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Preface

These notes have been devised as a basic introduction course on fluid mechanics. They are
primarily addressed to Ph.D. students but they can be employed also by students in postgraduate
diploma or master’s degree. They are based on a series of lectures I gave at the University Austral
(Rosario, Argentina) between August and September 2015.

The main purpose is to give the student the basic knowledge on the kinematics and dynamics
of a continuum and to provide a substantial knowledge of the continuum approach adopted in
fluid mechanics. The notes have been purposely structured to maintain a nice balance between
the rigorous mathematics and the physical laws and principles that govern fluid mechanics. This
approach has two aims: avoid to intimidate the students with “too rigorous” mathematics and
present the fundamental concepts of fluid mechanics focussing on the basic principles without
getting lost in peripheral material. Despite these notes constitute a genuinely theoretical intro-
duction to fluid mechanics, in the sense that the main results are obtained within the theoretical
framework of continuum mechanics, they can also be addressed to applied mathematicians and
engineers that are mainly interested in practical applications.

The first Chapter has been devoted to the presentation of standard results in tensor algebra
and calculus, providing the fundamental mathematical tools that will be used in the subsequent
chapters. Chapters 2 and 3 are dedicated to kinematics and dynamics of a generic continuum.
Chapter 4 is devoted to ideal fluids, while Chapter 5 deals with Newtonian fluids. Finally, the
last chapter is devoted to the study of generalized Newtonian fluids.

Keywords: continuum mechanics; kinematics; Dynamics; inviscid fluids; newtonian fluids;
generalized Newtonian fluids;
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Chapter 1

Mathematical preliminaries

This introductory chapter is devoted to the presentation of basic results on vector and tensor
algebra and calculus. The reader not familiar with the material presented here should read this
chapter very carefully for it provides the mathematical background required in the subsequent
sections. Reference books for this section are [1], [5], [6], [12], [13].

1.1 Vector and tensors algebra

The inner product of two vectors u = (u1,us,us), v = (v1,ve,v3) is

3
u-v= E U;V;.
i=1

The norm of a vector u is

ul = (u-u)'/2

The inner product can be expressed also as
u-v = |ul|v|cos,

where 6 is the angle between u and v. Two vectors are orthogonal if u-v = 0. A set of vectors
{uy,ug,us,.....} is called orthonormal if

U_Z“U_j:(sij:

d;j being the Kronecker’s delta. The cross (or wvector) product of two vectors u, v is denoted by
u X v. The cross product provides a vector normal to u and v with direction specified by the
right-hand rule and a magnitude

|lu x v| = |ul|v]|sinb,

where 6 € (0,7) is the angle between u and v. In a right handed basis {e;, e2,e3} the cross
product can be evaluated through the determinant

€ €2 e€3
uxv=/|u u2 us |,
v V2 U3



6 CHAPTER 1. MATHEMATICAL PRELIMINARIES

that is
u X v = (ugv3 — u3va) €1 — (u1v3 — ugvy) €2 + (uve — ugvy) €3.

The following properties hold

uxu=0,
uXv=-vxu,
(1.1) u-(vxw)=w-(uxv)=v-(wxu).

A second order tensor S is a linear transformation from R3 to R3 that maps the vector u in a
vector v

v = Su.

The tensor S is a 3 X 3 matrix whose components depend on the selected reference basis
{e1,e2,e3}. Hence

3
vi:ZSikuk, ’i:1,2,3.
k=1

The tensor
1 00
I=10 1 0
0 01

is called the identity tensor and it is such that u = Iu. The product of two tensors S and T is
a tensor R such that

3
R =ST Rij = SyT;.
k=1
It is easy to check that
(ST)v = S(Tv).

In general ST # TS. The transpose of S is a tensor ST such that S% = Sji. The following
relations hold

(1.2) Su-v=u-(8Tv),

(S+T) =8t + 17,

(sT)t = 1787,
(sHT = 8.
A tensor is called symmetric if ST = S and skew if ST = —S. Each tensor S can be decomposed
in its symmetric and skew part
1
Ss m = 5 S ST )
Sk :lﬁ—sﬂ
skew 2 Y

so that
S = Ssym + Sskew-
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The dyadic product of two vectors u, v is a second order tensor

U1v1 U122 U3
(1.3) U®v=| ugy uUVs U3

u3v1r uU3v2 u3vs
A tensor S can be expressed as
3
S = Z Sij(ei & ej).
i,j=1
The following properties hold
(u@v)w = (v-w)u,
(u@v)”

3
Zei ®e; =1
=1

If n is a unit vector the projection of u in the direction of n is

= (vou),

(1.4) (u'n)n=(n®n)u,
while the projection of u onto the plane perpendicular to n is
(1.5) u—(u-nn=I-n®n)u.

The inner product of two tensors is

The trace of a tensor is

3
tr$=Y 5;=S-L
i=1
The following properties hold
tr (ST) = tr (TS),

tr (ST) = tr (S),
ST =tr (STT) = tr (STT).
If S is a symmetric tensor and W is skew
S.-W =tr (SW) =tr (SWT) = —tr (SW),
so that S- W = 0. If
(1.6) S-W=0 vV W skew,
then S is symmetric. If W is skew then

(L.7) u-Wu =0,
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for all vectors u. For any skew tensor

0 — B
(1.8) W=| v 0 —-a],
e 0
there exists a unique vector w = (a,3,7) such that Wu = w x u for each vector u. The

determinant of a tensor S is the determinant of the matrix associated with the tensor. The
determinant is independent of the basis {e;, e3,es}. A tensor S is called invertible if there exists
a tensor S™! such that

SS'=S"s=1

The following identities hold
det(ST) = det(S) det(T),

det(ST) = det(S),
(ST) ' =T!'s7 !
(sHYT = (sT)~t =. s 7.
If a tensor S is invertible then det S # 0. A tensor S is orthogonal if
SsT =87s =1,

or analogously
s’ =s1.

An orthogonal tensor is sometimes called a rotation. A tensor S is positive-definite if
u-Su>0 Vu#0.

A scalar A is called an eigenvalue of a tensor S if there exists a vector u # 0 such that

(1.9) Su = Au.

In that case u is called an eigenvector. If u is an eigenvector then fu is also an eigenvector.
Equation (1.9) can be rewritten as
(S—A)u=0.

Hence the eigenvalues of S are found solving
det(S — A\I) = 0.

If S is positive definite then the eigenvalues are strictly positive. Indeed, let A be an eigenvalue
of the positive definite tensor S and let u be the relative eigenvector with |u| = 1. From (1.9)
we have

0<u-Su=\u?=A\

It can be shown that

(1.10) det(S — AI) = = X3 + 41 (S)A? — ia(S)X\ + i3(S),
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where

(1.11) i2(S) =

i3(S) = det S,
are the principal invariants of S. When S is symmetric the eigenvalues A1, As, A3 € R and
i1(S) = A1+ A2 + A3,
i2(S) = A1 A2 + A2ds + A1 s,
i3(S) = A A2)s3.
The following theorems hold
Theorem 1 (Cayley-Hamilton) Every second order tensor S satisfies
—83 +1(S)S? — i»(S)S + i3(S)I = 0.

Theorem 2 (Spectral) If S is symmetric then there exists an orthonormal basis {e1,es, es}
formed by eigenvectors of S. The matriz representation of S in such a basis is diagonal

3
S = Z Aie; ® e,
i=1
where \; are the eigenvalues of S (see [5] for the proof of the theorem).

Theorem 3 (Polar decomposition) Let S be a symmetric tensor with det S > 0. Then there
exists an orthogonal tensor R and two symmetric tensors U, V such that

S=RU = VR.

(see [12] for a proof of the theorem).

1.2 Vector and tensor calculus

Suppose u : R? — R3 is a smooth vector field. We write

u(x) = o(x), x — 0,
when
lim 2 _
x—0 ’X|

The function u is said to be differentiable at x if there exists a linear transformation
Du(x) : R® — R?,

such that
u(x +y) =u(x) + [Du(x)]y + o(|yl).
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Supposing that u is sufficiently smooth we have

(1.12) [Du(x)ly = [Vu(x)ly.
where
Ou 0w Ow
8x1 61’2 8:E3
o aUQ 8u2 BUQ
Vu(x) N 81’1 81’2 61;3 ’
8'&3 8U3 8U3

Oy Omy Oxs
is the gradient of u (sometimes grad u is used instead of Vu ). If we consider a scalar field ¢
relation (1.12) reduces to

[Dp(x)]ly = Ve(x) -y,

_(9¢ 9y Op
Viplx) = <3:E1’ 0xy’ 3x3> '

where

The divergence of a vector field u is

. 8u1 8uQ 6U3

di =442
e u(x) (9561 8952 61’3

Sometimes V - u is used instead of div u. We have
divu = tr (Vu).
We can also define the divergence of a tensor field in the following way
(div 8) - u = div (STu), vV ou

In particular div S is a vector with components
39S,
div S); = 2.
( v )7« Z axj
J=1

Let ¢ : R?* — R be a smooth scalar field and let u, v : R? — R3 be smooth vector fields. Further
let S : R? — R? be a smooth tensor field. The following relations hold

(1.13) V(pu) = ¢oVu+u® Vo,
(1.14) V(u-v)=(Vv)Tu+ (Vu)lv,
(1.15) div (pu) = pdivu+u- Vo,

div(u®v) =udivv+ (Vu)v,

(1.16) div (STu) =S - Vu +u- div (S),

div (¢S) = ¢ div S + SV,
div (Vu) = V( div u).
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The proof of these identities can be found in [12]. The curl of a vector u is defined as

8u3 5'71,2 811,1 5'71,3 811,2 5'71,1
1.1 lu= | — - = — - — - — ) es.
( 7) cutu (8.%‘2 81‘3) et (8.%‘3 81‘1) et (8.%‘1 81‘2) 3

The curl can be evaluated by means of

curlu =det | —

w1 ouz uz |
The vector field curlv is also denoted by V x v. The Laplacian of a scalar field ¢ is

Ap = div (V).
When Ay = 0 the function ¢ is called harmonic. The Laplacian of a vector field u is given by
(1.18) Au = Auje; + Auses + Auges.
When Au = 0 the vector field u is called harmonic. A vector field u for which

divu =0, curlu =0

is harmonic. If ¢ is a smooth scalar field and u, v are smooth vector fields the following identities
hold

(1.19) curl (pu) = p curl u+ Vo x u.

div(uxv)=v- curlu—u- curlv,

(1.20) curl (u x v) = (Vu)v — (Vv)u+udiv v — v div u,
(1.21) Au =V (div u) — curl (curl u).

Moreover

(1.22) div (curlu) =0,

(1.23) curl (Vy) =0.

A vector field u is said to be conservative if u = V¢ for some scalar field ¢. A curl free vector
field defined on a simply connected domain is conservative. Proofs of identities (1.19)-(1.23) can
be found in [1].
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1.3 The divergence theorem and the Stokes’ theorem

In this section we present two important theorems widely used in continuum mechanics: the
divergence theorem and the Stokes’ theorem. These results are classical so we do not provide any
proof, referring the interested reader to [13], [1].

Theorem 4 (divergence) Let P be a bounded smooth region in R® with smooth boundary OP
with outward unit normaln. Let ¢ : P - R, u: P = R3, S: P — R? be a scalar, vector and

tensor field respectively. Then
/ pn do = / Ve dx,
P P

(1.24) / u~nda:/ div u dx,
aP P

(1.25) Sn do = / div S dx,
oP P

From (1.16) we have

/u~didex:/div(STu)dx—/S~Vudx
P P P

Applying the divergence theorem (1.24) and recalling (1.2) we get

(1.26) /u-didex:/ Sn~uda—/S‘Vudx.
P aP P

Relation (1.26) is called Gauss-Green formula.

Theorem 5 (Stokes) Let S be a smooth surface in R® with normal n and smooth boundary 9S.
Let u be a C* wvector field on S. Then

(1.27) / curlu-ndS = u- dé
S oS

n

oS

Figure 1.1: Divergence and Stokes’ theorems.
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1.4 Cylindrical polar coordinates

In a Cartesian coordinate system a point in space is specified by its position
X = xr1€1 + Ioe2 + x3es3.

When using a Cylindrical polar coordinate system (see [14]) the position is specified by the polar
coordinates (r,0, z) such that

2 2
r=s/x{+x
x1 =1cosb, 1+ %3
. T1
T9 = rsinf, f = arctan | — |,
T2
T3 =z
zZ =3

In cylindrical coordinates vectors are specified as components in the {e,, ey, e, } basis where

( -1

e, = cosfe; + sinfe _87x a—x
" ! 27 or | or

_ 3 9 + 9 _67}( 67)(_1
€y — sibvep COS 92—69 90
T T 02 102

Given a vector in Cartesian coordinates

a = aje; + azey + ases,
we can convert it into cylindrical coordinates

a = are, + apeg + a€;,

by means of

a1 [ cos® —sinf 07 [ a,
as | = | sinf cosf O ag |,
| a3 | | O 0 1] [ a: ]
or conversely
[ a, ] [ cos® sin@ 07 [ a1 ]
agp | = | —sinf cosf 0 as
| a; | L O 0 1] | as |

Notice that the matrices above are orthogonal, i.e. QQ” = I. The basis {e1,e2,e3} can be thus
transformed into {e,, ey, e,} by means of

e, = cos fle; + sinfeq,
egp = —sinfeq + cosfey,

e, = eg3,
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and conversely
e; = cosfle; — sinfe,y,

ey = sin fe; + cos feq,

€3 — e;.

The basis {e,, ey, e} is orthonormal and tensors can be expressed in this basis. Hence
Srr Srg Srz
S= | Sor Seo Sp-
Ser S Sz

Tensors can be converted from the Cartesian system to the cylindrical system by means of

S11 S12 Sis cosf) —sinf 0 Srr Spro Srs cos 6 sinf 0
(1.28) So1 S9o Sz | = | sinf  cosf 0 Sor See  So- —sinf cosf 0 |,

S31 S32 S33 0 0 1 Sy S0 Siz 0 0 1

Srr Srg  Srs cos sinf 0 S11 S Sis cos) —sinf 0
(1.29) Sor Spo Sp, | = | —sinf cosf 0 So91 Soo  So3 sinf cosf O

Sur Sz S:: 0 0 1 S31 S32 533 0 0 1

Calculating the derivatives of scalar, vector and tensor functions in cylindrical coordinate can
be complicated, since the vectors forming the basis are function of position. Without giving
the detailed derivation we introduce some basic differential operators in cylindrical coordinates.
Suppose ¢ = ¢(r,0, z) is a scalar function. Then

Oy 10¢p 0y
Ve=grert (r ae) ot 9%

while ) ) )
_0%0  10p 1 0% 0%
o2 +r(9r+r25'62+8z2'

If u= (uy,ug,u,) is a vector function

[ Ou, <18ur ue> ou, |

or r o) r 0z

Ap

Oug (10ug  up)  Jug
or r 00 r 0z

3uz 1 auz auZ
or r 00 0z
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The divergence of u is

. ou, ur 10uy Ou,
(130) divu = 87’ 7 + ;% az .
The Laplacian of u is
[ Pur 1P Pup 10ur 2 0up  ur
Or? r2 002 022 r Or 1200
Au — 0%y . iéﬂug 9%ug 1% 2 Ju,
or2  r2 962 0z2 r Or r?2 00
0%u, 1 9%u, lﬁuz 0%u,
L or2  r2 9002  r Or 0722

where the three components are the components of the {e,, ey, e.} basis.
cylindrical coordinates, the divergence of S is

[ a57‘7‘ Sr?" 18507' 8Sz7" _ %
or T r 00 0z T
divs — | 1950 95  Sro  Sor , 05
r 00 or r 0z
aszz 857‘2’ Srz 1 aS@z
L 0z or r r 00

1.5 Spherical polar coordinates

In spherical coordinates the position of vector

X = xrj€e1 + r2e2 + r3es,

is specified by (r, 8, ¢) such that (see [14])

x1 = rsinf cos ¢,
(1.31)

To = rsinfsin ¢,

T3 = rcosb

Vectors are specified as components in the basis {e,, eg,e,}

ey = —sing e + cos¢

ox
9¢

€y =

e, =sinfcos¢ e, +sinfsing ey + cosh e3 = —

eg =cosfcospe; +cosfsingp e —sinf ez =

-1

ox
9¢

6 = arccos (

z = arctan (

r

ox

or

ox
00

x2>‘

I

87x
or

ox
00

= \/x%+mg+x§,

x3
)

-1

-1
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If S is a tensor in
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Given a vector in Cartesian coordinates
a =aie; + azez + ases,

we can convert it into spherical coordinates
a = are, + agey + ayey,

by means of

ar sinfcos¢ sinfsin @ cosf 7 [ a1
ag | = | cosfcos¢p cosfsing —sinf as |,
a, —sing cos ¢ 0] | a3
or conversely
ai sinfcos¢ cosfcosp —sing | [ a,
as | = | sinfsin¢g cosfsin ¢ cos ¢ ag
as cos —sinf 01 [ ag

Notice that the matrices above are orthogonal, i.e. QQ” = I. The basis {e1,e2,e3} can be thus
transformed into {e,, eg, ey} by means of

e, = sin f cos ¢e; + sin 0 sin ges + cos fes
ey = cos 6 cos pej + cos 6 sin pes — sin fes
ey = — sin ¢eq + cos ges,
and conversely
e = sin 0 cos ge, + cos 0 cos pey — sin gey,
(1.32) ey = sin 0 sin ge, + cos 0 sin pey + cos pegy
e3 = cos fe, — sin fey.
The basis {e,,eg,e4} is orthonormal and tensors can be expressed in this basis.
Srr Srg Sre
S=1| Sor Ses Seg

Sor Sep See

Tensors can be converted from the Cartesian system to the cylindrical system by means of

S11 Si12 Siz sinfcos¢ cosfcos¢p —sing
So1 S92 Sz | = | sinflsing cosfsing cos ¢

531 532 533 cos —sinf 0
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S Sre Srg sinfcos¢ sinfsin g cos 6

Sor  Ses  Seg cosfcos¢p cosfsing —sinf

)

Ser Sso Ses —sin ¢ cos @ 0
and
Srr Sy Srg sinfcos¢ sinfsing cos 0
Sor  Sep  Sep | = | cosfcos¢ cosfsing —sind
Ser Seo Ses —sing cos ¢ 0

S11 S12 Sis sinfcos¢p cosfcos¢p —sing
So1 Sag S sinfsin¢ cosfsin @ cos ¢

S31 S35 Sss cos —sind 0

We also define the following differential operators in spherical coordinates. Let ¢ = {(r,0, ¢) be
a scalar function. Then the gradient of ( is

_o¢, roc 1 9
(1.33) ve= o 796 T s 8¢e¢'

The Laplacian of ( is

10 ¢ 1 9 (. o 1 0%
AC=—— (r2> — = —.
C= 25 <7“ 87“) 256 06 (Sln989> T 2?6 092

Given a vector function u = (u,,ug, ug) the gradient of u is

[ Ou, lﬁur g 1 Ou,  Uug T
or r 00 r rsinfg 0¢ r
| Oug 10ug 1 Ouyg Ugp
Al (weﬂ) <rsmea¢ cott
Oug 1 0ug 1 Ouy Uy Up

o <ae> (rsme% oot 670+ ) |

The divergence of u is

0 10 1 0
oy ol 200 Y9 4 cot 02
T

(1.34) diva = or r r 90 ' rsinf 9¢

Finally we write the divergence of a tensor

i 0S5y Sy 108y, Sor 1 0S¢ Spo+ Ses
or +2 T r 00 +C0t97+rsin9 ¢ r

. 0S,0 Sro 1 9Spy Sog 1 8S¢9 Sor 85¢¢
= | 2% 49 i =00 - —r%

divs or + r +r 00 eotd r +rsin9 0 + r cot§ or

0Sy¢ Sre  sinf 9Spg S 1 0Ssp = Ser+ S

2 — 0—
ar * r + r 00 +cos r rsinf O0¢ * r J
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1.6 Isotropic functions

Suppose that ¢, u and S are a scalar, vector and tensor valued functions of a tensor T. Then
w, uand S are isotropic if

»(QTQ") = (T),
u(QTQ") = Qu(T),

S(QTQ") = QS(T)Q”,

where Q is any othogonal tensor. It is easy to check that the determinant and the trace of
a tensor are isotropic functions. More in general, the invariants of a tensor are all isotropic
functions. We state (the interest reader can find the proof in [12]) the following theorems:

Theorem 6 (Isotropic functions) Any isotropic tensor-valued function S(T) can be written
as

(1.35) S(T) = oI + BT + T2,
where a, B, v are functions of the invariants of T.

