over an Figure 7.11.9: Streamlines of the flow over an ellipse:
ellipse: Voo =1, R=3/4, a=10°,T =0, { = \/3/4. Vee=1 R=3/4,a=10°,T =0, { =+/3/4.

With this, it is now possible to obtain the velocity in a flow over an elliptic cylinder (or a flat plate) in Z-plane from a
flow over a circular cylinder in (-plane, by setting up the complex potential,

; R2et@ il
=V |Ce™* — Ing, 7.11.53
f©) [Ce + }+2W n¢ ( )
where R > ¢ (or R = ¢ for a flat plate), leading to the velocity
W(Z) =u—iv=f(¢)/g'(C)
» R2ei i
e T 0
i
= % : (7.11.54)
Tz
Note that we would have to use L'Hopital's rule to evaluate it at { = ¢.
The surface of the elliptic cylinder is defined by
x = Acos#, (7.11.55)
y = Bsind, (7.11.56)
where
62
A=R+ — 7.11.57
+ 5 ( )
62
B=R_— — 7.11.58
= (7.11.58)
which can be inverted to get
A+ B
R= J; , (7.11.59)
AZ _ BQ
L= — (7.11.60)

So, now we can do the following.
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Figure 7.11.10: Circle that is mapped onto an airfoil.

Construction of an Ellipse:
1. Choose the major axis A and the minor axis B of the ellipse.
2. Generate an ellipse by Equations (7.11.55) and (7.11.56) in Z-plane.

Computation of Exact Solution:

1. Determine R and /¢ by

(=== (7.11.61)

2. Choose V., o, and T".

3. Pick any point Z, = x,, + iy, (on or outside the ellipse), and get the corresponding ¢, by Equation
(7.11.52).

4. Compute the exact velocity at the point Z, by Equation (7.11.54), using (,, and the pressure by

roev: 2

_ 2 2
—PPo_ WtV (7.11.62)

An example is shown in Figures 7.11.8 and 7.11.9.

7.11.6 Flow over an Airfoil

To generate a flow over an airfoil, first set up a flow over a shifted circular cylinder in {-plane as follows. Consider a
circle of radius a, centered at

C=u, (7.11.63)
and passing through the point,
=1, (7.11.64)

where £ is a real value (nearly a half chord of the resulting airfoil) while p is a complex value (see Figure 7.11.10).
This circle is represented by the formula,

¢ =p+ ae?, (7.11.65)
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where
0<6<2m (7.11.66)
p=~t(—e+ir), (7.11.67)
a=10/(1+¢€)?+ k2, (7.11.68)

and € and k are positive constants that are related to the thickness and the camber respectively of the resulting airfoil.
In fact, the point (g = ¢ corresponds to the trailing edge of the resulting airfoil and if we denote the angle that
indicates this point by 3, i.e.,

(re =0=p+ae (7.11.69)

then we find

-0 — w1 K
£ = sin (a) sin ( (1—&—6)2—1—/@2). (7.11.70)

Note that the point here is to shift the circle off from the origin. Recall that a circle centered at the origin (-plane is
Joukowsky-transformed onto an ellipse in Z-plane. Now imagine that a circle off from the origin will be Joukowsky-
transformed onto something different from an ellipse, which turns out to be an airfoil-like shape in Z-plane.

The complex potential that describes a flow over the circle defined above is given by

& a2€ia

= (e " +i2asin(a+ B) In(¢ — p) + , 7.11.71
o (04 8) In(C = )+ 5 (7.11.71)
which leads to the complex velocity,

w(() _ 2asin(a + ) a’el

—= = "+ — . 7.11.72

Voo C — M (C - M)z ( )

Note that the circulation T' has been determined such that the velocity be finite at the trailing edge (the Kutta

condition). In fact, the velocity at the trailing edge is given by %gc/fc), but dg/d¢ vanishes for the Joukowsky
transformation. Therefore, in order for the velocity to be finite, it is required that w({rg) = 0. This gives I' =
4dmaVy sin(a + B). For other types of transformations, even if dg/d{ does not vanish, we must have w({rg) = 0
(i.e., the trailing edge must be a stagnation point) because otherwise a flow is not uniquely determined and there are
a plenty of experimental evidences that support this.

Now, we are ready to transform the circle (and a flow around it) onto something like an airfoil (and a flow around
it). Specifically, we create a flow around an airfoil from a flow around the circle by a mapping Z = g(¢), and compute
a velocity at any point in the airfoil flow by transforming the point back to the (-plane by ¢ = ¢=!(Z) and then
evaluate the velocity by

W(Z) _u—iv _w(Q)/g(C)

Voo Ve Vo

. (7.11.73)

For this purpose, | give two examples for the mapping Z = ¢(¢): the Joukowsky transformation and the Kirman-
Trefftz transformation. Airfoils generated by these transformations are called the Joukowsky and Karman-Trefftz airfoils
respectively.

Joukowsky Airfoils

The Joukowsky transformation:

2
Z = g1(C) =C+%. (7.11.74)
An inverse is given by
o (Z +20)% +(Z — 20)2
¢=91 (¢) Z 120} _(Z_%)%E. (7.11.75)
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The derivative of the transformation,

£2
7O =1-7 (7.11.76)
is needed to compute the velocity by Equation (7.11.73).

| like the Joukowsky airfoils because they look very smooth, especially near the trailing edge. In fact, the trailing
edge is cusped, i.e., zero thickness, and so the velocity there is not zero but finite (not a stagnation point). This can
be nice because the flow is then smooth everywhere.

Note that if  is not zero (cambered airfoils), there may be a region (below the airfoil but above the x axis) where
the inverse (7.11.75) does not work. | would suggest the use of the Karman-Trefftz transformation to avoid this trouble.

Karman-Trefftz Airfoil

The Karman-Trefftz transformation:

Z —nl C—0\" T
Z+n£_(c+£) . on=2-——, (7.11.77)

where 7 is a free parameter to specify the trailing edge angle. This transformation can be written as

Z =g:(¢) = nt. (7.11.78)

An inverse transformation is then given by

3=

1 (ZHn0)w +(Z—nb)w
(=9 = ZnaE —(Z—nt) 2 (7.11.79)

3=

n

Note that the inverse transformation does not work if « is too large for the same reason as in the inverse Joukowsky
transformation (increasing the thickness parameter € may help in keeping a valid inverse transformation with a relatively
large k). The derivative of the transformation is given by

_ A2+ 0ot

== TGP

: (7.11.80)

which is needed to compute the velocity by Equation (7.11.73).

| like Karman-Trefftz airfoils because these airfoils have a trailing edge with a finite angle. This is more realistic
and practical than the cusped trailing edge. Note also that the Joukowsky transformation is in fact a special case of
the Karman-Trefftz transformation: the Karman-Trefftz transformation with 7 = 0 is the Joukowsky transformation.
Anyway, so, | focus on the Karman-Trefftz transformation in the rest of the section.
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Figure 7.11.11: Pressure coefficient C,, of the flow over a Figure 7.11.12: Streamlines of the flow over a Karman-
Karman-Trefftz airfoil: £ = 0.5, « = 10°, e = 0.1, Kk = 0, Trefftz airfoil: £ =0.5, « =10°, ¢=0.1, k=0, 7=0.
7=0.

Construction of a Karman-Trefftz Airfoil:

1. Specify the parameters:

£: Chord length =~ 2¢, (7.11.81)
a : Angle of attack (radian) , (7.11.82)
€ : Thickness , (7.11.83)
x: Camber , (7.11.84)
7 : Trailing edge angle (radian) . (7.11.85)

2. Compute the following quantities:
a=10/(1+¢€2+k2 : Radius of the circle, (7.11.86)
S =sin! (g) : Trailing edge location, (7.11.87)
(€e,me) = (—le, Uk) : Center of the circle. (7.11.88)

This completely defines the circle by Equation (7.11.65).

3. Substitute points on the circle, {; = (&,n:), i =1,2,3,..., N, represented by

& = acos(; — B) + &, (7.11.89)
ni = asin(0; — B) + 1e, (7.11.90)

with 6; in [0, 27] into the transformation (7.11.78) to obtain the points Z that form an airfoil (NB:
6 = 0 corresponds to the trailing edge).

4. (Optional) Compute the velocity at the airfoil points by substituting the points generated in the
previous step into Equation (7.11.73). Note that the inverse transformation ggl is not needed here,
so that the velocity on the surface of the airfoil can be safely computed for any values of camber,
thickness, and trailing edge angle.
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Computation of Exact Solution (the whole flow field):

1. Pick a point Z, = x, + iy, (on and anywhere outside the airfoil!) where you want to compute the
velocity.

2. Transform the point Z, by Equation (7.11.79) onto the corresponding point (, in {-plane.

3. Compute the velocity by substituting ¢, into Equation (7.11.73).

An example, which was generated by the sample program available at http://www.cfdbooks.com, is given in Figures
7.11.11 and 7.11.12; it is in fact a Joukowsky airfoil since 7 = 0. A flow over a cylinder can be generated by taking
7 = 180°. Note that the flow has a stagnation point is at the rear of the cylinder because the circulation in in Equation
(7.11.72) has been determined by the Kutta condition. It is interesting to compute the lift force, which is given by

L = pVooI' = 4pV2rasin(a + B). (7.11.91)

Can your CFD code predict the lift to the design accuracy?

7.11.7 Flow over Airfoils

It is possible to compute an exact solution for a flow around multiple airfoils by the conformal mapping technique. But
the solution is usually available only on the surface of the airfoils (not the whole flow field). See Ref.[48, 56, 152, 172]
for more details. In particular, the four-element configuration computed in Ref.[152] is widely used. The geometry of
the four airfoils and the pressure coefficient over the airfoils are tabulated (with a limited precision) in Ref.[152].

7.11.8 Fraenkel's Flow: Constant Vorticity Flow over a Cylinder

Fraenkel's flow [38] is an exact solution of the incompressible Euler equations with a non-zero constant vorticity, i.e.,
linearly varying free stream. It was used to study the accuracy of an Euler code in Refs.[113, 123]. Although it is
basically a flow over a cylinder (of radius 1 located at the origin), it contains recirculation zones in the front and back
of the cylinder (see Figure 7.11.13). These recirculation zones can be quite difficult to capture numerically if a scheme
is very dissipative. Can your code capture the recirculation zones (especially those in the rear)?

