An Inttoduction to

Coleccion uex - 102

Vicente







AN INTRODUCTION TO



MANUALES



GARZO

AN INTRODUCTION TO

EEEEEEEEEEEEEEEEEEEEEEEEEEEE



UNIVERSIDA DE EXTREMADURA

1

© El autor
© Universidad de Extremadura para esta 12 edicion

Edita:

Universidad de Extremadura. Servicio de Publicaciones
C/ Caldereros, 2 - Planta 22. 10071 Céceres (Espafa)

Tel. 927 257 041 ; Fax 927 257 046

E-mail: publicac@unex.es
http://www.unex.es/publicaciones

ISSN 1135-870-X
ISBN de méritos 978-84-608-7478-2

Magquetacion: Control P - Cdceres - 927 233 223 - www.control-p.eu



/

IN
DI
CE

I INTRODUCTION

1.1. Solids, liquids and gases

1.2. The confinuum hypothesis

1.3. Classical Thermodynamics

1.4. Euler and Lagrange description

IDEAL FLUIDS

2.1. Intfroduction

2.2. The equation of continuity
2.3. Euler's equation

2.4. Hydrostatics

2.5. The condition that convection is
absent

2.6. Bernoulli's equation

2.7. The energy flux

2.8. The momentum flux

2.9. Incompressible fluids

VISCOUS FLUIDS

3.1. The equations of motion of a viscous
fluid

3.2. Energy dissipation in an incompressible
fluid

3.3. Flow in a pipe

3.4. The law of similarity

3.5. Reynolds equations for furbulent flows
3.5.1 Reynolds equations

THERMAL CONDUCTION IN FLUIDS

4.1. The general equation of heat fransfer
4.2. Rate of increase of enfropy

4.3. Thermal conduction in an
incompressible fluid

4.4, Reynolds equation for the temperature
4.5. The similarity law for heat transfer

20
21
22
24
25

27

27

30
32
33
35
37
41

41
45

47
49
50



IN
DI
CE

5.

MULTICOMPONENT FLUID SYSTEMS
5.1. The equations of fluid dynamics for a
mixture of fluids

5.2. Constitutive equations for the diffusion
and heat fluxes

5.3. Diffusion of particles suspended in a
fluid

STABILITY OF THE HYDRODYNAMIC

EQUATIONS

6.1. Hydrodynamic equations

6.2. Linear stability analysis

6.3. Hydrodynamic modes

MICROSCOPIC DESCRIPTION:

BALANCE EQUATIONS

7.1. Infroduction

7.2. Velocity distribution function

7.3. Microscopic fluxes

7.4. Momentum and heat fluxes
7.4.1. Flux of kinetic energy
7.4.2. Flux of momentum

7.5. Evolution equation for the velocity
distribution function

7.6. Solution to the BGK model for states
close to equilibrium
7.6.1. Thermal conductivity
7.6.2. Shear viscosity

7.7. Balance equations
7.7.1. Mass balance equation
7.7.2. Momentum balance equation
7.7.3. Energy balance equation

BIBLIOGRAPHY

53

53

57

62

65

65
67
69

73

73
75
76
77
77
77

78

81
81
83
84
85
86
87

89



CHAPTER 1

1.1 Solids, liquids and gases

The defining property of fluids, embracing both liquids and gases, lies in the
characteristic which they may be deformed. A piece of solid material has a
definite shape, and that shape changes only when there is a change in the
external conditions. A portion of fluid does not have a preferred shape, and
different elements of a homogeneous fluid may be rearranged freely without
affecting the macroscopic properties of the portion of fluid.

The distinction between solids and fluids is not a sharp one, since there
are many materials which in some situations behave like a solid and in other
situations behave like a fluid. A simple solid may be seen as a material
of which the shape, and the relative positions of the constituents elements,
change by a small amount only when there is a small change in the forces
acting on it. A simple fluid might be defined as a material such that the
relative positions of the elements of the material change by an amount which
is not small when suitably chosen forces are applied to the material.

The distinction between liquids and gases is much less fundamental. For
reasons related to the nature of intermolecular forces, most substances can
exist in either of two stable phases which exhibit the property of fluidity.
The density of a substance in the liquid phase is normally much larger than
that in the gaseous phase, but this is not in fact a relevant difference between
both systems. The most important difference between the mechanical prop-
erties between liquids and gases lies in their bulk elasticity, namely, in their
compressibility. Gases can be compressed much more readily than liquids,
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and as a consequence any motion involving appreciable variations in pressure
will be accompanied by much larger changes in specific volume in the case
of a gas than in the case of a liquid.

In any case, the relevant properties of solids, liquids and gases are directly
related to their molecular structure and to the nature of the forces between
their constituents.

1.2 The continuum hypothesis

The molecules of a gas are separated by vacuous regions with linear dimen-
sions much larger than those of the molecules themselves. Even in a liquid,
in which the molecules are nearly closely packed as the strong short-range
repulsive forces will allow, the mass of the material is concentrated in the
nuclei of the atoms composing a molecule and is very far from being smeared
uniformly over the volume occupied by the liquid. However, fluid mechanics
is normally concerned with the behavior of matter in the large, on a macro-
scopic scale large compared with the distance between molecules and usually
the molecular structure of the fluid will be not accounted for explicitly. Thus,
we will assume that the behavior of fluids is the same as if they were per-
fectly continuous in structure; and physical quantities such as the mass and
momentum associated with the matter contained within a given small vol-
ume will be regarded as being spread uniformly over that volume instead of
being concentrated in a small region of it. The validity of this continuum
approach under the conditions of everyday experience is evident. Indeed the
structure and properties of air and water are so obviously continuous and
smoothly-varying that no different assumption would seem natural.

To put this hypothesis in a proper context, let us consider for instance
the density of mass p in a given point. To define the density at the point r
we take a very small volume around this point and evaluate the density as
the ratio between the sum of the masses of the particles contained in this
volume and the volume §V:

plov) = =

In the case that 0V is very small, the value of p(0V) will change quickly
when we move from one point to another point, although both points are
quite close each other since its value will depend on the number of particles
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considered in 0V. On the other hand, as the value of §V becomes more and
more big, it is possible then that the density p reaches a practically constant
value where the addition of more particles into the volume does not affect
the value of the density. Let us denote Vj the value of the volume such that
p = const. If Vj is much smaller than the macroscopic size of the system,
then the value of the density in V4 can be considered as local, i.e.,

p(r) = p(Vo).

On the other hand, when V; is larger (or the same order) than the macro-
scopic size of the system, the continuum hypothesis fails and we should con-
sider a microscopic description such as, the kinetic theory of gases.

1.3 Classical Thermodynamics

In our subsequent discussion of the dynamics of fluids we shall need to make
use of some of the concepts of classical thermodynamics. As you know, clas-
sical thermodynamics analyzes states in which all local mechanical, physical
an thermal quantities are independent of both position and time. Thermo-
dynamic results may be applied directly to fluids at rest when their prop-
erties are uniform. However, little is known of the thermodynamics of non-
equilibrium states. Observation shows that results for equilibrium states
are approximately valid for non-equilibrium non-uniform states common in
practical in fluid dynamics when the departures from equilibrium in a moving
fluid are apparently small in their effect on thermodynamic relationships.
The purpose of this section is to summarize briefly the laws and results
of equilibrium thermodynamics. The state of a given mass of fluid in equi-
librium under the simplest possible conditions is specified uniquely through
two parameters, which for convenience may be chosen as the specific volume
v = 1/p and the (hydrostatic) pressure p. ! All other quantities describing
the state of the fluid are thus functions of these two parameters of state. One
of the most important quantities is the temperature T'. The relation between

!The pressure p is defined in the following way. Let us consider an element of fluid of
volume dV. The surrounding fluid exerts a force dF on the surface element dS given by

dF = —pdS,

where p is the pressure at equilibrium.
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the parameters of state and the temperature defines the equation of state:

f(p,v,T) =0.

Another important quantity describing the state of the fluid is the internal
energy per unit mass u. Work and heat can be regarded as equivalent forms
of energy and the change in the internal energy of a mass of fluid at rest
gives rise to a change of state. Thus, if the state of a given uniform of mass
of fluid is changed by a gain of heat of amount ) per unit mass and by the
performance of work on the fluid of amount W per unit mass, the increase
in the internal energy per unit mass is

Au=Q+W.

This is first law of Thermodynamics which is a consequence of the conser-
vation of total energy in the system. The internal energy Au depends only
on the initial and final states (function of state) but @ and W depend on
the particular way in which the process between the initial and final states
is made. In the case of a reversible process, the differential form of first law
is

ou =900 — W = 6Q — pdv.

A practical quantity of some importance is the specific heat of the fluid,
that is, the amount of heat given to unit mass of the fluid to rise a given
amount the temperature. It is defined as

_0Q
0T

For a process at constant pressure, ¢ — ¢, where

_[0Q [ Ou ov
o= (), (ar), 2 ar),

For a process at constant volume, ¢ — ¢, where

C(6Q\ ([ ou
“= <ﬁ>5v—0 B <8_T>y

The second law of Thermodynamics implies the existence of another ex-
tensive property of the fluid in equilibrium: the entropy S. The entropy per
unit mass of a fluid s is defined by the relation

Tos = 0Q).

c
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For a reversible process,
Téos = ou + pov.

The entropy is also a function of state. Another convenient function of state
is the entalphy. The entalphy per unit mass h is defined as

h=u+ pv,
and has the dimensions of energy per unit mass. Note that

0h = 0u + pov + vop = T'ds + vip.

1.4 Euler and Lagrange description

The study of dynamics of fluids can be carried out by considering two different
points of view. First, we can pay attention to the different fluid particles®
and analyze their time evolution. This is called the Lagrangian frame of fluid.
Another perspective is to analyze what happens in any point of the system
at different times (Eulerian frame). Let us see the relationship between both
descriptions. Let us consider the fluid particle & which is located in r at
instant ¢. Let P(r,t) be a property of the fluid particle in (r,t). Thus,

P(& 1) = P(r(£),t). (1.1)

This means that the value of P of fluid particle £ at ¢ coincides with the value
of the property P at the point r where is located the particle £ at instant ¢.
The time derivative of Eq. (1.1) is

Dp _dP _ <37’(r(€,t)»t)> L OPE(E).1) <0r(£,t)>
r ¢

Dt — dt ot Jr ot
oP oP
= <§>r+V(I‘,t) : E, (12)

where v(r,t) is the velocity of fluid particle £ at ¢. In other words, it is the
velocity at the point r which is occupied by particle ¢ at ¢. Here, OP/0t|,
denotes the local variation of P.

2Note that here fluid particles means a very small volume around a given point (con-
tinuum assumption)
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CHAPTER 2

2.1 Introduction

Fluid dynamics is devoted to the study of the motion of fluids (liquids and
gases). As said in the previous chapter, since the system is seen as macro-
scopic, then the fluid is regarded as a continuous medium. This means that
any small volume element in the fluid is always supposed so large that it
still contains a very great number of molecules. Thus, when we talk on the
displacement of some fluid particle, we mean not the motion of an individual
particle, but that of a volume element containing many molecules, though
still regarded as a point.

From a mathematical point of view, all the hydrodynamic quantities are
in general functions of the point r and of the time ¢. The state of the fluid is
described by the fluid velocity v(z, y, z,t) and two additional thermodynamic
quantities [p(x,y, z,t) and T'(z, y, z,t) or p(x,y, z,t)]. All the thermodynamic
quantities are determined by the values of two of them, together the equation
of state. We recall again that v(x,y, z,t) or p(z,vy, z,t) refers to the values
of these quantities at a given point r of the space and a given time ¢t and
not to specific particles of the fluid. We shall now derive the fundamental
equations of fluid dynamics. For the sake of simplicity, let us consider first
in this Chapter the case of ideal fluids, namely, fluids with zero viscosity and
without thermal conduction.

UEX

15



UEX

16

GARZO

2.2 The equation of continuity

We want to express the equation of the conservation of matter. Let Vj a
volume in the space. The mass of fluid in this volume Vj is

/ pdV
W

where p is the fluid density and the integration is taken over the volume Vj.
Let Sy be the surface bounding Vj. The mass of fluid flowing in unit time
through an element dS bounding the volume is

pv - dS

where the direction of dS is along the perpendicular direction to the surface
element. By convention, we take dS along the outward normal, so that
pv-dS > 0 (pv -dS < 0) if the fluid is flowing out (flowing into) the volume.
The total mass flowing out the volume per unit time is

7{ pv - dS (2.1)
where the integration is taken over the whole of the closed surface surrounding

the volume.
Thus, the decrease per unit time in the mass of fluid in Vj is given by

—%/ pdV. (2.2)

Equating (2.1) and (2.2), one gets

where in the last equality we have applied Gauss’s theorem. Thus,

/ [gﬁ:—l-v-(pv)} dv = 0.

Since this equation holds for any volume, the integrand must vanish, i.e.,

% +V-(pv) = 0. (24)
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This the equation of continuity. This can be also written as

gi)—l—pv-v+v-Vp:O,
or equivalently,
@+pV-v:0. (2.5)
dt

The vector j = pv is called the mass flur density. Its direction is that of the
motion of the fluid. It is important to remark that the continuity equation
(2.5) holds also for non ideal (viscous) fluids.

2.3 Euler’s equation

We consider a given element in the fluid. The total force acting on this

volume is
- 7{ S,

where the pressure p is taken over the surface bounding the volume. Note
that here we are neglecting the existence of shearing effects in the fluid since
we are assuming an ideal fluid. Transforming the above surface integral to a
volume integral, we have

—j{pdS——/(Vp) dav.