Theorem 7 (Isotropic linear functions) Any linear isotropic tensor-valued function S(T)
can be written as

(1.36) S(T) =2uT + A(tr T)I,

for some scalar A, p.



Chapter 2

Kinematics

Continuum mechanics can be seen as a combination of mathematical and physical laws that
describe the macroscopic behavior of a body subjected to mechanical load. For those familiar
with particle dynamics, we can say that continuum mechanics is a generalization of that theory
based on the same physical assumptions. The evolution of a continuum is described in a three
dimensional Euclidean space endowed with a metric

which establishes the distance between points. Vectors are expressed as components in a basis
of mutually perpendicular unit vectors, while physical quantities such as force, displacement,
velocity, acceleration are expressed as vectors in this space. A Cartesian coordinate system is
composed by a fixed point together with a basis {O, e1, ez, es}.

One of the principal assumption of continuum mechanics is that matter can be idealized as
a continuum that is infinitely divisible and locally homogeneous. In practice we can subdivide
the medium as many times as we wish and find identical properties (e.g. mass density) at each
subdivision. A continuum body can be thought of as an infinite set of sufficiently small particles
connected together. In a continuum system mass distribution is described through a density
function o(x,t) (whose dimensions are mass over a volume [m¢~3]) such that the mass of each
measurable portion D of the system is given by

(2.1) M(D):/Dg(x,t)dx.

The euristic procedure leading to the definition of density originates from the definition of average
mass density of a representative volume AV centered at some point x. We consider

_Am
Om = AV
as the ratio between the mass Am contained in the cell and the volume AV of the cell. Reducing
the diameter of the cell, the quantity g,, hovers around a value which can be representative of the
macroscopic density (meaning it contains a sufficiently high number of molecules). This is what
we call density at point x at time ¢. A continuum body can be 3D, 2D or 1D depending on the
particular system considered (e.g. a membrane is a 2D continuum, a string is a 1D continuum).
Accordingly the dimensions of the density will be [mf=3], [mf=2] or [m¢—1].

The material presented in this chapter and in the next one is mainly based on the approach
developed in the monumental work [25] by Truesdell and Noll on which the books [12], [24] are
also based. The interested reader can refer to these books for a more rigorous and detailed
treatment on the kinematics and dynamics of continua.

19
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2.1 Bodies, configurations and motion

The aim of continuum mechanics is to describe the evolution of a body with respect to a reference
frame {O,e1,e2,e3}. Consider a body B that at time ¢t = 0 occupies a reference configuration
xkr C R3 and let X represent a point of kg, as depicted in Fig. 2.1. Every possible configuration
that can be attained by the body is defined through the map

(2.2) x = x(X, 1),

which is supposed continuous in time, globally invertible (ensuring the body does not intersect
itself) and orientation-preserving, so that reflections are not possible. In particular we assume
that the map x is twice continuously differentiable to ensure that the differential equations
describing the dynamics may actually be formulated. The motion of the body B is described

Figure 2.1: Reference and actual configuration.

by the differentiable map (2.2) where x is the position occupied at time ¢ by the particle that
at time ¢ = 0 was in X. The coordinates X and x are called the Lagrangian and Fulerian
coordinates respectively. The coordinates are intended with respect to the orthogonal reference
frame {0, e1, e2,e3}. The map x represents the material description of the motion, since the
domain of x consists of all the material particles that form the body. We denote by k; the spatial
domain occupied by B at time t, i.e. the actual configuration.

A material volume P is any subset of particles of B that evolves according to (2.2). Hence at
time ¢ the volume P occupies the position P, = x(P,t) and the boundary P is mapped in 0F;.
A material volume is formed by the same set of particles at any time. A non material volume
is a set of particles whose evolution is not governed by (2.2), so that in general Q; # x(Q,t). A
non material volume may contain different particles at different times.

The notion of Lagrangian and Fulerian coordinates illustrates two equivalent ways for investi-
gating the kinematics of a continuum. The first is based on the description of physical quantities
along the motion of a single particle (Lagrangian or material description). The second simply
takes note of the variation of such quantities as they change in time at a fixed point (Fulerian
or local description). For a given quantity G we have the Lagrangian expression

(2.3) G = Gy(X, 1),
and the Eluerian expression

(2.4) G = Ge(x,1),
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To switch from (2.3) to (2.4) and vice-versa we make use of (2.2), i.e.
Gi(X,t) = Ge(x(X, ), 1).
As a consequence
oG, 090G,
ot ot
where V indicates spatial gradient w.r.t. Eulerian coordinates. The first term on the r.h.s. of
(2.5) is called local time derivative and corresponds to the rate of change of G at a fixed x. The

second term on the r.h.s. is called the convective rate of change of G. The velocity and the
acceleration of a particle X are

ox
o’

(2.5) + VG, -

26) CURE |
at X:X_l(xvt)
2
a(x,t) = W‘ .
at X:X_l(xvt)

The material time derivative (time derivative along a particle path) for a scalar quantity G.(x,t)
is

dG.  0G.
dt ot

(2.7) Ge = + VG, - v.

The material time derivative for a vector field w(x,t) is

(2.8) W = %V = %—": + (Vw)v,
where
2 ow;
(2.9) KvwWh:}:aiW’ i=1,2,3.

Sometimes the term (Vw)v is denoted by (w - V)w. It is useful to consider the so-called
streamlines, i.e. the curves that are instantaneously tangent to the velocity field. When the
velocity field is locally constant the motion is called steady and

ov
2.10 —(x,t) =0.
(2.10) (1)
Steady flows are characterized by streamlines that do not depend on time. If G¢(x,t) is a scalar
quantity in a steady motion, then

(2.11)

T (x,t) = 0.

For a given flow we can define the wvorticity

w=-curl v

When curl v = 0 the flow is called irrotational (or curl-free). In this case we speak of potential
flow since v can be derived (in a simply connected domain, see [1]) from a potential p(x, t)

Vo(x,t) = v(x,t).
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2.2 Deformation and measures of deformation

For simplicity here we investigate the deformation of a body from a reference configuration kg to
a final configuration kp without specifying how k is obtained. In practice we neglect the time
dependence in (2.2), so that x = x(X). Minor changes allow one to consider also the dependence
on time. The displacement of a particle at time ¢ is

(2.12) u=xX)-X.
The gradient of the map x is a second order tensor called the deformation gradientt

_ Oxi

(213) F(X) = gradx(X), Fi= 5%

The deformation gradient quantifies the change in shape of infinitesimal line elements
dx = F(X)dX,

as shown in Fig.2.2. The tensor F provides local information on the deformation x = x(X).

u(X+dX)

Figure 2.2: Deformation gradient

Indeed, given Y € B we can use Taylor expansion and write
(2.14) x(X) = x(Y)+F(Y)(X-Y)+O(X - Y.
When F is constant the deformation is called homogeneous and (2.14) reduces to
x(X) =x(Y) +F(X-Y).
A homogeneous deformation is called a translation if
x(X) =X +c,
where ¢ is a constant vector. A homogeneous deformation has a fized point Y if

x(X) =Y +FX-Y).

Ygrad” is intended w.r.t. Lagrangian coordinates.
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A homogeneous deformation is called a rotation around a fixed point Y if
xX)=Y+R(X-Y),

where RR” = I. A homogeneous deformation is called a stretch with a fixed point Y if
x(X)=Y+UX-Y),

with U symmetric and positive definite tensor. Recalling the polar decomposition theorem we
know that the tensor F can be decomposed in F = RU, F = VR, where U, V are positive
definite and symmetric tensors called the right and left stretch tensors respectively and where R
is a rotation. A particular type of homogeneous deformations is the one in which

(2.15) detF = 1.

Such a deformation is called isochoric or volume-preserving. When (2.15) holds the volume of a
part P of the body does not change from the reference to the final state. A rigid deformation is
a homogeneous deformation in which

Ix(X) = x(Y)] = X -Y]|.
We can prove that a rigid transformation is given by
x(X) =x(Y) + R(X-Y),
where R is a rotation. The tensors
(2.16) C=U?=FTF, B =V?=FF",

are called the left Cauchy-Green and right Cauchy-Green strain tensors respectively.
Let P be a part of the body B and let x(P) be its deformed state. If ¢ is a continuous scalar
field defined on x(P) then

/ so(x)dx=/ o(x(X)) det F(X)dX.
x(P) P

As a consequence, when det F = 1 we have
Vol (x(P)) = / dx = / dX = Vol (P).
x(P) P

proving that deformations for which det F = 1 are volume preserving,.

2.3 Infinitesimal strain theory

From (2.12) we see that
F =1+ gradu.

Hence from (2.13), (2.16) it is trivial to show that
C =1+ 2E + (gradu)’ (gradu),

B = I+ 2E + (gradu)(gradu)”,
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where

(2.17) E =  [(gradu) + (gradu)’]

N | =

is the infinitesimal strain. It is easy to show that a deformation is rigid when C = B = I. When
lgradu| = O(e) we speak of small deformations and

2E=C—-I+40(c) =B —-1I+o0(e),

meaning that, within an error of o(¢), the tensors C —I, B —1I and 2E coincide. Moreover, when
the infinitesimal deformation is rigid

(gradu) = —(gradu)? + o(e),

so that, within an error of o(¢), the displacement gradient corresponding to a rigid deformation
is skew. We recall that every tensor can be decomposed in a symmetric and anti-symmetric part

[(gradu) + (gradu)T] ,

| =

(gradu)sym =

(gradu)gpen = 5 [(gradu) — (gradu)”] |

| =

Hence, since

u(X,t) =u(Y,t) +grad u(Y)(X - Y),
we have that an infinitesimal rigid displacement is a vector field u admitting the representation
u(X,t) =u(Y,t) + (gradu) spen (X - Y),
Recalling (1.8) one can easily show that
uX,t) =u(Y,t) +w x (X-Y),

where

w = —curl u.
2

The vector w is sometimes called the azial vector.

2.4 Local description of the velocity field
Let v(x,t) be the Eulerian description of the velocity field given in (2.6). From Taylor expansion
(2.18) v(x,t) = v(y,t) + Vv(y,t)(x —y) + O(|x — y[*).
The wvelocity gradient is
L(x,t) = Vv(x,1).

The symmetric part and the skew part of L are

(2.19) D=_[L+L"],

1

2
1 T

W=_[L-L"].
2
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The tensor D is called the rate of deformation tensor, while W is called the vorticity(or spin)tensor.
We can easily check that
tr D=divv

where div is the divergence operator w.r.t. Eulerian coordinates. Recalling that

Fij =

OXi . avz Ov; Oxy,
Z &ck 8Xj

—
0X;
we get F = (Vv)F and

2.9 L — FF!
(2.20) (x,1) 1X:X,l »

Given a material point X, the function s(t) = x(X,t) is called a path line. The path line clearly
satisfies the differential equation $(t) = v(s(t),t). Conversely the streamlines at time t are the
maximal solutions of §(7) = v(s(7),t). When (2.10) holds and the motion is steady, every path
line is a streamline and vice-versa.

Proposition 1 Let P; be the configuration occupied by a generic subset of B at time t and let
v be C'. If D = 0 then there exist vectors v, and w such that

V=V, +w XX,

i.e. a rigid motion.

Proof. Let D =0, i.e. W = L. We prove that W is spatially homogeneous. Suppose F; is a
ball and let x,y € P;. The line connecting x,y is

c(s)=x+s(y —x), se€]l0,1].

We have .
v(y,t) — v(x, t) = / L(z,t)dz = /0 W (c(s), t)c (s)ds,
so that
1
(2.21) v(y,t) — v(x,t) = / W(c(s),t)(y — x)ds.
0

Multiplying (2.21) by (y — x) and recalling (1.7) we get

(2.22) vy, t) = v(x )] - (v = x) = 0.
Now recall (1.14) and take the gradient of (2.22) w.r.t. y
(2.23) Wiy, )y — %) +v(y,t) = v(x,1) =0,
and then take the gradient of (2.23) w.r.t. x

~W(y,t) - W(x,t) =0,

so that W (y,t) = W(x,t), implying W constant in space. From the arbitrariness of P, we get
the thesis. 0
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Proposition 1 implies that in a rigid motion the tensor L is skew and the spatial velocity has the
representation
v(x,t) = v(y,t) + W(t)(x —y),
or equivalently
v(x,t) =v(y,t) +w(t) x (x—y).

It is easy to see that, in general, the vector w associated with the skew part of the velocity
gradient W is

w = 5 curl v,

so that

(2.24) W(y,t)u= % curl v(y,t) x u

for all vectors u. Hence, from (2.18), we find that

(2.25) v(x,t) =v(y,t) + %Curl v(y,t) x (x —y) + D(y, t)(x —y) + O(|x — y[*)

In the case of irrotational flow

(2.26) v(x,t) = v(y,t) + D(y,t)(x —y) + O(]x — y|?)
The acceleration is i 9
v v
or equivalently
1
(2.27) a= % + §V(|V|2) +curl v x v.

Suppose £ is a smooth closed curve. The circulation on £ is

(2.28) Cp= fv - de.
4

From Stokes’ theorem (1.27) we notice that irrotational flows are such that Cy = 0 on every
closed curve 4.

2.5 FEuler’s formula

The Jacobian

J(X,t) = det F(X,t)
gives a measure of the volume change produced by the deformation. When the infinitesimal
volume dV,, is mapped into dV we have

av

v =detF = J.

We will prove that

(2.29) %J(x, £) = J(X, 1) div v(x, 1) ,
t x=x(X,t)

where we recall that the divergence is made w.r.t. Eulerian coordinates x. Formula (2.29) is also
known as Euler’s formula. To prove (2.29) we need the following
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Lemma 1 Given a matriz A

(2.30) det(I+cA)=14ctr A+ o(e).

Proof. From (1.10) we know that
det(eA — AI) = — X3 + i1 (eA)N2 —ip(eA)X +i3(cA),

where i;, are the principal invariants and where ij(¢A) = €¥ix(A). Setting A = —1 we obtain
(2.30). O

To prove (2.29) we consider the Taylor expansion of F around t

F(X,t+¢)=F(X,t)+ ea—F + o(e).

ot
From (2.20) we have
OF
2 _LF
ot ’
where L = L(x(X,t),t). Hence
(2.31) F(X,t+¢)=[I+eL+o(e) F(X,t).

Applying the det operator to both sides of (2.31) we get
J(X,t+¢e)=J(X,t)det [I+cL + o(e)],

or equivalently
J(X,t+¢e)=J(X,t)[1+etr L+ o(e)],

Dividing by e and taking the limit e — 0 we get (2.29).

2.6 The Reynolds transport theorem

Suppose to take a part P C B and define P, = x(P,t), so that P, represents the current
configuration of P. The volume of P; is

Vol (P,) = /P dx = /P J(X, 1) dX,

and
dvol (P;) / 0J(X,1)
2.32 = dX.
(2:32) dt » Ot
Recalling (2.29) we have
(2.33) dVol (1) :/ div v dx.
dt P

Hence a motion is volume-preserving (isochoric) when divv = 0. Obviously rigid motions are
isochoric. Relation (2.33) can be generalized to a generic scalar field G.(x,t) providing the
so-called Reynolds transport theorem.
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Theorem 8 (Reynolds) Suppose that P; is a part of the actual configuration k¢ and G, is the
Eulerian description of some scalar quantity. Then

d 0Ge | .
(2.34) i I, Ge dx = /Pt [ 5 T div (Gev)} dx.

The theorem holds also for a generic vector field w

d
(2.35) p . W dx = /Pt [B;tv +div (w® v] dx,

where ® is the dyadic product defined in (1.3).