Here is the stream function 4, which is presented with complex variables in Ref.[38], written in terms of real
variables:

r 2rd r2 42z +1

+% { (1 + :4> (2 —9?) — 2} arctan<rff 1)} + Uso (1 - 7«12> v, (7.11.92)

where 7 = /22 4+ y2, w is the constant vorticity, and Uy, is the free stream velocity of the irrotational part of the
flow. The velocity (u,v) is obtained simply by differentiating the stream function,

4 2 _
1/1:1wy2+i [(112)y+:£y(r 1) ln<r 2x+1>
7r

L

= = A1,
u 9y v o (7.11.93)
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Figure 7.11.13: Streamlines of Fraenkel's flow.

but the result is very complicated:

LY 2y2+ . 1 Loy 1_~_4y2 | r? —2r+1
= — —_— _—— — _— —_— n| ———
B A P 72 2 rd b r2 4+ 2r+1

da?y? (1 - 5%)

2y(a® — y°) 1 2y
T D20+ 1) { o P\t jyparctan| G
{(1—&-%4)(mQ—yQ)—Q}(xQ—yQ—U 22 — g2
+ ( 2 _ 1)2 + 4y2 + UOO 1- 7’4 ) (71194)

2ey(a® —y* 1) (1— %) {2:c(x2 - v%)

(r2=2z+1)(r2+2zx+1) r6

2 14+ 4) (22 —y?) -2 2

2oy i) @ -yt -2, 2zy (7.11.95)
(r2 —1)2 4 4y? ré

These functions were used to generate the streamline plot in Figure 7.11.13. Note that the above exact solution is
valid only on the upper half of the domain, i.e., y > 0, and to make it valid on the lower half, | have to change the
sign of y, i.e., y — —y. Also, Note also that the above exact solution is singular at (z,y) = (—1,0) and (1,0) where
it should be set to be a stagnation point u = v = 0. By the way, it is very interesting that such a complicated flow
(as in Figure 7.11.13) can be represented by an analytical formula.
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Figure 7.12.1: Inviscid Stagnation Flow in 3D. Figure 7.12.2: Flow over a Rankine Half-Body in 3D.

7.12 3D Incompressible Euler Equations (Axisymmetric Flows)

| like 3D flows because they are much more realistic than 1D and 2D flows. 3D solutions can be used to verify
practical CFD codes, which solve 3D problems. Although the theory of complex variables cannot be applied, various
exact solutions can be derived for 3D irrotational flows because the velocity potential satisfies the Laplace equation.
Especially, | like axisymmetric flows because these flows can be described by a single stream function just like 2D flows.
Below, axisymmetric flows are described in (z,y)-plane with the z-axis as the axis of symmetry. Note that these are
3D solutions and therefore should not be used for 2D CFD codes that solve 2D equations.

7.12.1 Stagnation Flow

A three-dimensional stagnation flow is an axisymmetric flow. It is described by the following velocity potential:
Lo o 2
(;ﬁzz(y —2z°). (7.12.1)

It is easy to verify that the above velocity potential satisfies the Laplace equation for axisymmetric flows:

o %0 106

— -—— =0. 7.12.2
ox2  0y?  yoy ( )
The velocity components (u,v) are given by
0¢ dp 1
_99 _ _oe_1 7.12.
e a 0=y (1123)

which differ from the two-dimensional case in Section 7.11.1 by the factor 1/2 in v. As in the two-dimensional case,
the velocity components are linear function of space. | like that. A second-order scheme should still give the exact
result in 3D. The stream function can be derived by integrating Equation (4.24.14):

1
V= =gy, (7.12.4)

which is different from the two-dimensional version (7.11.10). Streamlines are plotted in Figure 7.12.1, which should
be compared with Figure 7.11.1.
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7.12.2 Flow over a Rankine Half-Body

A flow over a Rankine half-body can be obtained in 3D. As in 2D, we superpose a source and a free stream:

o

=Ver — —, 7.12.5

¢ o 4mr ( )

where r = /22 + y2 and the second term represents the three-dimensional source with the strength o. It is straight-

forward to verify that the above potential satisfies the Laplace equation (7.12.2). The velocity components (u,v) are
given by

) ox 0¢ oy
S v , =T — . 7.12.6
Y= o 43 Y Oy  4mr3 ( )
The stream function can be derived as
1 5 O T
— v+ 2 1—7). 712.7
¥ 2 v 4 ( T ( )

Streamlines are plotted in Figure 7.12.2. This is the Rankine half-body in three dimensions. Compare the streamlines
and the half-body with those in two dimensions, Figure 7.11.2. They are similar but different. In 3D, the equation of
the half-body is given by ¢» = o/(27):

20
™V

y== (cosf + 1), (7.12.8)

where § = tan~!(y/x), which can be used to discretize the boundary of the half-body by varying 6. It follows that the
thickness converges to

[
Ymax = 2 K7 (7.12.9)

as x — oo (i.e., 8 — 0), which is slightly thicker than the two-dimensional body. The location of the stagnation point
can be easily found by solving u =0 at y = 0:

g
Tstagnation — _21 / F (71210)

Of course, we have v =0 at y = 0, and thus it is indeed a stagnation point.

7.12.3 Flow over a Sphere

A flow over a sphere at zero angle of attack is a valid axisymmetric flow. The following velocity potential, which
consists of a uniform flow and a doublet, is an exact solution that represents a flow over a sphere of radius R,

1 (R\®
14+ ==
+ 2 ( r )
It is quite straightforward to verify that the above potential satisfies the Laplace equation (7.12.2). The velocity
components are given by

¢ = Voo (7.12.11)

u=2%_vy,_ [1 gl (1 - 3“72)] , (7.12.12)

Ox 2r3 r2

B % B _SxyVOCR?’

= = 7.12.13
v Oy 275 ( )

The stream function can be derived in the form:

1 3
Y= 5‘/ooy2 (1 - ) . (7.12.14)
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Figure 7.12.3: Flow over a Sphere (3D).

Streamlines are plotted in Figure 7.12.3. Note that the maximum speed on the sphere is

3
7Vooa

|U‘z:0,y:R = 2

which is smaller than that for a flow over a cylinder obtained from Equation (7.11.35),

lu| = 2V.
On the sphere (22 + y? = R?), we have
gv2 y2
2 2 es)
Y ST R

Therefore, the pressure coefficient over the sphere is given by

o PP (w0
LA vz

r=R

1—

=] ©

v
R2’
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(7.12.15)

(7.12.16)

(7.12.17)

(7.12.18)

| like the flow over a sphere. It is very simple and smooth. But it is not really simple to compute numerically. First,
it is not trivial to generate a computational grid around a sphere (unlike generating a grid around a two-dimensional
cylinder): structured grids need some effort to avoid possible geometric singularities. Second, it is often hard to obtain
a clean symmetric solution with respect to the (y, z)-plane (i.e., fore-aft symmetry) by an Euler code, particularly with
unstructured grids. How accurately can your Euler code compute this flow?

7.13 Euler Equations

| like the compressible Euler Equations. Basically, all the incompressible flows described in the previous section are the
exact solutions to the compressible Euler Equations with constant density. Here, we consider exact solutions for the

compressible Euler Equations with variable density.
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7.13.1 One-Dimensional Simple Acoustic Waves

Consider the simple wave solution derived in Section 6.7.3:

uia;t) Mo+ (Wi - ‘;(j) (7.13.1)
p(pmo,ot) _ {1+ ’YT—l (Iccl(i) —Moo)]fl, (7.13.2)
p;xo;t) _ {H val (1;(3 _Mm)]fjl, (7.13.3)

where ¢ =x — Vt, V =u+ a, and V is a solution of Burgers' equation. This is valid for smooth flows and the exact
solutions of Burgers' equation given in Section 7.7.1 can be directly employed for V.

(a) Smooth solution turning into a shock:

Set an initial solution with

V(x)

= ot sin(2nz), (7.13.4)

then it gives the exact solution with

V(§) =

= ont sin(2w(x — Vt)), (7.13.5)

where t, is a free parameter that specifies the time when a shock is formed. This solution is given implicitly and
therefore must be computed numerically (see Section 7.7.1).

(b) Smooth rarefaction:

Set an initial solution with
V(z) = Atanh(k(z — 0.5)), (7.13.6)
then it gives the exact solution with
V(¢) = Atanh(k(x — 0.5 — Vt)), (7.13.7)
where A and k are arbitrary constants. Again, this is given implicitly and therefore must be computed numerically.

These solutions are very similar to those in Figures 7.7.1 and 7.7.2. These types of solutions were actually used in
Ref.[87] for verification of higher-order schemes. It is nice to have smooth exact solutions for nonlinear systems such
as the Euler equations. In particular, it is very nice that we can generate various exact solutions through the solutions
of Burgers’ equation. | really like it.

7.13.2 Entropy Waves

The entropy wave is an exact simple wave solution of the compressible Euler equations. The one-dimensional entropy
wave is given by

P = pPoo+ Asin[m(r — Uxt)], (7.13.8)
u = Us, (7.13.9)
p = P, (7.13.10)

where po, U, and P, are constants. The two-dimensional version is given by

p Poo + Asin[n(z +y — Quot)], (7.13.11)
u = Us, (7.13.12)
v o= Vi, (7.13.13)
p = P, (7.13.14)
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Figure 7.13.1: Density contours for the two-dimensional isentropic vortex convection. a =1, K = 5.0, py = 1,
Poo = 1/7, Uoo = Voo = 2.0, (z0,y0) = (=10, —10).
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where V, is a constant and Qoo = Uy + V. The three-dimensional version is given by

P = pootAsin[r(z+y+z— Quot)], (7.13.15)
u = U, (7.13.16)
v o= Vo, (7.13.17)
w o= W, (7.13.18)
p = P, (7.13.19)

where W, is a constant and Qo = Uy + Vo + Woo. With a periodic boundary condition, the entropy wave should
travel through the domain, preserving its initial profile. Certainly, | like the entropy wave. It is very useful in verifying
the accuracy of a time-dependent Euler code.

7.13.3 Two-Dimensional Unsteady Isentropic Vortex Convection

As derived in Section 6.3, the following is an exact solution to the full unsteady two-dimensional compressible Euler
equations:

u@myt) _ ve K -y (7.13.20)
Goo Uso  2TMAso
t [e'e] K T
v(@,y,t) = Yo —— ger(177/2, (7.13.21)
Goo oo 2T Ao
T(z,y,t) K*(y=1) ,a-r
2\t o 2 AT T Y e 7.13.22
T 8am2a?, ¢ ’ (r13:22)
1
p(z,y,1) T(z,y,t)\ 7"
pleyt) _ (T(xyt) 7.13.2
Poo < TOO 7 ( ’ 3)

O
~y—1
p@;w _ <T<fryt>) , (7.13.24)
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i

1

Figure 7.13.2: Subsonic solution. Streamlines calculated by the total velocity (Uso + u,v) with Uy, = 1.0,

k=n/y/1— M2 and M, =0.5.
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where
T = T —Xg— Usol, (7.13.25)
T = ¥— 10— et (7.13.26)
Fo= TP+ (7.13.27)

This exact solution describes a vortex simply convected isentropically with the free stream velocity (tco,Vo0). It is
often employed to measure the accuracy of an Euler code [28, 142, 177]. For example, | like the following set of
parameters: & =1, poo = 1, Poo = 1/7, Uoo = Voo = 2, (20, y0) = (—10,—10), K = 5, because then the vortex starts
at (x,y) = (=10, —10), moves to the origin at t = 5, and then will finally reach at (z,y) = (10, 10) precisely at ¢ = 10
as shown in Figure 7.13.1. You may measure the accuracy of your Euler code at the final location.

7.13.4 Linearized Potential Equations

The linearized potential equation (see Section 3.20),

2 —
(1= M) ¢ + ¢y =0, (7.13.28)
or the equivalent system for the perturbation velocity components (see Section 3.21),
(1-M2)uz +v, = 0, (7.13.29)
Vg —uy = 0, (7.13.30)

has various exact solutions.