We see that the fluid surrounding any volume element dV exerts on that
volume a force —dV (Vp).
We can now write the equation of motion of a volume element in the fluid:

dv 7
T
As mentioned in Chapter 1, dv/dt means the rate of change of the fluid
velocity of a given fluid particle which is moving in the space. Since

Vp. (2.6)

then Eq. (2.6) becomes

UEX
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or, equivalently,

81%- _
E + UjVjUZ' = —p 1Vip, (27)

where 0, = /0t and V; = 0/0r;. The equation of motion (2.7) was first
obtained by L. Euler in 1755. It is called Euler’s equation and is one of the
fundamental equations in fluid dynamics. In deriving this equation we have
not accounted for processes of energy dissipation (internal friction due to
viscosity and heat exchange between different parts of the system).

If the fluid is in a gravitational field, an additional force pg acts on any
unit of volume. Here, g is the acceleration due to gravity. This force must
be added to the right hand side of the above equation, and so one finally gets

0
8%5, +v-Vv=—p"'Vp+g. (2.8)

Since the motion does not involve any heat exchange, then the motion is
adiabatic and consequently, the entropy remains constant. Denoting s the
entropy per unit mass, then ds/dt = 0, or,

Os+v-Vs=0. (2.9)
Using Eq. (2.4), then
9i(ps) = s0p + pOys = pOys — sV - (pv) = =V - (psv).
Therefore, Eq. (2.9) can be rewritten as
Oi(ps) +V - (psv) = 0. (2.10)

This is an “equation of continuity” for the entropy. Here, psv is the entropy
flux density.
Since the motion is isentropic (s = constant), then
d dp d
p p p
where we have taken into account that ds = 0. Thus, in this case, Vh =
p~'Vp and the Euler equation (2.8) (in the absence of gravity) becomes

ov
= V- Vv =-Vh (2.11)
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The Euler equation can be also written in a different form that only involves
the velocity field. In order to do it, let us consider the relation

%VUQ—VX(VXV)—I—(V‘V)V.

Thus, Eq. (2.11) can be written as

ov 1_,
E-I-in —2vxw=-Vh, (2.12)

where w = $V x v is the vorticity. Taking the vector product (Vx) in both
sides of Eq. (2.12), one finally gets

O(rotv) = rot(v X rotv), (2.13)

where

rotA =V x A.

2.4 Hydrostatics

For a fluid at rest in a uniform gravitational field, Euler’s equation takes the
form

Vp = pg. (2.14)

If there are no external forces, then p = constant A(mechanical equilibrium of
fluid). In the case that p ~ constant and g = —gk, then Eq. (2.14) becomes

dp=0,p=0, 0.p=—pg, (2.15)

and hence,
p(z) = —pgz + constant. (2.16)

If p=py at z = hy (free surface which an external pressure py), then

p(2) = po + pg(ho — 2). (2.17)

This equation does not hold for a gas since p depends on p.

UEX
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2.5 The condition that convection is absent

A fluid can be in mechanical equilibrium (i.e., exhibit no macroscopic mo-
tion) without being in thermal equilibrium. Equation (2.14) can be satisfied
even if the temperature is not constant throughout the fluid. However, a
good question is to analyze the stability of this equilibrium state. As we will
show later, it is found that the equilibrium is stable only when a certain con-
ditions are satisfied. Otherwise, the equilibrium is unstable and this yields
the presence of currents which tend to mix the fluid to equalize the tempera-
ture. This motion is called convection. Thus, the condition for a mechanical
equilibrium to be stable is the condition that convection be absent.

Let us consider an element of fluid at height 2z with a specific volume
v(p, s), where p and s are the pressure and entropy at z. We assume that
this element of volume undergoes an adiabatic upward displacement along a
small interval €. In this case, its specific volume becomes v(p', s), where p’
is the pressure at height z + £. The equilibrium is stable if (though not in
general sufficient) the resulting force acting on this element tends to return
it to its original position. This means that the element must be heavier than
the fluid which it “displaces” to its new position. The specific volume of the
latter is v(p', s') where ' is the entropy at z + £. The stability condition is

o(p,s') > u(p, 5)
Since s’ = s + &ds/dz, then
;o / v / _ / @ @
)2+ (5 ) (7=t + () €5

Therefore, the above stability condition yields the result
ov\ ds
— | —>0. 2.18
(83) ,dz (2.18)
Now, we use the thermodynamic relation
<8U> T <8v>
ds), ¢ \dT'),

where c, is the specific heat at constant pressure. Since ¢, > 0 and 7" > 0,
then Eq. (2.18) can be written as

ov\ ds
<ﬁ>p >0 (2.19)
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In most of the substances, (0v/9T), > 0 so that Eq. (2.19) simply becomes

&y (2.20)
dz ' '

The entropy must increase with the height to be absent the convection. We
want to determine the condition for the temperature gradient. To do it, let
us express the derivative ds/dT in terms of dT'/dt as

ds_(Bs\ 0T (05) o
dz \dT),dz  \p),d

Taking into the thermodynamic relations

(08) Cp <85> _(6@)
or), T \0dp), ar),’
the condition (2.20) becomes

ar gT [ ov BT
— ] =-=—. 2.21
g <8T> Cp 221)

dz Cpv -
Upon deriving (2.21) use has been made of the relation dp/dz = —g/v. In
summary, convection occurs if these conditions are not satisfied, i.e., if the
temperature decreases upwards with a gradient which magnitude exceeds the
value gfT'/c,.

2.6 Bernoulli’s equation

Let us consider a steady flow (0; — 0). In this case, Euler’s equation (2.12)

becomes |
§V02 —2v xw = —Vh. (2.22)

The streamlines are defined as
da_dy _d:

Up Uy U,

In steady states, the streamlines do not change with time. Let £ the unit
vector tangent to the streamline in each point. Let us take the scalar product

UEX
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of Eq. (2.22) with £. Since, v X rotv L v, then the projection of (2.22) on £
is

J (1,
— (= h) =0. 2.23
o <2” - > (2.23)
Thus, the combination %1)2 + h is constant along a streamline, i.e,
1,
JU Tt h = const. (2.24)

Equation (2.24) is called Bernoulli’s equation. If there is some gravitational
field, then g = —V(gz) and Bernoulli’s equation becomes

1
évg + h + gz = const. (2.25)

2.7 The energy flux

Let us consider some volume element fixed in space and find the variation
with time of the energy of the fluid contained in this element. The energy of
unit volume of fluid is %pvQ + pu where the first term is the kinetic energy
and the second is the internal energy; u is the internal energy per unit mass.
We want to calculate the time evolution of this quantity. The first term is

1 1
@(5[)1}2) = §U28tp + pv - Opv

Using the continuity equation (2.4) and Euler’s equation (2.6), one gets

1 1
8t(§pv2) = —§v2vi(pvi) —v;Vip — pvv; Vv,

This relation can be written in a more compact form when one takes into
account the results

Vﬂ}? = 2Ujvi’l)j, Vzp = szh - pTVZ-s.
Thus,
2 1L, 1 2
O(zpv7) = —51) Vi(pvi) — pviVih + pTv;V;s — épviviv

1 1
= —QUQVi(pUi) - pviVi <2U2 + h> + pTviVis.

(2.26)
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The other derivative is d;(pu). The first Thermodynamics Law gives
du = Tds — pd(p™) = Tds + %dp,
and so,
d(pu) = udp + pTds + ];dp = hdp + pTds.
Taking into account these results, one gets
Oi(pu) = hdyp + pTs = —hV - (pv) — pTv - Vs. (2.27)
Combining Eqs. (2.26) and (2.27), after some algebra one achieves
O <;p1)2 + pu> = —;vzvi(pvi) — pu;V; <;v2 + h> + pTv;V;s
—hVi(pv;) — pTv;V;s
= - <%U2+h>V'(pv)—pV°V<%U2+h>
= -V. [pv <;v2 + h)} : (2.28)

In order to see the physical meaning of Eq. (2.28), let us integrate it over

some volume:
1,
— [ V-|pv 3" +h||dV

o[ /1,
—f pv (%112 + h> -dS, (2.29)

where use has been made of Gauss’s theorem in the last step. The left hand
side of Eq. (2.29) is the rate of change of energy of the fluid in some given
volume while the right hand side is the amount of energy flowing out in unit
time through S. Therefore, the quantity pv (%UQ + h) may be called the
energy flur density vector. Its magnitude is the amount of energy crossing
in unit time through unit area perpendicular to the direction of the velocity.
Thus, any unit mass of fluid carries with it during its motion an amount of
energy v* + h.

UEX
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The fact that the enthalpy h appears in Eq. (2.29) instead of u has a
simply physical significance. Putting h = u + p/p, we can write the flux of
energy through a closed surface in the form

1 1
—7{pv'<21}2—|—h>ds——j[pv-<2v2—|—u>dS—7{pv-dS. (2.30)

The first term is the energy (kinetic and internal) transported through the
surface in unit time by the mass of fluid. The second term is the work done
by pressure forces on the fluid within the surface.

2.8 The momentum flux

We shall now give a similar series of arguments for the momentum of the
fluid. The momentum of unit volume is pv. Let us determine its rate of
change 0;(pv). We shall use tensor notation. We have

Oi(pv;) = poyv; + v;Opp.
As before, using the equation of continuity
Op = = Vi(pvi),
and Euler’s equation
i = —v; Vv, — p'Vip,
we obtain
Ou(pvi) = —pv;Vjvi = Vip — 0V ;(pv;) = =Vip = Vj(pviv;).

We write the first term on the right hand side in the form

Vip =05V p,
and finally obtain
9 OlL;
—(pvi) = — , 2.31
i) =5 (231)
where the tensor II;; is defined as
IL;; = pdij + pviv;. (2.32)
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This tensor is symmetric, i.e., II;; = IL;;.
In order to see the physical meaning of the tensor II;;, we integrate Eq.
(2.31) over some volume:

875/ pUZ'dV: —/ (VJHU> dV.

The integral on the right hand side is transformed into a surface integral:

&g/ pvidV = —f Hidej~ (233)

The left hand side of Eq. (2.33) is the rate of change of the ith component
of the momentum contained in the volume considered. The surface integral
on the right is therefore the amount of momentum flowing out through the
bounding surface in unit time. Consequently, II;;dS; is the ith component of
the momentum flowing through the surface element dS. If we write dS; =
n;dS (where 1 is a unit vector along the outward normal), then II;;n; is the
flux of the ith component of momentum through unit surface area. Note
that II;;n; = pn; 4+ pv;ujn;. Thus, II;; is the ith component of the amount
of momentum flowing in unit time through unit area perpendicular to the
J axis. The tensor II;; is called the momentum flur density tensor. The
momentum flux is determined by a tensor of rank two since the momentum
itself is a vector.
In vector form, the quantity II;;n; can be written as

pn+ pv(v-n).

This expression gives the momentum flux in the direction of n. If we takes
n||v, we find that only the longitudinal component of momentum is trans-
ported in this direction and its flux density is p + pv?. In a direction perpen-
dicular to v, only the transverse component to v of momentum is transported,
its flux density is simply p.

2.9 Incompressible fluids

In many of the usual situations in the flow of liquids (and also for gases),
their density may be supposed constant throughout the volume of the fluid
and throughout its motion (no significant compression or expansion of the
fluids in such cases). We speak of incompressible flow.
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In this case (p ~ const.), the equation of continuity takes the simple form

V.-v=0, (2.34)
and Euler’s equation reduces to
8—V—I-V vw=-v(L)+ (2.35)
ot B p & '

Thus, the fundamental system of equations in fluid dynamics for an incom-
pressible fluid only involves the velocity field since p is no longer unknown.

Bernoulli’s equation can be also written in a more simple form since
V(p/p) = Vh, and so it reduces to

1
5112 +L4 gz = const. (2.36)
p



CHAPTER 3

3.1 The equations of motion of a viscous fluid

We want to analyze in this Chapter the effect of energy dissipation (by in-
ternal viscous friction) occurring during the motion of a fluid particle. This
process is the result of the thermodynamic irreversibility of the motion. This
irreversibility occurs essentially due to internal friction (viscosity) and ther-
mal conduction. Here, we will pay attention to the former process.

In order to include these effects on the motion of a viscous fluid, we have
to include some additional terms in the equation of motion of an ideal fluid.
The equation of continuity holds for any fluid, whether viscous or not. On the
other hand, Euler’s equation (2.7) requires modification. To extend Euler’s
equation to viscous fluids, let us write first it in the form

0 01l

—(pv;) = — , 3.1
() == B.1)
where Il;; is the momentum flux density tensor. It is given by

ik = pdix. + pvivg. (3:2)

The expression (3.2) for II;; represents a completely reversible transfer of
momentum, due simply to the mechanical transport of the different particles
of fluid from one place to other place and to the pressure forces acting in the
fluid. The viscosity (internal friction) causes another irreversible transfer of
momentum from points where the velocity is large to those where it is small.

The equation of motion of a viscous fluid may therefore be obtained by
adding to the “ideal” momentum flux (3.2) a term —o7, which accounts for
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the irreversible viscous transfer of momentum in the fluid. Thus, we write
the momentum flux density tensor in a viscous fluid in the form

I = poig + pvive — 04 = =0 + pUiv;. (3.3)

The tensor
Oik = —péik + O';k (34)

is called the stress tensor. This tensor gives the part of the momentum flux
that is not due to the direct transfer of momentum with the mass of moving
fluid.

We should establish the general form of ¢f,. It is quite evident that
processes of internal friction occur in a fluid only when different fluid particles
move with different velocities, so that there is a relative motion between
various parts of the fluid. Hence, o, must depend on the space derivatives
of the velocity. If the velocity gradient is small, we can assume that of, is
proportional to the first spatial derivatives of the velocity. There can be no
terms in o), independent of dv; /Ory, since o7, must vanish when v = constant.
Next, we notice that o7, must also vanish when the whole fluid is in uniform
rotation since it is clear that in such motion no internal friction occurs in the
fluid. In uniform rotation with angular velocity €2, the velocity v is equal to
the vector product € x r. The sums

ov; N ovy,

67‘k 87“,-

are linear combinations of the spatial derivatives dv;/0ry and vanish when
v = Q xr. Hence, 0, must contain just these symmetrical combinations of
the derivatives dv;/0ry.