Proof. We prove only relation (2.34), since (2.35) is a direct consequence. We have

d d G, . 0J
= cdx = — X=/ |[Z=tr+ 2 X.
dt/ptG dx dt/PGng /P[atj-i-atGg] d

From (2.29)
d oG

(2.36) i |, G, dx = /PJ [(%‘ + Gy div v] dX.
Recalling (2.5) we get

[E)a(::z—i-szivv] = 886;8 4+ VGe - v+ Gedivv,
or equivalently, recalling (1.15)
(2.37) aath + G divy = 8;6 + div (Gev).
Inserting (2.37) into (2.36) we get (2.34). O

Remark 1 Using the divergence theorem relations (2.534), (2.35) can be rewritten as

d 0G,
— G, dx = dx + G (v -n)do,
dt Jp, p, Ot oP, (v-xn)
d ow
— w dx = dx+/ w (v -n)do.
dt Jp, p, Ot oP, ( )

Remark 2 The Reynolds theorem can be actually written in a more general form for an evolving
non material volume V(%)

d / / ow /
2.38 — w dx = — + w(U -n) do
(2.38) dt Jy ) vy 0t Jav ( )

where U s the velocity of OV (t) and n the outward normal to OV (t) (see [20] for the proof of
(2.38)).
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2.7 Simple shear

A motion commonly encountered in continuum mechanics is the so-called simple shear. This
motion is steady, with uni-directional fully developed velocity. In a Cartesian reference frame
the simple shear is described by

1 = X1 +4tXo,
Ty = Xo,
r3 = Xg.
As a consequence
/-'y
1 4t 0 0 §t 0
F=]0 1 0], E= lt 0
0 0 1 2
0
Moreover
U1 = ’.75527
vy = 07
vy = 0.
so that ] .
Y Y
0 = 0 0 = 0
b .2 W 2
=17 = b
= 0 0 |” —— 0 0
2 2
0 0 O 0 0 0

We can easily check that the simple shear is an isochoric motion. Simple shear can be generated
by parallel plates separated by a distance h, where the upper plate is moving with constant
velocity V' and the bottom plate is fixed (see Fig. 2.3). In this case ¥ = V/h. Simple shear is
sometimes called lineal Couette flow.

2.8 Uniaxial extension

Another important simple motion, which is of particular interest in viscoelasticity, is uniazial
extension. This motion has the form

r1 = Xle'yt,
_x

T = X2€ Qt,

xr3 = Xge 2t
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0 X
1
Figure 2.3: Simple shear.
Moreover
v = ;Yxla
U2 = _sz)
2
vy = —jaz
3 9 3
so that
¥ 0 0 0 0 O
D=|0 —% 01, W=]000
0 O —% 0 0 O

2.9 Boundary conditions

Let P, = x(P,t) be the actual configuration of a subset P of the body B. As observed earlier
0P, = x(0P,t), that is the particle belonging to the boundary of P will also belong to the
evolution of such boundary (9P is a material surface). We have

Proposition 2 Let us consider a material volume P with boundary OP and let us consider its
evolution P, = x(P,t). Suppose also that at each time t the boundary OP; can be written as

(2.39) F(x,t) =0,

where F is a C' function. Then
(2.40) — =0,
for each x € OP; and t > 0.

Proof. We have F(x(X,t),t) = 0, so that

dFF  OF
dt —a‘f‘VF'V—O.

(2.41)
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0

Suppose that F'(x,t) describes the boundary of B and denote by n the outward normal of B.
From (2.41)

VF - . IF 1 OF
n—= —— VUnp = VIX, ‘N = V(X, . = — —_—.
VE| VE| ~ VE| ot

2.10 General balance law

Suppose that G represents some quantity defined on F;. The rate of change of G is given by

dg
(2.42) =T+,

where F represents the outflow of G through the boundary of P, and S represents the sup-
ply/removal of G in P,. When G, F, S are defined through density functions we write

G= g(x,t)dx, F = P - ndo, S = / s(x, t)dx,
Py oP; P;

where ® is the flux across OP;. Equation (2.42) can be rewritten as

(2.43) % [ /P tg(x,t)dx} = - /8 , Bondo+ /P st

Exploiting Reynolds transport theorem and the divergence theorem

/ [89—1— div(gv+<I>)—s} dx =0,
p, LOt

that, because of the arbitrariness of P;, yields

(2.44) gg + div (gv + @) — s = 0.

Equation (2.44) represents the local form of a generic balance law for the density g.

2.11 Jump conditions

When deriving (2.34), (2.35) we are tacitly assuming that the scalar and vector fields under
the integral sign are sufficiently smooth on P;. The latter assumption may be actually relaxed,
allowing possible jumps on a singular surface contained in P;.

Suppose, for instance, that 3 is a non-material surface contained in P, with velocity U and
normal v, as depicted in Fig. 2.4. Denote with n the outward unit normal to P, and write

P =P UP, OP, = 0P UOP],

where T stands for the part of P, that contains v and ~ for the part containing —v. Considered
a scalar quantity G which is defined on P; through a density function g. Suppose also that

[[gﬂzzf—g‘%O,
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Figure 2.4: Jump conditions and singular surfaces.

that is X is a singular surface for g. The Reynolds transport theorem applied to the non-material
domains P;t, P, yields

— gdx| = —dx + g(v-n)do — / g (U -v)do,
at | Jpr~ p Ot ap; ( 2 )

d 0
— / gdx| = 99 1% + / g(v-n)do + / g (U-v)do.
at | Jpr " p Ot oP; 2

Summing up we find

(2.45) jt[/pt gdx} -/, gi’dx+/8ptg(v.n)do——/2[[g]](u.u)do,

which is the generalization of the Reynolds transport theorem in the presence of a singular
surface. If the case of a vector field w we get

;t[/ﬂ wdx] -/ a(;:dx+/apt w(v.n)da/z[[w]](u.u)da.

2.12 Rankine-Hugoniot conditions

Let us consider the integral balance law (2.43) and suppose that g experiences a jump across the
non material surface ¥. Then, recalling (2.45)

(2.46) @dx —|—/ g(v-n)do — / [9](U - v)do = —/ ® - ndo —I—/ sdx.
p, Ot oP, > op, P,

Looking at Fig. 2.5, we consider the ball B centered in x € ¥ and define

S=¥NB.
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Figure 2.5: Rankine-Hugoniot conditions.

Suppose now to squeeze the two emispheres of B on S. The volume integrals in (2.46) vanish
(provided that the integrands are bounded). Hence we are left with

/[[gl]vvda—/[[g]]Uv /[[@]] vdo.

Once again, because of the arbitrariness of S
(2.47) [g(v-v)+®-v]=[g](U-v).

The jump relation (2.47) is called Rankine-Hugoniot condition.

2.13 Mass balance

The mass of a part P of the body is

M(P) = [ aX)ax,

where we denote by g;(X) the Lagrangian description of density function in the reference config-
uration. Since the mass cannot be altered by any deformation the quantity M (P) is independent

of x(X,t). Hence
/Qg(X)dX—/ 0e(x,t)dx.
P x(Pt)

/Qe(X)dX_/ J(X, t)0e(x(X, 1), t)dX.
P P

We have

which provides
0(X) = T(X, 100 (%, D) eyt
Let us drop the subscript e in the local description of the density. The mass of a part P; C k; is

m(P;) :/P o(x,t) dx.
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Conservation of mass yields m(P;) = 0. Hence, recalling Reynolds transport theorem (2.34)

do | . B
(2.48) En +div(p v) =0,

or equivalently

d
(2.49) d—f +odivv =0.
In an isochoric motion
_de
T

For any given scalar field G

d

— oGdx = / oG div v + oG +G’g]dx.
dt P Py ~

Therefore

d dG

2.50 — [ oGdx = —dx.
(2.50) dtPtQX/Pthtx

Recalling Section 1.4, 1.5 we can write mass balance in cylindrical and in spherical coordinates.
In cylindrical coordinates mass balance is expressed by

o  19(ervr) | 10(cve) . O(ev:)

(2.51) E—FT or r 00 0z

= [)7
where v = v.e, + vgeg + v,e,. In spherical coordinates mass balance is expressed by

@_ﬁ_ia(gr%r) 1 O(ovgsinb) 1 0(ovg)
ot r2  or rsin 6 00 rsinf 0¢

(2.52) =0,

where v = v,e, + vgeg + vgey.



Chapter 3

Dynamics

In this chapter we investigate the dynamics of a continuum, that is the action of externally
applied forces that produce motion. Reference books on the topics presented here are [12], [24],
[25].

3.1 Forces in a continuum

The forces exerted on a portion P; of a continuum are of two types:

e surface (or contact) forces: forces exerted by the portion of the body that surrounds P,
acting on the bounding surface OF; ;

e body forces: forces originating outside the body acting on the volume (or mass) of the body
(e.g. gravitational or electro-magnetical).

Body forces are expressed through a density function b(x,t) (force per unit mass) so that the
total body force acting on P; is

/ o(x,t)b(x, t)dx.
Py

Regarding the contact forces we assume the existence of a force density

(3.1) t(x,t;n)

representing the force per unit surface acting of any surface .S that contains x with normal n. We
assume that t is a smooth function of its arguments. The existence of (3.1) and the assumption

that t depends on S only through n is called the Cauchy’s postulate. Exploiting the third law of
mechanics we write

t(x,t;—n) = —t(x,¢;n).

The total contact force acting on P is thus

/ t(x,t;n)do,
OP;

where n represents the outward unit normal to 0F;.

35
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3.2 Balance of linear momentum and Cauchy’s theorem

The balance of linear momentum (or Newton’s second law) is given by

d

— /gvdx =/ td0+/ obdx .

dt  Jp, oP, P,
~——

[

linear momentum Total force acting on P

Recalling (2.50) we can rewrite the above as

d
(3.2) / o dx = / tdo + / obdx.
p dt op, P,

The equilibrium equation is

(3.3) / tda—i—/ obdx = 0.
OP; Py

The dependence of t on n is determined by the following

Theorem 9 (Cauchy) For each (x,t) the vector field t(x,t;n) is linear in n, so that there
exists a second order tensor T(x,t) such that

t(x,t;n) = T(x,t)n.

The tensor T (x,t) is called the Cauchy stress tensor.

Proof. Consider the infinitesimal tetrahedron depicted in Fig. 3.1. The tetrahedron has three
faces perpendicular to the coordinate axes and one face normal to a unit vector n. Suppose that

Y

Figure 3.1: Cauchy’s tetrahedron.

do is the area of the surface normal to n and that do; is the area of the surface normal to e;.
The area do; can be found projecting do onto the face perpendicular to e;

do; = (n-e;)do = n;do,
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where
n =nje; + nges + nzes.

The equilibrium equation (3.3) for the infinitesimal tetrahedron is

o(x, Xtdx—i—Zt e;)do; + t(x,t;n)do = 0,
or equivalently
(3.4) o(x,t)b(x,t)dx + Z e;)nido + t(x,t;n)do = 0.
We have g
o — 0 do — 0,
do

so that, dividing (3.4) by do and letting do — 0, we get

3

t(x,tm) = Y t(x,te)n

=1

If we define the Cauchy stress tensor T'(x, t) as the tensor whose columns are the vectors t(x, t; e;)
we find

t(x,t;n) = T(x,t)n.

Hence
Tii(x,t) = t(x,t;€;) - €.

g

The immediate consequence of Cauchy’s theorem is that the momentum balance (3.2) can be

rewritten as
/ dv —dx = Tnd0+/ obdx.
at oP; P,

Recalling the divergence theorem we get

d
/ o dx = / div Tdx + / obdx.
dt P; Py

Because of the arbitrariness of P, we get the local form of the motion equation

d
(3.5) gd% = ob+div T,
or
(3.6) oa=pb+divT.

Recalling (2.8), equation (3.5) can be rewritten as

(3.7) Bz +(Vv)v ] = ob +div T.
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3.3 Balance of angular momentum

The balance of angular momentum states that the rate of change of angular momentum for any
region P; of the actual configuration equals the moment of all external forces acting on this part.
Hence we write

d

(3.8) i),

oX X vdx = / xxtda+/ ox X b dx
OP, Py

~
angular momentum Total external forces moment acting on P
We prove the following

Theorem 10 FEquation (3.8) implies that the Cauchy stress tensor T is symmetric.

Proof. Let w be a vector and let W be the skew tensor associated to w defined in (1.8). Cross
multiply equation (3.5) by x, integrate on P, and multiply by w

d
(3.9) w~/ gxxvdx:w-/ gxxbdx—i—w'/ x x div T dx.
P dt P P

From (1.1) we see that

w-(xxdivT) = (wxx)-divT =Wx-div T,

so that
w-/xxdiVde: Wx - div T dx.
Py Py
Applying Green formula (1.26) we get
Wx -div T dx = Tn-WXdG—/T-V(WX)dX.
P P, P,

Now we observe that

Tn-deU:/

t-(wxx)da:w~/ x X t do.
P

P P

In conclusion

w-/xxdideX:w'/ X X tdo— T -W dx,
P OP; P

since V(Wx) = W. Recalling (2.50)

w /Qxxdvdx—w d/gxxvdx
P, dt dt Jp, ’

In conclusion (3.9) can be rewritten as

d
w-[/gxxvdx—/gxxbdx—/ xxtdo]:—/T‘de.
dt P Py OP; P

=0 because of (3.8)

Recalling that P, is an arbitrary portion of the actual configuration and that W is a generic
skew tensor,

T -W =0,

meaning that T is symmetric, as shown in (1.6).
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3.4 The theorem of mechanical energy balance

We define the kinetic energy

and prove the following

Theorem 11 (Power expended) Assuming the validity of balance of mass (2.48), balance of
linear momentum (3.5) and balance of angular momentum (3.8), the following formula holds

dK

= Qb-VdX+/

3.10) ar
( dt P, P

Tn-vda—/ T -D dx.
Py Py

Proof. From (2.50)

Hence, recalling (3.5)
dK

dt

From Green fromula (1.26), we get

= gv-bdx+/v-(diVT)dx.
Pt Pt

/v-(divT)dx— Tn-vda—/T~Vvdx.
P OP; P
Recalling that
T -L=T-(D+W)=T:D,
we get the thesis of the theorem. The term

/ T D dx,
Py

is called the stress power. O

Formula (3.10) can be interpreted in the following way: the power expended by the body forces
and surface forces equals the rate of change of the kinetic energy plus the stress power.

3.5 Energy balance: first law of thermodynamics

We define the internal energy of a portion P; as

FE = pedx,
Py

where e(x,t) is the density of internal energy. Suppose that adjacent parts of the continuum
may exchange heath through their common boundary and define q as the heath flux flowing from
one part to the other. Suppose also that heath may be generated (or absorbed) by means of
heat sources (or sinks) whose density is denoted by r. The first law of thermodynamics states

that the rate of change of total energy equals the sum of mechanical power and heat adsorbed.
Therefore we write the integral formulation of the energy balance

d
(3.11) (K—i—E)z/ gb~vdx+/ t-vdo—i—/ QTdX—/ q-ndo.
dt P aP, P oP;
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Combining (3.11) with (3.10) we get

E
d—: grdx—/ q~nda+/T-Ddx.
dt j22 oP, P

Applying the divergence’s theorem we get the local formulation of the energy balance

d
(3.12) gd—i =por— divq+T-D.

3.6 The second principle of thermodynamics

The second law of thermodynamics can be expressed by

9D
0 dt

where ) denotes the heating rate, 6 the absolute temperature and where S is entropy. The supply
of entropy to a part P, of the current configuration is due to two sources: i) bulk rate of entropy
generated in Py; ii) rate of entropy flux through dP;. Hence the total rate at which entropy is

provided to P, is
or q-n
—dx — / ——do
/Pt 0 or, 0

Now suppose entropy S is defined through a density function 7 so that

S = ondx.
P

The second principle of thermodynamics states that the total rate at which entropy is supplied
to P; cannot exceed the rate of increase of entropy of P;

de_/ Qn, 9
p 0 op, 0 dt

or equivalently we can state that the net rate of entropy production

d or q-n
I'=— gndx—/ dx+/ ——do > 0.
dt Jp, p 0 or, 0

Introducing the density v of net entropy production rate we get

F:/ oydx,
P

so that

dnp _or .. (4
1 =0— — — -] =0.
(3.13) =04 T + div (9) 0

Inequality (3.13) is called the Clausius-Duhem inequality and represents the local form of the
second principle of thermodynamics.
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3.7 Helmholtz free energy and dissipation function

From (3.12) we have

or 1 . ode 1
.14 —=— +=d =———+-T-D
(3.14) o TeNIT gt
while (3.13) can be rewritten as
dn or 1., 1
1 — —=—+4-d ——=V0#-q=0.
(3.15) o 9+01vq 02V q=0
Coupling (3.14 and (3.15) we find
dn de 1
1 0)— —o—+T-D—-VO-q=>0.
(3.16) 00— th+ ev q=0
Let introduce the Helmholtz free energy
U =¢c—0n.
We have
dn de dwv do
1 0= =0 — .
(3.17) o = M
Substitution into (3.16) yields
dv g 1
3.18 =T-D-o0— —on— — ~-V6-q >0,
(3.18) 3 il AL AL
where £ is called the rate of dissipation. When the process is isothermal we get
A
=T-D—p——>0.
3 o 0

3.8 Constitutive equations

The fundamental equations of continuum mechanics are

do
-« v=0
dt—I—QV Az ,

(3.19)

The system (3.19) has to be solved with suitable initial and boundary conditions. We notice that
the differential equations in (3.19) are not sufficient to determine the motion (or the equilibrium)
of a continuum. Indeed the number of equations is smaller than the number of unknowns.