Subsonic solution
As discussed in Section 3.21, the Prandtl-Glauert transformation
E=x, n=y/1-M2, & =\/1-M2¢, U=+1-M2u V=u, (7.13.31)
turns the governing equations into the Laplace equation for the potential,
(I)& + (I>;m =0, (7.13.32)
and the Cauchy-Riemann system for the velocity components,

Ue+V, = 0, (7.13.33)
Ve—U, = 0, (7.13.34)
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(u,v) = (0,0) (u,v) = (0,0)
(u,v) =(0,0.1)
o (u,v) = (0,-0.1)
/

(u,v) = (0,0) (u,v) = (0,0)

Figure 7.13.3: Supersonic solution. Inflow perturbation velocity components are . = 0 and v = 0.1, with the
mean-flow Mach number M., = v/2. Thin lines are characteristics dividing the constant states.

where we have assumed here that M., < 1. This means that any incompressible flow solution ®'(£, ), i.e., the solution
of the Laplace equation (7.13.32), can be transformed into a compressible flow solution, i.e., the solution of Equation
(7.13.28), as follows,

D' (z,y+/1—M2)
1— M2

oo

¢ (x,y) = (7.13.35)

Alternatively, we may start from a set of solutions for the Cauchy-Riemann system, U(&,n) and V(£,n), and then
obtain the velocity components in the equivalent compressible flow as follows,

U(z,y/1—M2)

u(z,y) = m‘”, (7.13.36)
v(z,y) = V(x,y/1—M2). (7.13.37)

For example, the exact solution (7.9.5) from Section 7.9.1,

P'(&,n) = exp(kE) sin(kn), (7.13.38)

where k is an arbitrary constant, can be transformed into the corresponding compressible solution as follows,

exp(kz) sin (ky m)

¢ (z,y) = VTS : (7.13.39)
To see what flow this represents, we derive the perturbation velocity components,
kexp(kz) sin (ky m)
u(z,y) = ¢ (r,y) = i : (7.13.40)
v(z,y) = ¢, (z,y) = kexp(kzx) cos (k;y m) . (7.13.41)
The streamlines calculated from these are plotted in Figure 7.13.2. It does look like a flow. This is simple and smooth
enough for accuracy verification, possibly with the Dirichlet condition. | like this very much. It is really nice that any

solution of Laplace's equation can be transformed into a subsonic flow solution.

Supersonic solution

As shown in Section 3.21, for supersonic flows (M, > 1), the governing equations become hyperbolic. The method
of characteristics can then be used to generate various exact solutions: applying the following characteristic relations,

uy/ M2 —1—v=constant, along dy/dz=1//M2Z —1, (7.13.42)
u+/M2 — 1+ v =constant, along dy/dx=—-1//MZ —1, (7.13.43)
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with appropriate boundary conditions, we can construct a flow field, starting from a supersonic free stream of the
Mach number My, > 1 (see Ref.[155] for more details if needed). An example is a supersonic flow through a dust: a
mean-flow coming from the left at Mach number M., = v/2 with the perturbation velocity (u,v) = (0,0.1), through
a parallel duct. The small incidence introduced by the non-zero v causes compression and expansion waves created
at the leading edges and reflected through the duct, recovering the inflow condition at the exit. This is sketched in
Figure 7.13.3. Solution at each region can be easily found by drawing characteristic lines from a known upstream state
and applying the appropriate characteristic relation above. | like this solution because it can be a very simple test case
(with a simple rectangular domain) for solving linear hyperbolic systems involving discontinuities. In fact, this solution
was used to demonstrate the capability of a particular mesh adaptation technique in Ref.[130].

7.13.5 Nozzle Flows
Basic Equations

Nozzle flows are governed by the equations in Section 3.16 which for a steady adiabatic flow reduce to

puA = constant, (7.13.44)

2 2
% + Wa_ 1 = constant, (7_13_45)
p/p” = constant. (7.13.46)

We then obtain from these (see Ref.[84] for derivation) the fundamental relations for generating exact solutions:

A\2 1 9 N1 (v+1)/(v=1)

il .y RN A Y 13.4

(&) =wl ()] (1247
L (1 + HMQ) o (7.13.48)
Po 2 ’ o
p y—1 2)7__1
Lo+ —Mm , 7.13.49
Po ( 2 ( )
T (122t - (7.13.50)
To 2 ’ o

where v = 1.4 for air, A* is the critical area corresponding to sonic speed u = a, M = u/a, and py, po, and Ty are the

stagnation density, pressure, and temperature. It follows from Equation (7.13.47) that there exist two different Mach

numbers for a given area-ratio <: subsonic and supersonic solutions (see Ref.[84]).
Differentiate the continuity equation (7.13.44),

ldp  ldu 1dA

-——4+-—-—+—-——=0 7.13.51
pdr wudr Adz ’ ( )
and substitute the momentum equation,
du dp 5dp
s S i 7.13.52
L dr " dz (7.13.52)
to obtain
1d 1 1dA
au_ . (7.13.53)

udr  1—M2Adx

This shows that a subsonic flow is accelerated (du > 0) through a converging nozzle (dA < 0); and a supersonic flow
accelerated (du > 0) through a diverging nozzle (dA > 0). This is very interesting. | like it.

Now, suppose that a nozzle shape A(z) is given in x € [0, 1], having the minimum (or throat) area at = Ttproat-
Then, there exist three types of solutions: subsonic-supersonic, fully subsonic, and subsonic-supersonic with a shock.
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Figure 7.13.4: Mach number: the unique subsonic- Figure 7.13.5: Pressure: the unique subsonic-
supersonic flow. supersonic flow.

Subsonic-Supersonic Flow

This is a unique solution for a given nozzle shape: a subsonic inflow achieves M = 1 precisely at the throat © = x¢pr0at
so that A* = A(Zthroat), and then smoothly becomes supersonic and accelerates towards the exit. It should be noted
that the inflow Mach number is not zero but a small value. Theoretically, we see from Equation (7.13.47) that M — 0
when A — 0. That is, a reservoir exists at t — —oo. In a way, we are looking at only a small part of a big nozzle
coming out from a reservoir. Or it may be interpreted as a flow through the nozzle in [0,1] caused by a pressure
difference applied to the inlet and outlet of the nozzle with a finite length.

Computation of Exact Solution:
We can numerically compute this unique flow solution at a set of N points {x;} = {z; =
0,z9,23, -+ ,xny = 1} as follows:

1. Set A* = A(xthroat)-

2. Compute M (z;) by solving Equation (7.13.47) for given A(x;) and A* for all i.
(subsonic for x; € [0, Zthroat); Supersonic for z; € [Tinroat, 1]-)

3. Compute p(z;), p(z;), and T(x;) by Equations (7.13.48), (7.13.49), and (7.13.50).

Note that Equation (7.13.47) needs to be solved for the Mach number numerically. For this purpose, we may
employ the bisection method for the following equation,

A 2 1 2 -1 (v+1)/(v—1)
F(M) = (A*> - L o (1 +2 > MQH =0, (7.13.54)

with adaptive initial bounds: [0, 1] to find a subsonic solution or [1,100] to find a supersonic solution. Of course, other
methods can be used, but | like the bisection method because it is very simple. In fact, | actually used it to obtain the
solution shown in Figures 7.13.4 and 7.13.4.

Fully Subsonic Flow

In this case, there exist an infinite number of solutions for a given nozzle shape; the exit pressure p. must be specified
to make the solution unique. Observe also that in this case a flow can never reach M =1 (A* # A(x) anywhere in
the nozzle). Therefore, A* is just a parameter determined by first computing M. from (for a specified p,)

e - 1 ‘Y;jl
% - (1 + ’YQM(?) , (7.13.55)
0

and then solving

Ae 2 1 2 —1 (v+1)/(v—1)
() T [ (1 +7 MQH —0, (7.13.56)
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Figure 7.13.6: Mach number: a fully subsonic flow. Figure 7.13.7: Pressure: a fully subsonic flow.

for A*. Here, obviously, A. = A(zn) = A(1.0), M. = M(xn) = M(1.0), and p. = p(zn) = p(1.0).
Note that the exit pressure p. must satisfy

P < pe < po, (7.13.57)

where p<™it is the pressure corresponding to the ideal subsonic solution, i.e., the one with A* = A(z¢40at) of Equation

(7.13.56), at the exit This p¢"* can be computed by first solving Equation (7.13.56) with A* = A(Z¢proat) to obtain

e

M¢m ) and then substituting this Mach number M™% into Equation (7.13.49).

Computation of Exact Solution:
A fully subsonic flow solution can be computed numerically as follows:

1. Compute M by solving Equation (7.13.56) and A* = A(Zihroat)-
(Assume that the flow is subsonic.)

2. Compute pc* (7.13.48).

3. Specify the exit pressure p. under the condition (7.13.57).
4. Compute M, from p. by Equation (7.13.49).
5. Re-compute A* by solving Equation (7.13.47) with A = A, and M = M..

6. Compute M (z;) by solving Equation (7.13.47) for given A(z;) and A* for all i.
(Note that the flow is subsonic everywhere.)

7. Compute p(z;), p(z;), and T'(x;) by Equations (7.13.48), (7.13.49), and (7.13.50).
An example is given in Figures 7.13.6 and 7.13.7.

Shocked Flow

In shocked flows also, the exit pressure p. must be specified to make the solution unique. This time, the exit pressure,
Pe, Must satisfy

pps S Pexit < pZTita (71358)

where p,, is a post-shock pressure given by
it 4

-1 Tt
Pps = {1 + QM,fs} : (7.13.59)

1+’7_1 (]\Iecrit)2
M, = 2_ T (7.13.60)
v (M;Mt) _ 5
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Figure 7.13.8: Mach number: a shocked flow.

Figure 7.13.9: Pressure: a shocked flow.
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This is a pressure obtained based on the assumption that there exists a shock exactly at the exit in the ideal subsonic-
supersonic flow, i.e., the flow with A* = A(Ztpr0at). The condition (7.13.58) ensures the presence of a shock somewhere
between the throat (z = Ztproat) and the exit.

Computation of Exact Solution:
A shocked flow solution can be computed numerically as follows:

1.
2.
3.

Specify the exit pressure p, under the condition (7.13.58).
Compute M, from p, by Equation (7.13.49).

Compute and store the ideal solution M;geq:(2;) by solving Equation (7.13.47) with A* = A(Zthroat)
for all 3.
(subsonic for x; € [0, Zthroat); supersonic for x; € [Tthroat, 1.0].)

Re-compute A* by solving Equation (7.13.47) with A = A, and M = M,.

From the exit (towards the throat), start computing the subsonic solution Mg,p(z;) by solving
Equation (7.13.47) for each A(x;).

In doing so, check if the condition,
Mpost-shock:(xi—l) < Msub(xi) < Mpost-shock(l‘i), (71361)

where Mpost-shock (i) is @ Mach number behind an assumed shock located at ; in the ideal subsonic-
supersonic flow given by

1
L4 1= Migear ()]

Mpost-shock(xi) = 5 v = 1> (71362)
v [Mideal(xi)] - T

is satisfied. If it is, there is a shock between z; 1 and x;, and you define i = igp0ck and stop
calculating M (z;).