The most general tensor of rank two satisfying the above two conditions

ov;  Oug )
/ — . -

where a and b are independents of v. It is more convenient to write this
equation in the form

, <6v,~ +avk 25 81)4) 6 vy

O, =1 Ore o, —g ika_w ika_re7

is

(3.5)

where 1 and ( are independents of v. Since the fluid is isotropic, its properties
must be described by scalar quantities only (in this case n and (). Note that
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the tensor
o C()’Ui + 6Uk 2 81)[

“or  Or, 3 "or,
is traceless (Aps = TrA = A, + Ay, + A, = 0). The constants 7 and ¢ are
called coefficients of viscosity; n is usually called shear viscosity and ( is the
bulk viscosity. As we shall show later, both coefficients are positive.

The equations of motion of a viscous fluid can now be obtained by simply
adding the term 0o, /Ory to the right hand side of Euler’s equation (3.1).
Therefore, after taking into account the equation of continuity, one gets

AN
p ot k@rk O, O

8]9 0 ém- 8Uk 2 8Ug
N A AL Wi
or; - ory, {77 <8rk + or; 3 k@wﬂ
0 61}@
+8_7”,- < 5_7”5> ) (3.6)

This is the most general form of the equations of motion of a viscous fluid.
The quantities 7 and ¢ are functions of the pressure and temperature. In
general, p and 7' (and so, 7 and () are not constants throughout the fluid, so
that n and  cannot be taken outside the gradient operator.

In most cases, however, the viscosity coefficients do not change signifi-
cantly in the fluid and they may be considered as constants. In this case,
and in vector form, Eq. (3.6) becomes

A

|G+ (TN = T VT, )

where use has been made of the partial result
1
Vi, = Vi + (C + gﬁ)vivkvk~

Equation (3.7) is called the Navier-Stokes equation. It has been deduced in
the absence of a gravity field. The Navier-Stokes equation becomes simpler
if the fluid is incompressible (V - v = 0). In this case, the last term on the
right hand side of Eq. of (3.7) vanishes and one gets

0
3_‘7‘/ +(v-V)v=—p 'Vp+vViv, (3.8)
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where 0
V= - 3.9
P (3.9)

is the kinematic viscosity. The stress tensor in an incompressible fluid takes
the simpler form
v, 8vk>

Oik = —POik +1) <8m * o

The pressure can be eliminated in Eq. (3.8) by taking the rotational in both
sides of this equation. The result is

(3.10)

%(rotv) = rot(v x rotv) + vV*(rotv). (3.11)

In the presence of the gravity field, the Navier-Stokes equation (3.7) be-
comes

p {g—‘t’ + (v V)V] =—Vp+pg+ Vv +(C+ %n)V(V v). (312

3.2 Energy dissipation in an incompressible
fluid

The presence of viscosity gives rise to the dissipation of energy, which is finally
transformed in heat. The evaluation of the energy dissipation is relatively
simple for an incompressible fluid.

For an incompressible fluid, the total kinetic energy is

1

Ein = —p/ v?dV
2

We take the time derivative of the kinetic energy % pv? by using the Navier-

Stokes equation:

1
at(§PU2) = p;0;

= —pvivkvkvi — vivip + kaa;k
1 p
= —pup Vi <§’U2 + ;) + V/C(Uiazl-k) — ngvkvi

1
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where in the last step use has been made of the result V- v = 0. In vector
form,

gt(;,mﬂ) =-V. {pv (;112 + i) —v- o"} - :Vv. (3.14)
Here, we have introduced the notation A : B = A;;B;;. In Eq. (3.14), the
expression in brackets is just the energy flux density in the fluid: the term
pv(3v® +p/p) is the energy flux due to the actual transfer of fluid mass and
is the same as the energy flux in an ideal fluid. The second term v - o’ is the
energy flux due to processes of internal friction. The presence of viscosity
gives rise to a momentum flux o7,. A transfer of momentum always involves
a transfer of energy and the energy flux is clearly equal to the scalar product
of the momentum flux and the velocity.
Let us integrate Eq. (3.14) over some volume V. The result is

1 1
%/ §p1)2dV = —j{ {pv <§v2 + 8) -v- o"} -dS—/ 0, Viv;dV. (3.15)
P

The first term on the right hand side gives the rate of change of the kinetic
energy of the fluid in V' due to the energy flux through the surface bounding
V. The integral in the second term gives the decrease of the kinetic energy per
unit time due to viscous dissipation. We extend the integration in Eq. (3.15)
to the whole volume of the fluid. In this case, since the velocity vanishes at
infinity (or for a fluid enclosed in a finite volume, the surface integral vanishes
because the velocity at surface vanishes), then the surface integral vanishes
and so, the energy dissipated per unit time in the whole fluid is

dE in 1
d; = —/ aikadeV = —5/ Ull‘k (kai + Vﬂ)k) dv,

since o}, = o},;. For an incompressible fluid,
!/
and so,
/ _ 2
Oik (Vkvi + Vzvk) = H(Vﬂ)k + Vkv,-) .
Therefore, one gets the important final result

dEkin . 1 81),' 3vk 2
— __577/ dv <8rk + aﬁ) : (3.16)
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Since the dissipation yields a decrease in the mechanical energy, then

dE kin

< 0.
dt

Consequently, the shear viscosity coefficient 7 is always positive.

3.3 Flow in a pipe

We shall now consider some simple problems of motion of an incompressible
viscous fluid.

Let the fluid be enclosed between two parallel plates moving with a con-
stant relative velocity U. We also neglect the influence of gravity. We assume
that the y-axis is orthogonal to the plates while the flow is in the z-direction.
Under these conditions, v,(y) # 0 and v, = v, = 0. The boundary conditions
are v, (h) = U and v,(0) = 0. It is clear that all the quantities depend on
space only through the y coordinate. For steady flow, the equation of conti-
nuity is satisfied identically while the Navier-Stokes equation (3.8) reads

<vy(%> v; = —p 'Vp+ vV,

=

or j = ,8Um—OWhileforj—y,8p—0 Then, p = const. and
ve(y) = ay +b Boundary conditions imply b = 0 and a = U/h. Thus,
0.ly) = (U/h)y.

Let us consider now a steady flow between two parallel plates at rest in
the presence of a pressure gradient. We choose the coordinates as before;
the z-axis is in the direction of motion of fluid. Since the velocity clearly
depends only on the coordinate y, the Navier-Stokes equations give

85% =n"'0,p, O,p=0, (3.17)

where we have also assumed the absence of gravity. The last identity in Eq.
(3.17) implies that p does not depend on y. Consequently, the combination
n~10,p is only a function of z. Since v,(y) depends only on y, then both
terms are constant:

0,p = const., 85% = const.
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The 2- component of the velocity field is

1dp ,
(y) = —— b.
2 (y) s’ +ay +

Boundary conditions: v,(0) = v,(h) = 0. Thus, b =0 and
h dp

C pda’

The final result is

1 dp 1 dp 1dp |1 1\°
v(y) = ——1* — ——hy = —— — [—h2 — <y — §h> . (3.18)

Equation (3.18) clearly shows a parabolic spatial variation of the velocity
field. Its maximum value v, may is located at the middle of the pipe, i.e., at
y=nh/2:
_i@ h2

Sndr

Vg, max =

3.4 The law of similarity

In the study of motion of viscous fluids, one can obtain a number of important
results from simple dimensional arguments of various physical quantities. Let
us consider for instance, the motion of a body of some definite shape through
a fluid. If the body is not spherical, we have also to specify its direction of
motion, e.g., the motion of an ellipsoid in the direction of its greatest or
least axis. Thus, we can say that bodies of the same shape are geometrically
similar.

We are going to consider steady flows. We discuss for instance flow past a
solid body where the velocity of the main stream must therefore be constant.
We shall suppose the fluid incompressible. Regarding parameters of the fluid,
only the kinematic viscosity v = n/p appears in the Navier-Stokes equations.
The unknown functions which have to determine by solving the Navier-Stokes
equations are the velocity v and the ratio between the pressure and the mass
density p/p (since p is assumed to be constant). Moreover, the flow depends
(through the boundary conditions) on the shape and the dimensions of the
body moving through the fluid and on its velocity. Since the shape of the
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body is supposed given, its geometrical properties are determined by one
linear dimension, which we denote by £. Let the velocity of the main stream
be u. Then, any flow is specified by three parameters: {v,¢,u}. These
quantities have the following dimensions:

W =L*T" [=L, [u=LT"

The only dimensionless quantity built from the above three quantities is
ul/v. This combination is called the Reynolds number Re:

Re=—=—. 3.19
: : (3.19)

Any other dimensionless parameter can be written as a function of Re.

Therefore, we will measure lengths in terms of £ and velocities in terms
of u. In other words, we introduce the dimensionless quantities r/¢ and v /u.
Since the only dimensionless parameter is the Reynolds number, it is evident
that the velocity field obtained after solving the equations of incompressible
flow is given by a function having the form

v = uf(r/l,Re), (3.20)

where f is an unknown function. It is seen from Eq. (3.20) that, in two
different flows of the same type (for example, flow past spheres with different
radii by fluids with different viscosities), the velocities v/u are the same
functions of the ratio r/¢ if the Reynolds number is the same in each flow.
Flows which can be obtained from one another by simply changing the unit
of measurement of coordinates and velocities are said to be similar. Thus,
flows of the same type with the same Reynolds number are similar. This is
called the law of similarity (O. Reynolds 1883).

Let us see the dynamical similarity law in a more explicit way for steady
incompressible flows. In this case, the motion of the fluid when p = const. is
governed by the equations

V.-v=0, (3.21)

v . 0p N 0?v;
Vi =—p L +V .
! 67"j 87"1‘ aTj 873
We propose now to assess the effect on the flow of changes in the (uniform)
values of p and v. To this end it is useful to write Egs. (3.21) and (3.22) in

(3.22)
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dimensionless form. Since no parameters with the dimensions of length and
velocity appear in the above equations, we have to look for in the boundary
conditions to find quantities to define dimensionless variables.

Let us suppose that the specification of the boundary conditions for a
particular flow involves some representative length L and some representative
velocity U. In this case, we define the following dimensionless space and
velocity variables:

, Vv
=, 3.23
v " ( )

In addition, the pressure p can be scaled with a given reference pressure
po = pu?, such that

is also a dimensionless quantity. It is straightforward to see that

o (N o

orr— \t) orr

so that, in terms of the dimensionless variables ' and v/, Eqs. (3.21) and
(3.22) become

v;

ar!

v ap 1 9P

Vit = - — .
o or; = Redr;or;

=0, (3.24)

(3.25)

These equations contain only explicitly the (dimensionless) Reynolds number
Re. The solution for the dependent variables v/ and p’ that satisfies the
boundary conditions can depend only on r’ and the parameter Re. Thus, once
a solution for a particular flow field is known and is expressed in dimensionless
form, a family of solutions can be obtained from it by choosing the values
of p, £, w and n in such a way that the value of the Reynolds number Re
remains unchanged. All those flows satisfying the same boundary and initial
conditions and for which the values of p, ¢, u, and n differ but share the same
value of the (dimensionless) combination pfu/v are described by the same
non-dimensional solution. As we mentioned before, all these flows are said
to be dynamically similar.

This principle of similarity is used widely as a means to get information
about an unknown flow field from “model tests”, namely, from experiments
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carried out under physical conditions more convenient than those of the un-
known flow field. This is one of most practical applications of the above
principle.

3.5 Reynolds equations for turbulent flows

For any problem of viscous flow under certain conditions there must in princi-
ple exist an exact solution to the equations of fluid dynamics. These solutions
exist for all Reynolds numbers. However, even if one finds an exact solution
to the equations of motion, it is possible that this solution does not occur in
Nature. This means that not only such a solution must obey the equations
of motion of fluid dynamics, but also this solution must be stable. Any small
perturbation which arise must decrease in time. Otherwise, the small per-
turbations which inevitably happen in the flow tend to increase in time so
that, the flow is unstable and cannot exist.

From an experimental point of view, the phenomenon of turbulence was
discovered many years ago and it has been widely observed in many realistic
situations. When one analyzes with detail the motion of a fluid particle, one
see that, under certain conditions, the hydrodynamic variables have small
and quick fluctuations around a mean value. Fluctuations means small, fast
and disordered variations of the hydrodynamic fields. These fluctuations
are produced by the presence of external inputs that eventually change the
evolution of flow. In fact, they can slightly modify the fluid conditions of the
flow.

Under some conditions, the fluctuations vanish quickly and the system
goes back to the initial situation. In this case, we can say that fluctuations do
not play a significant role in the fluid motion and they are a consequence of
our limitations to monitor the external conditions of the flow. On the other
hand, under certain conditions, it is also possible that those fluctuations do
not disappear and the flow has random properties. In this latter case, the
source of fluctuations is not external and they must be accounted for in the
dynamics of the system.

According to this picture, we can say that there are essentially two dif-
ferent regimes of flows. In the former case (no significant fluctuations), the
flow is in laminar regime while in the latter case (significant fluctuations)
the flow is turbulent. There is no a very well delimited separation between
both regimes, although it is admitted that if the fluctuations are below 2%
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of its mean value, then the regime is laminar; otherwise the regime becomes
turbulent. To be a bit more precise, let us consider a hydrodynamic variable
or field A(t) at a given point. The behavior of the mean value A(t) is dif-
ferent in both regimes since for instance the velocity and energy fluctuations
modify significantly the transport of momentum and energy in the fluid. In
other words, the spatial and time variations of A(t) are quite different in
both regimes. Thus, for instance, the flow in a cylindrical pipe is parabolic
in laminar conditions while it is logarithmic in turbulent conditions.

Using empirical arguments, Reynolds was able in 1883 to classify the lam-
inar and turbulent regimes in terms of the Reynolds number Re. Specifically,
when 0 < Re < 10%, the flow is laminar; when 10* < Re < 10, there is not
well defined, while when Re > 10* the flow is turbulent.