System (3.19) does not contain any information on the intrinsic mechanical nature of the
system and holds for any type of material. To distinguish between various kind of continua we
must provide supplementary equations (called constitutive equations) that correlate the stress
state to the deformations of the system. In the next chapters we will limit ourselves to study
fluid systems.
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3.9 Balance of linear momentum in polar coordinates

Equation (3.5) can be expressed in the polar coordinates systems introduced in Sections 1.4, 1.5.
In particular, in the case of cylindrical coordinates we have

0 <8vr vy vy Ovy B vj 8%)

o " Yo e T T,
|:1 8(7"Trr) 1 0Ty, The or,,

r  Or r 00 T 0z

Ovg Ovg w9 Ovyg vy, dvg\
9(m+wm+ra9 r+%w>—

[ 1 9(r*Typ) L 10T, 0T

:| + Qb?“a

r2  Or r 00 * 0z } = ebo,

avz+ %_i_%avz_i_ %
®\at ""ar T o0 T ez

106, | 1%, | 0L,
r Or r 00 0z 9z

where
Trr Tr@ Trz

V = Urer + Ugp€y + V€, b = brer + bGeO + b2927 T = Ty, The T
T Thg Te:

In the case of spherical coordinates we have

avr+v%+%8vr Vg 8’UT_U3+'U3§ B
e\ ot " or r 00  rsinf 0¢ r N

+ oby,

1.9(r*T,) 1 O(Ty,sin0) N 1 Ty Top + Ty
r2  or rsiné 00 rsinf d¢

Qg Ovg  wgdvg w5 Oug  wrvp  V5eOLO)
e\ ot " or r 00  rsinf 0¢ r r N
1 o(r3T, 1 9(Tposinb 1 0Ty Ty —Trg Tppcotb
L L) L Oeosind) L OTon  Tor—Too _Toucotf) ),
r or rsinf 00 rsing 0¢ r r
Ovg Ovg g Ovg vy Ovg vy | VpvgcotO)
Qﬂwm+rm+mww+r+ )
1 O(r3T, 1 9(Tpysind 1 aT, Ty — Ty Typpcotd
10(°Ty) 1 O(Tesing) 1 0T  Tor =Tog | Topco T oby,
r3  Or rsiné 00 rsinf 0¢ r r
where
Ty Tr@ Tr(Z)

VvV = vUrer + vg€y + Vp€y, b =b.e, + bpey + bze¢, T = | Ty Tpo T9¢

Tor Too Ty
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3.10 Frame indifference

The principle of frame indifference states that any quantitative description of a physical phe-
nomenon must be invariant under a change of observer. This means that the measured quantity
must be objective and do non depend on the particular observer that records it. Suppose that
(x,t) and (z,t + 7) are two events in the Euclidean space R3, as recorded by an observer O.
Suppose that (x*,¢*) and (z*,t* 4+ 7*) are the same events as recorded by another observer O*.
The events are clearly related by an orthogonal time-dependent map Q(¢) such that

(3.20) x* —z" =Q(t)(x — 2z),
or equivalently

(3.21) x" =q(t) + Q(t)x,
where
q(t) =z" — Q(t)z,
and where t* —t is the time shift. The one to one mapping defined by (3.21) is called an Fuclidean

transformation. Of course the displacement is a physical quantity that must be invariant under
Euclidean transformation. Indeed, by (3.20)

*

2" — x| = [z — x|,

since Q is orthogonal. If we now consider velocity

d )
v= 2 QT —a)] = Q7 — @) + QT (v~ 4),
so that
vi=Qv+ [('H—ﬂ(x* -q)|,

where

0 =-QQ" =QQ",
is a skew tensor representing the angular velocity or spin of the observer O relative to O*. As a
consequence velocity is not objective unless

(3.22) d-QQ(x" —a) =0,
Time independent transformations
(3.23) x" =g, + Qox,

satisfies (3.22). Acceleration is given by
a’=Qv+Qa+d+Qx —a) +Qx - 4q),

Therefore a is non objective as well. When the transformation is (3.23) we have a* = Qa and
acceleration becomes objective. In general we can state that a scalar a, a vector u and a tensor
S are objective when they meet the following requirements

at = a,
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The deformation gradient F is not an objective tensor. Indeed from (3.21)
F* = QF.

The Cauchy stress tensor is objective. Indeed the stress is given by t = Tn, where t, n are
objective vectors. The observer O* sees the stress as t* = T*n*, whence

t" =Qt =QTn=T"n" = T*Qn,
implying
T = QTQ",
that is T is objective. From (2.16) we see that the left and right Cauchy-Green tensors
C'=F"F =F'QTQF = C,
B* — F*F* — QFF’Q” = QBQT,

are objective.

3.11 Objective time derivatives

We have seen that an objective displacement does not automatically imply an objective velocity.
This fact seems to indicate that objective vectors (or objective tensors) do not conserve their
objectivity when differentiating with respect to time. Objective time derivatives are material
time derivatives that allows for objective time differentiation. Recall that

L=FF "
Under the Euclidean transformation (3.21)
L =FF"' = (QF + QF)(QF) ..

After some algebra we find
L* = QLQ" + Q.

Substituting L = D + W in the above and separating the symmetric and skew part we find

D* = QDQ7, (objective)

wW* = QWQT +Q, (non objective).

In general an objective displacement u is such that the material time derivative is not objective.
If we define the co-rotational time derivative (also called Jaumann rate)

o .
u=u — Wu,

we find that this type of differentiation is objective. Indeed since
2=QQ" =wW*-QwQ’,
we find

(3.24) Q=W"'Q-QW.
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Hence u* = Qu yields _
U = Qu+ Qu=W"'Qu- QWu + Qu,

and .
" =W'Qu+Q(u—Wu) =Wu"+Qu.

In conclusion .
o . o
u=u"-Wu"=Qu.

As for vectors, we may modify rates of spatial tensors to obtain objective time derivatives.
Indeed, consider an objective tensor S* = QSQ’ and take the material time derivative

(3.25) S* =QsQ” + QsQ" +QsqQ”,
which is clearly non objective. Using (3.24) we can rearrange (3.25) to get
S*+ (S*W* — W*S*) = Q(SW - WS)Q",
which shows that the Jaumann rate
S— S —SW — WS,

is objective. Other objective rates can be constructed in a similar manner. For instance the
upper convected time derivative (also known as Oldroyd derivative)

§—$_SL-L’S

is frame indifferent.

3.12 Objective functions

A scalar function ¢ of a tensor A is objective if

A vector-valued function is objective if

v'(A) = Qu(A).
A tensor-valued function is objective if

S*(A) = QS(A)Q.

A function ¢ of the deformation gradient F is objective if

#(F) = 4(QF).
Recalling the decomposition F = RU and choosing Q = R” we find

p(F) = ¢(RU) = ¢(U).

Hence the scalar function ¢ is objective only if it is independent of the rotational part of F', that
is if it depends on the stretching part only. In an analogous fashion a tensor-valued fucntion f is
objective if

£ = QE(F)QT = £(F") = £(QF).
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Using once again the decomposition Q = R’ we find
f(U) = RTf(RU)R,

or equivalently
f(F) = Rf(U)RT.

If, for instance, we consider f(F) = o(FFT)? = aB?, with a scalar
£(QF) = a [(QF)(QF)"]" = Qa(FF")’Q" = Qf(F)Q-.

so that objectivity is satisfied.



Chapter 4

Ideal fluids

In this chapter we study a very simple class of fluids called ideal (or inviscid) fluids. Classical
reference books on this topic are [15], [21], [23]. Recalling (1.4), (1.5) we decompose the stress
Tn in its normal and shear components, as shown in Fig. 4.1

Tn=(Tn-n)n+ [Tn— (Tn-n)n].

Normal Shear
Equivalently we may write
Tn
>
\

Normal \

Figure 4.1: Tensor Tn decomposition.

Tn=(n®n)Tn+[I - (n®n)]Tn.

Normal Shear

Ideal fluids are characterized by a null shear component even in dynamical conditions, so that
the vector Tn is always oriented along the direction of n. As a consequence

Tn = (Tn-n)n,

meaning that each vector n is an eigenvector of T. This implies Te; = A\;e; and T is diagonal in
the canonical base {e1, ez, e3}. Moreover

T(e1 + e9 + 83) = )\(el +es + e3) = )\181 =+ )\282 + )\383.

47
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Therefore A = \; and we can write
(4.1) T(x,t) = —p(x, )1,

where p is called pressure and it is assumed to be positive. Substituting (4.1) into (3.5) we get
the Fuler’s equation for inviscid fluids

4.2 — = pb — Vp.
(4.2) 0~ = 0b—Vp
Equation (4.2) must be coupled with mass balance

d
(4.3) d—f +odivy =0.

4.1 Barotropic fluids

A fluid is called barotropic if density can be expressed as a function of the pressure

(4.4) o= f(p)
with f(p) positive and C'. Introducing

dp
P pb) = )
(p) .
we get
vp— P
o
and Euler’s equation becomes
dv
4.5 — =b—-VP.
(4.5) 7
In case body forces are conservative b = VB and
(4.6) a=V(B-P),

so that curl a = 0. Therefore barotropic fluids under the action of conservative body forces are
irrotational. Recalling (2.27) and setting w = curl v we get

Ow = curl (v X w),

ot

in which neither pressure nor density appears.

4.2 Incompressible fluids

A fluid is called incompressible if g is constant. Mass balance for an incompressible fluid yields
divv =0.

A barotropic incompressible fluid is such that

wr P
o

a:b_v@.

and Euler’s equation becomes
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4.3 Boundary conditions for ideal fluids

Equations (4.2), (4.3) form a system of first order nonlinear partial differential equations for the
unknowns o(x,t), p(x,t), v(x,t). Hence, to solve the problem, we must add initial and boundary
conditions (in the barotropic case the relation between p and g is given). The boundary conditions
establish a relation between the fluid and the walls of the medium that contain the fluid.

When a portion of the boundary is free, conditions (2.39) and (2.40) hold. When the fluid is
in touch with the walls the absence of shear stress entails that the fluid can freely move along
the boundary but cannot penetrate it, so that we write

(4.7) v(x,t) -n(x,t) = V(x,t) - n(x,t)
where V(x,t) is the velocity of the wall and n its normal. When the wall is fixed we get

(4.8) v(x,t) -n(x,t) =0.

4.4 Equilibrium of a barotropic fluid
From Euler’s equation (4.5) the equilibrium of a barotropic fluid is given by
b=VP
We have
Proposition 3 Necessary condition for the equilibrium of a barotropic fluid is that b is conser-
vative.
Proof. Let b =V B. Then
(4.9) P(p(x)) — B(x) = C,

where the constant C' can be determined from the knowledge of B, P(p) and from the knowledge
the value of the pressure at some point X. The equilibrium is found solving (4.9) for p(x), which
is possible because P is invertible, since dP/dp = o' > 0. O

Example 1 (Incompressible barotropic fluid under the action of gravity) In this case

p=2 B = —gzs,
0

where g is gravity and xs is the vertical axis. Assume that p = p, at xs =0, so that from (4.9)

g +gx3 = &7
0 0
that is
(4.10) P — po = —093,

where og is the specific weight. Equation (4.10) is also known as Stevin’s law. O
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Example 2 (Isothermal gas under the action of gravity) In this case o = kp, k being a

constant. We have

1
P:% B = —gxs,

Assuming again p = p, at x3 =0 we get

Inp _Inp,
& 9T
so that
(4.11) p = po exp(—kgxs).

Theorem 12 (Archimedes’ principle) When an object is immersed in a fluid, there is an
upward buoyant force equal to the weight of the volume of fluid displaced by the object.

Proof. Consider an object occupying a volume ). Equilibrium yields

Vp = —opges.

The resultant force exerted by the fluid on the object is

R:—/ pnda:—/Vpdx
[2/9) Q

R:/Qge3dx.
Q

where the r.h.s. is the weight of the fluid displaced by the object. O

Hence

4.5 Dynamics of ideal fluids

Theorem 13 (Bernoulli) In the steady flow of an ideal barotropic fluid under the action of
conservative body forces b = VB the quantity

1
F:§]v]2—B+P

s constant at each point of the fluid.

Proof. The motion equation for a ideal barotropic fluid is
(4.12) a=V(B-P).

Recalling property (2.11) of steady motion we find

= [B-P| :%{B—P} YV(B-P)v.

=0
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Hence, multiplying (4.12) by v, we get

1d d
salv = glB -7l
that is T
2o,
dt
O

The quantity I' can be interpreted as total energy per unit mass. For a barotropic fluid in a
conservative force field, Euler’s equation (4.6) can be rewritten as (recall (2.27))

aa—‘tl + V(|V|2) +curlvxv=V(B-P).
so that

gt—kcuﬂvxv——VP.

When the flow is irrotational there exists a function ¢, called kinetic potential, such that

(4.13) Ve =v.

As a consequence

e
(4.14) v (F + 875) 0,
and 9
g9 _
'+ 5 = ¢(t).

Theorem 14 Consider the steady flow of a barotropic ideal fluid under the action of conservative
body forces. The surfaces I' = const are such that v and curl v are tangent at each point of
I' = cosnt, see Fig. 4.2. Moreover, if the flow is irrotational the specific energy I is spatially
homogeneous.

['=const

Figure 4.2: Isoenergetic surface B = const

Proof. From the hypothesis of steady motion

curl v x v = —VI.
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Since VI is normal to I' = const, the latter is tangent to both v and curl v. If curl v = 0 then
I' is spatially homogeneous. O

Example 3 When B = —gx3 and the fluid is incompressible we have

1
I=oivP +geatt,
2 0

which can be expressed also as
2
(4.15) A + 23+ P — const.
g

where v = pg is the specific weight and

]”LZl‘g—l—g

v

is called the piezometric (or hydraulic) head.

Example 4 (Torricelli’s law) This law states that the speed of a fluid at an effluz placed at the
bottom of container filled to a depth h of liquid is equal to the speed of a body falling freely from
a height h, that is \/2gh. This is true under the assumption of steady motion and irrotational
flow. The result can be proved using Bernoulli’s theorem. Indeed, since curl v =0, the quantity
I is constant. On x3 =0 the constant appearing in (4.15) becomes

Po
— = const,
Y

while on r3 = —h we get
2

bo _ + 33— const.
29

Y
Coupling the two relations we find that the velocity at the efflux is v = v/2gh.

Example 5 (Venturi effect) Suppose to have an incompressible ideal fluid is flowing in a pipe
with different sections A1 and As. Suppose also that the velocity of the fluid is normal to the
cross sections of the pipe, see Fig. 4.3. Balance of mass implies that the discharge is constant

V

1

]/ )
vy

A1 A2<

Figure 4.3: Venturi effect

through any cross section, so that
U1A1 = 'UZAQ.



4.6. VORTICITY 93

If we assume that the flow is irrotational and that we may neglect body forces, Bernoulli’s theorem
yields

2 2
v v
oo P2 %
0 o 2

so that 0
p2=p1+ —(v% —vg),

Y A%_A%) 2
p2=P1+< vy
2\ a2

We observe that pressure is smaller where the tube shrinks, while velocity increases as the cross
section reduces. This phenomenon is known as Venturi effect.

or equivalently

4.6 Vorticity

From (2.27), setting w = curl v, we get

0
curla = 22 1 curl (w x V).

ot
Recalling relation (1.20) we find

curla = 0w + (Vw)v—(Vvw+twdivv —vdivw.

ot
=0
_dw
dt
Therefore
curla = d—c: —(Vv)w +wdivv
From mass balance (2.49)
divv = _1de
ivv = ot
and
curla 1dw w  wdp
1.16 — - (yv)= =222
(4.16) 0 o dt (Vv) o o*dt

Recalling that Vv = D + W and that Ww = w X w = 0 we find

d (w Dw curla
417 B R e
(4.17) dt(@) 0 0

)

which is called Beltrami or vorticity equation. An inviscid barotropic fluid subjected to conser-
vatives forces is such that curl a = 0 so that (4.17) becomes

d (w Dw
4.18 — =) = —
(4.18) dt (@) o’

called Helmoltz equation. In a planar flow v = (v1,v2,0) and

w= curlv = %—% e
N N 8$1 8952 3
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Moreover

[ 0 1 /0 i
v L(ovm  ova)
ox1 2 \ Oxo o0x1

D= | 1(0v  Ov 9 0

2\ Oxy Oz Oz

0 0 0 ]

implying Dw = 0. Therefore o
— = const.

When the fluid is incompressible the Heltmoltz equation reduces to

dw
— = Dw.
a0

Hence, in an incompressible planar flow, the vorticity w is constant along pathlines.
4.7 Circulation
Suppose that ¢ is a closed smooth curve contained in P;. The circulation along ¢ is (see (2.28))

(4.19) Cp= f{ v - de.
4

Let us parametrize £ with
x(t;s) 1 [0,1] — P
such that x(¢;0) = x(¢;1). We have

d d 1 dx 1 dx dv

= el = = 22 ds| = s 2V ds.

dt biv ] dt {/0 Vs S] /U [a ds v ds} y
Hence

0 3 feat] = faans fuon

The last integral of (4.20) is the differential of |v|?/2 and hence is null on a closed curve. As a
consequence we have the following

Theorem 15 (Kelvin) In an inviscid barotropic fluid subjected to conservatives forces the cir-
culation of v on a closed curve does not change with time.

Proof. The proof comes from Stokes’ theorem (1.27). Indeed
i b{v-dﬁ] :fa-dﬂz/ curla - ndo = 0,
dt 1./, i s
where S is any smooth open surface with boundary /. O

Theorem 16 (Lagrange) An inviscid barotropic fluid subjected to conservatives forces that is
wnatially irrotational will remain such for all times.

Proof. Let S be a smooth open surface with boundary ¢. By Kelvin’s theorem the circulation
is constant in time along ¢. Since the motion is initially irrotational, circulation is null and by

Stokes’ theorem
Ozfv-déz/ curl v - ndo.
Y4 S

From the arbitrariness of S we get the thesis O
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4.8 Shallow water gravity waves

Suppose to have an inviscid fluid flowing in a rectangular channel under the action of gravity, as
depicted in Fig. 4.4. Suppose that the velocity field is given by

v =vi(x1,x3,t)er + vs(x1, x3, t)es.

and pressure

Figure 4.4: Gravity waves in a channel.

b= p(ﬂ?l,l’g, t)'

Assume that acceleration in the eg direction is negligible and that on the free surface x3 = h(x1,t)
pressure is null (atmospheric pressure rescaled to zero). Notice that the free surface h is a material

surface. Assume that v3 = 0 on the bottom of the channel 3 = —H. Euler’s equation (4.2)
becomes
do 19
dt — 00x’
(4.21)
1 Jp
0=—g——5—.
g 00x3

Pressure is thus given by
p=o0g|h(z1,t) — x3],

and v; = vi(z1,t) does not depend on z3 since

do _ Ok
dt - galj’
or equivalently
82}1 87)1 8h
4.22 — — =—g—.
( ) ot Tl o0x1 g@xl

Linearizing equation (4.22) (i.e. assuming that the inertial terms are negligible) we get

8’01 oh
42 a9
(4.23) ot 9 0ar
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Balance of mass yields

81}1 + 81;3

i) = =,
8%1 8x3
~—
depending on (z1,t)
so that 9
U1
v3 = ——(H + x3),
3 83:1( 3)
where we have exploited the fact that v3 =0 on z3 = —H. We write the free surface profile as

F(z1,23,t) = x3 — h(z1,t) = 0.