. The solution is then given by, for i =1,2,3,--- , N,

Mideal(xi) it @ <ishock,
M(z:) = (7.13.63)

Msup(z;)  otherwise,

and p(x;), p(x;), and T'(z;) are computed by Equations (7.13.48), (7.13.49), and (7.13.50).

An example is given in Figures 7.13.8 and 7.13.9.
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Entrance Exit
M 0.4517 2.1972
p 0.8694 0.0939

Table 7.13.1: Data for the subsonic-supersonic flow in Figures 7.13.4 and 7.13.4.

Entrance Exit
M 0.2972 0.2091
p 0.9405 0.9700

Table 7.13.2: Data for the fully subsonic flow in Figures 7.13.6 and 7.13.7. p. = 0.97 was specified.

Entrance Exit
M 0.4517 0.3909
p 0.8694 0.9000

Table 7.13.3: Data for the shocked flow in Figures 7.13.8 and 7.13.9. p. = 0.9 was specified. The shock was found to
be at x = 0.8.

Figure 7.13.10: Upper half of a quadratic nozzle (7.13.64) with A, = 0.4 and A; = 0.2.

Example

Consider a quadratic shape nozzle,

%

A(z) 9

(Ae — Ay) (x - ?)2 + Ay, (7.13.64)

where A, and A; are the exit area and the throat area respectively (Figure 7.13.10). Note that @tproat = 2/5. Applying
the algorithms described above, | obtained the results in Figures 7.13.6 to 7.13.9, and the data in Tables 7.13.1 to
7.13.3.

These exact solutions can be used to verify a numerical code for the quasi-1D Euler equations in Section 3.16. But
it is also possible to use these exact solutions as references in two-dimensional calculations. Generate a two-dimensional
grid based on the area function (only the upper half of the nozzle will suffice because of the symmetry), and perform
a two-dimensional CFD calculation on it for one of the exact solutions described above. Then, we may compare the
numerical solution with the exact solution at the centerline of the nozzle. In this case, the exact solution is no longer
strictly exact. But it should be close for a smooth nozzle with A, ~ A;.

| like the nozzle flow very much because it is useful also in magnetohydrodynamic flows: the solution can be used
without any modification for aligned flows (the magnetic field parallel to the stream line) [42], and also with minor
modifications for transverse flows (the magnetic field perpendicular to the stream line) [85].

7.13.6 Ringleb’s Flow

Ringleb's flow is an exact solution to the Euler equations for v = 1.4 obtained by Ringleb in 1940 [126]. It is often
used to measure the accuracy of an Euler code (see Ref.[26] and references therein). This flow is obtained as a solution
(a stream function 1) of the hodograph equation (6.4.45), so that the physical location (z,y) is given in terms of the
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1 0 1 Outflow
X y = 0 (symmetric line, u=0)

Figure 7.13.11: A computational grid for Ringleb's flow, Figure 7.13.12: Ringleb’s flow: a flow around the edge

generated with a uniform spacing in 6 rather than V', with of a flat plate or a flow in a channel, being smoothly

parameters Vpin = 0.69, Yinar = 1.2, Viin = 0.5. accelerated from subsonic to supersonic. The supersonic
region can be avoided by taking sufficiently large values
of 1.

physical variables (V,0), i.e., the flow speed and angle (see Ref.[139] for details):

sin 0
V= (7.13.65)
171 ] L
_ipr o L 13.
z(1h, V) 5 {2‘/2 (0 ] + 5 (7.13.66)
y(, V) = ipiv\/l — V22, (7.13.67)
where p and L are functions of V:
p =0 (7.13.68)
1 1 1 1 1+
L=>+— — S 13.
TR 2“(1—b>’ (7.13.69)

b=1/1-02V2, (7.13.70)

and the pressure p is given by p = b”. The isotachs (lines of constant speed) are circles given by

L\* 1\’

Note that the variables have been nondimensionalized by the stagnation values; and so they should be understood
actually as

v

fa ya Ea D) ﬁ’ g, (71372)

" 07 cl” co  po- Do

where [ is a reference length, pg, po, and ¢ are the stagnation density, pressure, and the speed of sound respectively.
Now, choose some values for ¥in, Ymaz, Vimin, and allow V' to increase up to a limit of the domain, e.g., y = 0,

thus Equation (7.13.67) giving Vinee = 1/1. Then, we will have a domain like those in Figures 7.13.11 and 7.13.12;

we can generate its boundary points very easily.
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Figure 7.13.13: Flow speed, density, and pressure have Figure 7.13.14: Flow angle 6.
the same contours .

Generation of Boundary Points:

The following generates Ny points on the right boundary, N points on the top boundary, N; points
on the left boundary, Np points on the bottom boundary (with corner points being shared, i.e., the total
number of points on the whole boundary is N;, + Ngr + Ng + Ny — 4).

1. Right Boundary:

Generate (z;,y;) by Equations (7.13.66) and (7.13.67) with % = 1,5, and
‘/i S [Vmi’ru 1/wmzn]- 1= 172a3a T 7NR-

2. Top Boundary:

Generate (z;,y;) by Equations (7.13.66) and (7.13.67) with V' = V,,,;,, and
’(/}i € [wmzna wmam}v 1= 17 27 3a T 7NT-

3. Left Boundary:

Generate (z;,y;) by Equations (7.13.66) and (7.13.67) with ¥ = ¥4, and
Vvi S [szna ]-/wmam}y 1= 1;2737 R ,NL-

4. Bottom Boundary:

Generate (z;,y;) by Equations (7.13.66) and (7.13.67) with V' = 1/4; and
Ui € [Ymin, Ymaz], 1 =1,2,3,--+ , Np. (y; should be zero for all i here.)

Note that we might want to reverse the node ordering in the step 2, so that boundary points are generated and
ordered counterclockwise over the entire boundary. Also, note that a uniform distribution of points in [Viin, 1/%min]
does not lead to the uniform distribution in the physical plane (points will be clustered near the midpoint). First,
generate a uniform grid in 6 € [sin ™! (Yynin Vinin ), 7/2], and then convert it to V; by V; = fb‘“—& This will generate a
smoother grid in the physical plane such as the one shown in Figure 7.13.11.

Once we generate boundary points, we can generate a computational grid over the domain by connecting them in
some way (structured or unstructured). Or you can directly generate a structured grid by applying the above boundary-
point generation algorithm to the interior points with varying stream function values over the interval [{pin, Ymaz]-

Whatever kind of grid you generate, you would want to run an Euler code on it with the appropriate boundary
conditions: uniform inflow at the top boundary; wall boundary conditions on the left and right boundaries; outflow
condition on the bottom boundary. Then, of course, you would certainly want to compute the error by comparing the
numerical solution with the exact solution.



7.13. EULER EQUATIONS

Figure 7.13.15: Velocity component, u = —V cos 6.

Computation of Exact Solution:
The exact solution at a given location (z,,%,) can be computed as follows.

251

Figure 7.13.16: Velocity component, v = —V sin 6.

1. Numerically solve Equation (7.13.71) for V with the bounds [V,in, 1/®¥min]-
2. Compute b by Equation (7.13.70), and then p, p, and L.
3. Compute 9 by Equation (7.13.66) in the form,
L
— - -2 7.13.7
2V2 2) (7.1373)
4. Compute 6 by Equation (7.13.65) in the form,
6 =sin"t(YV), 6¢c[-n/2,7/2] (7.13.74)
5. Compute the velocity (u,v) = —V(cosf,sinf) where the negative sign is put to make the upper
boundary the inflow).
6. Compute the actual Mach number (if you wish) by
\%4
M=+14 = : (7.13.75)
4p/p p/p
where the factor v/1.4 is needed because V, p, and p are in fact V/co, p/po, and p/po.
For solving Equation (7.13.71), we may employ the fixed-point iteration: write the equation as
k+1 1
VR = (7.13.76)
20k /(& — LF/2)? + y?
where p* and L¥ are evaluated with the previous value V¥, then iterate on V* starting with V! = (V.50 + 1/%min) /2

until [VE+L —

VF| < 10715, for example. | like this method because it is very simple.

| like Ringleb's flow very much because in particular the flow accelerates from subsonic to supersonic very smoothly
without shocks. That is, it can be very useful to verify the accuracy of an Euler code simultaneously for both subsonic
and supersonic flows. A sample program, which was used to generate the grid in Figure 7.13.11 and the solution in

Figures 7.13.13, 7.13.14, 7.13.15, and 7.13.16, is available at http://www.cfdbooks.com.


http://www.cfdbooks.com
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Shock Wave

Figure 7.13.17: Supersonic flow over a cylinder: the shock
is locally normal to the streamline along the centerline in-
dicated by the dashed line.

7.13.7 Supersonic Flow over a Cylinder (Stagnation Pressure)

The formula that relates the upstream Mach number M, and stagnation pressure (pg)s to the stagnation pressure
po behind the shock is given by

—1/(y— -1
Do 2y MZ — 1)} 1/(v=1) |: (y+1)M2, v/(v=1)
(

(Po) oo y+1 y—1)MZ2, +2

(see Ref.[84] for details). This will give the exact pressure at the stagnation point of a cylinder behind a bow shock
created by a supersonic flow (the bow shock is a normal shock at the line of symmetry). This is useful, for example,
when | want to see how accurately my Euler code can compute a supersonic flow over a cylinder (so that there will be
a bow shock in front of it) by comparing a computed pressure at the front stagnation point of the cylinder with the
exact value. For this purpose, | like to use the nondimensionalization by the stagnation values in Section 3.11 because
it allows me to directly compare the computed pressure value with the exact value.

: (7.13.77)

7.13.8 Normal/Oblique Shock Waves
Propagating Normal Shock Wave

| like propagating normal shock waves, especially the one running to the right at the speed Vj into the gas at rest (this
state is denoted by R),

Wg = [pr,ur,pr]" = [1,0,1/~]". (7.13.78)

It is nice that once | specify the shock speed V(> 0), then all upstream quantities, W, = [pr,ur, pr]?, are automat-
ically determined (by the Rankine-Hugoniot relation) as follows:

2y 9 1
S Iy £V M) 7.13.79
+1
1+171pL
o= = 7 (7.13.80)
— t+DpL
v—1
-1
ur, = L (7.13.81)

7\/1+%1(WL—1)

This can be used in the same form also in two and three dimensions with v = w = 0. It is very useful. Note that it is
very important to be able to compute a moving shock because the predicted shock speed could be wrong if a method
is not conservative.
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7

Shock Wave

- Vs

7

Figure 7.13.18: Normal shock wave: propagating V5 > 0,
or stationary Vs = 0.

Steady Normal Shock Wave

| like steady normal shock waves. In fact, it is very easy to cook up one: specify the upstream state, W,

1 t
WL = vauvaL K - |:]-7 1; :| 9 71382
[ ] S ( )

where My, > 1, then the downstream state, Wr = [pg, ug, pr]’ is automatically determined in terms of M,

(v + DM
G T (11389

1 (y—1)M?+2
- L= 7.13.84
e PR (v+1)M3 ( )

2y 9 1
=1+ (M2 —1)| —. 7.13.85

Besides, if we express the two states in terms of the conservative variables, U}, and Ug, then they look rather simple:

1 17°
U, = [pr,prur, pLEr] = {17 L - DM + 2} ) (7.13.86)
t PR u%, '
Ur = [pr, prUR, pRER] = |pR, 1, P 5 (7.13.87)

where pr, pr, and ug are given by Equations (7.13.83), (7.13.84), and (7.13.85). Of course, this steady shock solution
can be used in the same form also in two and three dimensions with v = w = 0.