3.5.1 Reynolds equations

As said before, the motion of fluid in turbulent conditions is characterized by
small fluctuations around a mean value. These fluctuations tend to increase
in time. Since the solution to the Navier-Stokes equations has a stochastic
component, the problem is in general quite intricate due to the mathematical
difficulties involved in it. Thus, our goal is to get the average values of the
hydrodynamic quantities. To be more precise, let us consider the quantity
a(r,t). Its value at a given time ¢ is

a(r,t) =a(r,t) + d'(r,t),

where

t+7
a(r, ) = (afr, 1) = - /t ofr, £)dt,

T

where 7 is longer than the fluctuation time but is much more shorter than
the characteristic evolution time of @(r,t). The magnitude of the fluctuation

is defined as
o 1 t+7 ,
a?= —/ a’(r,t)dt
T Jt

The correlation function @/t between two fluctuations @’ and ¥’ is defined as

— 1 M :
adll = / a (v, t)b (r,t")dt’.
T Ji
Note that @’ = 0 by definition. Moreover, in the case that a’ and ' are

statistically independent, then a/t/ = o’ &/ = 0.
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For the sake of simplicity, let us assume that p and 7 are constants and
there are no thermal effects in the fluid. In this case, the equations of con-
tinuity and momentum are sufficient to determine v and p. They are given
by

Vﬂ)i = O,

and

(%
Pt

Reynolds assumes that the hydrodynamic fields can be written as

= —Vip + pgi + Vv

vi=T+v, p=p+p.
Now we substitute these forms into the above equations and take time aver-
ages at a given point. The continuity equation becomes

Equation (3.26) is identical to the one derived in the laminar case.
Now we consider the Navier-Stokes equation. Let’s denote the three com-
ponents of the velocity v as (u,v,w). For the z-component, one has

du dp
— = —— + pg, + V7w
P o or + P9z + VU
The total derivative is
d
d—? =ou+v-Vu = 0u+ 0 +ud,u+ud,u +u'0u -+ u'ou

00,1 + v0yu’ +v'0,u + v'Oyu’
wWo,T + wo,u' + w'o,u + w'ou’. (3.27)

+ +

In Eq. (3.27), note that
U 0u + 0 Oy + w'o
—u/(Opu' + 9" + D)

Oy + 0, (u'v") + 0. (w'u)

Oy + 0, (W) + 0. ('), (3.28)

where use has been made of the continuity equation in the last step. Now,
we take the time average of Eq. (3.27):

<%> = O+ 0, (u?) + 0, (W) + 0, (u'w')
00,1 + VO, T + WO,
_ fi_l; 0 () + 0, (o) + B, ). (3.29)
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Here, we have accounted for that (ud,u') = (v'0,u) = ... = 0. Moreover,

d
2 = O+ 10, + 00, + W0,

Taking into account all the above results, the evolution equation for u can
be written as

LA (ML
pdt B 8xp PG ox 77(930 e

+6_y <na—y—puv>+az <n82 puw). (3.30)

Similar equations to Eq. (3.27) can be written for the components v and .
In a compact form, they are given by

dv; J0p 0 o, —
_— = i — = —_— - — -U . . ]-
P dt & a?"i i a?”j (n 87"j vaUJ (3 3 )

Equation (3.31) is the Reynolds equation for the momentum. It is formally
identical to the Navier-Stokes equation for the average values, except for the
presence of the contributions pvjv} to the viscous force. The term pvjv; is
called turbulent stress. The impact of these stresses on the fluid motion
depends on the problem. For instance, we can say that in turbulent regime
the turbulent stresses are much larger than the laminar stresses (i.e., those
related to ndv;/0r;).
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CHAPTER 4

4.1 The general equation of heat transfer

It is evident that a complete system of equations of fluid dynamics requires to
know the evolution equation for the internal energy or temperature. In other
words, the complete system of equations must contain five equations. For
fluids with internal friction and thermal conduction, one of these equations is
the equation of continuity and the other is the Navier-Stokes equation. The
fifth equation for an ideal gas is the equation of conservation of entropy

Os+v-Vs=0.

In a viscous fluid this equation does not hold, of course, due to irreversible
processes of energy dissipation.
In the case of an ideal fluid, the law of conservation of energy is given by

L

The left hand side gives the rate of change of energy in unit volume of the
fluid, while on the right is the divergence of the energy flux density. In
a viscous fluid the law of conservation of energy still holds, of course: the
change per unit time in the total energy of the fluid in any volume must
still be equal to the total flux of energy through the surface bounding that
volume. The energy flux density, however, now has a different form. Apart
from the flux pv(3v%+h) due to the simple transfer of mass by the motion of
fluid, there is also a flux due to processes of internal friction. This latter flux
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is given by the vector v-o’ with components v;o;; [see Eq. (3.14)]. Moreover,
there is also another term that must be included in the energy flux. If the
temperature of the fluid is not constant throughout its volume, there will be
also a transfer of heat or energy called thermal conduction. Thus, there is a
transfer of energy from points where the temperature is high to those where
it is low. It does not involve macroscopic motion, and occurs even in a fluid
at rest.

Let us denote by q the heat flux density due to thermal conduction.
The heat flux is related to the variation of the temperature throughout the
system. If the magnitude of the thermal gradient is small, we assume that
q is proportional to VT (of course, @ = 0 if VT' = 0) and we obtain the
so-called Fourier law for the heat flux

q=—kVT, (4.2)

where £ is called the thermal conductivity coefficient. It is always positive,
since the energy flux moves from points at high temperature to those at low
temperature, i.e., q and V71 must be in opposite directions. The coefficient
Kk is in general a function of temperature and pressure.

Thus, the total energy flux in a fluid when there is viscosity and thermal
conduction is

1
pv (51}2 —|—h> —v-o0' —kVT.

Accordingly, the general law of conservation of energy is given by the equation

J (1 , _ L, I
§<§pv +pu>_ v.{pv<2v +h> V.o n-VT]. (4.3)

This equation completes the system of fluid-mechanical equations of a viscous
fluid. It is more convenient, however, to write it in another form. To do so,
let us evaluate the time derivative of the energy in unit volume of fluid,
starting from the equations of motion. We have

g 1024_ U 7102%+ V.a_v+ @+u%
o \ 2P TP T e TP T TP T

Now, we take into account the equation of continuity and the Navier-Stokes
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equation (in the absence of gravity field, for the sake of simplicity):

0 1, 1,
8t< pU —|—pu> = —évV (pv) — pv V(iv)—v Vp
Jo ou
) - _
-I-@Za +r5 uV - (pv). (4.4)

Using the thermodynamic relation du = T'ds + (p/p?)dp, we find

ou ds pdp 0s

i o 722 _ £

TR F TR pv( pv):
Substituting this into Eq. (4.4) and introducing the enthalpy h = u + p/p,
one gets

9 (1 (1, 1,
8t< U +pu> = <20 —|—h>V-(pV) pV'V(QU) v-Vp
Js do;
+ pTat—l—v, or; (4.5)

Next, the thermodynamic relation dh = T'ds + dp/p leads to
Vp =pVh —pTVs.

In addition, the last term on the right hand side of Eq. (4.5) can be written
as

Y — Z (pol) = 2
vi 87"j 873 <UZO-”) O-Z] 87“]‘
Substitution of the above equations into Eq. (4.5) and adding and subtracting
the term V(kVT), we finally get

0 (1 B 1, ,
at<pv +pu) = -V {pv<§v —|—h>—v O'—HVT:|
Js v
+ o7 <8t v-Vs) _U”@ — V- (kVT).

(4.6)

Comparing Egs. (4.3) and (4.6), we determine the rate of change of the
specific entropy of a viscous fluid with thermal conduction:

oT (gt +v- Vs) _OU%—I—V (kVT). (4.7)
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This equation is called the general equation of heat transfer. If there is no
viscosity or thermal conduction, the right hand side is zero and one recovers
the equation of conservation of entropy (2.9) for an ideal fluid.

For practical purposes, it is more convenient sometimes to use the total
energy density per unit mass

e=u+ ;v

instead of using the specific entropy s. The derivation of this energy equation
follows similar steps as those made before. Let us start from Eq. (4.3):

Ai(pe) = —V - [pv @v? + hﬂ V(o)) 4 V- (5VT).

Using the continuity equation and the thermodynamic relation h = u+ p/p,
one achieves

de

pE:—V'(pv)—l—V-(v-cf’)—l—V-(F;VT). (4.8)

It is easy to show that Eq. (4.8) still holds in the presence of a gravity field
(g = —gk). In this case,

1
pe = pu -+ épv2 + pgz.
On the other hand, using the Navier-Stokes equation to eliminate the
term V - o’ in Eq. (4.8), one can derive a conservation equation for the
internal energy per unit mass u. It is given by

d
pdit‘ = PV v+ V- (kVT) + O, (4.9)
where 5
U<
o=0¢ 4.1
Tij o, (4.10)

is called the viscosity dissipation function. If the fluid is perfect, then u = ¢, T
and so, Eq. (4.9) reduces to

ar

peo oy = —pV v+ V- (kVT) + 0. (4.11)
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4.2 Rate of increase of entropy

We want here to give an interpretation of Eq. (4.7). The quantity ds/dt gives
the rate of change of the entropy of a unit mass of fluid and pT'ds/dt is the
amount of heat gained by unit of volume. We see from Eq. (4.7) that the
amount of heat gained by unit volume of the fluid is therefore

agjvjvi +V- (HVT)

The first term here is the energy dissipated into heat by viscosity while the
second is the heat conducted into the volume concerned. We expand the
term o, V;v; in (4.7) by substituting the expression (3.2) for ¢7;. Thus, one
obtains

’ (%i . 8’Ui 81)2' 3vj 2 8’01
Oijarj B n@rj <07’j " ar; 35”V V> +C3r~5”(v v)-

j
The first term can be written as

1 (%i n 8’()]'
Brj 87"2‘

9 2
277 - g%v ‘ V) )

where use has been made of the result

an 61}1- (%i 8vj 2 2 1 8111- an 2 2
0rj0rj+8rj8ri 3<v V) _2<8r]-+8r,- 3(51]V V> '

The second term is simply

Thus, Eq. (4.7) becomes

an (91)]- 2 2 9
<a’rj + ari —g(si]’V'V> +C(VV) .
(4.12)

The entropy of the fluid increases as a result of the irreversible processes
of thermal conduction and internal friction. Here, we are not talking about
the entropy of each volume element, but the total entropy of the whole fluid.

It is given by
/ ps dV.

Js 1
pT<%—|—V-Vs> —V'(HVT)+§T}
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The change of entropy per unit time is

d

0
ol dv —/ a(ps)dv.

Using the equation of continuity and Eq. (4.12), one gets

0 Js  Jp 1
pn (ps) P + 5 sV - (pv) —pv-Vs+ TV (kVT)
(O Ov 20 : < 2
+ 5T <8rj o 35”V v)] + T(V v)©. (4.13)

The first two terms on the right give —V-(psv). Now, we integrate both sides
of Eq. (4.13) into the whole volume of the system. In this case, the volume
integral of the entropy flux psv is transformed into a surface integral. If
we consider an unbounded volume of fluid at rest at infinity, the bounding
surface can be removed to infinity and the integrand in the surface integral
is zero. The integral of the third term on the right hand side of Eq. (4.13) is
transformed as follows:

Ly wvnav = [ v (Y gy [ SV
[ [v- ()| =5

Assuming that the fluid temperature quickly tends to a constant value at
infinity, then we can transform the first integral into one over an infinitely
remote surface integral, on which V1" = 0 and the integral therefore vanishes.
The result for the change of entropy per unit time is

d B K(VT)? n (Ov; v 2 2
T ps dV —/ T dV—l—/ 5T 87“]~+87"2~ 3(5”V-V

¢ 2
+ /?(v-v). (4.14)

The left hand side of Eq. (4.14) gives the time variation of entropy ds/dt.
According to Thermodynamic’s second law

ds
—>0.
dt —

The first term on the right hand side of Eq. (4.14) is the rate of increase of
entropy due to thermal conduction while the other two terms give the rate
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of increase due to internal friction. Since the entropy can only increase then
each term separately must always be positive. Consequently,

k>0, n>0, (>0.

It is important to note that in the form (4.2) for the heat flux we have
implicitly assumed that q does not depend on the pressure gradient Vp. This
assumption, which is not evident a priori, can be justified now as follows. If
q contained a term proportional to Vp, the expression (4.14) for the rate of
change of entropy would include another term having the product Vp-VT in
the integrand. Since the latter could be negative or positive (since its signa-
ture is not well defined), then the time derivative ds/dt would not necessarily
be positive, which is inconsistent with the second law of Thermodynamics
(minimum entropy production).

4.3 Thermal conduction in an incompressible
fluid

If the fluid velocity is small compared with the velocity of sound, the pressure
and density variations across the system may be neglected. However, a non-
uniformly heated fluid is still not completely incompressible in the sense
used previously. The reason is that the density varies with the temperature;
this variation cannot in general be neglected, and therefore, even at small
velocities, the density of a non-uniformly heated fluid cannot be supposed
constant. In this case, p & const. but Vp # 0. Thus, we have

0s Os\ OT ds
— = —_— —_— = P T
ot <8T> oV <8T> VI,
p p
and, since T'(0s/dT),, is the specific heat at constant pressure, ¢,, we obtain

ds or
Ta = Cpa,

Therefore, Eq. (4.7) reads

TVs=c,VT.