Recalling (2.40)

dF
E (@1 hit)
Hence, on z3 = h
_Oh _Oh_,
v (‘)xlvl at -
so that 9 9
—+ — H+h)| =0.
ot + oy {vl( + )] 0

If we now suppose h < H, that is the oscillation of the free surface is much smaller than the
depth of the channel, the above reduces to

6h (%1
4.24 — +H—=0.
( ) 3t + 8$1 0
Coupling (4.23) with (4.24) we get

31)1 oh .

S
ot " 9om D
oh 8’1)1
AR S
ot T on Y
so that e o
V1 U1
—gHZY — 0
ot? g Ox? ’
or
9%h 9%h
2 gm0
ot? 0z}

In conclusion both h and vy satisfy the one dimensional wave equation whose solution can be
determined by means of d’Alembert formula. Notice that the wave velocity is given by

(4.25) ¢ = gH.

4.9 Deep water gravity waves

Consider, once again, a channel flow of an incompressible inviscid fluid as the one depicted in
Fig. 4.4. Suppose that velocity and pressure do not depend on zo and assume that the flow is
irrotational so that v = V¢ and

(4.26) Ap =0,
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because of incompressibility. From Bernoulli’s theorem

dp | v
— =0,
ot + 9 + + grs =
where we have selected an appropriate kinetic potential so ¢; + I' = 0. Supposing that |v|? can
be neglected, the above reduce to

v
=0,
ot + —l— grs =
On the free surface x3 = h(x1,t) we have (recall that atmospheric pressure is rescaled to zero)
dp
4.27 - h=0.
(4.27) o], T
The free surface equation is still
ah oh 0.
—v] — VU3 =
ot ot T
Linearizing (i.e. neglecting the inertial terms) we find
oh dy
4.28 a_ ’ _ 9%
( ) ot s h Oxglh

Differentiating (4.27) w.r.t. time and neglecting inertial terms once again, we get

0% oh
ol 9o
which, recalling (4.28) becomes
o) Op

2 3 b 95l =

Regarding the boundary conditions on the bottom of the channel we consider two different cases:
i) the bottom is at a fixed depth x3 = —H so that

Oy

4.30 — =0

( ) 6.%'3 - '
ii) the channel has infinite depth and

(4.31) im 2% —o.

T3——00 6$3

We look for solutions that can be expressed in the form

@ = £l@a) [k — at)].

Substitution into Ap = 0 yields
£ (+&C =0,

which, by separation of variables, leads to

o = | Ak + Be_k“} oS |:k‘(l’1 - ct)},

=¢(x3) =C [k(:vlfct)}
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where k = 27 /) is the wave number and A is the wavelength. When considering the boundary
condition (4.30), we find

dp _ —kH kH -
9 T [Ake — Bke } cos [k(xl — ct)] =0,
implying
% = Ae M = BeFH
Hence
(4.32) ¢ = @ cosh |:]€(.7}3 + H)] cos [k(acl - ct)} :
As a consequence
& 272
i —Qc°k” cosh [k(xg + H)] cos [k(wl - ct)},
9 = @Qk sinh [k:(acg + H)} coS [k:(xl — ct)}
6163 ’

Imposing (4.29) we find
2k cosh [k;(h n H)] + gsinh [/{(h + H)} —0.
Supposing h < H we get
= %tanh [k:H],

or equivalently

2rH
(4.33) = % tanh [7;} ,

which proves that the wave velocity increases with the wave length. From (4.27) we can also
derive the free surface profile. Indeed, recalling that h + H ~ H we get
10¢ Qkc

2% — — cosh [kH} sin [k(m - Ct)]

h

Therefore h has the sinusoidal profile
h = F(k)sin [k(:cl - ct)} ,
where
F(k) = —ng cosh [kH} %tanh [kH}
When we consider the channel with infinite depth we get
© = AeF®3 cos [k(xl - ct)].
Imposing, once again, the free surface condition we find

g _ gA
4.34 24 _J0
( ) ¢ k2w
This result can be found also taking the limit H — oo in (4.33). When we consider finite depth
and suppose H < 1, from the relation tanh kH ~ kH, we see that ¢ = gH which is exactly the

wave velocity in shallow waters (4.25).
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4.10 Flow past obstacles

Consider the steady motion of an incompressible, irrotational, inviscid fluid in a domain in which
an undeformable bounded object 2 has been placed. Assume that the domain of the fluid is
R3/€) and that

(4.35) lim v(x) = Veo.

|| —o0
From (4.13) and from the incompressibility constraint div v =0 we get
(4.36) Ap =0.
Condition (4.35) can be rewritten as

(4.37) lim ¢(x) — vory =0,

|x|—00

where we have chosen e parallel to v.. Assuming that the fluid cannot penetrate €2 the velocity
v must be tangent to 9€) and the surfaces ¢ = const must be perpendicular to 02 so that

_ 9 _
(4.38) Ve -n= I 0 on 09,

where n is the outward unit normal to 9. The set of equations (4.36)-(4.38) form the elliptic
problem that must be solved to describe the motion of the fluid. In general this problem is quite
complex and must be solved numerically. Anyway, we can write a formula for the drag force
exerted by the fluid on the object. This force is given by the difference between the force exerted
on {2 in dynamical condition and the force exerted on €2 in static condition, namely

R:—/ (p — po)ndo.
o0

From (4.14) we have

1 2 pO
~lv["-B+=+4+ - =—-B+—
2[V] +g+8t —I—Q,

so that 5 .
I (1% R )
(P — po) Q(8t+2|v|>-

In the stationary case ¢, = 0 and R reduces to

1
(4.39) R = g/ Iv|*ndo.
2" Joq

4.11 Steady planar flow

We consider here the dynamics of planar incompressible fluids. Planar flows are characterized by
the following property: the velocity field is identical in all planes perpendicular to a given vector,
so that they can be studied in a representative plane. We assume that this plane is x3 = 0.
Considering steady motion the velocity field is given by

v =vi(x1,22)€e1 + va(x1, 22)e€2,

while vorticity

61}2 81}1 >
es

w:curlv:<—

(91’1 8952
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is always normal to x3 = 0. Mass balance yields

0 0
v v
8901 81‘2
The vector field
w = —vy(x1,22)er + vi(x1, z2)es,

is such that

v ov .
curlw = <8£L‘1 + ('93:2) es = (d1v v)eg =0.

So, in a simply connected domain there exists a function v such that Vi) = w, i.e

9 _ 9 _

4.4 =
( O) 81’1 81‘2

—V9 V1.

Recall that, in irrotational flows, the kinematic potential ¢ is such that

e _
(9.%1 -

9o _

4.41 =
(4.41) v1 Dirg

V9.

Equation (4.40), (4.41) are called Cauchy-Riemann conditions (see [17])

Op _ W

81'1 a 81‘2’
(4.42)

Op __ W

81’2 N (9.1‘1 ’

Notice that (4.42) imply V-V = 0, meaning that ¢ = const and ¢ = const are perpendicular.
Conditions (4.42) are sufficient and necessary conditions for the complex function

f(z) = p(x1,22) + (1, 22), z = +ixe

to be analytic (holomorphic). In practice, if (4.42) holds, there exists the limit

vy e f240) = f(2)
f(z)—%l_ri% 5 deC.
When 6§ is real
/ 0 .0 .
f(z)—az—l—lai—vl—wg.

The function f(z) is called the complex potential while

/

V(z) = f(2) =v1 —ivg,

is called complex velocity. We have

Re [ZV} = Re {(xl +ix9)(v; — ivg)} =vV-X,

Im [zV} =Im [(ml +ix9) (v — ivg)} =W - X,
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4.12 Planar flow around obstacles

Consider a planar steady motion past a bounded object 2 with smooth boundary 92. Suppose
that velocity satisfies (4.37). From (4.42)

(4.43) Ay =0  in R%*/Q,

with

(4.44) | 1|im P(x1,w2) — Voo = 0.
X|—00

Since velocity is tangent to 1) = const, we conclude that ¢ must be constant on the object profile.
Therefore we can select a potential such that

4.45 =0
(1.45) o
which is a Dirichlet boundary condition. The problem for 1) is as complex as the one for ¢ but

when 2 is a circle of radius R, we can easily determine the complex potential. Indeed if €2 is a
circle then v - x = 0 on the circle and hence

Re [zv] —0,

on |z| = R. Moreover

lim £ (2) = Voo
|z]—o0

If we take

z

£(2) = vae [z+ Rz] :

we get

z

(4.46) V(2) = (2) = vas [1 _ <R>2

The function f(z) is called the Jukowski potential. We have

R2
4.47 = Uso I+ 55—,
(1.47) lar,2) = v (1+ 30— )

R2
4.48 = Uso 1————= .
( ) ¢($1>$2) (% x2< .’L'%—FI'%)

It is easy to verify that (4.48) satisfies (4.43)-(4.45).

4.13 Drag force and D’Alembert paradox

Recall the definition of drag force R for a steady flow given in (4.39) and assume that v is a
planar steady motion around the obstacle 2. Following Fig. 4.5 we can write

n = (cos ¢, sin ¢), t = (—sin ¢, cos ¢),

and
dl cos ¢ = dxs, dlsin ¢ = —dxq.
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Figure 4.5: Drag force on )

The drag force (4.39) can be rewritten as

1 1
R = (@]{ \V\gdwz,—@]{ \V\zdml).
2" Jon 2" Joa

Rl RQ

We introduce

1
R =Ry +iR;, = —g% |v[}(dxy — idzy).
2" Jaa

Recalling that the conjugate Z of a complex number z = x1 + ixo is Z = 1 — ixo we get

V| = (v1 4 ivg)(v) —ivg) = V(2)V(2),

and
dz = dxy1 — idxs.

Hence we write

Now

V(Z)dz = (vldacl + Q)deg) — i(’l)ldxg — Ugdl’l)

v

=dx-w=0

meaning that V(z)dz is a real number and V' (z)dz = V(z)dz. In conclusion

1

= —= z 2 z
(1.49) R=-309 VE)Id

called Blausius formula. In case the object €2 is a circle, from (4.46) we get

4 2
v (5) 2 ()
z z
Recalling that for each n # —1 (see [17])

}1{ 2"dz =0,
|z|=R

2 _ .2
V=03,
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we find that R = 0. This result can be extended to the case of an object with a generic profile
exploiting Cauchy’s integral theorem for holomorphic functions (see [17]), which states that the

integral
]{ 9(z)dz
¥

is invariant for any closed curve v defined in the domain in which the function is holomorphic.
We have thus proved the following

Theorem 17 (D’Alembert paradox) The drag force exerted on an object by an inviscid, in-
compressible fluid in a steady irrotational flow is null.

It is important to notice that Theorem 17 can be extended to the three dimensional case (see
[7]), where not only can there be no drag, there can be no lift either.

4.14 Magnus effect

Following the results of the previous section we want to investigate whether the theory of inviscid
fluids can actually predict some kind of dynamical effect on solid objects. Looking at Blausius
formula (4.49), we observe that only a z~! term in the expansion of V2 can lead to a non null
dynamical action exerted on the object. If | for instance, the complex velocity V(z) is derived

from a logarithmic potential
C z
16) = 351 (%)

then .
V p—
(2) 2miz’
implying
C C
(450) '1)1 = — 352 'UQ — $

2m (23 + 23)’

In this case the streamlines are concentric circles and velocity goes to zero as |x| — oo. The
constant C' is therefore the circulation (2.28) on each streamline. Indeed

1 dz 1
27i |z|=const # '
If we consider the complex velocity
R\’ C
V = VUso [1 - () e
z 2miz
we get
1 R\? c
R:ng [voo [1 <) - dz.
27 Joa z 2miz
Recalling that the only term with non null contribution to the integral is z~!, we find
R=—1o Ctee
2 o0 T1Z

which leads to
R = _QCUOO;
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or equivalently
(4.51) R = —pCves.

The dynamical effect (4.51), which is transversal to the asymptotic velocity, is called Magnus
effect. The velocity (4.50) can be generated by the presence of friction between the fluid and the
obstacle when the latter is rotating with angular velocity w = C(2rR)™! .

4.15 Subsonic and supersonic flow

Consider the flow of an inviscid barotropic fluid in which ¢ = g(p) is a strictly increasing function
(incompressible fluids are therefore excluded). The function p is invertible and we can define

(o) = dz;(gg) >0,

where ¢(p) is the speed of sound. Differentiating p(p) w.r.t the spatial coordinates we get

Euler’s equation (4.2) becomes

v o)
4.52 — =b- Vo,
(4.52) o .
while mass balance is expressed by
d

(4.53) d—f +odivv =0.
We define the Mach number

R )]

which characterize subsonic motion (M < 1), sonic motions (M = 1) and supersonic motions
(M > 1). We prove the following

Proposition 4 A steady solution of (4.52), (4.53) with b =0 is such that

d d|v]

4.54 = (alvl) = o(1 - a?) =2
(454) = (olvl) =0 >
Proof. From the the hypothesis of steady motion we get
(4.55) 2 vl) = v1(Ve - v) +o(VIvl )

. dt % = o o )
and
(4.56) dc‘l:‘ = V|v]|-v.
Observing that
Viv| = (vv)"

vl
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we find

B v _dv v Ve v
_av
Cdt
Therefore
olv|
(4.57) Vo-v= ~200) [V|v| . v} .

Substituting (4.57) into (4.55) we get

V2 v
it (o) = (i o) [ v] = o1 ar) 1.

g

The proposition above shows a very interesting feature of supersonic/subsonic motions. Consider
a streamline s passing trough x with v(x) # 0 and consider the surface ¥ normal to s in x. The

unit normal n to S in x is v

v
so that
o(x)v(x) - n = p(x)[v(x)].

Hence p|v| represents the flux of linear momentum through the surface 3. Formula (4.54) shows
that such a flux increases or decreases depending on |v| and M. In the subsonic case (M < 1) the
flux increases as |v| increases. In the supersonic case (M > 1) the flux decreases as |v| increases.
Therefore in the supersonic regime the decrease of the density is faster than the increase of
velocity.

Figure 4.6: Surface X.
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4.16 Critical velocity in ideal gases

For an ideal gas, an isoentropic flow obeys the equation
p=ko,

where k, v are positive constants with v > 1. In this case

2_dp

= 2 = kyo? !
¢ do RIS

while ) )

dp _ kvyo?~ c

®) 0 -1 y=1
Assuming steady motion and b = 0, from Bernoulli’s theorem, we get
2 2 2
P+ ﬁ = + ﬂ = const

2 v—1 2
on streamlines. Therefore we can write

202
-1

+Iv[*=V7

where V2 is a constant related to the specific streamline considered. We conclude that

—1

vl < ¢ = lv] < 7—V,
y+1
—1

V| > ¢ = |v| > ’Y—V,
y+1

The quantity

f)/ _ 1
L= 14
Cerit = Nl )

is called critical velocity and it is a constant that depends on the streamline. To determine
whether a motion is subsonic or supersonic it is sufficient to compare the modulus |v| with cqp.
The advantage of comparing |v| with c.+ intead of ¢ lies in the fact that c..;; does not depend
on the position. In particular, if at some point of a fixed streamline the velocity |v| equals the
critical velocity, then the motion is sonic at that specific point.

4.17 Shear flow of an inviscid fluid

Consider an incompressible inviscid fluid flowing between parallel planes x5 = 0 and xo = h, as
shown in Fig. 4.7. Suppose velocity and pressure are of the form

v = vi(x1, 22, t)ey,

b= p(x17x27 t)'

Suppose that the boundary conditions for the pressure are p;, = p(0,22,t), pour = p(L,z2,t)
and define

AP = pout — Pin-

Mass balance implies
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Figure 4.7: Shear flow of an inviscid fluid.

81]1
7 )
(91'1 ’
so that v; = vy (z2,t). Euler’s equation is
O _ 10p
ot o0dxy’
(4.58)
0
P _o.
81‘2

and so p = p(x1,t). Differentiating (4.58); w.r.t. z; we find

82
7]2) — 0,
Oxy

so that, recalling the boundary conditions for p, we get

A
p(e1) = Z2o1 + pin-

As a consequence

Ap
v = — <QL) t + 001(1‘2),

where v, (x2) is the initial profile for v;. We notice that velocity is an unbounded function of time,
which is physically inconsistent. This is another paradox that originates from the assumption of
inviscid flow. As we shall see later on, when we take into account wviscosity, the paradox can be
overcome.

4.18 Energy

When considering a compressible fluid the thermodynamical variables 7 (entropy), 6 temperature
and o (density) satisfy the following relation

dyp de  d (1
acu—cﬂpczt(@)’
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or equivalently
dn de pdo de p |
— = — — 5— = — + —divv.
at —dt gdt dat o™V
Hence, from (3.12)
d 1 1
/- —divq+ fT'D+Bdivv,
dt 0 0 0
so that

d
gﬁd—Z:Qr—divq+(T+pI)-D.

As a consequence, from (3.15)

1
<I>:(T—|—pI)-D>5V0- div v,

where the function @ is called the dissipation function. In the case of an isothermal system
(4.59) &= (T+pI)-D>0.

For an ideal fluid & = 0 and the entropy production is not due to deformation.



Chapter 5

Newtonian fluids

Even though the assumption of inviscid fluid (4.1), which led to Euler’s equation, can be use-
ful in many practical applications, it presents limitations due to the hypothesis of null shear
components of the stress. To overcome these limitations - that produce inconsistencies such as
the D’Alembert paradox - we need to consider constitutive equations in which shear effects in
dynamical conditions are taken into account. Suggested readings on the topics presented here
are [3], [16], [18], [22].

5.1 Stokesian fluids
Suppose to modify the constitutive equation (4.1) with
(5.1) T=-pI+V,

where V(D) is an isotropic function (see Section 1.6) such that V(0) = 0. Recalling Theorem 6
the function V(D) can be rewritten in the following form

(5.2) V = al + D +4D?

where «, (8, v are functions of the principal invariants of D only. Fluids with a stress tensor
of the form (5.1) are called Stokesian. Stokesian fluids present null shear components in static
conditions.

5.2 Newtonian fluids

We consider here a particular class of Stokesian fluids where
(5.3) T:(—p+Adivv>I+2uD.