Oblique Shock Waves

We can easily create an oblique shock solution in a square domain by setting a free stream on the left at an angle «
coming towards the bottom wall, thus creating a oblique shock at the bottom-left corner. Specify the upstream angle
« and a desired oblique shock angle 0, (see Figure 7.13.19), and then we can determine the corresponding upstream
Mach number by

sin(fs + «) cos(fs + a) [(v + 1) tan(s) — (v — 1) tan(0s + )]’

Mo = \/ 2 (7.13.88)

where it is safe to use the values that satisfy 6, + a < 60° (this is a rough estimate not a precise condition) so that
only the weak solution, i.e., the one with the supersonic downstream, is allowed. If we specify this Mach number and
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Shock Wave

Figure 7.13.19: Oblique shock wave.

Poo = 1 and po, = 1/, for example, then we can determine the downstream state Ms, po, and py by

—1
1 1+LM§osin2(95+a)
M, = 2 (7.13.89)

" 1
sin s yM?2 sin(6, + a) — ’YT

(v + 1)M2 sin? (0, + )
_ , 7.13.90
(v — 1)MZ sin?(0, + ) + 2 ( )

P2

2
po=1+ le(Mgo sin?(0, + o) — 1). (7.13.91)

(see Ref.[84] for details). It is very nice that the domain is a square; it will be very easy to generate a grid and also to
implement a numerical scheme.

7.14 Riemann Problems for the Euler Equations

The Riemann problem is an initial value problem with a single discontinuity that initially separates two constant
states, the left and right states. In particular, the Riemann problem with zero velocity on both states describes a shock
tube problem in gas dynamics: interactions of gases at two different states suddenly made to interact in a tube, e.g.,
by a diaphragm raptured at ¢ = 0. | like Riemann problems for two reasons. First, it can be solved exactly even for
nonlinear equations such as the Euler equations. | find it very interesting that the problem can be solved exactly for
highly nonlinear equations with discontinuous initial data, which sounds very difficult in general. Second, it can be
thought of as a building block of finite-volume methods. For example, two adjacent control volumes (computational
cells) define a Riemann problem at the control-volume boundary, and the solution to the Riemann problem gives the
flux at the control-volume boundary that is required to compute the residual in finite-volume methods.

7.14.1 Basic Equations

The 1D Euler equations have three characteristic fields:
M=u—c, M=u A3=u-tc. (7.14.1)

A1-field and As-field are genuinely nonlinear and therefore have nonlinear waves (shocks/rarefactions), but Ao-field is
linearly degenerate and so has a contact wave only. See Section 1.23.

In the following equations, whenever they have double signs, the negative sign is associated with waves in \;-field
and the positive sign is associated with waves in A3-field. Also note that the subscript 0 indicates an undisturbed state.
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Shocks

The Rankine-Hugoniot relation across a shock is given by

+1
P—po = :I:p()C()\/l—i-Wz(p—l)(u—uo), (7.14.2)
v Po
1
) 1+L+1£
Y —1Pbo
P . 7.143
po v+l P (7.14.3)
Yy—1 po

These are obtained directly from the Rankine-Hugoniot relation in Section 1.22 (See Ref.[159] for derivation). Equation
(7.14.2) defines a curve in (p,u)-space, and it is called the Hugoniot curve. The shock speed Vj is given by

1
v, = uoj:co\/l—f—g_(p—l). (7.14.4)

Y Po

Note that Equation (7.14.2) defines a curve that passes through a point (pg,uo) and only the branch where p > pg
is physically admissible. This is typically called the entropy condition: the entropy cannot decrease across the shock.
You will actually see that p > pg for s > so by deriving the entropy jump, s — so = ¢,[In(p/p?) — In(po/p])] from
the above equations. The other branch, where p < py, is often called the non-physical branch of the Hugoniot curve.
Such a change is caused by a rarefaction wave.

Rarefactions

Integral relation across a rarefaction is given by

o, (7.14.5)

v—1 1—(p/po)
27 1-(p/po)=

pP—po = Fpoco (u—up). (7.14.6)

These equations are obtained from the isentropic relations and the Riemann invariant u+ ffl = constant (See Ref.[159]
for derivation). Equation (7.14.6) defines a curve in (p, u)-space, and it is called the Poisson curve. Of course, only the
branch where p < pg is physically admissible. Then, a curve describing all admissible jumps is obtained by connecting
the Poisson and Hugoniot curves at (pg, ug), which will be the main tool for solving a Riemann problem. Across the

rarefaction, the solution does not jump but varies smoothly: u and c vary linearly, and p and p are given by

27

Po <C> o ; (7.14.7)

Co

S
I

1

o = po (py. (7.14.8)

Po

7.14.2 Construction of a Riemann Problem

| like the Riemann problem because it is simple. In fact, it is very easy to construct one. For example, if | want to
create a flow where a shock travels to the right, a contact wave follows to the right, and a rarefaction wave travels to
the left (see Figure 7.14.1), | can create it as follows.
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Ry tail “ Cy
head S3
W
Wk
WL WR
0 =

Figure 7.14.1: The Riemann problem | want to create: As-shock (Ss3), the contact
(C2), and Ap-rarefaction (Ry).

Construction of a Riemann Problem:

1. Specify the right state Wgr = [pr,ur, prl]t.

2. Specify p*(> pr), and determine u* by the shock relation (7.14.2), i.e.,

u* = up + L : (7.14.9)
+1 (p*
MQw+g(;—)
and determine p% by Equation (7.14.3), i.e.,
1 *
1+ L_Fl&
* Y —1PRr
= pR—————— . 7.14.1
PR = PR v F1 P ( 0)
- + -
y—1 pr

3. Specify pj. Across the contact, the velocity and the pressure do not change: u} = uj = u* and
pL=DPr=p"
4. Specify pr,(> p*), and determine pr, by Equation (7.14.8), i.e.,

1
pL = pL <];f) ; (7.14.11)

and the velocity by Equation (7.14.6), i.e.,

. -1
2 1—(p"/pL)™

| P B e ML 2L (7.14.12)
This completes the construction of a Riemann problem.
For the Riemann problem created above, the shock speed is given by
Vs, —uRJrcR\/ler <p*1)7 (7.14.13)
2v \pr
the contact speed by
Vo, = u*, (7.14.14)

and the tail and head speeds of the rarefaction by

vial =y e, vied =y ey (7.14.15)



7.14. RIEMANN PROBLEMS FOR THE EULER EQUATIONS 257

These wave speeds may be useful when we choose the quantities like p* so that we create a problem with a desired
shock speed, for example. By the way, in order to compute the solution inside the rarefaction wave, first compute the
velocity (which varies linearly), and then compute all others:

_§-& §—¢&0 .

u(§) = o + g c(§) = u() — ¢, (7.14.16)
p(€) =pL <Cc(f)>7_ » p&) =pL (p;f)) ’ , (7.14.17)

where &, = ur, — cr, and & = u* — c¢}. Note that you can construct any Riemann problem you want. For example, if
| stop after determine W%, and set W, = W7, then | end up with a Riemann problem with a single shock; or if | set
PL = Pr, then there will be no contact waves.

7.14.3 Exact Riemann Solver

| like solving a given Riemann problem also. Sometimes the solution doesn’t even exist, and that’s fun. Given a set of
initial data, W, = [pr,ur,pr]" and Wg = [pr,ur, pr]’, | will try to find a solution as follows.

Exact Riemann Solver:
1. Find the pressure p* in the middle by solving the equation,

= MEPL +mLpr + mpmp(uL — ug) 7 (7.14.18)

myr, +mp

where for Q@ = L or R, and

1 * *
chQ\/H phde (p = 1) if 2> 1 shock,

2y \pq PQ
mq = L 1- P . (7.14.19)
PQCQ 72,}/ Pe — if 2 <1 + € : rarefaction.

p 2y pQ
pQ

Note that €, say e = 107! for double precision, is necessary to avoid the zero division. This must
be solved iteratively as the right hand side depends on p*.

2. Compute u* by the equation,

o = UL +mprur + (pL — PR)

= . (7.14.20)
mr, +mp
3. Compute pj and p} by
1 *
RR.LE EA
T—ibQ P
—= if =— > 1: shock,
POFT g
PQ = v=1 " pg (7.14.21)
* 1 *
PO <p> if 2 < 1 : rarefaction,
bQ PQ

where Q = L or R. Now, the middle states have been completely determined, and this completes
the solution of a Riemann problem.

Some remarks are in order. First, if a rarefaction wave is detected, the solution inside the wave can be computed
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by Equations (7.14.16) and (7.14.17). Second, it may happen that

uy, + cr, <Uupr -+ (7.14.22)

& )
v—1 v—1 R
then the pressure p* will be negative and thus a solution does not exist. We need to check this condition and make
sure that a solution exists, before solving a Riemann problem. Third, the intermediate pressure equation (7.14.18) is
obtained by solving the following system for p*,

p*—pr = -—-mp(u" —ur), Mi-shock/rarefaction, (7.14.23)
p*—pr = mgr(u*—ug), Ag-shock/rarefaction. (7.14.24)

These are the shock/rarefaction relations across the right-running and left-running waves respectively. Solving this for
u* gives the equation to determine u* for a given p*, i.e., Equation (7.14.20). Fourth, to solve Equation (7.14.18),
any iterative method, such as the fixed-point iteration, Newton's method, or the bisection method can be employed.
In doing so, it is good to have an upper bound and a lower bound for the solution p*:

2y

1 1

Y (g —ug) + (cp +er) |
Upper bound: pt= |2 (ur —ur) + (e fR) , (7.14.25)

=
cr (pL)® +cr(pr) ™

Lower bound: pr = mapL + MLPR +mLmA(tL = uR), (7.14.26)

myr, +mp

where mp, = prcr, and mr = prcg. The upper bound comes from a solution for two rarefaction waves (the intersection
of the two Poisson curves); the lower bound comes from a linearization, i.e., the solution of Equations (7.14.23) and
(7.14.24) with my, = prcr and mpr = preg. Fifth, the condition (7.14.22) indicates that the intersection between
the two Poisson curves (i.e., the upper bound) goes down to the negative part of the p-axis in the (p,u)-space.

Here are some examples where | assume a domain [—5, 5] for all problems and denote the final time by ¢;.

(a) Sod's Problem 1 (Figures 7.14.2):
| like this problem. This is a famous shock tube problem by Sod [144].

WL = [pL,uL,pL]t = [10, O7 1.0?, (7.14.27)
Wz = [pr,ur, pr)’ = [0.125, 0, 0.1]*, (7.14.28)
ty=1.7. (7.14.29)

(b) Sod's Problem 2 (Figures 7.14.3):
| like this one also. This is another famous shock tube problem by Sod [144].