, 8@1»

”8_7“3 (4.15)

T
pcp<aa—t—|-v-VT> =V-(kVT)+0o
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Equation (4.15) is equivalent to Eq. (4.11) when V- v =0 and ¢, ~ ¢,. The
last identity holds for liquids. If the density is to be supposed constant in
the equation of motion for a non-uniformly heated fluid, it is necessary that
the fluid velocity is small compared with that of sound, and also that the
temperature differences in the fluid are small. In this case, the fluid may be
assumed to be incompressible in the usual sense; in particular the equation
of continuity is simply V - v = 0. Supposing the temperature differences
small, we neglect also the temperature variation of the transport coefficients
and so, they are considered as constants. Writing the term

o, (v, Ov\’
P e )
%ii or; 2 <8r]- - (97"2») ’

one finally obtains the heat transfer equation for an incompressible fluid:

oT v (O Ov;\°
— v - VT =V T+ — = ! 4.16
ot v X - 2¢, <0rj - 8ri> 7 (4.16)
where
K
X=—
PCp

is the thermometric conductivity.
If the incompressible fluid is at rest, the transfer of energy takes place
entirely by thermal conduction:

T
%—t = xV°T. (4.17)

This equation is called Fourier’s equation. It can be derived in a more simple
way without using the general equation of heat transfer in a moving fluid.
According to the law of conservation of energy, the amount of heat absorbed
in some volume in unit time must equal the total heat flux into this volume
through the surface surrounding. This is an equation of continuity for the
amount of heat. This equation is obtained by equating the amount of heat
absorbed in unit volume in unit time to minus the divergence of the heat flux
density. The former is pc,0,T and the latter is —V - q and hence, one gets
Eq. (4.17).
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4.4 Reynolds equation for the temperature

As said in Chapter 3, for sufficiently high Reynolds numbers, the flow be-
comes turbulent and one has to modify the equations of fluid motion. Here,
we will display the equation for the temperature in turbulent flows in the
simple case of incompressible fluids (V - v = 0). It is given by

dT T —
Py = 8%] </<¢g—rj — pch;.T/> + O(V) + O(v'), (4.18)
where T =T +T" and ® is defined by Eq. (4.10). We see that there are two
new terms with respect to the laminar case, Eq. (4.11): (i) a term due to the
turbulent viscous dissipation ®(v’); and (ii) a term due to the correlation
between the velocity and temperature fluctuations (heat flux turbulent).

Reynolds equations for the momentum and heat fluxes are in general
generalizations of the Navier-Stokes equations. In the laminar regime, one
can neglect the fluctuations and the average values of the hydrodynamic
fields coincide with their instantaneous ones. Thus, the turbulent viscous
dissipation vanishes and the stress and turbulent fluxes can also be neglected.
In this situation the only contributions to the viscous force and the heat flux
come from the ones obtained in the laminar regime.

Let us write the complete set of Reynolds equations for steady incom-
pressible flows. If the transport coefficients can be considered as constants,
then the above equations can be written as

V.v=0, (4.19)
d
pd_:f, =pg—-Vp+V-0o, (4.20)
dT
pep— ==V -q+ &7, (4.21)
dt
where P p
U; () —
ol =n <8rj + 81;) — pups, (4.22)
G =—fy + pe,ulT!, OF = O(v) + P(v/). (4.23)

Equations (4.19)-(4.23) apply for both laminar and turbulent flows. Note
that in the above equations, the terms without prime denote the average
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values of the hydrodynamic fields. It must remarked that while the Navier-
Stokes equations are closed equations for p, v, and T', the transport equations
for turbulent flows are not closed unless one finds constitutive equations for
the turbulent transport terms. It is still an open problem and some theories
and statistical models have been developed in the past years to close the
corresponding hydrodynamic equations.

4.5 The similarity law for heat transfer

The processes of heat transfer in a fluid are more complex than those in
solids, because the fluid may be in motion. A heated body immersed in
a moving fluid cools considerably more rapidly than one in a fluid at rest,
where the heat transfer is accomplished only by conduction. As we know,
the motion of a non-uniformly heated fluid is called convection.

Let us assume that the temperature differences in the fluid are so small
that its physical properties may be supposed independent of temperature,
but are at the same time so large that the temperature changes coming from
the energy dissipation by internal friction are much smaller than those due to
the thermal conduction. Thus, ® <« «VT and the equation of heat transfer
(4.16) for an incompressible fluid reduces to
Ej; +v-VT = VT, (4.24)
where x = k/pc,. Equation (4.24) along with the equation of continuity
and the Navier-Stokes equation completely determines the convection in the
conditions considered.

In what follows, we shall be interested only in steady incompressible flows
(in this case is necessary that the solid bodies adjoining the fluid should
contain some sources of heat to maintain them at constant temperature).
Then, all the time derivatives are zero, and we have the following fundamental
equations:

v-VT = yVT, (4.25)

(v-V)v=-V(p/p) +vV?, V-v=0. (4.26)

The unknowns of these equations are v, T and p/p while the set contains
only two constant parameters, v and y. Moreover, the solution of the set of

equations depends also, through the boundary conditions, on some charac-
teristic length ¢, velocity u, and temperature difference T —Ty. The first two
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of these are given as usual by the dimension of the solid bodies which appear
in the problem and the velocity of the main stream. The third quantity is
given by the temperature difference between the fluid and these bodies.

The question arises of the dimensions given for the temperature, which is
determined by Eq. (4.25). This is a homogeneous linear differential equation
in T'. Hence, the temperature can be multiplied by any constant and still sat-
isfies the equation. In other words, the unit of temperature can be arbitrarily
chosen. Thus, the flow is characterized by five parameters, whose dimensions
are [V] = [x] = L*T7!, [u] = LT, [¢(] = L, and [T} — Ty] = deg. From these
quantities one can form two independent dimensionless combinations. The
first is the well-known Reynolds number, Re= wf/v. The second is a new
number called the Prandtl number, defined as

Pr=2=c, 2. (4.27)

X K

Any other dimensionless combination can be expressed in terms of Re and
Pr.

Let us see the above similarity law for the energy equation (4.25) by
considering more quantitative arguments. As in Sec. 3.4, we introduce first
the (dimensionless) quantities r' = r/¢ and v/ = v/u, ¢ and u being a
reference length and velocity, respectively. In terms of the above scaled

variables, Eq. (4.25) can be written as

0T x O°T 1 0T
/U — = — = .
‘orl  wlorior,  PrReor!or!

(4.28)

Thus, the solution to Eq. (4.28) can be written as v/ = f(r’, Pr,Re) and
hence, flows sharing the same values of the Reynolds and Prandtl numbers
are dynamically similar.

In contrast to the Reynolds number, the Prandtl number is just a constant
of the material and does not depend on the properties of the flow. For gases
it is always of the order of unity. The value of Pr for liquids varies more
widely. For very viscous liquids, it may be very large.

The dimensionless function which gives the temperature distribution de-
pends on both Re and Pr as parameters. However, the velocity distribution
depends only on Re, since it is determined by Egs. (4.26), which do not in-
volve the thermal conductivity coefficient k. Two convective flows are similar
if their Reynolds and Prandtl numbers are the same.
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CHAPTER 5

5.1 The equations of fluid dynamics for a mix-
ture of fluids

So far, we have derived the equations of fluid dynamics for a simple or mono-
component fluid. Now we want to extend these equations to the case of a
mixture of fluids whose composition is different at different points. As we
will see the corresponding equations are considerably modified.

We shall discuss here only mixtures constituted by two components. The
generalization to an arbitrary number of components can be easily made by
following similar steps as those carried out in the present chapter. The com-
position of the mixture is described by the concentration ¢ = pi/p. It is
defined as the ratio of the mass of one component (say for instance, com-
ponent 1) to the total mass of the fluid in a given volume element. The
distribution of the concentration through the fluid will in general change.
This change occurs in two ways. Firstly, when there is a macroscopic motion
of the fluid, any given small portion of it moves as a whole and its compo-
sition remains unchanged. This is due to the pure mechanical mixing of the
fluid. In other words, although the composition of each moving portion of
it is unchanged, the concentration of the fluid at any point varies with time.
If we ignore any process of thermal conduction and internal friction (which
may be also taking place) this change in concentration is a thermodynami-
cally reversible process, and does not give rise to any dissipation of energy.
Secondly, a change in composition can occur by the molecular transfer of
the components from one part of the fluid to another. The tendency of the
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system to equilibrate the concentration of each component is called diffu-
sion. Diffusion is an irreversible process and is, like thermal conduction and
viscosity, one of the sources of energy dissipation in a fluid mixture.

We denote by p the total mass density of the fluid. As before, its equation
of continuity is

% +V-(pv) =0. (5.1)

This means that the total mass of fluid in any volume can change only by the
movement of fluid into or out that volume. Strictly speaking, we must em-
phasize that the concept of velocity must be redefined for a mixture of fluids.
Here, pv is the total momentum per unit volume of fluid. The Navier-Stokes
equation (3.7) is also unchanged. We shall derive the remaining equations of
fluid dynamics for a fluid mixture.

In the absence of diffusion, the composition of any given element of fluid
would remain unchanged during its motion. This means that the total deriva-
tive de/dt would be zero, namely,

@_80
dt ot

Using Eq. (5.1), the above equation can be written as

d

&(pc) + V- (pev) = 0. (5.2)
This is an equation of continuity for each component of the mixture (pc being
the mass of that component in unit volume). In the integral form, it is given

by
a/ cdV = —]{ cv - dS

It shows that the rate of change of the amount of this component in any
volume is equal to the amount of the component transported through the
surface of that volume by the motion of fluid.

When diffusion occurs, apart from the flux pev of the component in ques-
tion, there is another flux which results in the transfer of the components
even when the fluid as a whole is at rest. Let j; be the density of this diffusion
flux, i.e., the amount of the component transported by diffusion through unit
area in unit time. Since the sum of the flux densities of the two components
must be pv, the flux density for one component is pcv + j; while for the other
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is p(1 — ¢)v — j;. Thus, the rate of change of the amount of the component

in any volume is
/ pcdV ———]{ pcv dS—}g ji - dS
at JZ ?

or in differential form

0 .
) ==V - (pev) = V i

Using Eq. (5.1), we can rewrite this equation of continuity for one component
in the form

ot

Let us derive the equation for the energy. We note that for a binary
mixture the thermodynamic quantities of the fluid are also functions of the
concentration. We want to evaluate the derivative 815(%/)1)2 + pu). To do it,
we use the thermodynamic relations

p (80 +v- Vc) =-V-j. (5.3)

1
du="Tds +Ldp+ pde, dh =Tds + ~dp+ pde,
P p

where p is the chemical potential of the mixture. It is given by

_ M
my mQ7

where 1, is the chemical potential of the species or component ¢ and m; is the
mass of a fluid particle of species i. Note that for species 1, ¢ = nymy = p1/p
where n; is the number of particles ¢ contained in 1 gr of the mixture fluid.
In this case, an additional term pudc/0t appears in the derivative pdu/ot.
Writing the second thermodynamic relation in the form

dp = pdh — pT'ds — pudc,

we see that the term —v - Vp in Eq. (4.5) will contain the additional term
puv - Ve.

Thus, if we go to the derivation of Eq. (4.6), then to the above expression
we must add the term

dc .
P <E+V-V0> =—uV ;.
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Consequently, the final result is

9 (1, - 1, ,
%<§pv —I—pu> = —V-[pv<§v +h>—v-0 —I—q}
ds , Ov )
+ pT(at‘FVVS)—O'MaT:‘qu—,U/VJZ

(5.4)

We have replaced the term —xVT by a heat flux q since the latter can also
depend on the concentration gradient (apart from its dependence on VT').
The last two terms in Eq. (5.4) on the right hand side can be written as

Voq—=pV-ji=V-(q—pji) +ji- V.

The expression

pv <%1)2—|-h> -v-0'+q
appearing in the divergence operator in Eq. (5.4) can be identified as the
total energy flux in the fluid. The first term is the reversible energy flux (due
simply to the movement of the fluid as a whole) while the sum —v - o’ + q
is the drreversible part of the energy flux. When there is no macroscopic
motion, the viscosity flux v - o’ is zero and the energy flux is simply q.

The equation of conservation of energy is

@ 1 2 - 12 !/
(%<2Pv +pu>——V-[pv<zv —|—h>—v-cr +q} (5.5)

Comparison between Egs. (5.4) and (5.5) yields the required equation for the
specific entropy:

pT (%"‘V'VS) —Ufgeg—:]; =V (a—uji) —ji- Vi (5.6)
This equation generalizes (4.7) to fluid mixtures.

We have thus obtained a complete system of equations of fluid dynamics
for a two-component fluid mixture. The number of equations in this system
is one more than for a single fluid, since there is one more unknown function,
namely the concentration. The equations are the equation of continuity
(5.1), the Navier-Stokes equations (which are the same as those obtained
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for a single gas), the equation of continuity (5.3) for one component, and
Eq. (5.6) for the change of entropy. They are not closed equations for the
unknowns unless one gives the corresponding constitutive equations for j;
and q in terms of the gradients of concentration and temperature. These
equations will be displayed in the next section.

5.2 Constitutive equations for the diffusion
and heat fluxes

The diffusion flux j; and the heat flux q are due to the presence of concentra-
tion and temperature gradients in the fluid. In the case of a two-component
fluid system, both fluxes depend on both gradients. If the concentration and
temperature gradients are small, one can assume that j; and q are linear
functions of Vy and VT. The fluxes are independent of the pressure gra-
dient for the same reason as that given with the case of the heat flux for a
single fluid. Accordingly, we write these fluxes as

Ji=—aVu—pVT, q-—pji=—-0Vp—7VT.

However, there is a simple relation between the transport coefficients § and
0, which is a consequence of a symmetry principle of the kinetic coefficients
(Onsager’s reciprocity relations). If we rewrite the above equations as

. Vi vT
iomcor () - (57),

. Vi - e (VT
q— i = 5T<T> T <T2>-,

then, Onsager’s relations yields ST% = 6T or 6 = ST. We can therefore
rewrite the heat flux as

. T\. AT,
q = uJi—ﬁTW—vVT=<u+ﬁa)Ji—iJi—ﬂTW—WT
T o7
= <M + %) Ji+ BTV + TVT =BTV —~VT

_ <u 4 %T) ji — KVT, (5.7)
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where )
T
k=y_PL (5.8)
@

Thus, the mass and heat fluxes can be finally written as
: AT .
Jji=—aVu—-0VT, q=|u+ )i kVT. (5.9)

In the case that the diffusion flux is zero, we have pure thermal conduc-
tion. In this case, T" and p must satisfy the condition aVyu 4+ VT = 0 or
adp + BdT = 0. The integration of this equation gives a relation of the
form f(c,T') = 0. This relation determines the dependence of ¢ on 7" which
must hold if there is no diffusion flux. Moreover, when j; = 0 the heat flux
becomes

q=—kVT,

and so « is just the thermal conductivity coefficient.