Relation (5.3) is called the Cauchy-Poisson constitutive equation. The coefficients A, u, p do not
depend on the kinematical variables but may depend on the thermodynamical variables. The
coefficients A, p are called the wiscosity coefficients. Fluids with constitutive equation (5.3) are
called Newtonian fluids. When the fluid is incompressible, equation (5.3) becomes

T = —pIl+2uD.

Recalling the definition of dissipation function in isothermal condition (4.59), we have

@:(T+pl)-D>0,

69
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so that
® =\ (divv)?+2uD-D > 0.

Recalling that tr D = divv and D - D = tr (D?) are invariants of the tensor D we find
trD =dj + dg + ds,
D D =d}+d5+d3,

where d; € R are the eigenvalues of D. We can easily check that !

30 = (BN +2u)(dy + da + d3)2 +2u|(dy — d2)2 + (dg — d3)2 + (ds — d1)2].

Since D is a generic symmetric tensor we may select d; = do = d3 so that

3A+2u >0,
or
dy + do = —ds,
so that
w=0.

In particular, when the fluid is incompressible the viscosity coefficient © must be positive.

5.3 Navier-Stokes equations

If we substitute (5.3) into (3.5) we find

d
Qd%’ = ob — Vp+ V(A div v) + 2 div (uD),
(5.4)
d
d—f + odivv =0,

to which one may add thermodynamical relations or, in case the fluid is barotropic, equation
(4.4). If the fluid is incompressible (5.4) reduces to

d
gd—z = ob — Vp + 2div (uD),
(5.5)
divv = 0.

Recall that . )
div D = Sdiv [VV n va] -2 [Av + V( div v)} .

Therefore, when A\ and p are constant (5.4) becomes

d
Qdi‘t, =o0b—Vp+ (A4 p)V(divv) + pAv.
(5.6)
do :
I 4+ odivv =0.

1R€C&H the identity 3(d§ + d% =+ d%) = (d1 +do + d3)2 + (d1 — d2)2 —+ (dl — d3)2 + (dz — d3)2.
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Equation (5.6) is the famous Navier-Stokes system for compressible Newtonian fluids. When the
fluid is incompressible (5.6) reduces to

Cji—: =b— @ + vAvV.
(5.7) e
divv =0,
where
B
y=r
Y

is the so-called kinematic viscosity.

5.4 Nayvier Stokes equation in cylindrical coordinates

Recalling the results of Section 1.4 we can write the Navier-Stokes equation (5.7) in cylindrical
coordinates. The stress tensor of a viscous incompressible Newtonian fluid expressed in cylindrical
coordinates is given by the following

Trr TrG Trz

T=| T Too Tp.

Tz Tp. T
where

T = —p+2u({z;:"
o - ()
()
Tyy = —p+2u<i68129 1:)
()
T,, = —p+2u8;;

Therefore the motion equation becomes

[avr ov,  vgOv, v} Ovy }
Q =

a T T e T T,

r2 00 + 022

or

r Oor

B op 0 (10(rvy) 1 0%v, 2 0vy O%v,

Ovg Ovg vy Ovg vy Ovg|
@[aﬁ”rarﬂaﬂ r *“Zaz]—
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or

r Oor

2902 T2 o0 T a2

10p [8 <1 6(7"1)9)) l@zvg 2 Ov, 821)9]

821z+ 8v2+@8vz+ % B
“lat "ar T a0 "L | T

(5.10) _p _8p M[l 0 < 8112) 1 9%v, 621)2]

a: HMlrar\"ar ) Tz a0 T

where b = (b,,bg, b,) is the body force vector in cylindrical coordinates. We recall that mass
balance for incompressible fluids in cylindrical coordinates is given by (2.51).

5.5 Navier Stokes equation in spherical coordinates

The stress tensor of a viscous incompressible Newtonian fluid expressed in spherical polar coor-
dinates is given by the following

Ty TT9 Trqb
(5.11) T=|Te Tow Ti
Ty Thy Ty

where

ov,
frr = <—p+ 2 or >

10v, 0Ovg vy
T = Z —v_ v
o a (r 00 * or r)

0 1 Ov,
o = (% Lo )

or  rsinf d¢ o

10vg v,
Tog = — 2u | ——— + —
00 P+ M(r 00 + 7")
1 Ovg  10vy wgcosb
Toe = —— et - —
b0 <rsino9 0o * r 00 r sin6
1 Ovy v, wgcosd
Ty = — 2 — + — 4+ —
o0 Pt u(rsin@ 0¢ * r + r sin@)

Therefore the Navier Stokes equation in spherical coordinates is given by

8vr+v%+%6w Vg 8vr_v§+v£ __@+ a ia(ﬂw) n
°\ o "Or  r 90  rsinf 9¢ r ~ o THar 2 ar
1 0 (. ,0u 1 0% 2 O(vgsin®) 2 Oug
e sin 6 90 <s1n9 00 ) * r2sin?0 8¢2  r2sinf 90 2 Sin98¢]  ebr,

r 00

or

r2  Or

E+vr or + r 00 rsinﬁ% r r

Q((%g Ovg %%4_ Vg 8v9+vTv9_U425C0t9>: 18p+ {8(18(7“21)9))_1_
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T 290 \sino o0

10 1 J(vpsinb) 1 0%y 20v, 2coth v
+ + o =
r2sin20 092 12 00  r?sinf 0¢

vy Ovy  vg Ovg vy Ovy  vvy  VgUgcot O
9(&*”07«*7«@9 rsm0 0 | r | 7

N _rsin967¢+

9 i@(rzv(b) ++ig 1 0O(vgsind) n 1 N
Flar\2 ™ ar r2 00 \ sinf 00 r2sin? 0 O¢?

n 2 %4_200‘59% 4 ob
r2sinf d¢  r?sinf d¢ ¢
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where b = (b,,bg,bys) is the body force vector in spherical coordinates. We recall that mass

balance for incompressible fluids in cylindrical coordinates is given by (2.52).

5.6 Boundary conditions

The boundary conditions for ideal fluids (4.7), (4.8) represent impenetrability of the boundary.
For Newtonian fluids these conditions are no longer sufficient, because the Navier-Stokes equation
is of second order. The presence of viscosity, and hence of shear stresses, suggests to impose the

so-called no-slip conditions

(5.12) v(x,t) = V(x,t),

where we recall that V(x,t) represents the velocity of the wall. When the wall does not move

(5.13) v(x,t) =0.

Conditions (5.12), (5.13) are stronger than (4.7), (4.8), since they impose a constraint on both

the normal and tangent component of the velocity.

5.7 Circulation and vorticity in Newtonian incmpressible fluids

We begin by recalling, from (1.21), that
Av = V(div v) — curl (curl v).

Hence in the incompressible case (5.7); can be rewritten as

d—vzb—@—ycurlw,
dt 0

where we recall that w = curl v. Therefore, when the flow is irrotational, the Navier-Stokes
equation coincides with Euler’s equation. This does not mean that viscous irrotational flows
reduce to ideal flows, since the boundary conditions are different. Moreover, irrotational viscous
flows do not maintain their irrotational character for all times. Indeed consider an incompressible

Newtonian fluid. The curl of the acceleration is
curla = curl b + v curl (Av).
Since curl (Av) = A( curl v), in the case of conservative body force

(5.14) curl a = vAw.
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so that acceleration is not irrotational, as for inviscid fluids. In particular Beltrami’s equation

(4.17) (with p constant) becomes

d
d—(;; = Dw + rAw.

In the planar case Dw = 0, so that

E = I/Aw,

and vorticity is no longer constant on streamlines. From Stokes’ theorem and (5.14) we find that

j{a-dﬁz/ curla-nda:/VAw~nda:Vj{Av-d£.
J4 S S y4

Hence, recalling (4.20)
d
— [%V'd£:| :Vj{Av-dE,
dt | J, ¢

implying that circulation is not conserved.

5.8 Transport and energy dissipation

Consider the Navier-Stokes system (5.7) and neglect body forces. Recalling (2.27), equation
(5.7)1 can be rewritten as

ov 1 P
5.15 — + curlv><v=—V<v2+>+VAv.
(515) - SIvE+ 2
Multiply (5.15) by v so that

(5.16) v-:—v-V<;\v|2+p> +vv-Av.
1%

Recall, from (1.15), that
1 1 1
vV (P4 L) =div [v (P E)| - (2P +E) dive,
2 0 2 0 2 0

so that (5.16) becomes

(5.17) gt <;]v]2> = —div {v <;’V’2 + Z)] + v Av.

We notice that

div (2D) — div (VV) + div (VVT),

and that the i** component of div (Vv7) is

3 .
[aiv (wv")] =3 8‘; <gij> _ aii (divv).

()

Therefore
div (Vv) = div (2D).
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From (1.16)
v-Av =v- div (vV) — v div (QD) — div (2Dv) — 2D - Vv,

so that (5.17) becomes

0 1 2 . 1 2 p —
(5.18) pr <2]V )—i—dlv [v (2\V| + g) —2yDv} = —2vD - Vv.

Recalling that T = —pI 4 2uD we find

20D — (1T + pI) ,
o0 o

so that )
2vDv = -Tv + EV,
0 0

and

21/D-Vv:1T-L:1T-D.
0 0

Hence (5.18) can be rewritten as

0 (o 2 . 1, 5 B
(5.19) 5 (2]v\ ) + div |:QV (2|V| > —Tv] =-T.D,

where the term on the r.h.s. is the stress power. Notice that when the fluid is inviscid (v = 0)
the stress reduces to T = —pI and (5.19) becomes

9 (1 1o ; Lo PY| _

meaning that ideal fluids do not dissipate energy.

5.9 Scaling of the Navier-Stokes equation

Let us consider system (5.7) and suppose that the body force is zero. We introduce the following
non dimensional variables

~(L
x =XxL, v=vV, t:t<>, p=DpP.
Substituting into (5.7) we find
dv P _ ] -
5.21 — =—| == — | A
(5:21) di <gv2> Vh+ (QVL) v

where the differential operators are intended with respect to the non dimensional variables. We
introduce the Reynolds number

_oVL

Re ,
1

so that (5.21) becomes

dv P - 1
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There is no natural selection for the characteristic pressure and we have to distinguish between
two different situations:

(A)  (dynamic effects are dominant) P =oV?,
. . uV
(B)  (viscous effects are dominant) P= N

Case (A) occurs, for instance, when the velocity of the flow is quite large and viscous effects are
negligible. In this case Re > 1 and the motion equation can be approximated with

ov
ot
which is nothing but Euler’s equation. On the other hand, in case (B), viscous effects are

dominant so that velocities are not large. Hence Re < 1 and equation (5.21) becomes the
well-known Stokes equation

(5.23) + (VV)v = =Vp,

(5.24) —Vjp+ AV = 0.

5.10 Plane Poiseuille flow

We investigate here the shear flow of an incompressible Newtonian fluid. In practice we study
the problem introduced in Section 4.17 for an incompressible Newtonian fluid. Here we assume
also that the upper surface moves with uniform velocity u = Ue; and we limit ourselves to the
stationary case, see Fig. 5.1. The velocity field is v = v;(z2)e; and satisfies the continuity

X
2
A
U
h
— —
Py Doy
- —»
» X
>
0 L

Figure 5.1: Shear flow of a viscous fluid.

equation
9 _y,
31‘1
Navier-Stokes equation becomes
Op 0%
ot n g =0,
O0xq x5
(5.25)
0
Dy,
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entailing
AP

p(x1) = Tl'l + Din,

where AP, L, pin, pout, are as in Section 4.17. Assuming no-slip on the upper and lower planes,

from (5.25)1
1 (AP Uzx
v(w2) =5 (L) (w8 = haa) + =2

When the upper plane is fixed

vi(22) = 21M <ALP> (fﬂg - h332>7

and the velocity profile is symmetric w.r.t. 9 = h/2. When the upper plane is moving, regions
where velocity is null may exist. Indeed, setting vy (z2) = 0 we find

_ 2uUL
2 hAP’
which belongs to (0, h) if
UAP -0
L )
and
h% |AP U~ h? |AP
2u| L 2u| L |
The mass flow rate is given by
xZ x2 x2
Lo, A e <o
> \t y:h
| > i > _ i ;

Figure 5.2: Shear flow of an inviscid fluid.

h 3
Uh APh
Q—Q/O Uldm2—0|:2_ 12ML]'

5.11 Hagen-Poiseuille flow in a cylindrical duct

Consider the steady motion of an incompressible Newtonian fluid in a cylindrical duct of radius
R and length L, as shown in Fig. 5.3. We make use of cylindrical polar coordinates described in
Section 1.4. We suppose that the velocity field is of the form

v =v,(r)e,.

Recalling (2.51) we find that mass balance is satisfied, since

Ov,
0z

=0.
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7

+

—>L

-«

Figure 5.3: Hagen-Poiseuille flow.

Neglecting body forces, Navier-Stokes equation (5.8)-(5.10) reduces to

_Hno
ror

Vp

902 o
TaT -

As a consequence p = Az + B, with A and B specified by the boundary conditions

p(O) = Pin p(L) = Pout-
We find
(2) = AP ‘
plz) = I Z =+ Pin,
where AP = pyut — pin. Hence
AP 190 ov,
= -2,
uwlL  ror or
If we now impose no-slip on r = R
v.(R) =0,
and symmetry on r = 0
ov, _o,
or r=0
we find AP
UZ(T‘) = m(T’Q — R2)
In this case the mass flow rate is
R 4
TAPR
5.26 =2 dr = — )
( ) Q WQ/O vyrdr Sl
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Formula (5.26) is called Poiseuille formula. It allows us to calculate the viscosity of the fluid
through mass flow rate measurements. Recalling that

Uy = Vg = 2 = 2 =0
T T 9 T 90
we can easily find the expression of the Cauchy tensor in cylindrical coordinates
i APr 7
- 0
P oL
T=]0 —p 0
APr
0 _
Y P

5.12 Couette flow between co-axial cylinders

Let us consider the steady motion of an incompressible Newtonian fluid placed between two co-
axial cylinders rotating with uniform velocity. Denote by R; < Rs the radii of the cylinders and
by w1, wa the respective angular velocities. Suppose that the velocity field and pressure depend
only on the radial coordinate r, so that

vV = Ur(r)er + U@(T)eO + Uz(r)ezw

and p = p(r). On the rotating cylinders we have

(5.27) v = wlRleg, v = ngQeg.
R1 R2
Mass balance (2.51) yields
g (rv ) =0
or\" ")
so that v, = 0 because of (5.27). The Navier-Stokes equations (5.8)-(5.10) reduces to
o _ 0%
or  r’
o [10
I Bl -0
(5.28) or |ror (7“’09)] ’
o [ Ov,
“ -0
or _r or }
From (5.28)3
8vz:é v, =Alnr + B.
or r
Recalling that v,(R1) = v,(R2) = 0 we get A = B =0, so that v, = 0. From (5.28)2 we get
0
I (TU@) =Chr,
so that
D Cr
vg=—+ —
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Imposing (5.27) we find

2 (ngg - wlR%>
R} - R?

D—R]§2R}222( oy w2>, C =

Therefore

vg(r) = TR (w1 - wz)% + (W22§ :L;I%R%)

From (5.28); we can eventually find the pressure. We notice that, when wy = ws = w

r

vg(r) = wr,

that is a rigid motion. When Ry — oo, imposing wy = 0, we find

o wlR%
vg(r) = et
When Ry < 0o and we =0
2
v (1) ]
2

Exploiting the results of section 5.4, we find that the tangential stress is

Ovg vy
Tog=p(20 2
0= <8r r)’

so that the tangential stress on the inner cylinder (when wy = 0) is

5.29 T, =
( ) 0 Ry R2 R2

To maintain the velocity of the inner cylinder constant we must apply a torque equal to 2w R?|T;4|h,
where h is the height of the cylinder. The measurement of this torque allows one to deduce the
viscosity by means of (5.29). The device used to this aim is called the rotating viscometer.

5.13 Stokes first problem

Let us consider an incompressible Newtonian fluid occupying the domain x3 > 0 as depicted in
Fig. 5.4. Let us assume that the boundary z3 = 0 is fixed for ¢ < 0 and moves with constant
velocity Ve; for t > 0 (impulsive start). We also suppose that the fluid is at rest for x3 =

We write
limg, oo v =0,

v, =H(t)Vey,
where v, is the velocity of the surface 3 = 0 and where H is the Heaviside function
0 t<O0,
H(t) =
1 t>=0,

We suppose that the velocity and the pressure of the fluid have the following form

v = vy (z1, 23, t)eq,

b= p(xl,xg, t)'
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\j

Figure 5.4: Stokes first problem.

Mass balance implies

8’1)1

—— =0,
83}1

so that v; = vi(z3,t). Moreover the third component of the Navier-Stokes equation yields
0
9 _
8:23

so that p = p(x1,t). It is reasonable to require

lim p(z1,t) = const,
Tr3—>00

so that p is constant everywhere in the fluid. From the first component of the Navier-Stokes
equation we get

31}1 N 821}1

with boundary conditions

limwg—)oo U1 (11:3, t) = 03
(5.31)

v (0,8) = H(H)V.

Now we look for a solution of the form

x3
) = ==
vi(z3,t) = f(n) =
so that 5 o
U1 o _E / (%1 _l "
5 = 9] () o2 ().

Substituting into (5.30) we find
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which yields
/ 772
f(n) =cexp {—4V} .

To determine the function f(n) we introduce the error function

exf (n) = j% /0 " exp{—€2)de,

with the property
lim erf (n) = 1.

n—0o0

We get
n
f(n) = ev/vmerf <2ﬁ> +d.

As a consequence

vi(z3,t) = ev/vmerf (23:%) +d.

Imposing (5.31) we find the solution to our problem

v (a3, t) = [1 — erf (23%)] H(t)V.

T3~18,

Wt

It is easy to check when

we get
1

100’

meaning that at a distance x; ~ 3.61/vt from 3 = 0, the velocity has reduced by a factor 1072.
Therefore it is reasonable to consider the fluid at rest for x > x3. The strip [0, 23] is thus a time-
dependent boundary layer. Outside this boundary layer the effects of the boundary conditions
are clearly negligible.

[1— erf (1.8)] ~

5.14 Stokes flow past a sphere

Let us consider the steady flow of a viscous incompressible fluid around a sphere of radius R,
with asymptotic velocity Voo = vo€1. Suppose Re < 1 (creeping flow), so that the motion is
governed by Stokes equation

(5.32) —Vp+ pAv =0.