W, = [pr,ur,pr])" = [1.0, 0, 1.0)%, (7.14.30)
WR = [pR,’U,R,pR]t = [001, 0, 0.01]t, (7.14.31)
ty=1.4. (7.14.32)

| like this one particularly because it contains a sonic point in the rarefaction wave and some schemes create a
small gap there.

(c) Sonic Rarefaction (Figures 7.14.4):

This is a sonic rarefaction and some schemes cannot break the initial discontinuity at all.

W = [pr,ur,pr]’ = [3.857, 0.92, 10.333]", (7.14.33)
Wg = [pr,ur, pr)" = [1.000, 3.55, 1.000]", (7.14.34)
ty=0.7. (7.14.35)

(d) Slowly Moving Shock (Figures 7.14.5):
For this one, many schemes produce oscillations behind the shock [4].
W, = [pr,ur,pr]" = [3.86, —0.81, 10.33]", (7.14.36)
Wz = [pr,ur, pr]" = [1.00, —3.44, 1.00]", (7.14.37)
ty =1.7. (7.14.38)
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—

Density
Pressure

0.13 0.1
-5 0 5 -5 0 5

X
(a) Density, p. (b) Pressure, p.

0.93 1.66 an

Velocity
Entropy

-5 0 & 5 -5 0 «x 5

(c) Velocity, u. (d) Entropy, s/R = ﬁ In(p/p7).

Figure 7.14.2: Solutions for Sod's problem 1.

(e) Left-Moving Waves in a Right-Moving Supersonic Flow:

| like this one,

Wi = [pr,ur,pr]t = [14, 1.1, 1]%, (7.14.39)
Wr = [pr. up,prl' = [1.4, 110, 100]", (7.14.40)
thus My = Mpr = 1.1. This is an interesting case where both states are supersonic to the right but some waves
will propagate to the left. This is indeed confusing because we tend to assume that all waves propagate to the

right if both states are supersonic to the right. That is true for scalar conservation laws but not for systems. See
it for yourself using your Euler code, or see Ref.[86] for details.

7.15 Incompressible Navier-Stokes Equations

| like incompressible Navier-Stokes equations because it does have exact solutions. Although often limited to sim-
ple geometries, these exact solutions can be useful for CFD code verification. Of course, | like Stokes’ equations also
because there exist a variety of exact solutions as mentioned in Section 4.25. Especially in two dimensions, the theory
of complex variables can be applied to generate various exact solutions. There are also various exact solutions available
for the axisymmetric Stokes flows as we will see in this section. Note that | like those exact solutions of the Stokes
equations where the convective terms vanish because then the solutions are also exact for the Navier-Stokes equations.
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Figure 7.14.3: Solutions for Sod's problem 2.
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Figure 7.14.4: Solutions for a sonic rarefaction.
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Figure 7.15.1: Unsteady solution for the 2D incompressible Navier-Stokes equations.
The velocity field at t = 0.0 for £ = 0.57 and v = 0.01. The velocity will be damped
out as time goes on.
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7.15.1 Smooth 2D Time-Dependent Solution

The two-dimensional incompressible Navier-Stokes equations,

Uy + vy =0, (7.15.1)

Up + Uy + VUy = —Dg + V(Ugg + Uyy), (7.15.2)

Vg + Uy + 00y = =Dy + V(Vze + Vyy ), (7.15.3)

have the exact solution given by

u(x,y,t) = — cos(kx) sin(ky) o2k (7.15.4)

v(z,y,t) = sin(kx) cos(ky) e 2kt (7.15.5)

1
p(x,y,t) = —Z[cos(Qk:m) + cos(2ky)] ekt (7.15.6)

where k is an arbitrary constant [22, 33]. This solution can also be expressed in terms of the vorticity w = v, — Uy
and the stream function 1,

w(z,y,t) = 2k cos(kx) cos(ky) e2/*"t, (7.15.7)
W(z,y,t) = %cos(kx) cos(ky) ekt (7.15.8)

which is exact for the equation set (4.22.1) and (4.22.3), i.e.,

Wt UWy FVwy = U (Weg + Wyy) (7.15.9)
w:m: + wyy = —Ww, (71510)
where u = 1) and v = —,.. | like this solution very much because it is a rather simple solution for such a complicated

nonlinear system. See Figure 7.15.1 for the velocity field generated by this solution. It is very interesting, isn't it?

7.15.2 Smooth 3D Time-Dependent Solution

The three-dimensional incompressible Navier-Stokes equations,

Uy + vy +w, =0, (7.15.11)
Up + Uy + VUy + WUy = =Py + V(Ugz + Uyy + Usz), (7.15.12)
U+ Uy + VU + WU, = =Dy + V(Vgg + Vyy + Vzz), (7.15.13)
Wy + UWg + VWy + WW, = =Py + V(Wae + Wyy + Wsz), (7.15.14)
have the exact solution given by
u(z,y,t) = —ale® sin(ay + dz) + e** cos(azx + dy)] e*dz”t, (7.15.15)
v(z,y,t) = —ale® sin(az + dz) + €** cos(ay + dz)] e~ dvt, (7.15.16)
w(z,y,t) = —ale®® sin(ax + dy) + e cos(az + dz)] e~ d, (7.15.17)
p(x,y,t) = —% [€%® + e** + ¢**% + 2sin(az + d) cos(ay + dz)
+2sin(ay + dz) cos(ax + dy) + 2sin(ax + dy) cos(az + dz)) e*2d2”t,
(7.15.18)
where a and d are arbitrary constants [35]. | like this solution very much because it is, again, a very simple solution

for such a complicated nonlinear system of equations.

7.15.3 Couette Flow

Consider a constant-density flow between two infinite plates that are h apart with the upper plate moving at speed U
relative to the lower. Also, we assume that the upper plate is held at temperature T7 and the lower plate at Tj. | like
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Figure 7.15.2: Couette or Couette-Poiseuille flow: dp/dz = 0 or dp/dx # 0.

this setting because it brings a dramatic simplification to the incompressible Navier-Stokes equations. In this situation,
naturally, x-derivative of any quantity is zero as well as the y-component of the velocity is zero everywhere. Also the
pressure is constant everywhere since the flow does not accelerate in any direction. Then, the continuity equation is
trivially satisfied (all terms drop out), and we have the momentum and energy equations as follows,

0 = puyy, (7.15.19)
0= kTyy + pu(uy)?. (7.15.20)
where p is the viscosity coefficient and & is the heat conductivity. This is very nice. We can easily obtain the exact

solutions: integrate the momentum equation to obtain the velocity, and then integrate the energy equation to obtain
the temperature as follows,

uly) = U% (7.15.21)
1) =T+ (1 -T2 - 52 [(4)" - 2]. (7.15.22)

This simple flow is called the Couette flow. It can be a nice and simple test case for a two-dimensional Navier-Stokes
code in a rectangular domain with a periodic boundary condition in z-direction, i.e., no in-flow and out-flow. Note
that the velocity is a linear function of y. Most practical incompressible Navier-Stokes codes should be able to produce
the exact velocity profile since they are typically designed to be exact for linear solutions.
7.15.4 Unsteady Couette Flow
The Couette flow can be made unsteady by oscillating the upper plate with the following time-dependent speed,

u(h) = U cos(wt), (7.15.23)
where w is a constant which defines the frequency. In this case, the momentum equation is given by

Up = My, (7.15.24)

This problem was solved in Section 6.1.5 by the separation of variable with complex variables. The solution is

u(y,t) = Q [sinh(ky) cos(ky) sinh(kd) cos(kd) + cosh(ky) sin(ky) cosh(kd) sin(kd)] cos(wt)

+Q [sinh(ky) cos(ky) cosh(kd) sin(kd) — cosh(ky) sin(ky) sinh(kd) cos(kd)] sin(wt), (7.15.25)
where
U w
©= cosh? (kd) — cos?(kd)’ b= \/; (7.15.26)

| like this one because the solution does not decay in time and oscillates forever, preserving the same amplitude. It
would be interesting to see how long a numerical scheme can simulate this solution accurately, of course with a periodic
boundary condition in z-direction.
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\

Figure 7.15.3: Hagen-Poiseuille flow.

7.15.5 Couette-Poiseuille Flow

| like flows with constant pressure gradient because it is often possible to obtain the exact solution. For example, | like
the Couette-Poiseuille flow, which is the Couette flow with an added constant pressure gradient, dp/dx = constant.
The momentum equation and the energy are then given by

0= —ps + puy,, (7.15.27)
0= kTyy + pu(uy)?. (7.15.28)
We can integrate these equations straightforwardly and obtain
y B dp\ [y (y)?
=Uz+—|—)|=—-(= 7.15.2
uy) Uh+2u< dx) {h (h) ’ (7.15.29)
T) =T+ (1 1)L — 2 (2 B V)= V() = {V(n) - V(0)} & (7.15.30)
Y=o TR0 T 0k \ da Y Rl -
where
U h [ dp ek
4
— — =+ 2 (=) (1-22)] . 15.
V(y) = (uy) {h +ta ( dx) ( 2h)} (7.15.31)

It is more complicated than the solution of the Couette flow, but the flow itself is very simple. If your incompressible
Navier-Stokes code is accurate enough to preserve quadratic solutions, it should be able to produce the exact velocity
profile.

7.15.6 Hagen-Poiseuille Flow

The Hagen-Poiseuille flow is an incompressible flow through a pipe of radius R driven by a constant pressure gradient
in the z-direction in cylindrical coordinates. The only non-zero velocity component is u, and all variables are functions
of r only, i.e., u, = u,(r). Then, the continuity equation is satisfied identically, and the momentum equation is given
by

dp 1d du,
= — —— . .15.32
0 dz+urdr(rdr) (7.15.32)

Here, | like the fact that dp/dz is constant because it makes it very easy to integrate this equation. Simply integrating
twice and applying the boundary conditions, i.e., u.(R) = 0 and u(0) is finite, we obtain

uy(r) = ﬁ <Z§) (R% —r?). (7.15.33)

The velocity distribution is therefore parabolic, just like that of the Couette-Poiseuille flow. Oh, | forgot to work out a
temperature distribution. Did you say that you wanted to derive it by yourself? OK, I'll leave it to you.
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Figure 7.15.4: Axially moving co-centric cylinders.

7.15.7 Axially Moving Co-centric Cylinders

Consider an incompressible flow between axially moving cylinders at constant speeds (see Figure 7.15.4). For this flow,
clearly, the velocity components (u,, ug, u,) are such that v, = u,(r) and u, = ug = 0. So, the continuity equation
is satisfied identically, and the momentum and energy equations become

1d du,
1d [, dT du, \*

Assume that the inner cylinder moves at u,(rg) = Uy with a constant temperature T and the outer cylinder moves
at u,(r1) = Uy with a constant temperature T7. Using these as the boundary conditions, we integrate the momentum
and energy equations and obtain the following set of exact solutions:

In(r/rp) U In(ry /1)

u(r) = Tt /re) PTG /o)’ (7.15.36)
__ﬂ U1—UQ 2117"7“ n(r/r Tl—TO nr Toln’l“l—TlthQ
() = L [mm /TOJ /i) (r/r) + (e s T =TT, (7.15.37)

| like this solution because it is straightforward to generate a computational grid in the domain (i.e., a structured grid
can be easily created between the two boundaries). Incidentally, there are lots of logarithms in the solutions, but many
of them are identical. So, for example, In(ry/rg) needs to be evaluated just once and we use this value elsewhere.