Let us now change to the usual variables p, T, and ¢. This is essentially
motivated because the spatial gradients of the above quantities are more
accessible in the experimental conditions. Thus, we have

o o o
Vi = <—> Ve + <—> VT + <—> Vp.
oc o7 oT ep o) .r

)

In the last term we use the thermodynamic relation

().~ (%)
) or dc p7T’

where v = p~! is the specific volume. Moreover, we introduce the coefficients

pD —_ (ou
Trr=a <8T>c’p 8,
_ (a_Z)T,p
! (%%)T,p
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Substitution of these relations into the first relation of Eq. (5.9) yields the
expression

. op ou o
= a2 o) vr—aoH _ VT
g a<ac>T,pvc a<aT>c,pv a<@p>c,Tvp 5v
D
= ove— (a8 vr—a (Z) wp-pvr
T dc o T
= —pDVe— p;)Hpr — pjl?f{TVT. (5.10)

The heat flux can be also rewritten in a more convenient form when one takes
into account the identity

BT _ (9) (o
Q T\ oc Tp oT qp'

Therefore, the constitutive equations of the mass and heat fluxes can be
expressed in terms of the spatial gradients of concentration, pressure and
temperature as

ji= —pD {Vc + %TVT + IZJVp] , (5.11)

o o
- S I o e
4 [“T (&)M <8T>Cyp+u

Here, D is called the diffusion coefficient or mass transfer coefficient (it gives
the diffusion flux when only a concentration gradient is present), £7D is the
thermal diffusion coefficient (it gives the diffusion flux due to the temperature
gradient) and the dimensionless coefficient k7 is called the thermal diffusion
ratio. The last term of the right hand side of Eq. (5.11) takes into account the
effect of a pressure gradient on the diffusion flux; the coefficient x,D is called
the barodiffusion coefficient. In a single fluid, where there is no diffusion flux,
then Ky = Kk, = 0.

ji — KVT. (5.12)

The condition that the entropy must increase in time gives some restric-
tions for the transport coefficients appearing in the forms of j; and q. Omit-
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ting for brevity the viscous terms, the time derivative of the entropy is

d _ V- (q = pji) /ji'vﬂ
8t/ psdV = fpsv ds / T av T dv +

- —?{psv‘dS—/V~<¥>dV

_/ (q—MJi)‘VTdV_/Ji'vlﬁdv+‘__

e T
1 ] k(VT)?
= —fpsv-ds—j{f(q—mi)-ds—/ (T2) av

o 2
-I-/ T(Vu) dV +

_ _/ "(;T)de+/ %(W)QW+'“~ (5.13)

Note that all the terms involving surface integrals vanish when one takes
convenient boundary conditions for an infinite system. It is apparent that,
besides the condition x > 0 which we already know, we must have also a > 0.
Bearing in mind that the derivative (9p/0c), r is always positive according
to one of the thermodynamic quantities, we therefore find that the diffusion
coefficient must be positive: D > 0. The quantities k7 and &,, however, may
be either positive or negative.

We consider now the more simple case where Vp = 0 and the magnitude
of the concentration and temperature gradients is quite small so that the
transport coefficients can be considered as constants. In addition, we also
assume that there is no macroscopic motion in the fluid (v = 0), except that
is produced by Ve and VT'. We also neglect terms which are of second order
in spatial gradients. Under these conditions, the balance equations reduce to

oc

= L= 14
0s .
PTE + V- (q - pji) =0, (5.15)

where j; and q are given by Egs. (5.11) and (5.12), respectively, with Vp = 0.
The derivative ds/0t can be transformed as follows:

0s (s OT_(0s\ O T (op) i
o \ar),, ot \oc)p, ot To \oT), ot
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Taking into account this result and the identity
. BT,
q - pji = —Ji = kVT,
o
Eq. (5.15) can be expressed as
T < o > pT
— R _I_ J—
o \IT'),, oag
Equation (5.16) can be simplified when one takes into account the relation
<0M> _rD B _ <8u> Ky
L) = = (2E) XL
ar),, Ta a oc)p, T«

Thus, Egs. (5.14) and (5.15) can be finally written as

o
ot

% = xV°T. (5.16)

E_D<V0+TVT>, (5.17)
T kr (Ou oc 5
oL _ ko (Om) 9¢_ oop 1
T <ac>T7p or =Y (5.18)

There is a particularly important situation when the concentration c is
quite small. In this limit (¢ — 0), the diffusion coefficient tends to a finite
constant, but the thermal diffusion coefficient (k7/T")D tends to zero. Thus,
Eq. (5.17) becomes

dc

— =DV?c 5.19
This diffusion equation is similar to that of thermal conduction by replacing
¢ <> T. The solution to Eq. (5.19) can be written as

M —r2 /4Dt

c(r,t) = Sy (DI e ,

(5.20)

where M is the total amount of the solute. Equation (5.20) gives the distri-
bution of the solute at any time, if at time ¢ = 0 it is all concentrated at the
origin.
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5.3 Diffusion of particles suspended in a fluid

Under the influence of the molecular motion in a fluid, particles suspended in
the fluid move randomly (called the Brownian motion). Let us assume that
such particle is located at the origin at the initial instant. Its subsequent
motion may be regarded as a diffusion, in which the concentration can be
interpreted as the probability of finding the particle in any particular volume
element. To determine this probability we can use the solution (5.20) to the
diffusion equation. We can employ this solution since ¢ < 1 so that the
particles of the solute do not affect practically each other and the motion of
each solute particle can be considered independently.

Let w(r,t)dr be the probability of finding the particle at a distance be-
tween 7 and r + dr from the origin at time ¢. Putting in Eq. (5.20) M/p~ 1
(since the probability of finding the particle at the origin at ¢t = 0 is equal to
one), the corresponding probability reads

T 2m
w(r,t)dr = / do sin@/ do r2c(r,t) dr. (5.21)
0 0

Since ¢(r,t) does not depend on the angles 0 and ¢, then one simply gets
677"2/4Dt

r
2V D3t3

Let us determine the mean square displacement from the origin at time ¢.
We have

w(r, t)dr = 2dr. (5.22)

= / r*w(r, t)dr.
0
Using Eq. (5.22), the result is
r2 = 6Dt. (5.23)

Thus, the mean distance traveled by the particle during any time is propor-
tional to the square root of the time, i.e.,

\/ﬁszx/i.

The diffusion coefficient for particles suspended in a fluid can be calcu-
lated from what is called the mobility. Let us suppose that some constant
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external force f (the force of gravity, for example) acts on the particles. In a
steady state, the force acting on each particle must be balanced by the drag
force exerted by the fluid on a moving particle. When the velocity v is small,
the drag force is proportional to v/b where b is a constant. Equating this to
the external force f, we have

v =If,

i.e., the velocity acquired by the particle under the action of an external
force is proportional to that force. The constant b is called the mobility.
This coefficient can be calculated from the equations of fluid dynamics. For
example, for spherical particles with radius R, the drag force is 6mnRv and
therefore, the mobility is

b= (6mnR)".

The mobility b is related to the diffusion coefficient D. To derive this relation,
we write the diffusion flux, which contains the term —pDVe due to the
concentration gradient (we assume that the temperature is constant) plus
a term containing the velocity acquired by the particle due to the external
force. This latter term is pev = pebf. Thus,

Ji = —pDVc + pebf.
This equation can be rewritten as

pDc

- bf
kBTvM + pebf,

Ji =

where we have taken into account the relation

kT
(Vi) = ==Ve,

kg being the Boltzmann constant [it will be defined in Chapter 7, see Eq.
(7.30)].

In thermodynamic equilibrium, there is no diffusion, and j; must be zero.
On the other hand, when an external field is present, the condition of equilib-
rium requires p+ U = const., where U is the potential energy of a suspended
particle in that field. Then, Vu = —VU = £, and the equation j; = 0 gives

D = kgTbh. (5.24)
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This is Einstein’s relation between the diffusion coefficient and the mobility.
In the case of spherical particles, one has

p- tel
6mR



CHAPTER 6

6.1 Hydrodynamic equations

The goal of this Chapter is to solve the hydrodynamic equations for the
densities of mass, momentum and energy in a very limiting case: when the
system is close to equilibrium. Let us first write the hydrodynamic equations.
They can be written as

@-FPV'V-I-V-VPZO, (6.1)
ot
%—I—v% __@+i %+avj_26,,% _|_i %
P\t " ar,) T "o, or, "\, T o 3% )| o \Cary )
(6.2)
oT B dp , Ov;
PCy <E +V-VT> =-T <8—T>pv v+V (/fVT)—I—OUa—Tj. (6.3)

Note that Eq. (6.3) differs from Eq. (4.11) by the term Orp appearing on the
right hand side of (6.3). For an ideal fluid, drp = p/T and Eq. (6.3) reduces
to Eq. (4.11). Thus, Eq. (6.3) applies beyond an ideal fluid.

The system of Egs. (6.1)—(6.3) is very complicated to solve due essentially
to its nonlinear character. This set of equations has an extremely rich variety
of solutions since for instance it describes different problems such as the
turbulence of liquids and the onset of instabilities in stars. On the other
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hand, this system admits a very simple solution: the absolute equilibrium
state described by

v=0, p(r,t)=const., T(r,t)=const.

An interesting problem is to analyze the stability of the equilibrium solu-
tion. In other words, we want to see if small deviations from the equilibrium
solution decay or not in time. To analyze this problem, we then write the
hydrodynamic fields as

p(I‘, t) =p+ (5p(I', t):
v(r,t) = dv(r,1),

A
D
T(r,t)=T+T(r,1), 6

—~ o~~~ o~
S O O

where henceforth we will use the convention that when the arguments (r,t
of a hydrodynamic variable are not explicitly displayed, it means that this
quantity is defined in the (homogeneous) equilibrium state.

The next step is to substitute Egs. (6.4)—(6.6) into the hydrodynamic
equations (6.1)—(6.3), neglect nonlinear terms in the perturbations and as-
sume that the transport coefficients are constant since they are defined in
terms of the equilibrium state. Let us work out each hydrodynamic equation
separately.

The equation of continuity (6.1) reads

)
)
)
)

ddp+V - [(p+dp)dv] =0.
To first order in dp, one gets
Oiop(r,t) + pV - ov(r,t) = 0. (6.7)

We consider now the equation for the velocity field (6.2). First, the
pressure p can be written as

pet=p i) =+ (57) e+ (57) orten)

while the term on the right hand side of Eq. (6.2) becomes

0 ov; Ov; 2. Oy Bl vy ,
or; [77 <67“j + I, 36”877)}—'_67“2' ( o, > — nV v+ ( +C) V,V-6v.
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With these results, the corresponding linearized version of the hydrodynamic
equation (6.2) is

Odvitp! o V:6T+p~! O Vidp = V2504 (ﬂ + c) V,V-6v,
orj, op) 7 P 3
(6.8)

where the explicit dependence on (r,t) has been omitted for the sake of
brevity. The linearized hydrodynamic equation for the temperature can be
derived by using similar mathematical steps as before. It is given by

T (0p K o
0T (r,t) + — | = <ov(r,t) = —V0T(r,t). :
e+ (G5) o= TS (09

6.2 Linear stability analysis

The next step is to look for a solution to the set of linearized hydrodynamic
equations (6.7), (6.8) and (6.9) for a system of infinite volume, assuming
that the deviations of the macroscopic variables from equilibrium vanish at
large distances. We introduce now the Fourier transform of the above set of
equations. For instance, in the case of the mass density we have

Pq = / dr ¢4 §p(r,t), (6.10)

and similar formulas for the velocity field v4 and temperature T,. Moreover,
without loss of generality, let us take a reference frame where q is oriented
along the x-axis, namely,

q=qi. (6.11)

We take now the Fourier transform of Egs. (6.7), (6.8) and (6.9). Using
the well-known correspondence 0/0r = iq for Fourier transforms, one has
for instance

/dreiquﬁv = /drem%

Ox
0 : ,
= 87“]/ dre‘lq'rdz}friqéﬂ/ dre” "1 v,
= 1qUq, = 1q " Vq, (6.12)
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where vq,| denotes the component of the velocity field parallel to the pertur-
bation. Moreover,

/ dre Vv = —¢vy, (6.13)
/ dre " MTVV - v = —q(q - vq). (6.14)
With these results, the Fourier transform of Egs. (6.7), (6.8) and (6.9) yields
Oipq(t) = —ipq - Vg, (6.15)
Ohvq(t) = —inapg — ib1qTy — quvq —619(q - vq), (6.16)
O Ty(t) = —inq - vq — E16°Ty, (6.17)
where we have introduced the abbreviations

1 (Op 1 9p U
=p = =p (= =- 6.18
Qg P <ap>T7 Bl P <0T>p71/ p? ( )

T (0p K

55*1<ﬂ ), ==, = . 6.19
=0 (340 m=_Aar ,, b= (6.19)

The set of equations (6.15)—(6.17) clearly show that the transversal com-
ponent of the velocity field

Vgl = Vg — % (6.20)
is decoupled from the remaining fields. Its evolution equation can be obtained
from Eq. (6.16):

OV (t) = —vg*va L (1). (6.21)
The solution to Eq. (6.21) is

2

Vg, 1 (t) = vg1(0)e™ t (6.22)

where vq 1 (0) denotes the initial value of v4 . Since the shear viscosity is
positive, then v > 0 and vq | (t) goes to zero for long times. Consequently,
the transversal shear mode is linearly stable.