Recalling (1.21) we can write the above as

(5.33) V(p — po) = — curl (curl v),
W

where p, is the pressure in static condition. Applying the divergence operator to (5.33) we find

(5.34) A(p _Mp0> —0.

Moreover, recalling that curl(Vp) = 0, from (5.32)

(5.35) A(curl v) = 0.
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It is easy to check that a solution of (5.34), (5.35) is given by

P —Po X-€e]
X X ep
(5.37) curl v = )\voorig,
where

r= /2?4 23 + 23,

and where ) is a constant to be specified. As a consequence, the functions defined in (5.36), (5.37)
are harmonic. The velocity field must be determined from (5.37) and from the incompressibility
constraint div v = 0, assuming no-slip on the sphere

v =0, on r = R.

Because of the particular symmetry of the problem (see Fig 5.5) the velocity field can be expressed
in the following form

T
L =

Figure 5.5: Stokes flow pasta a sphere.

(5.38) Y- a(r)e; + x1b(r)ey,

Voo

where a(r) and b(r) are unknown at this stage and where e, is the radial unit vector in spherical
coordinate (see Section 1.5). In practice we are assuming that the velocity field is directed along
e; on 1 = 0. Applying the curl operator to (5.38) we find

curl v = vy curl (ae1) + v curl (x1be;).
Now we observe that curl (e;) = curl (e,) = 0. Hence, from (1.19)
curl v = v [Va X e1] + vo[V(210) X €,].

Recalling (1.33)
Va = a/(r)er7

V(z1b) = b(r)er + z1b (r)e,.



84 CHAPTER 5. NEWTONIAN FLUIDS

As a consequence
(5.39) curl v = vgola (r) — b(r)]e, X e;.

Since x = re,, coupling (5.37) with (5.39) we find

voo(a/ —ble, x e; = M—Qooer X e,
T
so that
/ A
5.40 -b=—.
(5.40) a 2
Recalling (1.34) we see that
. 2
dive, = —,
T
so that, from (5.38) and div v = 0, we get
_divvy 2x1b

0= :Va-e1+V(x1b)~er+T,

Voo
which yield

! ! 2 b
O:aer-e1+bel-er+x1ber-er+£.
r

Now, observing that x; = re; - e, we get

ax bx r 2x1b
1+71+.’L'1b —i—Tl:O.

,
Exploiting (5.40) we find
/ A
4b + b r+ ) = 0,
r

whose integration leads to

C A
bir) = —
(r) rd  2r2
As a consequence
a/ — L + g
2r2 4’
and
( ) — _i Q +
ar 2r 33

Imposing the asymptotic velocity v, = voo€1 We have

lim a(r) =1, lim b(r) = 0.

T—00 T—00

The first implies K = 1, while the second is satisfied for all C' € R. Finally we impose no-slip on
the sphere

a(R)=b(R) =0
The above yields
3R3 3R
= — )\ = —
¢ 4’ 2

Therefore

(5.41) a(r) = 1-— Z <1:”) - % (f)g,
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(5.42) b(r) = Z <R> <f>2 - 1] .

2
We conclude that velocity field is given by (5.38) with a(r), b(r) given by (5.41), (5.42). From
(5.36) we find that pressure is

3Rusoft T1
2 3

(5'43) D —DPo=

The velocity field in the spherical coordinate system is

Up = Vo Sin @ cos ¢(a + 1b), V9 = Voo COS 6 cOs ¢, Vg = —Voo@Sin .

As a consequence, recalling the form of the stress tensor in spherical coordinates (5.11), the stress
on the sphere r = R is given by

_ 3 3 -
—p ';L%OO cosfcos¢p — ';L%OO sin ¢
T = RALES cos f cos ¢ —p 0
2R
3

The normal stress acting on the sphere is

B B 310 3Voo .
P =Te, = per+< R cos@cosgb) € ( 5 sch)) es.

The drag force due to the motion is obtained replacing p in the above expression with p — p,
obtained in (5.43). We get

P = (B'M}OO ) [sin 6 cos pe, + cos 6 cos peg — sin pey)

2R
_ ([ 3p
b = <2R> Voo

This means that the stress exerted by the fluid is constant everywhere on the sphere. In particular
the stress is directed along the the asymptotic motion. In conclusion the net drag in the x;

that is

direction is given by

R = / ® - e1do = 6mpuRUs,
r=R

which is the celebrated Stokes formula. Notice that the Stokes formula allows to determine the
sedimentation rate vs of a sphere of density o, falling in a viscous fluid of density ¢ and viscosity
. Indeed equating the drag and the buoyant force, we find

4
6T Rpws = *TFR?)Q (Qs - Q)a
—— 3

Buoyant force

Drag

that is

2R%g
Vs = (Qs - Q) .
I
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5.15 Prandtl’s boundary layer theory

The failure of potential flow theory to predict drag over an object can be overcome using Prandtl’s
boundary layer theory which is based on the following assumption: when a viscous fluid flows
past an object at high Reynolds number, the flow can be divided in a thin region close to the rigid
surface in which viscous effects cannot be neglected and a region away from the object where
viscous effects are negligible and potential flow can be used. The former domain is referred to
as Prandtl’s boundary layer (BL), or more simply boundary layer.

X 14

2 0

A E—

0

L

Figure 5.6: Prandtl’s boundary layer.

To determine the thickness of the BL we proceed as follows. We consider the planar steady flow
of an incompressible Newtonian fluid with velocity given by

v = vy (21, 22)e; + va(x1, z2)es.

Following Fig. 5.6 we suppose that the boundary layer thickness § is a function of x; and it is
small when compared to the characteristic length L of the domain. We write the steady form of
the Navier-Stokes equation and the mass balance

((Ou, Ov
8£U1 61’2 B

ovy ovy 1 0p , 0%v; 9%y
B ox? 013 )’

p vz Ove  10p (0w O
L 181'1 28x2_ 0 0xs 8x% 633% '

Away from the boundary layer we may rescale the problem with the following

v = Vo1, vy = Vo2, b= Qvozﬁv x = Lz, y=Ly.
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where V, is the asymptotic velocity. Omitting the tildas, we find

((Ou | O _

8x1 69@ o
Ovy Ovy Op 1 (821)1 821)1)

PR i P - e

o1 20z, 015  Re

U1

Ova Ova op 1 <82v2 821)2)

= 2 2
Oy Oxs

where VoI
Re = 2,
v

is the Reynolds number. When Re > 1 the system reduces to steady Euler’s equation for planar
incompressible flows. Within the boundary layer y can no longer be rescaled with L, since the
characteristic thickness of the boundary layer is given by some D < L. Hence we set

D
€= —
L )
and we use the following scaling
v = Vo1, vy = Vioelo, p=oVip, x1 = Ly, 9 = Leds.
Omitting once again the tildas we find
0 0
v v _ g
61’1 8.%'2
ovy dvy  Op 1 2821)1 9%,
U1 Oz1 + o2 drs  Or1 e2Re c Ox? + ox2 )’
Ovs Ova op 1 D?vy 0?0y
2 vz ) = 2 (L2 .
c (”1&;1 ”20@) 9z " Re \" 022 ' 02

Assuming that in the boundary layer the viscous and inertial effects are of the same order we
write

e?Re = O(1).
At the leading order (i.e. neglecting the terms containing ) we get
( (9?)1 4 802

dxy  Oxy

(5.44) o L 4,0 OP
i

where
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The boundary conditions are

’Ul(l‘l,O) = Ug(l‘l,()) = 0, (NO—Slip), T > 0,
(5.45) limg, 400 v1 (21, 22) = 1, 1 >0

1im1‘2—)+oo p($1a$2) = Po, 1 >0

From (5.44)3 and (5.45)3 we find p = p, (constant), so that dp/dx; = 0. We look for a solution

in the form
/ xT9

vi(z1,22) = f (8), s = NG

where we write f (s) instead of f(s) because the corresponding differential equation is simpler
with this selection. The boundary conditions are

(5.46) f(0)=0, SETOOf (s) = 1.
We have
81)1 S " 8’01 1 "
(5.47) o _27371f (s), P mf (s),
82’1)1 1 " 61}2 S "
Txg = oz (s) 8702 = Ef (s).
Moreover .
Ovy  Ovg Oxg [ (s)sa
s 01y 0s 2y Jam;
so that
o " « /
(5.48) v2:2\/071/f (s)sds:zm sf(s)— f(s)].

Recalling (5.45)1, (5.46) we observe that f(0) = 0. Substitution of (5.47)-(5.48) into (5.44)2
leads to

£(5) + 31(5)1 (5) =,
(5.49) £(0) = f'(0) =0,
L liHls%oo f/(S) =1

Equation (5.49); is the so-called Blasius equation. It is a third order autonomous nonlinear ODE,
which can be only solved numerically. In particular it can be shown that f/(5) = 0.99, meaning
that for s > 5 the longitudinal dimensional velocity is essentially equal to Vi, (see Fig. 5.7).
The thickness of the boundary layer d(x1) is conventionally obtained setting s = 5. Hence, going
back to dimensional variables

so that

For y > §(x) the influence of the boundary conditions can be safely neglected.
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Figure 5.7:

Solution of the Blasius equation.
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Chapter 6

Non-Newtonian fluids

In the previous chapter we have defined Newtonian fluids as continua where the viscous stress is
linearly proportional to the local strain rate, the constitutive equation being (5.3).

Newtonian fluid is the simplest mathematical model in which viscosity is taken into account.
Though no real fluid fits the definition perfectly, a vast number of real fluids (or gases) can be
adequately described by Newtonian constitutive equation (5.3). A non-Newtonian fluid is any

Bingham Plastic

Stress Bingham Pseudo-Plastic

Newtonian

Shear Thickening
(Dilatant)

Shear Thinning
(Pseudo-Plastic)

[
-

Shear-rate

Figure 6.1: Shear-strain relation of some non-Newtonian fluids.

fluid that departs from the linear behavior between stress and strain rate. Not all non-Newtonian
fluids behave in the same way when the stress is applied. Some, for instance, become more rigid
when the stress increases, others become more fluid. Some react depending on the length of time
in which the stress is applied. Molten polymers, toothpaste, paints, blood, foams, lubricants,
inks, drilling muds, oils, colloidal suspensions, etc. exhibit non-Newtonian behavior. A sketch of
some stress-strain relation of common non-Newtonian fluids is displayed in Fig. 6.1.

In shear-thickening fluids, for instance, viscosity increases with the applied stress, while

90



6.1. REINER-RIVLIN FLUIDS 91

in shear thinning fluids viscosity decreases with the applied stress. In Bingham plastics and
Bingham pseudo-plastics a finite yield stress must be overcome before the fluid begins to flow.
There are also fluids in which the apparent viscosity decreases with the duration of the stress
(thixotropic fluids).

In this chapter we present some models for non-Newtonian fluids, analyzing their behavior
in several important flow fields such as steady flow in straight channel and pipes, steady cone
and plate flow, steady flow between concentric cylinders. Reference books on this topic are [2],

[4], |25], [26].

6.1 Reiner-Rivlin fluids

We begin by considering fluids whose constitutive relation is
T=T(oL),

where the current state of the stress depends on the velocity gradient and not on any previous
deformation the fluid might have undergone. From the requirement of stress invariance and
isotropy, the most general form of T is the one of stokesian fluids

(6.1) T = al + D +7D?,

where «, 3, v depend on g and on the principal invariants of D. When the fluid is incompressible
equation (6.1) reduces to the following

(6.2) T = —pI + 1D + ¢, D?,

where —p(x,t) is the Lagrange multiplier due to the incompressibility constraint and where now
¢1 and ¢y depend only on the second and third invariant of D, since trD = 0. Fluids of type (6.2)
are commonly known as Reiner-Rivlin (see [26]) fluids. Incompressible Newtonian fluids are a
special subclass with ¢o = 0 and ¢; constant. Recalling (4.59) and recalling the incompressibility
constraint we get

(T+pl)-D=T-D = <¢1D+¢QD2> ‘D=tr (¢1D2+¢QD3) > 0.
Exploiting Theorem 1, we get
D? = —iy(D)D +i3(D)I,
so that

(6.3) T-D=tr (¢1D2 + ¢2i3(D)I) — ¢1tr D2 + 369 det D 3 0.

It is then clear that some restrictions must be imposed on the coefficients ¢; and ¢ in order to
satisfy (6.3). To determine the dependence of ¢1 and ¢o on the stress invariants io(D), i3(D)
we consider the simple shear motion considered in Section 2.7. For this flow the velocity field is
given by

vV = yroeq,

where 4 = V/h and V is the velocity of the upper plate that drives the motion. We get

- .9 -

0 10 oo oo
D=1 0 0], D’=|¢o % o,

0 0 O 0 0 0
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so that
i1(D) = trD =0,
(D) = L [(rDY? - tx (D2)] = -1
2 4’
’Lg(D) =detD = 0.
We get
.2 .
—p+ ¢ P13 0
. .2
T=1 ¢:13 —p+é 0|
0 0 —p

where ¢1 and ¢9 are even functions of 4. The components
8l
Tio = ¢p1—
12 = ¢1 5"

T — T =0,

,:}/2
Too — 133 = po—,
\ 4

are called the shear stress, the first normal stress and the second normal stress. From experi-
mental results on real fluids (see [2]) there is no evidence that fluids exhibiting a zero value for
the first normal stress has a non zero second normal stress. Hence we confine ourselves to fluids
in which ¢o = 0. Moreover, since for the vast majority of viscometric flows (i.e. the class of flows
we are interested in) the quantity det D is identically zero, we get

(6.4) T=—pl+ ¢ <—;tr D2> D.

From thermodynamics condition (6.3), we get ¢1 > 0. Fluids of type (6.4) are called generalized
Newtonian fluids.

6.2 Some example of generalized Newtonian fluids
Generalized Newtonian fluids are characterized by constitutive equation (6.4) in which the shear

stress is a nonlinear function of the shear rate. We may rewrite the constitutive equation in the
following form

(6.5) T = —pI + 21(%)D,
where the function pu(¥) is called the apparent viscosity and
1
y=4/=D-D.
T=V32
Power-law. These fluids are characterized by an apparent viscosity of the form

(i) = ki,
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dyldt dyldt

(a) Power law - Shear thinning (b) Power law - Shear thickening

Figure 6.2

and a constitutive equation of the type
T = —pl + 2k4" D,

where the dimensionless parameter n is called the flow behaviour indexr and k is the so-called
consistency. When n = 1 the classical incompressible Newtonian model is recovered. When
n < 1 the constitutive equation is shear thinning, whereas in the case n > 1 the constitutive
equation is shear thickening. The apparent viscosity is such that

n <1 (Shear thinning) lim p(y) = oo lim p(§)=0
¥—0 y—00

n > 1 (Shear thickening)  lim u(y) =0 lim p(y) = oo
¥—0 Y—ro0

The unboundness of the apparent viscosity and the absence of non zero viscosity for vanishing
shear rate actually limits the applicability of power law fluids.

Prandtl-Erying. These fluids are such that

, sinh ™! (2k+)
p(y) = pe 2 )
where
sinh™(2) = In(z + V1 + 22),
and
sinh ™1 (2k+)
ky
and where p. and k are material constants. The apparent viscosity (see Fig. 6.3a) tends to zero
as ¥ tends to infinity

T =—pIl+ p. D,

lim () = pe lim p(y) = 0.

¥—0 y—00
Powell-Eyring. These fluids are characterized by a three constant model. The apparent vis-
cosity is bounded by a non zero value at both the upper and the lower limits

sinh ™! (2k+)

() = proo + (He — Hoo) ST



94 CHAPTER 6. NON-NEWTONIAN FLUIDS

01 | | | | . . . . . . | | | . . .
0 2 4 6 8 10 12 14 16 18 2( 0 2 4 6 8 10 12 14 16 18 20
dyldt dyldt

(a) Prandtl-Eyring fluid (b) Powell-Eyring fluid

Figure 6.3

and
sinh ™! (2k%)

ky

where pi, tioo and k are material constants. The apparent viscosity (see Fig. 6.3b) is such that

T = —pI + | 200 + (te — foo) D,

lim (%) = pe lim p(y) = fioo.

4—0 y—00

Cross. This is a four constant model where the apparent viscosity is

(3) = oo + ( ) R —
H\Y) = HBoo He — Moo 1+(2k"y)"_1 )
and
1
T=—pI+2 | e ¢ — lloo) ——————| D,
pI+ [u + (phe — 1 )1+(2k7)"—1}

and where i, 1100 and k are material constants. The apparent viscosity (see Fig. 6.4a) is such
that

n>1 lim (9) = pie lim p(y) = pioo
¥—0 J—o0

n <l lim p(¥) = pioo lim p(y) = pe
¥—0 y—o00

Ellis. Since often the flow regime of interest is such that a non zero i is not required, we may
set foo = 0 in the Cross model, obtaining the so called Ellis model

n) = |
1+ (2k3)n—1 ]’
with
T=-pl+2|—F __|Ip
1+ (2ky)n—1| 7

and where u. and k are material constants. The main advantage of Ellis model is that it is
possible to construct analytical solution for some simple flows (see [4]).
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(a) Cross fluid (b) Ellis fluid

Figure 6.4

6.3 The Bingham model

An interesting generalized Newtonian fluid is the so-called Bingham plastic. This type of fluid

is characterized by the presence of stress threshold below which the fluid is incapable of flowing.

This threshold is termed yield stress and must be overcome in order to observe a non zero strain

rate. The apparent viscosity of a Bingham fluid is a multivalued function for zero strain rate.
In a Bingham fluid the stress T = —pI + S is defined as

S:<2,uy+T,y>D, T 2 Ty,
(6.6) v

D=0, T < Ty,

where p, is the viscosity, 7, is the yield stress and

/1

(T = Ty)+ =20y

In Fig. 6.5a the stress-strain relation of the Bingham model is shown. As one can notice, when
4 = 0 the stress 7 is indeterminate. In complex flows where the shear stress is not constant
throughout the flow, there may be regions where the yield criterion is reached (and the fluid is
flowing) and other regions where 7 < 7, and the fluid behaves like a rigid body, i.e. with D = 0.
Note that D = 0 does not necessarily imply v = 0. In some peculiar cases analytical solutions
of the Bingham model can be found.

In some particular geometries the Bingham model may lead to paradoxes (e.g. lubrication
paradox, see [19]) consisting in the unyielded phase that does not behave as a rigid body. Recently
Fusi et al. [8], [9], [10], [11] have explained and overcome such paradoxes.