7.15.8 Rotating Co-centric Cylinders

Consider an incompressible flow between rotating co-centric cylinders: the inner cylinder has radius 7o, angular velocity
wp, and temperature Tj, while the outer cylinder has r1, w1, and Tj respectively. Note that the only non-zero velocity
component is ug, and all variables are functions of r only. Then, the continuity equation is trivially satisfied, and the
momentum equations and the energy equation are simplified as follows,

d u’
a | P

= — 7.15.
0=—2"+50, (7.15.38)
d2u9 d Ug
_ 7.15.
0 dr2+dr(r)’ (7.15.39)

_kd (dT dug g\’
O_Tdr<rdr>+ﬂ(dr_r) . (7.15.40)
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Figure 7.15.5: Rotating co-centric cylinders.

These are so simple that we can integrate them analytically to get the exact solutions:

ri/r—r/r r/ro — T0/T
_ _r/ro = To/T 7.15.41
o 7noworl/ro—7“0/7“1 ! 17”1/7“0—7“0/7“17 ( )
T—Ty _ prjws ri(l—wi/wo)® (1 3\ [, W(/ro) |, In(r/ro) (7.15.42)
T —T, KkTi—-Ty) ri—rd r2 In(ri/ro) | In(ri/ro)” o

Oh, | forgot to calculate the pressure. Well, you can get the pressure easily (if you wish) by integrating the momentum
equation (7.15.38). | think that it can be a good exercise. By the way, unlike the previous cases, in this flow the
pressure varies across the shear layer. This is because the domain is curved: the pressure gradient is needed to balance
the centrifugal force, or equivalently, to create the centripetal force.

7.15.9 Flat Plate Boundary Layer
The flat plate boundary layer solution is a solution to the boundary layer equations,

ou Ov

e T 7.154

E + 3y 0, (7.15.43)
ou ou 0%u

-~ -7 = P .15.44
uax—i—vay UayQ’ (7.15.44)

for a flow over a semi-infinite flat plate that extends 2 — oo (Figure 7.15.6). First, to satisfy the continuity equation,
we introduce the stream function ),

Usx
= ) 7.15.45
where U, is the free stream velocity, and
Y Usx
n= Ex/Rex, Re, = ) (7.15.46)
so that the velocity components are given by
u !
— = 7.15.47
o= (7.15.47)
v 1 ,
—_— = - f). 7.15.48

Therefore, the velocity component u depends only on 1, i.e., self-similar. This is very nice. The solution is valid at any
location on the flat plate (possibly far enough from the leading edge). On the other hand, v depends both on 7 and
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LS

Figure 7.15.6: Flow over a flat plate.

2. This may not sound very nice, but it makes sense. The boundary layer grows rapidly from the leading edge, but it
will not grow so much in the downstream (z — oo) simply because there are no reasons for that. In order to compute
the velocity components, we have to find f(n) by solving the momentum equation which is written now in terms of f,

1
"+ §ff” =0, (7.15.49)
with the boundary conditions,
u(z,0) =v(x,0) =0 — f(0)= f'(0) =0, (7.15.50)
wx,00) =Usx —> f'(o0)=1. (7.15.51)
To solve this numerically, we rewrite this as a system of ordinary differential equations (ODE):
dF
— =G(F .15.52
o = G, (7.15.52)
where
f S
F=|f |, g®| 2 |, (7.15.53)
1
f —iffz
with
£(0) = f1(0) =0, (7.15.54)
fi(o0) = 1. (7.15.55)

Note that fi(oc0) = 1 is not really at 7 — oo because f; becomes 1 at some large finite value of 1, say n = 10. To
solve this system, some people employ the shooting method where they integrate Equation (7.15.52) from 7 = 0 to
1 = oo with an initial guess for f2(0), see if fi(c0) =1 is satisfied after the integration, and if it is not, update f2(0)
and repeat the calculation until they get f1(co) = 1. This is not very simple to me; it doesn't make me feel like that |
like it.

In fact, | know how to solve it in just two steps (no iterations!). As pointed out in Ref.[120], it is easily verified that
if g(n) is the solution of Equation (7.15.49), i.e., if it satisfies g"”" + £gg” = 0, with g(0) = ¢’(0) = 0 and ¢"(0) = C,,
for an arbitrary constant Cy,, then

f=aglan), a=—F——, (7.15.56)
g'(o0)

is the solution of Equation (7.15.49) that satisfies the desired boundary condition f’(c0) = 1. So, this means that the
correct initial condition for fs is given by

£2(0) = f7(0) = a®¢"(0) = *C,,. (7.15.57)

That is, integrating with this initial condition, you get what you want in one shot. So, here is a two step method. The
following computes the velocity (u, v) at a given location (z,y) = (2p,Yp), 7 = 7p.
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Figure 7.15.7: Velocity profile over a flat plate. Figure 7.15.8: Viscous Stagnation Flow in 3D.

Computation of Exact Solution:
To really call this ‘exact’, you have to solve the ODE by a very high-order method with extremely small
steps (e.g., the 4th-order Runge-Kutta method with An = 107°). Note also that we set Cy, = 1.

1. Numerically solve Equation (7.15.52) with f(0) = f1(0) = 0 and f2(0) = 1, say, up to n = 20; call
this solution g(n) and set o = 1/4/¢’(20).

2. Numerically solve Equation (7.15.52) with f(0) = f1(0) = 0 and f2(0) = a3, up to the desired
location 1 = 7.

3. Compute the velocity there by

o = hiln), (7.15.58)
v 1
U~ W(nﬁ(%) = f(np))- (7.15.59)

Honestly speaking, | like to skip the first step. So, | have computed (by using the 4th-order Runge-Kutta method
with An = 5.0 x 1075 and integrating the ODE up to = 100) the value of ¢'(n):

g'(100) = 2.085409176437910, (7.15.60)

and thus
£2(0) = a® = (1/\/9/(1700))3 — 0.3320573362151946. (7.15.61)
So, | can skip the first step from now on, and just perform the second step using this value. This is a very nice
and simple one step method. | like it so much that | coded the algorithm and have made the code available at

http://www.cfdbooks.com. | hope that you like it.

7.15.10 Viscous Stagnation Flow

For Stokes' equations, we cannot define the velocity potential in general, but we have the stream function for axisym-
metric flows. Here is a simple and interesting one:

Y = ——z%y?, (7.15.62)
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in (z,y)-plane with the z-axis as the axis of symmetry. Streamlines are plotted in Figure 7.15.8. Yes, it represents a
stagnation flow. And it is a viscous stagnation flow. Consider the velocity components,
1oy 10y

-z, v=————=uxy, (7.15.63)

U = = ,
y Oy y Oz

which shows that the velocity vanishes at the wall (z = 0). It thus satisfies the no-slip condition in contrast to the
inviscid stagnation flow where v # 0 at = 0. So, it is a viscous flow. For the viscous stagnation flow, it can be easily
shown that the vorticity is not zero:

ov Ou y

Ww=——-—== 7.15.64

ox Oy 2’ ( )
except along the line of symmetry (y = 0). This is the reason that the velocity potential cannot be defined. | like the
fact that the velocity components are quadratic function of space. | would expect that a third-order accurate scheme
will produce exact results for the viscous stagnation flow. How about the pressure? You can find the pressure by
integrating the momentum equations (4.28.2) and (4.28.3):

D= Py — 2ux, (7.15.65)

where p,, denotes the pressure at the wall. So, the pressure is a linear function of space. This is interesting. Recall
that in the inviscid stagnation flow, the velocity is linear and the pressure is quadratic.

If you compare the solution above with the inviscid stagnation flow solution in Section 7.12.1, you find that the
viscous solution does not match the inviscid one as © — oo. In order to obtain the viscous solution that matches the
inviscid one, it is necessary to solve ordinary differential equations. See Ref.[120, 169] for details.

By the way, if you asked "Where is the stagnation point?", that would be a good question. | like it. If the stagnation
point is defined as a point where the velocity is zero, then the entire wall will be the stagnation point in the viscous
stagnation flow. But if the stagnation point is defined as a point from which the streamlines separate apart (the
direction of surface streamlines cannot be defined), then the stagnation point will be at the origin (z,y) = (0,0),
which matches the stagnation point in the inviscid stagnation flow. | like that. In fluid dynamics, | think we actually
almost always take the latter definition; otherwise the word "stagnation point" will not be very useful in practical
applications.

7.15.11 Stokes’ Flow over a Sphere

Stokes' flow over a sphere is an exact solution to the steady Stokes equations (see Section 4.25), which may be
expressed by

divv = 0, (7.15.66)
divgradw = 0, (7.15.67)

where w = curl v. We may introduce spherical coordinates (r, ¢, 0) with axisymmetry with respect to ¢ (i.e., 9y = 0),
and write the continuity equation as

1 9(r?u,.) 1 O(ugsinf)
2 or ' rsm6 00 =0 (7.15.68)

Then, we can define the stream function as

1 oy 1 oy
_ 77 - _ -z 7.15.
2sing 06 " rsinf or’ (7.15.69)
to automatically satisfy the continuity equation. In terms of the stream function, the other equation (7.15.67) becomes
02 1 02 1 0
—_—t = - = =0. 7.15.70
(&«2 T o r2tan989)¢ (7.15.70)
Now consider a uniform flow with the speed U (in the direction of z) over a sphere of radius R at the origin, i.e.,
0 0
a—qf = a—z =0, on the sphere, r = R,

7.15.71
L ( )
P — iUr sin“ @ + constant, as r — oo.
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Figure 7.15.9: Pressure p — po, of the Stokes’ flow over Figure 7.15.10: Streamlines of the Stokes' flow over a
a sphere. sphere.