The remaining longitudinal fields (pq, v, Tq) obey a coupled system of
ordinary differential equations. For the sake of completeness, let us write in
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matrix form the complete system of equations for the five hydrodynamic fields
(including the transversal components). The set of differential equations can
be written as

oV, (t) =M, - T,(t), (6.23)
where
Pq(t)
Vga(t)
\Ilq(t) = Umy(t) ) (6.24)
Vq,=(t)
T4(t)
0 —ipq 0 0 0
—iong —(v+da)g* 0 0 —ibg
M, = 0 0 —vg®> 0 0 . (6.25)
0 0 0 —vgi® 0
0 —i1q 0 0 —516]2

Although M, is non-Hermitian, explicit calculations show that it can be
diagonalized, or equivalently, that the eigenvalue problem

M, - & = \Id¢ (6.26)

has five linearly independent solutions. In this case, the eigenvalues A\? pro-
vide the time evolution of W, (t):

5 5

U, (t) =Y ()l =" c(0)e'L. (6.27)

a=1 a=1

Hence the solution of the linearized hydrodynamic equations is the superpo-
sition of five hydrodynamic modes, each describing a coherent motion of the
five hydrodynamic variables, with a simple time behavior.

6.3 Hydrodynamic modes

The eigenvalues A of the eigenvalue problem (6.26) are the solutions of the
secular determinant

M, - A1 =0, (6.28)
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where 1 denotes the matrix identity. Equation (6.28) is a fifth-degree equa-
tion that decouples into a third-degree equation and a second degree-equation.
It is given by
2
(Vq2 + )\g) {/\33 + (v 46+ E)@ENE + [(ﬁl,ul +a1p)g?
‘|‘51<V + (51)(]4] /\g + Ozlflpq4} =0. (629)

As expected, the modes corresponding to the transversal components of the
velocity field are decoupled. They are given by

M =M =-v¢ (6.30)

The other three modes are given in terms of the solution of a cubic equation.
Although they have an explicit form, we note that hydrodynamics only ap-
plies for phenomena varying slowly in space. In the Fourier language, this
means that the only relevant coefficients in Eq. (6.29) correspond to small g.
Thus, we look for solutions in the limit ¢ — 0. In this limit, we write

N = anq + bag® + O(g%). (6.31)

Thus, one has
A = (a0q + bog®)? = a2 ¢ + 3a2baq?,
A2 = (4,0 + baq?)? — a2 + V2q* + 2a4b00”.

Substituting these expansions into the cubic equation

A+ (v + 6+ &)PAE + [(Bu + cnp)q + & (v +01)q"| ML + enbipg* = 0,

(6.32)
and setting the different terms of the same power in ¢ equal to zero, one gets
several relations for the coefficients. In the order ¢3, one gets

a (@l + B + par) =0, (6.33)
while the relation in the order ¢* is
3a2by + a2 (v + 6) + &) 4 ba(Brpy + par) + pagéy = 0. (6.34)
Equation (6.34) allows us to express b, in terms of a, as

Cap(v e+ &) +paré

by, =
3a2 + P + poq

(6.35)
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The solutions to Eq. (6.34) are a; = 0 and

a1 = —Qa9 = i\/ ﬁlul + pay. (636)

The corresponding forms for b, are

paiéy
by = —— P81 6.37
’ Brp + pon (6:37)
b o—b paré — (v + 61 + &) (B + pay)
1 =0y
2(Bip + pan)
1 paié )
= —|(v+h+§G——"7—1. 6.38
2 ( e Brpn + pon (6:38)
Using the thermodynamic relation
p\2
T (5),
Cp—Cp= ,
2 (9op
P <‘9P>T
and the explicit forms (6.18) and (6.19), one gets the expressions
Kk [0
pai§y = — <_p> 5 (6.39)
pco \Op ) 1
T (op\° [Op Cp — Cy dp ¢, (Op
= Z)+(2) = ) (2) =2(2) |
Brpn+pay e <8T>p+ <ap ; . + o). " e \op),
(6.40)

Thus, the coefficients b5 and b; can be explicitly obtained when one uses Egs.
(6.39) and (6.40) in the definitions (6.37) and (6.38):

K
by = ——, 6.41
= (641
1[4 1 1
by =—— |- —— . 6.42
' 2p [3n+€+li<cv Cp)] ( )

The eigenvalues associated to the longitudinal modes can be easily deter-
mined when one takes into account Egs. (6.41) and (6.42). The results are

X, = Ficsq — Toi, (6.43)
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AM=—— 6.44
5 pcpq ) ( )
where
R <8—p> (6.45)
Cy 8[) T
is the sound velocity and
1[4 1 1
[{=—1= ——— 6.46
1 e 64

is the sound-absorption coefficient.

The meaning of the hydrodynamic modes is clear. The modes A{, de-
scribe damped sound wave propagations; the modes )\?),7 4 correspond diffusion
of the transverse velocity and A? describes heat diffusion. Given that the real
part of all the modes is negative, then the state of absolute equilibrium is
(linearly) stable.



CHAPTER7

7.1 Introduction

In the previous Chapters we have derived the balance equations of mass,
momentum and energy by considering a continuum description of the fluid.
In this Chapter, we will obtain the above balance equations by considering the
macroscopic fluid system constituted by particles. These particles interact
each other so that the collisions among them gives rise to the transfer of
momentum and energy across the system.

The hydrodynamic description of nonequilibrium fluids is based on three
major stages. In the first stage, one introduces local densities of mass, mo-
mentum, and energy, which are conserved quantities. The rate of change
of these quantities can be expressed in terms of the divergence of the cor-
responding mass, momentum, and energy fluxes. These balance equations
are not exact since they do not constitute a closed set of equations. In the
second stage, the irreversible parts of the momentum and energy fluxes are
assumed to be linear functions of the flow velocity and temperature gra-
dients, respectively. These linear relationships between fluxes and gradients
define the Navier-Stokes constitutive equations: Newton’s friction law for the
stress tensor and Fourier’s law for heat conduction. The associated coeti-
cients are the transport coefficients of the fluid, namely, the shear n and bulk
( viscosities and the thermal conductivity s, respectively. When these phe-
nomenological laws for the fluxes are inserted into the balance equations, the
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resulting set of equations is still not closed because one needs to determine
the hydrostatic pressure p and the internal energy density u in terms of the
local mass density p and the local temperature T. This is the done in the
third stage, where the equilibrium equation of state relating p and u to p
and T are extended to the nonequilibrium local quantities (local equilibrium
hypothesis). The three-stage process yields the closed set of Navier-Stokes
hydrodynamic equations. This scheme is essentially the same for fluid mix-
tures, except that the number of transport coefficients is larger than in the
case of a simple fluid.

The prototype system that embodies the most relevant physical proper-
ties of ordinary fluids consists of a low-density gas (dilute gas) of particles
interacting via a pair-wise, central short-ranged potential. Under these con-
ditions, the system admits a kinetic theory description rather than a com-
plete non-equilibrium statistical-mechanical treatment. If the gas is rarefied
(namely, it is sufficiently dilute), a simple picture grasped by the fathers of
kinetic theory arises: every particle moves most of the time freely (or un-
der the action of an external force, if it exists), except when eventually its
trajectory approaches to that of another particle and, as a result of their
mutual interactions, both particles abruptly change their respective veloci-
ties. Thus, in a dilute gas the interactions among the particles reduce to a
sequence of uncorrelated binary collisions. The collisions can be considered
as events well localized in space and time because the typical distance trav-
eled between two successive collisions is much larger than the range of the
interaction, and analogously, the typical time elapsed between two collisions
is much larger than the duration of a collision.

The simplifications inherent to the low-density limit allow for a huge re-
duction of the microscopic description of the system: from a general statistical-
mechanical description to a contracted kinetic theory description, from the
N-body phase space probability density to the one-body velocity distribution
function, from the reversible Liouville equation to the irreversible Boltzmann
equation. The Boltzmann equation is the master equation for a low-density
gas and describes the rate of change of the velocity distribution function as
produced by two uncoupled mechanisms: free motion and localized, instan-
taneous binary collisions.
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7.2 Velocity distribution function

We consider a dilute monatomic gas of N identical particles of mass m inter-
acting through a pair-wise central interaction potential of finite range. We
also assume that quantum-mechanical effects are not relevant or significant
and hence, we use classical mechanics. At a kinetic level all the relevant
information on the state of the system is contained in the one-body velocity
distribution function (vdf) f(r,v,t). It is defined so that f(r,v,t)drdv is
the most probable (or average) number of particles which at time ¢ lie in
the volume element dr centered at the point r and moving with velocities in
the range dv about v. Accordingly, the distribution function f(r,v,t) must
satisfy the condition !

N-/ dr/ dvf(r,v,1), (7.1)

or equivalently,
n(r,t):/ dvf(r,v,t). (7.2)

Here, n(r,t) is the average number of particles per unit volume, namely, it
is the local number density. The mass density per unit volume p(r,t) =
mn(r,t).

The average velocity of those particles located around the point r at time
t defines the local flow velocity U(r,t) as

1

U(r,t) = M

/ dv v f(r,v,t). (7.3)

In general, if x(v) is a given function of the velocity v of a particle, we can
define its average value as

A 0) = (e 1)) = / dv x(v) F(r,v, 1) (7.4)

1
n(r, 1)
In particular, the mean value of y(v) = %mv2 defines the average kinetic
energy of each particle. Note that the definition (7.4) for the average values
only involves properties associated with only one particle.

Note that here v denotes the random velocity of a particle while in the previous
Chapters v means the velocity of a fluid particle (which is equivalent to the flow mean
velocity U).
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7.3 Microscopic fluxes

Once we have introduced the concept of the velocity distribution function,
as an application it is interesting to determine the flux of the dynamical
quantity x. This flux will be denoted as F(r,t). We want to evaluate the
net flow of x(r,v) per unit area and time due to the net flow of molecules
across the surface element dS. If dS || k, then F,(r,t) gives the net flow
of x which is transferred at the time ¢ and the point r per unit time and
unit area perpendicular to the z-axis. As usual in fluid dynamics, we are
only interested in the irreversible transfer processes accounting for a given
quantity from one side to another side of the system. If the gas is not at rest
(U # 0), there is a reversible convective flow due to the motion of the fluid.
Our goal here is to determine the internal flow, even when the fluid is at rest.
To do it, we assume that the surface element is moving with the flow velocity
U at this point. This is equivalent to refer the velocities of the particles to
a frame moving at the velocity U(r,t) and introduce the peculiar velocity

V(r,t) =v—U(r,t). (7.5)

Let us consider a given surface element dA perpendicular to the z-axis.
In this case, the number of particles crossing this surface from the negative
to the positive side with velocities between v and v + dv in the time interval
between ¢ and ¢ + dt is

dA|V,dt| f(r, v, t)dv. (7.6)

In this relation, V, > 0. Thus, the net flow of x(v) across dA in ascendent
direction is

FiN(r 1) = / v V) S (77)

Analogously,

_ / v Vax(v) S o) (7.8)
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The net flow is then

Fo = FH-F0
= / dv V, x(v) f(r,v,t) —l—/ dv V. x(v) f(r,v,t)
V. >0 Vz<0
= / dv V, x(v) f(r,v,t). (7.9)

In general, we define the flux vector F(r,t) as

F(r,t)= / dv V x(v) f(r,v,t) = n(r,t)(Vx(v)). (7.10)

7.4 Momentum and heat fluxes

We consider here some examples of irreversible fluxes.

7.4.1 Flux of kinetic energy

This flux is usually measured in the Lagrangian frame moving with the flow
velocity U of the gas. In this case,

Mnmw—%mw—ugﬁfzémvmw?

The corresponding flux is the heat fluz q:
1
q(r,t) :/ dv émV2 V f(v). (7.11)

7.4.2 Flux of momentum

In this case x is a vector and so, its corresponding flux will be a tensor of
second rank. It is given by

Pyj(r,t) :/ dv Vimv; f(v) = / dv Vim(V; + U;) f(v)

= / dv mV;V; f(v) = Pj(r,t),
(7.12)
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where use has been made of the property
(Vi) =(vi) =U;=U; =U; =0.

The tensor P;; is called the pressure tensor. It is symmetric. At equilibrium,
the one-particle distribution function f(v) is isotropic in velocity and so, it
depends on v only through its magnitude. Thus,

U=(v)=0, q= %mn<v2v> _o, (7.13)
P = mn(vv;) = mn(vi)éij = %mn<v2>(5ij. (7.14)

Note that the diagonal elements of the pressure tensor represent normal forces
per unit area. Out of equilibrium, in general P,, # P,, # P,,. However, one
defines still the hydrostatic pressure as

1 1 1
ngTrP:g(Pzz+Pyy+"'):§mn<V2>- (7.15)

7.5 Evolution equation for the velocity dis-
tribution function

Our aim now is to get the equation for the rate of change of f with time. We
will restrict ourselves to the case of a low-density monatomic gas, although
we will assume that the gas is not isolated and is subjected to the action of
an external conservative force. In general, there are two sources of temporal
change of f: the streaming and interactions, namely,

af  (of of
E B <at>str * <8t>int . (716)

The first term on the right hand side represents the change of f due to the
free motion of the particles under the action, in general, of an external force
F. The second term refers to the change due to the mutual interactions
among the particles. In the case of a dilute gas, we can assume that both
mechanisms are decoupled.

To get the free streaming contribution, let us assume for the moment
that the interactions are absent. Such a system is usually called a Knudsen
gas. In that case, the change during a time interval dt of the average number
of particles which are located at the point r with velocity v is due to two
reasons:
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e Since the particles are moving, then the particles located in the point
r at instant ¢ will move to the point r 4 vit at ¢t + dt, where 6t is an
infinitesimal time interval. Analogously, the particles which are located
in positions r’ close to the point r will move at the position r after a

time interval 6t.

e Due to the action of the external force F(r,t) on each particle, the
particles with a velocity v at ¢ will have a different velocity v +m~'Fét
at t + 0t. Analogously, the particles with velocities v/ near v will be

accelerated to have the velocity v after a time interval dt.