Therefore we can write

6.4 Papanastasiou model

Even though the Bingham model appears to well model some real fluids (such as foams, pastes,
mayonnaise, suspensions etc), the constitutive equation is in general complex to model numeri-
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251

— - — - Bingham
Papanastasiou
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3
dyldt

(a) Bingham model (b) Papanastasiou model

Figure 6.5

cally because of the difficulty in tracking the yield surface. This is essentially due to the singu-
larity of the apparent viscosity when 7 < 7,. The Papanastasiou model overcomes this difficulty
by smoothing the singularity. Indeed in the Papanastasiou model

2],

S = -
v

24y +

and

T = 2pyy + 1y (1 — e_"“.’),

as shown in Fig. 6.5b. In the limit n — co we recover the classical Bingham model.

6.5 Flow of a generalized Newtonian fluid in a pipe

Here we consider the steady flow in a pipe of circular cross section, as the one considered in
Section 5.11 for Newtonian fluids. We assume

(6.7) v = v,(r)e,.

The volumetric flow rate is given by

R
(6.8) Q =2m [ vyrdr.
/

When a closed form solution can be calculated for a given apparent viscosity (%), then one
can calculate the volumetric flow rate from (6.8). Unfortunately most generalized Newtonian
flows does not admit a closed form solution, so that () can be evaluated only numerically. In
some cases it is possible to extrapolate a relation between the pressure gradient, the flow rate
and u(%). A velocity field of the form (6.7) identically satisfies the incompressibility condition.
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Moreover
[, 0 1<8v2> T _1<8vz>2 0
2\ Or 4 \ Or
D=0 0 01, D?= |0 0
G0 o0
so that

. 1 1 0v,
(6.9) T=\RP D=

97

where we have taken the minus sign since we expect velocity to be a decreasing function of r.

The principal invariants are

i1(D) =0, iz(D) = —4° is(D) = 0.

Recalling (6.5) the stress tensor is

—p 0 —2u(y)y
T — 0 _p 0 )
—2u(¥)y 0 —p

From the balance of linear momentum in cylindrical coordinates derived in Section 3.9 we find

_op
0 e
10p
6.10 e
( ) 0 rof’
_ Op 10
0=—5: 7o, 1)

Therefore p = p(z,t) and dp/0z must not depend on z, namely

p=—0z+ f(t).
Integration of (6.10)3 yields
(6.11) T,, = —%,

where we have exploited the symmetry condition 7)., = 0. As a consequence

_er

(6.12) WAy =

To proceed further we must specify the viscosity function. If we consider, for instance, power

law fluids where
(i) = k",
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(a) Power law non dimensional velocity profile (b) Bingham velocity profile

Figure 6.6

then

. lavz_ @ 1/n
T T \ak '

Integrating with the no-slip condition v,(R) = 0 we get

0= () e - G

Exploiting (6.8) we also find

OR\ " onR3
o= (%)

4k 3+1/n’
In conclusion we can express the velocity field as a function of @
Q [1/n+3 7\ 1/nt+l
1 ()= —F [—F——| [1— (— .
(6.13) v(r) = Tp |m g1 R)

In Fig. 6.6a we have plotted the nondimensional velocity profiles v, (r)/(Q/7R?) as a function of

the nondimensional radius r/R, for different values of n. We notice that, for the same flow rate,
the velocity field of the shear thinning power-law model (n < 1) is flatter than the Newtonian
model n = 1. When considering a Bingham fluid

Or
T = ’T’/‘z’ = ?7
which we will be the largest at » = R. Therefore, when OR2™! < 7, the yield criterion is
never met and D = 0 throughout the channel. In this case, from the no-slip condition, v = 0
everywhere. If, on the other hand OR2~! > 7, then there will be a region adjacent to the wall
where the criterion is met and the fluid flows as a viscous Newtonian fluid and an inner core
where D = 0. The interface separating the two regions is given by

Ty =7y = Ty = —.
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Hence recalling (6.10)3 and (6.6) we have

op 10 |rdv, Ty
8z  ror [2 or (2,uy+ ’7>}’

op _19 L
Oz ror "\ My or Ty St or '

Since we are looking for solutions where dv,/0r < 0 we get

0 ov,
—@7' = 5 |:7' <,U,yar — Ty):| .

Integrating between r, and r > r, and recalling that dv,/0r = 0 on r = r, we find

or equivalently

ov, ©
(614) ,Ulyﬁ = 5 (Ty — T) .

Integrating once more between r and R with the no-slip condition v,(R) = 0 we may write the
velocity field for the whole domain as

vu(r) = 27 - (5)]-2E -] remn

Ay, R R
OR? Ty12
v.(r) = A1y [ - E} r € [0,7y].

The volumetric flow rate can be easily calculated from (6.8). In Fig. 6.6b the velocity profile of
the Bigham fluid flowing in a cylindrical duct is shown.

6.6 Evaluation of () in a cylindrical duct

For the large majority of generalized Newtonian fluids it is impossible to determine a closed form
solution of the velocity field. Here we show how to evaluate the volumetric flow rate without
obtaining an explicit expression of velocity. Recalling definition (6.8) and integrating by parts
we get

R

R
r2 r2 (v, 9 [ Ov,
(6.15) Q =2rm vz(r)g /2 < 5 ) dr| = —7r/r (87" ) dr.
0

~—— 0
=0

R
0

Integrating once more by parts we find

R
™ ov 0%
6.16 = |-R* == s =) d
» omwse] o (B)
0
Now recall (6.9) and set
. . 1 dv,
Yw _’Y(R) - _5 or R’
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Relation (6.16) can be rewritten as

R
T . 0%v,
(6.17) Q:32§%+/ﬁ(&3%h
0

Exploiting the substitution

( )__1 ov, d;'y__la%z
i 2 or |, dr 2 0r?’
we can rewrite (6.17) as
2 W
i
Q=% | R - /T?’(v)dv
0
Equation (6.12) provides
o Ap(y)y
r=r(y) = Mé),
while “,, is found solving
C N OR
(6.18) (Y)Y = W
In conclusion
2 61
™ ) .3 .
(6.19) Q=7 B - 5 /u373d7
0

Once 4y, is obtained from (6.18), we can integrate (6.19) and get @ as a function of the pressure
gradient ©. Notice that, when p is constant (Newtonian fluid) we get

(6.20) = ,

which is exactly the volumetric flow rate obtained in Section 5.11.

6.7 Obtaining u(y) from pressure drop and flow rate

Capillary viscometer are tools designed to reproduce the fully developed flow of type (6.7) in
cylindrical ducts. Their use is based on the idea that measures of pressure drops and flow rates
can provide, via balance of linear momentum, the expression of u(%). We shall see that the
problem can be reduced to obtaining p as a function of a characteristic shear rate 4. and of the
shear stress at the wall 7,,, where

_ 2

6.21 e
(6.21) Te = "R3B

is the shear rate at the wall for a Newtonian fluid. Recalling (6.9) and (6.15) we find

R
) 4 )
(6.22) e = I /rQ’y(r)dr.
0
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From (6.11) we find

OR
(623) Tw = Trz P = _77
so that 7, can be easily evaluated from pressure drop measurements. We get
2T7"z RTrz
6.24 = — — Tz
( ) " e Tw
From (6.12)
Gy OB T
W)Y = _—
When the above is invertible
Hence, from (6.22)
A R
(6.25) ;Yc = m/;)/(Trz)T2<Trz)d7a'
0
Exploiting the substitution (6.24)
Trz = @ dTTZ = Lw’
R dr R
we find
1
;Yc = ﬁ/V(TTZ)TT‘deTT’Z
w
0
If we now differentiate the above w.r.t. 7, we get
Be __yde | 4ilm)
dTy Tw Tow

that, after some algebra can be rewritten as

3 d In(4.) dTy
4 ) = .
( 3 ) 3+ ATy d In(my)

Ye

where we have defined 4, = 4(7,). Setting

1 _d In(5e)
m  d In(r,)’
we get
) . (3dm+1
(6.26) S = < - ) .

Equation (6.26) is the Mooney-Rabinowitsch equation. Experiments can be run with different
pressure drops to obtain a curve of 4. as a function of 7, recall (6.21) and (6.23). Using a
log scale the value m can be obtained from the slope of the curve. From the definition of the

apparent viscosity evaluated at the wall (6.18) we find
. Tw

6.27 —

( ) P(Fw) Y )

which provides the apparent viscosity for the specific flow considered.
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atm

Figure 6.7: Schematic representation of the cone and plate rheometer. The angle 5 is commonly
less that 10 degrees.

6.8 Cone and plate flow for a generalized Newtonian fluid

The cone and plate rheometer is a device used to measure viscosity and normal stress coefficients.
A schematic representation of this device is shown in Fig. 6.7. The flow is driven by the rotation
of the cone about the ez axis. The fundamental relationships for this kind of rheometer can be
developed using the spherical polar coordinates introduced in Section 1.5. In particular we look
for a velocity field of the form

v = vy(r, 0)ey,

where 6 represent the polar angle. The boundary conditions are

4 e
Y=o
V<T’2) :

(6.28) v (r, g — B) = Qrcos 3 ey,

\ Tn = —pgtmn

where 2 is the angular velocity of the rotating cone, S is the angle formed between the cone and
the plate, patm is the atmospheric pressure acting on the free lateral surface of the fluid whose
normal is n. From the boundary condition (6.28)2 it is clear that the dependence of vy on r
must be linear, that is

(6.29) v =rw(f)ey.

Recalling the definition of the gradient of a vector in spherical coordinates given in Section 1.5,
we can easily prove that

0 0 0



6.8. CONE AND PLATE FLOW FOR A GENERALIZED NEWTONIAN FLUID 103

0 0 0
W:%()p@—mm@P 0
0 0 [w'(8) — cot Buw(8)]?

Moreover

(6.30) 1:M?}D:—mw$($3>:mwmm—d@,

where we have taken the minus sign because we want

i (g <°

The only non-zero stress components of the extra stress are

Tog = Two = —p(§)7-

Next we observe that 7 is a function of 6 only and so is Tp,s. The equations of linear momentum
(see Section 3.9) reduce to

—orw? = 9
or’
(6.31) —or’w?cot § = —gg,
0= sin@@TZ) + siHQH%(T% sin”0).

Since Ty, depends only on on 6, we conclude that p must be linear in ¢
p=A(0)p+ B(r,0).

Recalling boundary condition (6.28)3 we see that A = 0 and p = p(r,0). Differentiating (6.31)1
w.r.t 0 and (6.31)2 w.r.t r and subtracting we get

20rwlw’ —w cot d],

implying either w = 0 or

Y —coth <— w = Asinf,
w

with A constant of integration. Unfortunately neither of these solutions satisfy the boundary
conditions. This seems to indicate that our specific form of the velocity field is meaningful only
when inertial effects are negligible, that is when the left hand sides of equations (6.31) are set to
zero. In this case p is independent of 6 and r and therefore constant and equal to put, throughout
the fluid. From the third component of (6.31) we get

_©

sin? g’

with C constant of integration. Let us see how to relate this constant to the applied torque
m = mes. We recall that in our case the torque is given by

m = me;s :/ (x X Tn)da7
S

(6.32) Tyy = —
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where S is the lateral surface of the cone whose height is (see Fig. 6.7)
H = Rsinf.
The level arm x evaluated at the lateral surface of the cone S is
x = (rcos S cos ) ey + (rcos Bsin @) ey,

or
x = (rcos? B) e, + (rcos Bsin B) ey,

when expressed in spherical coordinates. The stress the fluid is acting on S is
Tn‘ = pg €9 — T, ‘ €4,
s Pa €9 09 P

so that

(x X Tn) ‘S = par cos? Pegy + <T9¢T cos? fey — Ther cos 3 sin ,Ber) <

Recalling (1.32) it is easy to show that

(T9¢T cos? Bey — Ther cos 3 sin ﬁer>

=Ty ‘ r cos fes.
S ¢ S

so that
(x X Tn> ‘S = pur cos? B( — sin ¢e; + cos gbeg) - ng,)sr cos Jes.

As a consequence

2w R
m= /d¢ / dr [parz cos® 5( — sin ¢ej + cos (beQ) — T9¢’Sr2 cos? ﬂ63:| es,
0 0

which reduces to

R
m =27 / [—T%’STQ cos? ﬁ} dr| es.
0

From (6.32)
C
T; ‘ - ,
%5 cos? 3
hence
2rCR3
= es.
3 3
The torque m = mes is such that
_3m
2R3’
and
3m
6.33 Ty = ———.
(6.33) b¢ 21 R3 sin® 6

We have obtained an expression relating the shear stress with the applied torque (the relation
depends also on the geometry). To determine p(y) we need to use (6.33) in conjunction with the
expression of Ty, for a specific constitutive equation.
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Small angle approximation Let us consider now the special case in which the angle 8 is much
less than one, i.e. 8 < 1. It is convenient to introduce the angle

— 0.

o= E
2
In the fluid domain o < § <« 1 and
cosf =sina = a+ 0(a?) = a + O(B?),
sinf = cosa = 14+ 0(a?) = 1+ 0(B?),
We have
C C

sin2 0 cos? o

Top = — = —-C+0(8%).

From (6.30)
3= (14007) o [w(1+0()]

e
Recalling that @ << 1 we expand w as
w(a) = K + Ja + 0(a?),

where the constant of integration can be obtained imposing the boundary conditions (6.28)

w’ =w =K =0,
0=m/2 a=0
w =w =Jps =0
’9:7r/2—5 a=0 8
Therefore 0
wla) = —— + 0(B2).
p
The approximate value of + is
.0
V= 3 +0(5%).

As a consequence

Q 3m [(p
6.34 — = = .
634 (5) =i (3)
Hence, for a given geometry (R, ) we may determine the form of the functional x by changing

m and Q. Note that in the small angle approximation (where inertial effects are ignored) both
Ty and 7 can be considered constant throughout the fluid domain.

Finite angle approximation: power law fluids Relation (6.34) relates p to the applied

torque, 2, 8 and R in the case of small angle 5 and negligible inertial effects. What happens

when these assumptions are relaxed? Whereas things get really more complicated when inertial

effects are considered, we may still get some closed form solutions even in the case in which

the angle 8 is not small. To obtain something similar to (6.34) we must consider particular

constitutive equations. Let us focus, for instance, on the power-law models introduced earlier.
A power-law fluid undergoing a flow motion of type (6.29) is such that

(6.35) Ty = —n(3)7 = —k4"
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Recalling (6.29) and (6.32) we find

(6.30) = —smod (£0) = (1) = (O [oma] "

1/n 1o/m
i Ga) = (&) [

Integrating with boundary condition w(w/2) = 0, we find

/2
1/n —1-2/n
(6.37) w(h) = (i) sino/ [sin{} e
0

We can obtain 2 evaluating w at the cone surface and exploiting (6.28)2. The integral in (6.37)
can be easily computed when 1+ 2/n is an integer. Then, defining

so that

w/2

Fe = [ e e
*/2—3

we get, recalling the boundary condition (6.28)s,

From (6.36) we find

Q Q

2/n o
f(ﬂ)[sin@} /

’-‘y:

From (6.35) we easily find that
0 \"1! 2/n—2
SN U

When n = 2 we find y
w/2

F(B) = / [singﬁdgztanﬁ,
/28

u) =k (s )

The w = — (Y)Y =

and

Recalling (6.32) we get
3m

" 2nR3cos? B
so that

. 3m sin 8
(6.38) Hw) = 2nR3cos2 3 Q
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Bernoulli’s theorem, 50
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Blasius equation, 88

Blausius formula, 62
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Cayley-Hamilton theorem, 9
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co-rotational time derivative, 44
complex potential, 60

complex velocity, 60
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creeping flow, 82

critical velocity, 66
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d’Alembert formula, 56
d’Alembert paradox, 61
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density of internal energy, 39
Dirichlet boundary condition, 61
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dissipation function, 68
divergence theorem, 12

drag force, 59, 61

energy balance, 39

energy dissipation, 74

entropy, 40

error function, 82

Euclidean transformation, 43

Euler’s equation for inviscid fluids, 48
Euler’s formula, 26

Eulerian coordinates, 20

first law of thermodynamics, 39
fixed point deformation, 22
flow behaviour index, 93

flow past an obstacle, 59

frame indifference, 43

Gauss-Green formula, 12
generalized Newtonian fluids, 92

Hagen-Poiseuille flow, 77
heat flux, 39

heating rate, 40

Helmholtz free energy, 41
Helmoltz equation, 53
holomorphic function, 60
homogeneous deformation, 22

ideal fluid, 47

incompressible fluid, 48
infinitesimal strain, 24

inner product of two vectors, 5
internal energy, 39

inviscid fluid, 47

irrotational flow, 21
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isotropic functions, 18, 69

Jukowski potential, 61

Kelvin’s theorem, 54
kinematic viscosity, 71
kinetic potential, 51

Lagrange’s theorem, 54
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Lagrangian coordinates, 20 Stevin’s law, 49

left and right Cauchy-Green tensors, 23 Stokes equation, 76
local form of motion equation, 37 Stokes formula, 85
local time derivative, 21 Stokes theorem, 12

Stokesian fluid, 69

Mach number, 64 strain tensor, 23

Magnus effect, 64 streamlines, 21, 25
material time derivative, 21 stress power, 39, 75
material volume, 20 stretch, 23

Mooney-Rabinowitsch equation, 101 subsonic motion. 64

Navier-Stokes equation, 71 supersonic motion, 64

Newtonian fluid, 69
Newtonian fluids, 69
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non material volume, 28
non-Newtonian fluid, 90 uniaxial extension, 29

upper convected time derivative, 45

third law of mechanics, 35
Torricelli’s law, 52
translation, 22
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objective time derivative, 44 velocity gradient, 24
Venturi effect, 52
viscosity, 67

viscosity coefficients, 69
vorticity, 21

vorticity tensor, 25
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planar flow, 53
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Poiseuille formula, 79

polar decomposition theorem, 9, 23 yield stress, 95
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pressure, 48
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Reynolds number, 75

Reynolds transport theorem, 27
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rigid deformation, 23

rotating viscometer, 80
rotation, 23

second law of thermodynamics, 40
simple shear, 29

small deformations, 24

sonic motion, 64

spectral theorem, 9

speed of sound, 64
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