Stokes discovered the following exact solution,

1 o . 5. (R 3r 2r?
wZZUR sin 9<T_R+R2 , (7.15.72)
so that the velocity components are
u, = U cosf 1+R—37ﬁ (7.15.73)
" 2r3 21 )’ o
ug = —Usind 1—R—3—% (7.15.74)
o= 3 4r )’ o
the pressure is found from the momentum equation, gradp = pdivgradv, to be
3uRU
p(r,0) — poo = ——5,3 cos 9, (7.15.75)
(see Figures 7.15.9 and 7.15.10), the viscous stress on the sphere is given by
10u, Oug wug 3R2puUsind
— z 2 2t 15.
Tro(r,6) = u <r 00 + or ro 2 r ’ (7.15.76)
and therefore the drag force F' is found by combining the viscous drag and the pressure drag,
F = —/ 70(R, 0) sin (27 R? sin 0d6) — / p(R, 0) cos 0(2m R? sin 0d)
0 0
=47puUR + 4npUR
=6mpUR. (7.15.77)

| like this solution. The streamline pattern is similar to the inviscid flow over a cylinder, but here the fluid is at
rest on the cylinder while the inviscid one is not (slip boundary). In fact, the pressure contours are very different from
those for the inviscid flow. It is very interesting. By the way, this solution is exact only for the Stokes equations, not
for the Navier-Stokes equations.
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7.16 Compressible Navier-Stokes Equations

7.16.1 Compressible Couette Flow

An exact solution is available for the compressible Navier-Stoke equations for the Couette flow (Figure 7.15.2) [84].
With the same assumptions as made in Section 7.15.3, the continuity equation is again trivially satisfied, and the
momentum equation and the energy equation are simplified as follows,

d du
= — — .16.1
"=y (udy>’ (7161

d [ dT du\?
Y = . 7.16.2
0 dy(ﬁdy)+ﬂ<dy> (7.162)

Note that the pressure is constant everywhere (no acceleration) but the density and the temperature change in the
y-direction. We also assume

w=u(T), r=r(T), (7.16.3)

i.e., the viscosity p and the heat conductivity « are functions of 7" only. Moreover, we assume that the Prandtl number
Pr is constant,

Pr =" _ constant. (7.16.4)
K

Now, first, we integrate the momentum equation (7.16.1) once to get,

du_ du
udy—udy

= T, (7.16.5)
y=0

where 7, denotes the shear stress at the bottom wall. Then, integrating once more, we obtain

[y
u(y) = w/o AT (7.16.6)

We will find that this is a very nice relation when we use it later to eliminate the same integral arising in an energy
integral. Also, remember that we will integrate Equation (7.16.5) (in a slightly different way) to finally obtain the
velocity distribution.

We now consider integrating the energy equation. First, we note that

d du d [ du du\? du\?
el ) mu— == =) = — 7.16.7
dy (Wdy) Yy (Mdy> o (dy) g (dy> ’ ( )
where the momentum equation has been used in the last step. Using this, we can write the energy equation (7.16.2)
as
d dr du
N e - 7.16.8
dy <de+“udy>’ ( )

so that it can be easily integrated once,

A . /i
dy Py T Heg

= —qu, 7.16.9
= (7.16.9)

y=0

where ¢y, is the heat flux at the bottom wall (into the wall when ¢,, < 0) and the no-slip condition %(0) = 0 has been
applied. This can be integrated once more by introducing the Prandtl number which is constant,

d (c,T u?
= — ) = —qu, 16.1
Mdy(Pr+2) ¢ (7.16.10)
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thus,

(T —Ty,)  u? /y dy
P ) Y | L 7.16.11
Pr 2 ™) ( )

It is nice here that the integral on the right hand side can be eliminated by Equation (7.16.6):

(T —Ty,)  u? Qo
-+ — = — . 7.16.12
Pr + 2 Tw ( )

It is very nice that the integral is gone. Just for convenience, we eliminate also T, from above as follows: evaluate it
at y = d (the upper plate),

CP(TOO — Tw) UOQO quwUso
_— L} = = - 7.16.13
Pr + 2 Tw ( )

where the subscript co denotes the state at the upper plate, then subtract Equation (7.16.12) from this to get

(T —Tx) N w?—U2  qu(u—Usx)

= 7.16.14
Pr 2 Tw ’ ( )

which can be arranged into the following form,
Ty bt o oppeM2 (1- L)+ —PTMQ 1- —2 (7.16.15)

where we have used ¢, = yR/( — 1). Finally, in order to obtain the velocity distribution, we assume a power low

T w

where w = 0.76 is a good approximation for air, and insert this into the momentum equation (7.16.5) and integrate

to get
Twy p T\
o (Y
Hoo / Te
Quw 9 U v—1 9 u? \ 1%
= 1 - H)PrMZ (1 — — ——PrM (1 — — du. 7.16.17
/o[+TwUm( )T°°< Uoo)+2 T°°( U;ﬂ v (e

This can be integrated analytically (using the beta function), but the result will be very complicated. For code
verification purpose, it suffices to take w = 1 and ¢,, = 0. Then, finally, we obtain the following implicit expression for
the velocity distribution,

-1 -1 1 u?
1+ = L e T2 (12 L) (7.16.18)
3 U 2

Y
d 3UZ

where 7, has been determined by the boundary condition u(d) = Uy and eliminated. This can be solved numerically.
The velocity profiles in Figure 7.16.1 were obtained by the fixed-point iteration: compute V**! (k=1,2,3,...), at a
desired location ¥, by

n [1 + %PTM;]

VkJrl —
1+ 232 PrM2 [1— L(vF)2]’

(7.16.19)

until [V — VF| < 1071%, where V¥ = u*/U.,, n = y/d, and the initial guess V! may be set any value between
0 and 1. Temperature can be calculated by Equation (7.16.15) for a given velocity profile, and density can then be
calculated by the equation of state. Of course, | like this solution. It is very nice that the domain is very simple but
the solution is not trivial. If you want a solution for a more general case, e.g., ¢, # 0 or w # 1, you can derive it
analytically. Good luck.
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Figure 7.16.1: Velocity profile for the compressible Couette flow with Pr = 0.73, v = 1.4; M, = 20 (thick
solid line), My, = 3 (dashed line), Mo, = 0, i.e., incompressible flow (thin solid line). Note that this is
exact only when the viscosity obeys the power law (7.16.16) with w = 1.

7.16.2 Viscous Shock Structure

Another useful exact solution to the compressible Navier-Stokes equations is the viscous shock structure solution. It
is a viscous version of the steady shock wave solution in Section 7.13.8, i.e., a smoothly varying solution rather than a
discontinuous solution. Consider the steady one-dimensional compressible Navier-Stokes equations:

ou
4 w+p—1 | =0 (7.16.20)
oo | e =0, 16.
puH —Tu+q
where
4 du e d(p/p)
= —lu— =— . 7.16.21
Tl 1 Pr(y—-1) dx ( )
Integrating the Navier-Stokes equations (7.16.20), we obtain
pu
pu’+p—7 | = constant. (7.16.22)
puH —Tu+q
Then, we apply this equation inside and outside the viscous shock to get
pu = (pu)o, (7.16.23)
pu+p—1 = (pu®+p)o, (7.16.24)
puH —1tu+q = (puH),, (7.16.25)

where the subscript o denotes the outside state and the inside state has no subscript. Note that 7 = g = 0 outside
the viscous shock where the solution is constant. Note also that the terms on the right hand side are all constant; we
define them as

m=(pu)o, Ca=(pu®+p),, Cs=(puH),, (7.16.26)



7.16. COMPRESSIBLE NAVIER-STOKES EQUATIONS 275

so that Equation (7.16.23) becomes pu = m and can be substituted into other equations. We therefore obtain from
Equations (7.16.24) and (7.16.25)

o= mutp—Col (7.16.27)
1 m
¢ = G- ﬁ% — Cyu+ Cs. (7.16.28)

By Equations (7.16.21), we obtain

du 1 mp
— = — —_— = 7.16.2
oo 2 (mu+up cg>, (7.16.29)
d(p/p) 1 /1 o, m p
— = — = - —= - .16.
dr Ky Qmu Y 1p Cou+Cjs |, (7 6 30)
where
4 Y
K,=-u Kr=-— 7.16.31
3“ T Pr(y—-1) ( )

If we assume that all variables have been nondimensionalized as in Section 4.14.3, then p/p = T/, and therefore
these equations can be written as

du 1 mT
dT v (1 m T
— = — | = - = .16.
e Oy <2mu o O2U+C3), (7.16.33)
where
4 My o M
Co=-p—, Cr=—-——-—— . 7.16.34
3”Reoo T Pr(y—1) Rewo ( )

This is a system of nonlinear ordinary differential equations for w and T' (the viscosity u depends on T'). It can be
integrated numerically in a straightforward manner. In what follows, we employ this nondimensionalized system.

To integrate the system, we first choose the Mach number on the left side of the shock M, and set up the left
and right states as follows:

(y+ )M}

=1, SR G el A
pL PR= ()M + 2
ur = Mg, ur = pr.Mr/pr,

(7.16.35)
L = 1/7) 1 27 2
=1+ L2 - 1),
Pr ~ 7_’_1( L )
T = ,
L=pL/pL Tr = YPr/PR-

Note again that all variables are assumed to have been nondimensionalized as in Section 4.14.3. The constants are
computed by the left (or the right) state:

m = prur, Co=mur+pr, Cz3=ug (]le + ;muL) ) (7.16.36)
We are now ready to integrate the system. Suppose we wish to compute the solution at every node in a one-dimensional
grid defined by the set of coordinates {z} = z1,22,23,...,2n8 (z1 < 22 < ... < zn), where N is the number of
nodes in the grid. We consider integrating the system from the right state. First, we numerically integrate the system
from © = zy to x = xy_1 with the initial values: u(zy) = ugr + € where € is a small number (e.g., ¢ = 1.0E-10)
and T'(zn) = Tr with a very small step Az compared with zx —xzy_1. Then, we do the same between two adjacent
nodes, k and k — 1, where k = N —1,...,3,2, with the solutions at © = x, as the initial values. For example, we may

employ the classical fourth-order Runge-Kutta scheme with Ax = x’“'l_ogg’(")*l between the two nodes, k£ and k — 1. Note
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Figure 7.16.2: Exact viscous shock solution: Pr = 3/4, Res, = 25, My = 3.5, v = 1.4, T, = 400(K).
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that the last step in the integration between two nodes needs to be adjusted to finish exactly at * = xj_1. Figure
7.16.2 shows the exact solution computed as described for N = 200. A sample program, which was used to generate
the solution in Figure 7.16.2, is available at http://www.cfdbooks.com. | hope you like it.

| like the viscous shock structure solution very much for two reasons. First, the solution is not really physical. The
flow inside the shock wave is unlikely to be in equilibrium, and therefore the Navier-Stokes system is not a valid model.
However, it is still useful for verifying the accuracy of a Navier-Stokes solver. Second, the small number € is essential
to obtaining a meaningful solution. In fact, if ¢ = 0, the computation will fail. Nothing will happen because the right
hand side of the system (7.16.32) and (7.16.33) are exactly zero. We will not be able to reach the correct left state
of the shock. This is very interesting. The location of the shock depends on the magnitude of €. You might want
to experiment with varying € to see how it affects the shock location (or the existence). This solution has been used
successfully for accuracy verification by many researchers [106, 110, 175].

7.16.3 Manufactured Solutions

We can manufacture exact solutions for the compressible Navier-Stokes equations. In fact, many people do. See
Refs.[83, 91, 133] for examples. In particular, | like the idea of using exact solutions of the incompressible Navier-
Stokes Equations as manufactured solutions for the compressible Navier-Stokes Equations: substitute an incompressible
solution into the compressible equations and generate an appropriate source term. This way, we can have an exact
solution which looks like a physical flow. For example, in Ref.[118], the Couette-Poiseuille solution described in
Section 7.15.5 was used for verifying the accuracy of a high-order compressible Navier-Stokes code. You want to try it
now? Then, pick any incompressible flow solution from Section 7.15, and generate an appropriate source term for the
compressible Navier-Stokes equations (possibly by using a math software or by computing the source term numerically).

Commit with confidence @~ _—
to a trusted CFD software

Choosing CFD software-is a crucial step of a long term - .\“,
commitment. Maximize your investment with-a fully —2
loaded CFD software.

G tational Fluid D i
Temoruamarss  SRADLE
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