Therefore, the particles that at time ¢ are located at the point r and

moving with velocity v will be located at

v =1+ vit
having a velocity
, F
vV =v+ 0t
m
at a later time t' = ¢ 4 0t. Consequently,
JF dr
dr' =dr +dvot, dv' =dv+ — - —dt.
ar m

Moreover, in the absence of collisions,
f(r,v,t)drdv = f(r', v/, t')dr'dv'.
The Jacobian of the transformation (r,v) — (r/, v') is defined as

dr'dv' = |J|drdv,

where
a(r', v/
g = |ARY)
d(r,v)
yYax y? z

=1+ 0((0t)°) ~ 1.

'a(x/’y/7z/ v v/)

8(1‘, Y, Z, Vg, Uy; Uz)

Combination of Egs. (7.18) and (7.19) yields

f(' v 1) = f(r,v,1).

(7.17)

(7.18)

(7.19)

(7.20)
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In addition, retaining only linear terms in 0t, the Taylor expansion of f(r/, v/, ¢"
is
of

of of

/ !4l _ _J _ _< - -
) = e+ 0w O Dy
of of F 8f

FEv,t) 5 VBt ot it (7.21)

Taking into account Eq. (7.21), Eq. (7.20) leads to
ofy _ __of F of

Inserting Eq. (7.22) into Eq. (7.16), one finally gets

of F of of

a VIt (&e)im' (7:23)

The interaction term is much more difficult to deal with that the free
streaming term. An explicit form for this term can be derived under some
statistical hypothesis that are justified in the low-density limit. The resulting
closed equation is the well-known Boltzmann kinetic equation. Although its
explicit derivation goes beyond the scope of the present course, let us formally
write this nonlinear equation:

of F 0f
8t+ Vf—l— Ov

where J[f, f] is the Boltzmann collision operator. This operator depends in
a bilinear way on the distribution function f. Consequently, the Boltzmann
equation (7.24) is an integro-nonlinear differential equation for f. Due to the
mathematical difficulties embodied in the Boltzmann collision operator, for
the sake of convenience, it is usual to consider simplified versions of J[f, f].
These approaches are mathematically more simple than the true Boltzmann
equation but retain its most physical relevant properties. One of the most
well-known kinetic models is the BGK equation where J[f, f] is replaced by
the relaxation term

JIvIf 1, (7.24)

J[fa f] - —V<I',t) (f(I',V,t) - fLE(ravvt))? (725)
where 3
i = <27:;BT) et (7.26)
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is the local-equilibrium distribution. Here, v is an effective collision frequency
of the gas which is velocity independent. Note that the BGK model is ac-
tually a highly nonlinear equation since fig is a functional of f through its
dependence on n, U, and T. In fact, f and fig share the same first few
velocity moments, namely,

/ dv f = / dv fip = n, (7.27)

/ dvv f :/ dv v fig =nU, (7.28)
kT
/ dv (v—-U)? f _/ dv (v —U)? fip = 3"72 . (7.29)
where
kg = 1,381 x 1072J /K (7.30)

is the Boltzmann constant. It is related with the universal constant of gases
R as R = Nakg = 8,314 J/mol, where Ny = 6,022 x 10% is the Avogrado
number. A consequence of Eqs. (7.27)—(7.29) is that the quantities 1, v and
v? do not change during the collisions (collisional invariants):

/ dv {1,v;,0°} @—{)im ={0,0,0}. (7.31)

7.6 Solution to the BGK model for states
close to equilibrium

Before considering the derivation of the balance equations, it is quite instruc-
tive to determine the explicit microscopic forms of the shear viscosity n and
the thermal conductivity k. Let us evaluate each coefficient separately.

7.6.1 Thermal conductivity

We consider a steady state of a dilute gas at rest (U = 0) in the absence of
an external force (F = 0) and with a temperature gradient along the z axis
(0.7 = 0,T = 0 but 0,T # 0). Under these conditions, the BGK kinetic
equation (7.24) reduces to

of

UZ& = -V (f — fLE) . (732)
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Equation (7.32) is still a difficult differential equation to solve, especially for
arbitrary thermal gradients. On the other hand, when |0,T| is very small
then one can assume that the distribution function f is close to the local
equilibrium distribution fig and so,

f=le+e, ¢< fip (7.33)

In this approximation, 0, f ~ 0, fug and Eq. (7.32) can be rewritten as
__ Y Ofue
4 v 0z

The goal of this section is to determine the thermal conductivity coeffi-
cient k. To get it, we need to compute the heat flux ¢q,. According to Eq.
(7.11), q, is defined as

(7.34)

/ dv %v%zf(v)

0
= —I/_laz/ dv %02’03 fLE(V)- (735)

4z

Upon deriving Eq. (7.35) use has been made of the symmetry properties of
fie (it is an even function of v and so, (v?v,)rg = 0). The integral appearing
on the right hand side of (7.35) can be written in dimensionless form as

/ dv %vzvf fie(v) = ;/ dv %04 fLe(v)

2
1n 2keT E?T?)/Q/ de ¢t e

3 m 2

1 (2kgT\*m " o >
-n 7_3/2/ d@sin@/ dgb/ de fe™°

4 (2ksT\*m [* )
= ——=n o m/ dec® e, (7.36)
3T m 2 Jo

where ¢; = v;/vg, vo = /2ksT/m being the thermal velocity. The integral
over the (dimensionless) velocity ¢ can be easily evaluated by taking into
account the general result

°° 1 1 n
I(n)= / do 2" e = =T <n il > a T, (7.37)
; 2\ 2
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where a > 0 and I'(z) is the gamma function with the properties I'(z) =
(z=1)I(z—1), I'(3) = V7. In the case that z is a positive integer then
I'(z) = (z — 1)!. The expression of ¢, can be easily obtained when one takes
into account the identity (7.37) for n = 6. The result is

. = —5——(nT?). (7.38)

On the other hand, to keep the system in a steady state, the presence of a
thermal gradient induces a density gradient d,n # 0 so that the hydrostatic
pressure p = nkgT = const. This constraint can be easily seen when one
evaluates the mean flow velocity U, from the distribution (7.33) since in this
case U, o 0,(nT). Consistency requires that U, = 0 and hence, 0,(nT) = 0.
Therefore,

S5nkiToT 0T
2w 0 02
where the last identity defines the thermal conductivity coefficient x from
Fourier’s law. Thus, x can be identified as

~ SnkgT
2 mw

(7.40)

7.6.2 Shear viscosity

The evaluation of the shear viscosity coefficient 7 follows similar steps as those
made before for the thermal conductivity x. Now, we consider a steady state
where Vn = VT' =0, U, = U, = 0 and 9,U, # 0. Thus, as before we assume
that f = fLg + ¢ where the distribution function ¢ is

UyafLE
= -7 741
= (7.41)

The relevant element of the pressure tensor is P,,,. It is given by
P, = / dv mV,V, f(v) :/ dv mV,V, ¢(v)
0 m oU,
fie _ _m / dv Vi s, (742)

m

= — | &V VP =
v v ety 0y v Oy

where in the last step we have taken into account that V,, = v, — U,(y) and

so, OV, /0y = —0U,/0y. The integral appearing in Eq. (7.42) is

1 kT
/ v Vg = / dv V2= "BL (7.43)
3 m

UEX

83



UEX

84

GARZO

With this result, the element P,, is given by

_nkgTOU, _ 0U,

P:v: = )
Y v Oy n@y

(7.44)

where the last identity defines the shear viscosity n from Newton’s law. Thus,
n can be identified as

kT
=00 (7.45)

14

7.7 Balance equations

The objective of this Section is to derive the general balance equations for
the dilute gas from the Boltzmann equation. This derivation is based on
more fundamental arguments (microscopic description) than those consid-
ered before in the context of fluid dynamics. Since we have not written the
explicit form of the Boltzmann collision operator, we will consider its BGK
approximation to obtain the above balance equations. Actually, although the
explicit form of J[f, f] is not needed in this calculation, only some specific
properties of the above operator are required.
Let us assume that x(v) is a collisional invariant. In this case,

X(v) + x(v1) = x(v) + x(v)- (7.46)

Of course, these quantities are directly related to the mass, momentum and
energy. In fact, when y(v) = {m,mv, 2v*} then

/ dv x(v) J[v|f, f] = 0. (7.47)

Equation (7.47) can be easily verified if one considers the BGK collision term
(7.25). The collisions conserve the mass and the average values of momentum
and energy. Thus, if one multiplies both sides of the Boltzmann equation
(7.24) by x(v) and integrates over velocity, one gets

/dvx(v) (aa—]t[—FV-Vf—l—%-g—{/):O, (7.48)
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where use has been made of Eq. (7.47). Equation (7.48) can be rewritten as

gt/dvxf /vf—l— /dvxvlf /dvaxv
/dvfo 1/dvEf—/deaF = 0.
m ov; m 0

(7.49)

The fifth term vanishes since f — 0 when |v| — co. Moreover, the external
force does not depend on the particle velocity and so, the last term in Eq.
(7.49) also vanishes. Thus, taking into account the definition (7.4) for average
values, Eq. (7.49) becomes

0 3} 0

g0 =al g+ 5
This is a general transfer equation for the average value of y. The next
step is to apply Eq. (7.50) for the particular cases x = m, y = muv;, and
X = %va. This allow us to derive the balance equations for the densities of
mass, momentum and energy with microscopic expressions for the irreversible
fluxes of momentum (stress or pressure tensor) and heat. Let us consider each
balance equation separately.

ox

o = o) - 21X

m o,

)=0.  (7.50)

7.7.1 Mass balance equation
If x = m, then Eq. (7.50) yields
0 0

— : 51
o —(mn) + o (mnv;) =0 (7.51)
This equation can be rewritten as
dp
a +V. (pU) = O, (752)

where p(r,t) = mn(r,t) is the mass density. In terms of the operator d/dt,
Eq. (7.52) can be written as
dp
dt

Equation (7.53) is the well-known continuity equation (2.5) for the mass
density.

+U-Vp=0. (7.53)
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7.7.2 Momentum balance equation
If x = mw;, then Eq. (7.50) yields
0 0 aUZ‘

&(mnm + a—ﬁ(mm}ivﬂ = nFj(an>. (7.54)
The latter term is
8vi
Fj<5vj> = Fj{0;5) = Fi.
Thus, Eq. (7.54) becomes
0 d p
o (pU;i) + ar, (p{vivy)) = aFr (7.55)

The second term can be explicitly obtained as
P,
(viv) = (Ui + Vi)(U; + Vj)) = UiU; + (ViVj) = Uil + 7], (7.56)

where use has been made of the identity (V;) = 0 and the definition (7.12)
of the pressure tensor P;;. Substitution of the result (7.56) into Eq. (7.55)

yields

9 9 9 P
g (PUI) + ar; (pU:iU;) = _8_ijij + - F. (7.57)

We can simplify a bit more the left hand-side of this equation by using the
continuity equation (7.52). The result is

Uidip + p0iU; + Ui0;(pU;) + pU;0;U; - = Us [0up + 95(pU;)] + p [0V
du;
dt
Taking into account this last result, the balance equation for the momentum
density reads

=——PFP,+—F,. 7.59

P dt or; it m (7.59)

For small spatial gradients (Navier-Stokes description), the pressure ten-
sor P;; of a dilute gas is given by

2
P = p(sij =N <ajUz‘ + az‘Uj - g@‘jv . U) , (7.60)
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where use has been made of the fact that the bulk viscosity coefficient ( =
0 for a dilute gas. When the constitutive equation (7.60) is substituted
into Eq. (7.59) one recovers the Navier-Stokes hydrodynamic equation (3.6).
This shows the consistency between both approaches (continuum and discrete
descriptions).

7.7.3 Energy balance equation

For the sake of convenience, let us consider the kinetic energy of the particle
measured in a frame moving at the flow velocity U. In this case, y = %mVQ,
where V = v — U is the peculiar velocity. From Eq. (7.50), one gets

10 10 o 1, 0V?
25Vt 5 V) — geluig ) = 0. (7.61)
We define the local temperature T'(r,t) as
1
kT =0 = §m<V2). (7.62)

Let us evaluate each one of the terms appearing in Eq. (7.61). First, the
second term on the left hand side of this equation can be rewritten as

1 1 1 3
§<pviv2> = §<P(Ui ~U)V?) + §PU1'<V2> = ¢+ 50U, (7.63)
where use has been made of the definition (7.11) of the heat flux. The third

term on the left hand side of (7.61) is

Lo 1,0 o,
§P<%’aﬁri> = §P<Uia7i(’0j = Uj)(v; = U;)) = —plvi(v; — Uj)) o,
oU; 5U
= —p{(vi = U)(v; = U;)) arj =—PF;—= o —F;iDji,
(7.64)
where LU o
- ¢ J
Dy = < ot %). (7.65)

Upon deriving Eq. (7.64) use has been made of the symmetry property of
the pressure tensor P;; = Pj;. Equation (7.61) can be written in a different
form when one takes mto account Eqs. (7.63) and (7.64). The result is

30 30 Ogi

5&( 9)*‘**( 9Ui)+a7i
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The first two terms can be simplified after taking into account the equation
of continuity:

30 30 on 3 [0
5&(”9) Ea—n(neUz) = 9 [815 +V-(n U)} +§n<a +U- V9>
3 db

where use has been made of Eq. (7.52) in the last step. With this result, the
energy balance equation can be finally written as

fnkB o —% — PiiDy;, (7.68)
or in a more compact form as

3 . dT

—nkg— =-V-q—P:D. 7.69

y gy =V (7:69)

In the limit of small spatial gradients, the constitutive equation for the
pressure tensor is given by Eq. (7.60) while the heat flux obeys Fourier’s law

q=—-xVT. (7.70)

When both constitutive equations are substituted into Eq. (7.68), then the
(continuum) energy balance equation (4.11) is recovered. This sows again
the consistency between kinetic theory and hydrodynamics.
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